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Modern  western  medicine  typically  focuses  on  treating  specific  symptoms  or  diseases,  and
traditional  Chinese  medicine  (TCM)  emphasizes  the  interconnections  of  the  body’s  various
systems under external environment and takes a holistic approach to preventing and treating
diseases.  Phenomics was initially introduced to the field of  TCM in 2008 as a new discipline
that studies the laws of integrated and dynamic changes of human clinical phenomes under
the scope of the theories and practices of TCM based on phenomics. While TCM Phenomics
1.0 has initially established a clinical phenomic system centered on Zhenghou (a TCM defini-
tion of clinical phenome), bottlenecks remain in data standardization, mechanistic interpre-
tation, and precision intervention. Here, we systematically elaborates on the theoretical foun-
dations,  technical pathways,  and future challenges of  integrating digital  medicine with TCM
phenomics  under  the  framework  of “TCM  phenomics  2.0”,  which  is  supported  by  digital
medicine technologies such as artificial intelligence, wearable devices, medical digital twins,
and  multi-omics  integration.  This  framework  aims  to  construct  a  closed-loop  system  of
“Zhenghou–Phenome–Mechanism–Intervention” and to enable the digitization, standardiza-
tion,  and  precision  of  disease  diagnosis  and  treatment.  The  integration  of  digital  medicine
and  TCM  phenomics  not  only  promotes  the  modernization  and  scientific  transformation  of
TCM theory and practice  but  also offers  new paradigms for  precision medicine.  In  practice,
digital tools facilitate multi-source clinical data acquisition and standardization, while AI and
big  data  algorithms  help  reveal  the  correlations  between  clinical  Zhenghou  phenomes  and
molecular  mechanisms,  thereby  improving  scientific  rigor  in  diagnosis,  efficacy  evaluation,
and  personalized  intervention.  Nevertheless,  challenges  persist,  including  data  quality  and
standardization  issues,  shortage  of  interdisciplinary  talents,  and  insufficiency  of  ethical  and
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legal regulations. Future development requires establishing national data-sharing platforms,
strengthening  international  collaboration,  fostering  interdisciplinary  professionals,  and  im-
proving ethical and legal frameworks. Ultimately, this approach seeks to build a new disease
identification  and  classification  system  centered  on  phenomes  and  to  achieve  the  inheri-
tance, innovation, and modernization of TCM diagnostic and therapeutic patterns.

 

 1 Introduction

The  rapid  development  of  science  and  technology,  in-
cluding phenomics and digital medicine as new interdis-
ciplinary  subjects,  is  profoundly  changing  the  develop-
ment pattern of  both modern western medicine and tra-
ditional  Chinese  medicine  (TCM) [1-17].  As  a  cutting-edge
research direction first  introduced in the field of  TCM in
2008,  TCM  phenomics  provides  a  new  perspective  and
paradigm for revealing the scientific connotations and ef-
ficacy mechanisms of TCM [5, 8, 9, 16, 18-20].  The TCM pheno-
mic data have become more comprehensive and system-
atic,  building  a  solid  data  foundation  for  subsequent  in-
depth data analysis and mining work. Integrating the ad-
vanced technologies and concepts of digital medicine [21-23]

with  the  research  of  TCM  phenomics  may  not  only  help
to  promote  the  modernization  process  of  TCM  but  also
offer new ideas and solutions for addressing many prob-
lems faced by TCM phenomics 1.0 and modern precision
medicine [8-10].  Relevant  papers  published  by  leading
scholars  in  recent  years  provided  important  references
for future studies in this  field [8, 12-14, 18, 24-29].  Therefore,  in-
depth  research  on  the  integrated  development  of  digital
medicine and TCM phenomics has important theoretical
and practical significance.

 2 Overview of TCM phenomics 1.0

 2.1 Phenome, phenomics, and theoretical innovation

A  phenome  refers  to  the  overall  sum  of  an  organism’s
phenotypic  traits  that  signify  the  expression  of  genome
and  specific  environmental  influence [16, 30, 31].  Examples
include human skin color,  height,  behavior,  and person-
ality  traits.  Phenomic  differences  among  individuals  can
be  due  to  differences  in  genotypes  [such  as  single-nu-
cleotide  polymorphisms  and  single  nucleotide  polymor-
phisms (SNPs)], external environmental influences (such
as lifestyle), or a combination of both. The term of “phe-
nome” was  first  used by  DAVIS [32] in  1949.  He proposed
that “the  sum  of  the  extragenic  and  non-autoreproduc-
tive portions of  the cell,  whether cytoplasmic or nuclear,
be named the phenome. The phenome would be the ma-
terial  basis  of  the  phenotype,  just  as  the  genome  is  the
material  basis  of  the  genotype”.  With  the  continuous
deepening of research in the field, the concept of the phe-
nome  has  been  expanded  and  defined  more  deeply.  In

2013, BAKER [33] defined the phenome as “the set of physi-
ological  and  behavioral  characteristics  that  perfectly
match the genome”. Dayue Darrel DUAN’s team defined
the  phenome  as “the  sum  of  the  complete  phenotypic
characteristics  (phenomic  traits)  expressed  by  the
genome,  proteome,  and  metabolome  under  the  influ-
ence  of  a  specific  environment” [15-17].  The “Human  Phe-
nome  Project  Development  Report  2020” published  in
2020 defined the human phenome as the sum of  all  bio-
logical,  physical,  and  chemical  characteristics,  including
macroscopic  morphological  features,  functions,  behav-
iors,  and  microscopic  molecular  composition  patterns,
throughout the life cycle of an organism from embryonic
development  to  birth,  growth,  aging,  and  even  death
(http://hupi.fudan.edu.cn).  Currently,  it  is  universally
recognized that  a  phenome is  the sum of  all  interrelated
phenotypical  traits  jointly  determined  by  the  genome,
proteome,  metabolome,  lifestyle  and  environmental  in-
fluences,  epigenome,  and  metagenome,  demonstrating
the overall phenotypic traits such as various morphologi-
cal  features  and  physiological  functions  of  an  organism
that vary according to time and location [8, 17]. Therefore, a
phenotype  is  the  specific  manifestation  of  an  individual
characteristic  of  the  phenome  and  the  basic  unit  of  the
phenome assembly. Phenomic differences between indi-
vidual  organisms  are  caused  by  endogenous  differences
in  the  transcriptome,  proteome,  and  metabolome  deter-
mined by one or more SNPs in the genome, external envi-
ronmental  influence  differences  (such  as  epigenetic  and
metagenomic factors), or a combination of both. Evident-
ly, the phenome is the result of the integrated complex in-
ternal  multi-omics  mechanisms.  Thus,  a  phenome  has
the  following  attributes.  (i)  Overall  relevance:  although
each  of  the  phenotypes  within  the  phenome  assembly
can  be  separately  identified,  characterized,  and  quanti-
fied, the phenome is an inseparable whole with an intrin-
sically related complex network relationship. The individ-
ual  phenotypes  within  a  phenome  are  not  randomly
stacked nor present independently. (ii) Dynamic balance:
the relationships and underlying mechanisms of the phe-
notypes  that  make  up  the  phenome  are  determined  by
multiple  omics  such  as  the  genome,  proteome,
metabolome,  and  epigenome,  as  well  as  environmental
factors,  and  exhibit  a  dynamic  balance  law  that  varies
from  person  to  person,  over  time,  and  with  locations.
(iii)  Multidimensionality  of  scale:  the  phenome,  formed
by  the  interaction  of  multi-omics  mechanisms,  shows
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cross-scale associations and multi-level manifestations of
network  structures  from  microscopic  (i.e.,  molecular)
mechanisms to macroscopic traits [8].

The  term “phenomics” was  first  proposed  by  Steven
A.  Garan  in  a  lecture  at  the  Institute  of  Gerontology,
University of  Waterloo in 1996.  It  was not until  2003 that
he  defined  the  term “phenomics” in  the  abstract  pub-
lished  in  the  journal Experimental  Gerontology.  Phe-
nomics is a discipline that studies the essential character-
istics  of  the  phenome  of  organisms  and  its  formation
mechanisms at a holistic level, especially the internal re-
lationships between the phenome and the entire genome,
transcriptome, proteome, interactome, metabolome, and
metagenome [8, 15-17, 31, 34].  It  measures  various  phenotypic
information  of  organisms  under  different  environmental
conditions  comprehensively  and  dynamically  through
high-throughput  and  large-scale  technical  means,  in-
cluding  morphological,  physiological,  biochemical,  be-
havioral, and other levels, aiming to reveal the complexi-
ty  and  diversity  of  phenotypes,  as  well  as  the  influence
and regulatory mechanisms of  genes and environmental
factors on the phenotypes in a phenome [15].

As  an  emerging  discipline,  phenomics  is  constantly
evolving  and  innovating  in  theory.  Here  are  some  of  the
main  theoretical  innovations.  (i)  Systems  biology  theory
for  integrating multi-omics  data:  phenomics  emphasizes
the integration of multiple omics data such as genomics,
transcriptomics,  proteomics,  metabolomics  and metage-
nomics to understand the formation mechanism of an or-
ganism’s  phenome  at  the  systematic  level [8, 15, 16, 18, 35-37].
This integration not only helps to reveal the complex rela-
tionship between genes, proteins, metabolites, microbio-
tas  and  phenotypes,  but  also  allows  for  a  more  compre-
hensive analysis of the regulatory mechanisms of biologi-
cal  systems  at  different  levels.  By  integrating  data  of  ge-
nomics, transcriptomics, epigenomics, proteomics, meta-
bolomics,  and  metagenomics  in  living  organisms  and
their dynamic changes, it is possible to gain insights into
the  information  flow  process  from  genes  to  the  phe-
nomes of an organism, as well as the interaction and reg-
ulation  of  various  links  in  this  process.  (ii)  Phenotypic
plasticity  and  environmental  response  theory:  pheno-
mics recognizes the plasticity of an organism’s phenome,
that  is,  the same genotype can produce different  pheno-
types under different environmental conditions [38-41]. This
theory  emphasizes  the  important  role  of  environmental
factors in shaping an organism’s phenome, prompting re-
searchers  to  focus  on  the  impact  of  genome-environ-
ment  interactions  on  phenotypes.  For  example,  in  order
to  adapt  to  different  environmental  conditions  such  as
light, temperature, food, and water, individuals would ad-
just their phenomic characteristics of morphology, physi-
ology, and metabolism. Phenomics, by dynamically mon-
itoring phenotypic changes in organisms in different  en-
vironments on a large scale, helps to reveal the molecular

mechanisms  and  genetic  basis  of  phenotypic  plasticity,
and  how  organisms  adapt  to  environmental  changes  by
adjusting  their  phenotypes,  providing  a  new  perspective
for  understanding  biological  evolution  and  ecological
adaptation. (iii) Phenotypic networks and module theory:
phenomics research has found that there are complex in-
terrelationships  between  phenotypes  in  organisms,  and
these  relationships  can  be  constructed  into  phenomic
networks [10, 14, 42-46].  In  this  network,  different  phenotypic
features  are  interrelated  to  form  modules  with  specific
functions.  For  example,  in  human  diseases,  different
symptoms and pathological features often do not exist in
isolation, but are interrelated to form a complex phenomic
network [47]. By analyzing the structure and function of phe-
nomic networks, key phenotypic nodes and modules can
be  discovered,  which  may  play  an  important  regulatory
role  in  the  occurrence  and  development  of  diseases [48].
Phenome network and module theory provide new ideas
for  disease  diagnosis,  treatment  and  drug  development,
for  example,  drugs  can  be  developed  for  key  nodes  in
phenomic  network  to  achieve  the  purpose  of  treating
complex  diseases.  (iv)  Dynamic  phenomics  theory:
the  phenome  of  an  organism  is  a  process  of  dynamic
change [47]. In the life-span from embryonic development
to individual aging, the phenome changes constantly [49-51].
Dynamic  phenomics  theory  emphasizes  real-time  and
continuous monitoring of the phenome of an organism to
reveal  the  laws  and  mechanisms  of  phenome  changes
over  time.  For  example,  during  the  process  of  tumor oc-
currence  and  development,  the  phenome  of  tumor  cells
will  continue  to  evolve  over  time.  By  dynamically  moni-
toring the phenomic characteristics such as gene expres-
sion,  protein  expression  and  modification,  and  meta-
bolomic changes of tumor cells, the evolutionary process
of tumors can be better understood, providing a basis for
early  diagnosis  and  personalized  treatment  of  tumors [9].
In  addition,  dynamic  phenomics  is  also  of  great  signifi-
cance  for  the  study  of  developmental  biology,  aging
mechanisms,  and  TCM  Zhenghou  (证 候 ,  clinical  phe-
nome) transformation theory, which helps to understand
the  dynamic  changes  and  regulatory  mechanisms  of  life
processes  and  disease  progression  under  various  envi-
ronmental conditions [40, 52-55].

 2.2 Application of phenomics

 2.2.1 Research on precision medicine and TCM　 
(i)  Disease  diagnosis  and  classification.  By  analyzing  a
large  amount  of  phenomic  data,  such  as  the  entire  dis-
ease-related gene expression profiles,  proteomic charac-
teristics,  and  metabolomic  changes,  the  disease-specific
biomarkers can be discovered, which can help in early di-
agnosis  and  accurate  classification  of  diseases [56-60].  For
example,  using  multi-dimensional  phenomic  informa-
tion such as gene expression data and imaging character-
istics  of  tumor  patients  can  determine  more  accurately
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the type, stage, and prognosis of tumors [43, 45]. Since mod-
ern  biomedicine  has  long  constructed  its  research
paradigms  and  systems  based  on  phenotypic  changes
and  the  definition  and  classification  of  diseases  are  also
based  on  clinical  phenotypes  in  anatomical  systems,  or-
gans, or even single molecules, western medicine lacks a
scientifically or clinically verified theory to guide the defi-
nition  of  the  clinical  phenome.  As  a  result,  it  is  impossi-
ble  to  correctly  define  and  classify  diseases  according  to
the phenome, and there is no way to establish evidence-
based  medicine  grounded  on  the  best  external  evidence
of  the  clinical  phenome.  It  is  unable  to  understand  and
re-define diseases at the omics level to improve the accu-
racy and precision of  clinical  diagnosis,  treatment,  reha-
bilitation,  prognosis,  prevention,  as  well  as  the  accuracy
and  precision  of  clinical  efficacy  and  safety  evaluation
and  ultimately  establish  a  new  precision  medicine-
science [10, 13, 61]. On the other hand, TCM considers multi-
ple  factors  such  as  time,  place,  and  individual  patients,
and  summarizes  the  comprehensive  characteristics  and
laws of  a  certain stage of  a  disease  as  Zhenghou accord-
ing  to  the  etiology,  location,  scope,  environment,  and
characteristics  of  the  dynamic  changes  in  the  overall
function of the patient. Treatment of disease according to
accurate differentiation of Zhenghou or “Bianzheng Lun-
zhi (辨证论治)” is  the fundamental  principle and law of
TCM. From the perspective of phenomics, Zhenghou is a
collection of  a  specific  set  of  clinical  phenotypes that  re-
flect  the  external  manifestations  and  internal  essence  of
the  disease,  which  is  the  definition  of  clinical  phenome
according  to  TCM  theory  (Figure  1).  Therefore,  while
western  medicine  is  a  system  that  defines  and  classifies
diseases based on clinical phenotypes, TCM is a medical

system  that  defines  and  classifies  diseases  based  on  the
clinical  phenome  and  takes  the  transformation  of
Zhenghou  as  the  efficacy  criteria  (Table  1).  Bianzheng
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Figure 1   TCM phenomics 1.0
According to the principles of Yin-Yang (阴阳), Wuxing (五行),
Jing-Luo (经络), Qi-Xue-Jin-Ye (气血津液), and Zang-Fu (脏腑)
theories  and  assessments  of  multi-dimensional  data  collected
through four diagnostic  approaches of  inspection,  auscultation
and olfaction, inquiry, and pulse palpation, patient constitution,
as  well  as  seasonal  climate  and  the  surrounding  environment
appearance,  TCM  defines  and  classifies  diseased  status  as
Zhenghou. In Zang-Fu theory,  the five internal organs,  i.e.,  Xin
(心), Gan (肝), Pi (脾), Fei (肺), Shen (肾), and the six external
hollow  organs,  i.e.,  Dan  (胆 ),  Small  Chang  (小肠 ),  Wei  (胃 ),
Large Chang (大肠), Bladder (膀胱), and Sanjiao (三焦), do not
exist  in  isolation.  Instead,  they form an organic  whole  of  inter-
dependence  and  mutual  restriction  through  various  mecha-
nisms such as Yin-Yang and internal-external relationships, the
generation and restriction of the Wuxing, and the metabolism of
Qi-Xue-Jin-Ye.  This  relationship  is  a  core  manifestation  of  the
“holistic concept” in TCM and a key to understanding the physi-
ological functions and pathological changes of the human body

 

Table 1   Differences in the definition and classification of diseases between modern western medicine and TCM

Classification
Definition

Modern western medicine TCM
Illness or sickness The state in which the human body’s form and

function deviate from the range of normal values
The state in which the human body deviates from the
harmony of Yin and Yang

Disease The International Classification of Diseases (ICD)
defines disease categories based on the clinical
phenotypic characteristics of the anatomical system,
organs, tissues, and cells, as well as their specific
pathophysiological molecular mechanisms for their
occurrence, development, and progression

Disease is defined and classified based on the holistic
view and the theories of Yin-Yang, Wuxing, Zang-Fu,
constitution, etc., throughout the entire process of
disease occurrence, development, transformation, and
progression

Symptom All abnormal phenomena deviating from the normal
physiological range, including symptoms and signs,
etc., that is, clinical phenotypes

All manifestations of Yin-Yang disharmony, including
the sum of abnormal phenomena, that is, clinical
phenomes

Zhenghou pattern Not available A comprehensive summary of the nature of the cause,
location, pathogenesis, progression, and consequences
of disease based on the information obtained from the
four diagnostic methods unique to TCM, namely
inspection, auscultation and olfaction, inquiry, and
palpation, patient constitution, as well as seasonal
climate and the surrounding environment, which is a
clinical phenome

Clinical treatment Single-target drugs for clinical phenotypes (precision) Individualized treatments of clinical phenome
(precision) using Fufang, acupuncture, etc.

Evaluation of
clinical efficacy

Improvement of symptoms (clinical phenotypes) and
physiological indices return to the normal range

Transmission, transformation and prognosis of
Zhenghou, return to the harmony of Yin and Yang
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Lunzhi is in fact the earliest clinical practice of disease di-
agnosis  and  treatment  using  the  science  of  clinical  phe-
nomics and pharmacophenomics. Therefore, phenomics
is  logically  the  most  suitable  cutting-edge  science  to  di-
rectly grasp the key issues of TCM Zhenghou and Fufang
(复方 ,  pharmacophenomes)  and provides  straight  mod-
ern scientific answers (Figure 2).
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Figure  2   Clinical  phenomics  and  pharmacophenomics
in TCM research and development (R&D)
Clinical  phenomics  studies  the  genomic/proteomic/metabo-
lomic  mechanisms  of  Zhenghou  related  disease  phenome  to
identify  the  biomarkers  for  the  specific  Zhenghou,  which  not
only helps precision diagnosis of Zhenghou related disease phe-
nome but also provides multi-omic mechanisms for the effects
of  TCM  Fangji  (方剂 )  or  Fufang,  which  are  a  combination  of
multiple herbs according to the principles of Jun-Chen-Zuo-Shi
(君臣佐使). With well-defined disease phenome pharmacophe-
nomics offers a suite of new technologies and platforms for the
transition  from  focused  phenotype-genotype  study  of  pharma-
cology  to  a  systematic  phenome-genome  approach  and  will
identify  the  corresponding  therapeutic  targets  with  systemati-
cally-defined drug responses of the specific Jun, Chen, Zuo, Shi
roles of the herbs in the Fangji respectively.
 

The  holistic  view  runs  through  the  whole  process  of
diagnosis  and  treatment  of  TCM,  which  is  the  core  idea
that  distinguishes  it  from  local  symptomatic  treatment,
and  is  an  important  guiding  principle  for  clinical  deci-
sion-making.  In  the  phenomics  point  of  view,  TCM
Zhenghou  is  the  earliest  definition  of  clinical  phenome.
Therefore, phenomics is the most reasonable and practi-
cal entry point for the modernization of TCM, and it is the
key to unlocking the treasure trove of TCM. As a new dis-
cipline  TCM  phenomics  studies  the  laws  of  integrated
and  dynamic  changes  of  human  clinical  phenomes  un-
der  the  scope  of  the  theories  and  practices  of  TCM  and
combined  with  the  modern  clinical  evidence  TCM  phe-
nomics  aims  to  systematically  study  the  occurrence,  de-
velopment,  and  transformation  mechanisms  of  TCM
Zhenghou  and  disease  phenome  under  the  intervention
of TCM (Figure 1).

(ii)  Drug  development  of  TCM.  Phenomics  can  play

an  important  role  in  multiple  aspects  of  drug  develop-
ment [14, 19, 20, 34]. With well-defined disease phenome phar-
macophenomics  offers  a  suite  of  new  technologies  and
platforms  for  the  transition  from  focused  phenotype-
genotype  study  of  pharmacology  to  a  systematic  phe-
nome-genome  approach  and  will  identify  the  corre-
sponding therapeutic  targets  with systematically-defined
drug responses [19] (Figure 2).

In  drug  target  discovery,  potential  interrelated
multi-targets  of  drug  action  on  complex  diseases  are
characterized by comparing phenomic differences in dis-
ease states and normal states. In the drug screening pro-
cess,  phenomic  changes  in  cells  or  animal  models  are
used to evaluate the efficacy and safety of  drugs and im-
prove  the  success  rate  of  drug  development [19].  In  addi-
tion,  the  efficacy  and  adverse  reactions  of  drugs  can  be
predicted  according  to  the  individual  phenomic  charac-
teristics  of  patients,  and personalized medication can be
realized [14, 19, 20, 34] (Figure 2).

(iii)  Disease  mechanism  research.  In-depth  under-
standing of the molecular and cellular biological mecha-
nisms of disease occurrence and development, as well as
the  overall  pathophysiological  process  (Figure  1 and 2).
For  example,  through  metabolomic  analysis  of  patients
with  colorectal  cancer,  disease-related  metabolic  path-
way  abnormalities  and  protein  expression  changes  were
found, providing a basis for revealing the pathogenesis of
the disease [62]. The significance of applying phenomics to
study TCM lies not only in that it  can provide a theoreti-
cal  system to redefine and classify diseases based on the
phenome rather than the phenotype,  but also that it  can
scientifically  summarize  and  define  the  evidence-based
clinical practice of TCM with a new integrated omics con-
cept [10].

 2.2.2 Plant biology and TCM geoherbs and geo-authentic
medicinal materials　(i) Understanding plant biology. At
the  fundamental  level,  plant  phenomics  provides  valu-
able  insights  into  the  mechanisms  of  plants,  including
herbs,  growth,  development,  and  evolution.  By  studying
the  interrelationship  between  genomes  and  phenomes,
researchers can uncover the genetic basis of various traits
and understand how genes are regulated to control plant
morphology and physiology. This knowledge contributes
to  the  overall  understanding of  the  interactions  between
genomics  and  environment  on  plants  and  promotes  the
progress of smart breeding and precise cultivation. Plant
phenomics  can  be  applied  to  other  areas  of  research,
such as plant ecology and evolution, and shed new lights
on  the  mechanisms  of  the  geoherbs  and  geo-authentic
medicinal materials used in TCM [63, 64].

(ii)  Crop  production  management.  Based  on  phe-
nomics  technology,  real-time  monitoring  of  crop  growth
status, nutritional status and occurrence of pests and dis-
eases  provides  decision  support  for  precision  agricul-
ture [65-69].  For example,  using remote sensing technology

286 Min XU, et al. / Digital Chinese Medicine 8 (2025) 282-299



and  drone  imaging  to  obtain  crop  phenotype  informa-
tion  in  a  large  area  of  farmland,  timely  detection  of  ab-
normal  growth  areas  of  crops,  and  targeted  fertilization,
irrigation  and  pest  control  measures  to  improve  agricul-
tural production efficiency and quality [69].

(iii) Crop improvement. Plant phenomics plays a cru-
cial  role  in  crop  breeding.  Developments  in  plant  phe-
nomic approaches and facilities have gradually caught up
with genomic approaches in recent years,  providing bet-
ter  opportunities  to  dissect  complex,  quantitative  traits
when  both  phenome  and  genome  can  be  assessed  at  a
higher  level  of  details.  Field  phenomics  has  been  identi-
fied  as  a  promising  enabling  technology  to  assist  plant
breeders with the development of  improved cultivars for
farmers [70].  By  accurately  measuring  and  analyzing  phe-
notypic  traits,  breeders  can  identify  superior  plant  vari-
eties with desirable traits such as high yield, disease resis-
tance,  and  stress  tolerance.  This  enables  more  efficient
breeding programs and the development of new crop va-
rieties that are better adapted to changing environmental
conditions and meet the growing demand for food securi-
ty. The accomplishment of whole-genome sequencing of
many  crops  has  brought  crop  functional  genomics  stud-
ies  into  the  big-data  and  high-throughput  era.  Recent
technological  advances  have  provided  potential  solu-
tions  and  methods  for  large-scale  phenotyping  data  ac-
quisition  and  high-throughput  phenotyping  in  con-
trolled  field  conditions  and  environments  as  well  as  its
use for post-harvest yield and quality assessment. The lat-
est  multi-omics  research  combining  high-throughput
phenotyping  with  genetic  studies  has  gradually  bridged
the  phenotype-genotype  gap.  Precise  measurement  and
analysis  of  crop  phenotypes,  combined  with  genomic
information,  to  mine  genes  associated  with  good  agro-
nomic  traits,  to  provide  theoretical  support  for  crop
breeding [71].  For  example,  by  analyzing  phenotypic  data
such  as  plant  height,  yield,  and  stress  resistance  in  rice,
key genes controlling these traits are identified, and new
rice varieties with high yield and stress resistance are de-
veloped  using  techniques  such  as  molecular  marker-as-
sisted  selection [72, 73].  Phenomics  technology  provides
more accurate high-throughput phenotyping and will ac-
celerate  crop  genetic  improvements  and  promote  the
next green revolution in crop breeding.

 2.2.3  Ecological  research　 Ecological  research  is  a  sci-
ence that explores the dynamic laws of the interrelation-
ships among organisms and between organisms and their
environment.  It  not  only  focuses  on  the  structure  and
function  of  natural  ecosystems  but  also  involves  the  im-
pact of human activities on ecosystems and solutions for
sustainable  development.  It  is  an  interdisciplinary  field
that bridges natural sciences and social sciences. The ob-
jects of ecological research cover multiple scales from mi-
cro to macro, with the core being to reveal ecological laws
at  different  levels.  Physiological  ecology  studies  how  the

morphology,  physiology,  and  behavior  of  organisms
adapt  to  the  environment  (such  as  light  adaptation  in
plants and migration behavior in animals) at an individual
level.  Population  ecology  analyzes  the  population  dy-
namics,  distribution  patterns,  evolution,  and  adaptation
of  populations  (such  as  population  growth  models  and
mechanisms of species endangerment) at population lev-
el. Community ecology explores the species composition,
diversity, inter-species relationships (competition, preda-
tion,  and  symbiosis),  and  succession  laws  of  communi-
ties  (such  as  the  succession  of  forest  communities  from
bare  land  to  climax  communities)  at  a  community  level.
Ecosystem  ecology  quantifies  the  material  cycling  and
energy flow in ecosystems. The application of phenomics
in ecology is as follows.

(i)  Research  on  the  interaction  between  organisms
and the environment. Studying the phenomic changes of
organisms under different environmental conditions may
reveal the adaptation mechanism of organisms to the en-
vironment  and  the  shaping  effect  of  environmental  fac-
tors on the phenome of organisms [74, 75]. The study of the
morphological and physiological characteristics of plants
at different altitudes and geographical areas may help un-
derstanding  how  plants  adapt  to  environmental  pres-
sures  such as  low temperature and low oxygen [76, 77] and
the mechanisms for the geoherbs used in TCM [63, 64].

(ii)  Ecosystem  monitoring  and  conservation.  Ecosys-
tem refers to the unified whole formed by the interaction
between  a  biological  community  and  its  non-biological
environment  (such  as  climate,  soil,  and  water).  Its  core
characteristics  include  biotic  and  abiotic  components.
The biotic components include encompassing producers
(such  as  plants),  consumers  (such  as  animals),  and  de-
composers  (such  as  bacteria  and  fungi),  which  transfer
energy and matter through food chains. The abiotic com-
ponents include sunlight,  temperature,  moisture,  miner-
als, etc., providing the basis for the survival of organisms.
The various components maintain relative stability and a
dynamic equilibrium through material cycles (such as the
carbon  cycle  and  water  cycle)  and  energy  flow.  Once  a
certain link is damaged (such as pollution, species extinc-
tion), a chain reaction may be triggered. For example, in a
forest, trees (producers) produce organic matter through
photosynthesis.  Deer  (consumers)  feed  on  leaves,  and
wolves  (higher-level  consumers)  prey  on  deer.  Fallen
leaves  and  animal  remains  are  decomposed  by  decom-
posers and returned to the soil. At the same time, abiotic
factors such as sunlight and rain support this cycle, joint-
ly  constituting  the  forest  ecosystem.  The  health  of  hu-
mans,  domestic  and  wild  animals,  plants,  and  the  wider
environment in the ecosystems are closely linked and in-
terdependent [78].  The skin is  the largest  organ in the hu-
man body. Various skin environments on its surface con-
stitutes  a  complex  ecosystem  colonized  by  millions  of
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microorganisms. Profiling the structure of skin microbial
community is the first step to overview the ecosystem and
assess  its  health  and  trends.  Skin  microbiota,  including
bacteria,  fungi,  and  viruses,  exerts  critical  functions  in
maintaining  host  skin  health.  Long-term  monitoring  of
biological phenotypes in skin ecosystem may help under-
standing the host-microbe interactions from the ecologi-
cal perspectives and give new inspiration to how skin mi-
crobes,  by  their  structures  or  bioactive  molecules,  re-
shape  host  skin  phenotypes,  including  skin  immunity,
maintenance  of  skin  physiology  such  as  pH  and  hydra-
tion,  ultraviolet  (UV)  protection,  odor  production,  and
wound healing.

 2.3 Definition and connotation of TCM phenomics

TCM phenomics is a discipline that studies the laws of in-
tegrated  and  dynamic  changes  of  human  clinical  phe-
nomes  under  the  scope  of  TCM  theories  and  practices
based on human phenomics [8-10, 20]. It not only focuses on
the  external  manifestations  of  diseases,  such  as  symp-
toms  and  signs,  but  also  delves  into  the  multiomic
changes  in  the  human  body,  such  as  genomics,  pro-
teomics, metabolomics, and metagenomics. It aims to re-
veal  the  action  mechanisms  of  TCM  on  human  health
and diseases and to provide a scientific basis for the mod-
ernization of  TCM and development of  innovative preci-
sion medicine.

 2.4 Research status and progress of TCM phenomics

Since 2008 phenomics has entered the field of TCM, giv-
ing rise to TCM phenomics as an emerging discipline that
studies TCM and pharmacology of TCM Fufang [14, 19, 20, 34, 79].
At  present,  the  phenomic  study  of  TCM  has  achieved
some important advances [8, 9, 14, 18, 34, 62, 80].

At an international conference on “Chloride channels:
insight into function from human disease” in Beijing dur-
ing October 9 − 13, 2008, which was sponsored by Journal
of Physiology-London, Chinese Association for Physiolog-
ical  Sciences,  American  Physiology  Society,  and  Canadi-
an  Physiology  Society,  Professor  Dayue  Darrel  DUAN
presented  his  research  on  the  phenomics  of  chloride
channels in the heart.  He also explained what the differ-
ences  between  modern  western  medicine  and  TCM  are
and  why  TCM  theory  may  help  to  understand  the  phe-
nomes of chloride channels and their roles in cardiovas-
cular disease through orchestrating six different chloride
channels  in  the  same  cardiac  myocytes [16, 17] or  vascular
smooth muscle cells [62].  DUAN has been carrying out re-
lated new studies  since then and pioneered not  only  the
phenomics of chloride channels [16, 17] and cardiovascular
disease  but  also  pharmacophenomics [19] and  TCM  phe-
nomics [34]. In the Research Center for Phenomics of TCM
at  Southwest  Medical  University  established in  2017,  the

DUAN’s team elaborated on the research results of  TCM
phenomics in cardiovascular disease and cancer, provid-
ing additional ideas for explaining the scientific connota-
tions of the TCM diagnosis and treatment system and lay-
ing  a  foundation  for  the  further  development  of  TCM
phenomics [8].  They  studied  the  metabolomic  mecha-
nisms for the clinical phenomes of Pixu Shire (PXSR, 脾虚
湿热) and the Shire Yunjie (SRYJ，湿热蕴结) associated
with  colorectal  cancer  (CRC) [9].  Compared  with  control
healthy  group  (n =  62),  differences  of  12  metabolites  in
seven metabolic pathways dominated by abnormal ener-
gy  metabolism  were  identified  in  PXSR  group  (n =  68),
and differences of 17 metabolite in 9 metabolic pathways
dominated  by  abnormal  lipid  metabolism  and  tricar-
boxylic  acid  cycle  were  discovered  in  SRYJ  group  corre-
sponding  to  the  different  clinical  phenotypes  in  the  re-
spective phenomes.  There were four identical  character-
istic  metabolite  differences  between  PXSR  and  SRYJ
groups  corresponding  to  the  same  clinical  phenotypes
found  in  the  two  different  clinical  phenomes.  It  is  inter-
esting  that  they  found  the  histological  and  pathological
properties of the CRC in the two different clinical pheno-
mes  were  significantly  different,  with  cancer  cells  in  the
SRYJ being less differentiated that those in the PXSR [9].

TONG’s  team  systematically  summarized  the  phe-
nomic  characteristics  of  different  types,  stages,  and
Zhenghou  of  diabetes,  as  well  as  the  phenomic  changes
before  and  after  treatment  with  TCM [18].  They  proposed
promoting the innovative development of TCM by apply-
ing  phenomics  under  the  guidance  of  the  "state-target
identification and treatment" theory [18, 81-84]. FANG et al [85].
recently  reviewed  the  application  of  TCM  phenomics  in
glycipid  metabolism  disorder.  By  analyzing  molecular
characteristics of related Zhenghou, they identified differ-
entially  expressed  genes,  metabolites,  and  gut  microbio-
ta  biomarkers  to  elucidate  the  dynamic  evolution  pat-
terns  of  Zhenghou.  Simultaneously,  they  deciphered  the
multi-target  regulatory  networks  of  herbal  formulas  (Fu-
fang),  demonstrating  their  therapeutic  effects  through
mechanisms  including  modulation  of  insulin  signaling
pathways,  improvement  of  gut  microbiota  imbalance,
and suppression of inflammatory responses [85].

YUAN  et  al. [12] discussed  the  similarity  in  theory  and
application between TCM and phenomics and named the
new discipline “Chinese medicine phenomics (Chinmed-
phenomics)”.  In  agreement  with  DUAN  et  al.,  they  sug-
gested that the systematisms of phenomics and TCM en-
ables  these  two  disciplines  to  interlink  with  each  other.
Chinmedphenomics  is  built  on  classic  TCM,  combined
with  phenomics  technology,  and  the  development  of
which  needs  the  mega  cohort  with  TCM  syndrome
(Zhenghou) and the characteristics of precision medicine
as  well  as  multi-disciplinary  cooperation,  which  is  per-
sonalized,  precise  and  promising,  providing  unique  sci-
entific insights into understanding human health [12].
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 2.5 Data integration and system construction

Phenomics  is  an  important  part  of  systems  biology.  It
comprehensively  and  dynamically  measures  various
phenotypic  information  of  organisms  under  different
environmental  conditions  using  high-throughput  and
large-scale  technical  means,  including  morphological,
physiological,  biochemical,  behavioral  and  other  levels,
aiming  to  reveal  the  complexity  and  diversity  of  pheno-
types,  as  well  as  the  influence  and  regulatory  mecha-
nisms of genes and environmental factors on phenotypes.
DUAN emphasized the integration of multiple omics da-
ta  such  as  genomics,  transcriptomics,  proteomics,  and
metabolomics  to  understand  the  formation  mechanism
of  organism  phenomes  at  the  system  level  and  the  key
role of  data integration in the modernization research of
TCM [14].  His research provided a direction for construct-
ing  a  complete  data  system  of  TCM  phenomes [14].
Through  the  collection,  collation,  and  analysis  of  a  large
amount  of  clinical  data,  DUAN et  al.  systematically  inte-
grated  data  scattered  in  different  research  and  clinical
practices.  This  integration  covered  multi-dimensional
data including TCM information through four diagnostic
approaches, laboratory test indicators, imaging data, and
patients'  lifestyles.  As  a  result,  the  TCM  phenomic  data
became more comprehensive and systematic,  building a
solid data foundation for subsequent in-depth data anal-
ysis and mining work [34].

 2.6 Algorithm innovation and application

In the analysis  and mining of  TCM Zhenghou phenomic
data,  DUAN  and  his  team  have  been  actively  exploring
the application of multi-omics and advanced algorithms.
They  have  conducted  in-depth  research  on  machine
learning, deep learning, and other algorithms, optimized
and  improved  them  according  to  the  characteristics  of
TCM  data  and  improved  the  efficiency  and  accuracy  of
TCM data mining. For example, by improving the cluster-
ing algorithm for TCM Zhenghou it is possible to provide
a  scientific  basis  for  more  accurate  differentiation  and
treatment  of  TCM  Zhenghou.  Using  the  association  rule
of  mining  algorithm  to  discover  the  potential  connec-
tions  between  the  components  of  TCM  prescriptions
(Fangji  and  Fufang)  and  treatment  effects  may  assist  in
drug research and development and help screen out TCM
prescriptions and components with potential therapeutic
effects [20].

 3 Overview of digital medicine

 3.1 Definition and connotation of digital medicine

Digital  medicine  refers  to  a  discipline  that  uses  digital
technologies,  software  and  algorithmically  driven  prod-
ucts  to  measure,  collect,  store,  process,  analyze,  and

transmit human health and medical information or inter-
vene  decision  and  outcomes [86-90].  Digital  medicine  cov-
ers  multiple  aspects,  including  medical  imaging,  clinical
diagnosis, treatment plan formulation, telemedicine, and
health management [23, 86-93]. It aims to improve the quali-
ty and efficiency of medical services and promote the in-
novative  development  of  medicine [10, 12, 23, 94].  It  realizes
the digital management and application of medical infor-
mation [89].  Digital  health  and  medical  data  are  multi-
modal and high-dimensional. A patient’s health state can
be  characterized  by  a  multitude  of  signals  including
medical  imaging,  clinical  variables,  genome  sequencing,
metabolomic  and  metagenomic  changes,  conversations
between  clinicians  and  patients,  and  continuous  signals
from  wearables.  This  high  volume,  personalized  data
stream  aggregated  over  patients'  lives  has  spurred  inter-
est  in  developing  new  artificial  intelligence  (AI)  models
for  higher-precision  diagnosis,  prognosis,  and  tracking.
Big data and AI approaches will play a pivotal role in data
processing  and  streamlining  the  phenotype-to-gene
identification  pipeline.  While  the  promise  of  these  algo-
rithms  is  undeniable,  their  dissemination  and  adoption
have been slow, owing partially to unpredictable AI mod-
el performance once deployed in the real world. We posit
that  one  of  the  rate-limiting  factors  in  developing  algo-
rithms that  generalize  to  real-world scenarios  is  the very
attribute  that  makes  the  data  exciting-their  high-dimen-
sional nature. We consider how the large number of fea-
tures  in  vast  digital  health  and  medical  data  can  chal-
lenge  the  development  of  robust  AI models—a phe-
nomenon known as “the curse of dimensionality” in sta-
tistical  learning  theory.  We  provide  an  overview  of  the
curse  of  dimensionality  in  the  context  of  digital  health
and medicine, demonstrate how it can negatively impact
out-of-sample  performance,  and  highlight  important
considerations for researchers and algorithm designers.

 3.2 Development status and trends of digital medicine

In  recent  years,  digital  medicine  has  achieved  rapid  de-
velopment.  In the field of  medical  imaging,  digital  imag-
ing technologies are constantly innovating, such as com-
puted  tomography  (CT),  magnetic  resonance  imaging
(MRI),  and positron emission tomography (PET).  CT us-
es  X-rays  to  perform  tomographic  scans  of  the  human
body. With computer reconstruction technology, CT gen-
erates  detailed  tomographic  images  of  internal  organs
and tissues of the human body. It can clearly show struc-
tures  such as  bones and lungs,  assisting doctors  in  diag-
nosing  fractures,  and  lung  diseases [25, 95, 96].  MRI  uses  a
strong magnetic field and radio-frequency pulses to make
the hydrogen nuclei  in human tissues resonate and gen-
erate  signals [97].  After  computer  processing  MRI  has  a
high  resolution  for  soft  tissues  and  is  often  used  in  the
diagnosis of lesions or tumors in parts such as the brain,
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spinal cord, and joints. To diagnose rates of brain growth
or  atrophy  in  a  genome-wide  association  meta-analysis
of  changes  in  brain  morphology  across  the  lifespan
longitudinal MRI data from 15 640 individuals were used
to compute rates of change for 15 brain structures. Gene
set  findings  implicate  both  early  brain  development  and
neurodegenerative  processes  in  the  rates  of  brain
changes.  Identifying variants involved in structural  brain
changes  may  help  to  determine  biological  pathways  un-
derlying  optimal  and  dysfunctional  brain  development
and  aging.  The  most  robustly  identified  genes  among
these MRI data are GPR139, DACH1, and APOE, and they
are associated with metabolic processes. Further analysis
found  a  global  genetic  overlap  with  depression,  schizo-
phrenia,  cognitive  functioning,  insomnia,  height,  body
mass index and smoking [49]. Also to reflect the body’s me-
tabolic  function  PET  detects  the  distribution  an  injected
tracer labeled with a radioactive nuclide in the body [98]. It
is often used in the early diagnosis of tumors, differentia-
tion between benign and malignant tumors,  and evalua-
tion  of  treatment  efficacy  such  as  determination  of
whether  a  tumor  has  recurred  and  metastasized [95, 99].
These  digital  imaging  technologies  provide  strong  sup-
port  for  the  early  diagnosis  and  precision  treatment  of
diseases. In clinical diagnosis, the application of AI tech-
nology has made disease diagnosis more accurate and ef-
ficient [99].  The  popularization  of  wearable  devices  and
telemedicine  has  broken  geographical  restrictions,  en-
abling high-quality medical resources to benefit more pa-
tients [100].

Influenced by genetic  and environmental  factors  dis-
ease  progression  may  vary  between  patients  and  over-
time. The issue of  ineffective medication, which is  a ma-
jor healthcare problem causing significant patient suffer-
ing  and  economic  costs,  stems  from  the  complex  nature
of diseases and involves altered interactions among thou-
sands  of  genes  across  multiple  cell  types  and  organs.
Medical digital twins (MDTs), which are digital and virtu-
al  representations  of  health  and  disease  processes  that
can  integrate  real-time  data  and  simulations  to  predict
and prevent disease progression, personalize treatments,
optimize  care  delivery  and  improve  outcomes,  have
emerged as a promising approach to address these chal-
lenges and have led to international  initiatives aiming at
clinical implementations [21, 101-105].  Propelled by extensive
data collection and advancements in AI, alongside tradi-
tional  biomedical  methodologies,  MDTs  in  precision
medicine  are  increasingly  viable.  Early  clinical  applica-
tions of MDTs have shown potential in areas like artificial
organs,  cancer,  type  2  diabetes,  cardiology,  and  hospital
workflow  optimization [21, 101-105].  However,  a  broader  im-
plementation  of  MDTs  in  clinics  still  faces  some  major
challenges [101, 102],  including  the  characterization  of  the
dynamic  phenotypic  and  molecular  changes  across

multidimensional  scales,  the  development  of  multi-
modal  computation  methods  for  integration  of  data  into
MDTs, the prioritization of disease mechanisms and ther-
apeutic  targets,  the  creation  of  interoperable  MDT  sys-
tems  that  can  learn  from  each  other,  the  design  of  user-
friendly interfaces for patients and clinicians, the scale of
MDT technology for equitable healthcare access globally,
and  the  considerations  of  ethical,  regulatory,  and  finan-
cial  issues [102].  Overcoming these hurdles could pave the
way  for  more  predictive,  preventive,  and  personalized
medicine,  potentially  transforming  healthcare  delivery
and  improving  patient  outcomes.  With  the  continuous
emergence  of  technologies  such  as  big  data,  cloud  com-
puting,  and  the  internet,  the  development  prospects  of
digital  medicine  are  even  broader,  and  it  will  move  to-
wards  the  direction  of  intelligence,  personalization,  and
precision  in  the  future.  The  iterative  upgrade  of  digital
technologies  has  created  more  possibilities  for  their  in-
depth application in the medical field [102, 104, 105].

 4 Applications  of  digital  medicine  in  TCM  phe-
nomics

 4.1 Data collection

TCM is  deeply rooted in the unique reasoning paradigm
of “Xiangshu (象数 ,  image-number)” or “phenotype-nu-
merology” thinking  and  TCM  theory  was  deeply  influ-
enced by the ancient wisdom of Hetu Luoshu (《河图洛

书》) and Yijing (《易经》),  where the relationship be-
tween  human  health,  natural  phenomena,  and  the  uni-
verse are explained using digits and symbols [106]. This tra-
ditional  phenotype-numerology  thinking  provides  a  the-
oretical basis for TCM digitization and offers an inherent
association  of  TCM  with  digital  medicine [107].  The  inte-
gration  of  TCM  phenomics  and  digital  medicine  for  dis-
ease  diagnosis,  classification  and  treatment  typically  in-
volve steps of data collection, integration, preprocessing,
analysis,  mining,  feature selection,  deep learning,  model
construction,  simulation,  prediction,  and  evaluation
(Figure 3).

The key digital tools and methodologies used in TCM
phenomics 2.0 are summarized in Table 2.

Digital  medical  technology  can  achieve  comprehen-
sive and accurate collection of TCM phenomic data relat-
ed  to  diseases  from  multiple  sources  through  various
methods. These data sources are extensive, covering vari-
ous aspects such as clinical symptoms, signs, tongue im-
age and coating, CT, MRI, PET and other imaging exami-
nations,  laboratory  tests,  gene  expression  profiles,  pro-
teomics,  and metabolomics.  For  example,  for  tumor dis-
eases, not only should clinical the size and location of the
tumor in patients be collected, but also multi-omics data
such  as  gene  expression  data  of  tumor  tissues,  protein
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expression  levels,  and  changes  in  metabolites  in  the
blood  and  tongue  coating  should  be  collected.  Through
wearable devices, sensors, and DTs, it is possible to collect
real-time  physiological  parameters,  constitutions,  exer-
cise  data,  dietary  information,  and  more  from  patients.
This provides a rich data source for the research of TCM
phenomics. At the same time, using big data technology,
it  is  possible to analyze and integrate these multi-source
and  heterogeneous  data,  mining  the  potential  correla-
tions between the data and providing support for reveal-
ing  the  mechanisms  of  TCM  Zhenghou  and  Fufang  or
Fangji [14, 34, 79, 108].

 4.2 Data preprocessing

The  raw  data  collected  from  phenome  defined  by  inte-
grated criteria of TCM and western medicine [9] often has
problems such as noise, missing values, and inconsisten-
cies,  and  thus  requires  preprocessing [106].  This  includes
data  cleaning,  removing  duplicate,  incorrect,  or  invalid
data,  handling  missing  values,  selecting  appropriate  fill-
ing methods according to  the characteristics  of  the data,
such as mean filling, filling based on similar samples, da-
ta  standardization  and  normalization,  transforming  data
of  different  types  and  magnitudes  to  the  same  scale  for
subsequent analysis [109].

 4.3 Data analysis and mining

AI technology has important  application value in the re-
search  of  TCM  phenomics.  Through  machine  learning,
deep learning, and other algorithms, it is possible to ana-
lyze and mine large amounts of TCM phenomic data and
discover underlying laws and mechanisms for Zhenghou
patterns.  For  example,  using  AI  technology,  such  as
Bayesian networks, GNNs and GDL, it is possible to clas-
sify and predict TCM Zhenghou, improving the accuracy
and  scientific  connotation  of  TCM  diagnosis  and  treat-
ment. Bayesian networks can dynamically integrate mul-
ti-omics data (genomics and metabolomics) with clinical
TCM  diagnostics  (tongue  coating  and  pulse  patterns)  to
infer  causal  relationships  between  Zhenghou  subtypes
and  molecular  pathways.  GNNs  excel  at  non-Euclidean
relationships in TCM phenomes, such as the hierarchical
structure  of  Zang-Fu  organ  networks  or  time-dependent
Yin-Yang  transitions  can  be  found.  GDL  further  extends
this  by  capturing  spatial-temporal  phenomic  changes
(e.g.,  tumor  evolution)  through  manifold  learning.  it  is
possible  to  classify  and predict  TCM Zhenghou,  improv-
ing the accuracy and scientific connotation of TCM diag-
nosis  and  treatment.  Additionally,  AI  technology  can  as-
sist  in  drug  research  and  development  by  screening  out
TCM  prescriptions  of  Fufang  or  Fangji  and  components
with potential therapeutic effects [1, 14, 34].
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Figure 3   Integration of digital medicine and TCM phenomics
The  real-time  TCM  phenomic  data  including  physiological  parameters,  constitutions,  exercise  data,  dietary  information,  clinical
symptoms, signs, tongue image and coating, CT, MRI, PET, and other imaging examinations, laboratory tests, profiles of gene expres-
sion, proteomics, and metabolomics. will be collected and integrated through various digitalized methods and approaches including
wearable devices, sensors, and MDTs. Big data and AI technologies will be used to analyze and integrate these multi-source and het-
erogeneous data,  mining the potential  correlations between the data and revealing the mechanisms of  TCM Zhenghou and mecha-
nisms of action of TCM Fufang. The integration of TCM phenomics and digital medicine can dynamically integrate multi-omics data
(genomics and metabolomics) with clinical TCM diagnostics (tongue coating and pulse patterns) to infer causal relationships between
Zhenghou subtypes and molecular pathways. AI technology, such as Bayesian networks, graph neural networks (GNNs) and geomet-
ric deep learning (GDL), will be used to dynamically integrate multi-omics data (genomics and metabolomics) with clinical TCM diag-
nostics (tongue coating and pulse patterns) to infer causal relationships between Zhenghou subtypes and molecular pathways, to re-
veal  the  hierarchical  structure  of  Zang-Fu  organ  networks  or  time-dependent  Yin-Yang  transitions,  to  classify  and  predict  TCM
Zhenghou, improving the accuracy and scientific connotation of TCM diagnosis and treatment. Additionally, AI technology can assist
in drug research and development by screening out TCM prescriptions of Fufang or Fangji and components with potential therapeutic
effects with improved efficacy of treatment.
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 4.4 Feature selection

Accurate  screening on features  closely  related to  disease
from a large  amount  of  phenomic data  at  the  phenome-
genome  level  contributes  to  health  assessment,  disease
diagnosis and classification, drug screening, and targeted
therapy  for  precision  medicine [10, 13, 98].  This  can  be
achieved through statistical methods, such as calculating
the  correlation  coefficient  between  features  and  disease
status,  conducting  analysis  of  variance,  etc.,  to  identify
features  that  show  significant  differences  between  the
disease phenome and the control healthy phenome. Fea-
ture selection algorithms in machine learning [110], such as
recursive  feature  elimination,  information  gain-based
feature selection, Fisher score, logistic regression, etc. can
also  be  used  to  select  the  feature  subsets  that  have  the
most  discriminative  power  for  disease  classification,  re-
duce the data dimension, and improve the efficiency and
accuracy of the model. GE et al. [110] proposed an integra-
tive  feature  selection  algorithm  based  on  the  combina-
tion  of  Fisher  score,  Recursive  feature  elimination,  and
Logistic  regression (named FRL)  to  explore  potential  ge-
nomic biomarkers on cancer subsets.  Fisher score is  ini-
tially used to calculate the weights of genes to rapidly re-
duce  the  dimension.  Recursive  feature  elimination  and
Logistic  regression  are  then  jointly  employed  to  extract

the  optimal  subset.  FRL  has  greater  classification  preci-
sion than five traditional feature selection algorithms and
exhibits excellent performance on accuracy and F1 score
and greatly improves computational efficiency. They con-
ducted  cluster  analysis  on  10  diverse  cancers  with  high
mortality  and  form  a  potential  biomarker  module
comprising  19  genes.  All  genes  in  this  module  can  serve
as  potential  biomarkers  to  provide  more  information  on
the  overall  oncogenesis  mechanism  for  the  detection  of
diverse  early  cancers  and  assist  in  targeted  anticancer
therapies  for  further  developments  in  precision  medi-
cine [110]. The rapid development of high-throughput sequ-
encing technology has identified abundant genomic bio-
markers,  but  most  of  them  are  based  on  analysis  of  sin-
gle-phenotype  cohorts.  Phenome-Wide  Association  stu-
dy (PheWAS) is a powerful tool to screen clinical observa-
tions derived from medical records (phenomes) for asso-
ciation  with  a  variable  of  interest  systematically [10, 15, 98].
Despite the wide recognition of their usefulness, few sys-
tematic  screening  of  phenotypes  associated  with  clinical
phenomes has been done due to the difficulty of  clinical
phenome definition [10, 15]. TCM phenomics may provide a
theoretical  system  to  define  clinical  phenomes  and  help
establishing  cohorts  of  clinical  phenomes  for  systematic
screening of phenotypes associated with clinical [10].

 

Table 2   Key digital tools and methodologies in TCM phenomics 2.0

Term Definition
Association rule A data mining technique to identify relationships between variables (e.g., linking TCM Zhenghou

patterns to specific metabolites)
Cloud computing The delivery of computing services (storage and analysis) over the internet, enabling scalable data

processing for phenomics research
Clustering algorithm Unsupervised machine learning methods that group similar data points (e.g., patient subtypes based on

phenomic profiles)
Computer simulation
technology

The use of software to mimic real-world processes (e.g., disease progression and drug effects) for
hypothesis testing or training

Deep learning A type of machine learning using multi-layered neural networks to model complex patterns in large
datasets (e.g., image recognition and omics analysis)

Digital and virtual
representations

Computational models or simulations of real-world entities [e.g., three-dimensional (3D) organ models,
virtual patients for drug testing]

Drone imaging The capture of high-resolution images or videos using unmanned aerial vehicles, commonly used for
field phenotyping, crop monitoring, or ecological surveys

High-throughput
phenotyping

A method that uses automated, large-scale techniques to rapidly collect and analyze phenotypic data
(e.g., plant growth and human clinical traits) for research or precision agriculture

Logistic regression A statistical model used to predict binary outcomes (e.g., disease presence/absence) based on input
variables

Machine learning A subset of AI that enables systems to learn patterns from data and make predictions or decisions without
explicit programming

Phenome-wide
association study

A research approach analyzing associations between genetic variants and a wide range of phenotypes to
uncover disease mechanisms

Phenotypic networks Graphical models representing relationships between phenotypic traits, revealing how traits interact
within biological systems or diseases

Real-time monitoring Continuous, instantaneous data collection and analysis to track dynamic changes in systems (e.g.,
patient vitals)

Recursive feature
elimination

A feature selection method that iteratively removes the least important variables to optimize predictive
models (e.g., identifying key biomarkers)

Remote sensing
technology

The use of sensors to collect data about objects or environments from a distance, often applied in
agriculture, ecology, and environmental monitoring
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 4.5 Model building and evaluation

Common models include support vector machines, deci-
sion  trees [111],  random  forests [112],  neural  networks [4, 113],
etc.  Appropriate  machine  learning  or  statistical  models
for disease diagnosis and classification need to be select-
ed. The preprocessed data will  be divided into a training
set  and  a  test  set.  The  training  set  is  used  to  train  the
model.  By  adjusting  the  parameters  of  the  model,  it  can
accurately  learn  the  relationship  between  diseases  and
phenotypic features. For example, when training a neural
network-based disease diagnosis model, parameters such
as the number of network layers, the number of neurons,
and the learning rate need to be adjusted to optimize the
performance of the model [5, 114]. The test set is used to fur-
ther  evaluate  the  constructed  model.  Commonly  used
evaluation metrics include accuracy, recall, F1 score, and
the area under the receiver operating characteristic curve
(AUC).  These  metrics  are  used  to  measure  the  accuracy
and reliability of the model in disease diagnosis and clas-
sification. If the evaluation result of the model is not satis-
factory, it is necessary to analyze the reasons, such as in-
appropriate selection of  data features,  and unreasonable
setting of model parameters, and then improve and opti-
mize the model.

 4.6 Simulation and prediction

Computer  simulation  technology  and  DTs  in  digital
medicine can simulate  and predict  the  action process  of
TCM.  By  establishing  a  mathematical  model,  it  is  possi-
ble  to  simulate  the  impact  of  TCM  on  the  physiological
and  pathological  processes  of  the  human  body  and  pre-
dict the efficacy and safety of drugs. This helps reduce ex-
perimental costs and risks in drug research and develop-
ment,  as  well  as  in  clinical  treatment  and  improve  re-
search efficiency [5].

 4.7 Clinical validation and application

The evaluated and verified models need to be further val-
idated and applied in clinical practice. New case data in a
real-world  clinical  environment  will  be  collected  to  test
the generalization ability  of  the model,  ensuring that the
model  can  stably  and  accurately  diagnose  and  classify
diseases in different patient groups and clinical scenarios.
Only  a  model  that  has  undergone sufficient  clinical  vali-
dation can be truly applied to clinical practice, providing
strong  support  for  disease  diagnosis  and  treatment
(Figure 4).

 5 Significance of the integrated development of digi-
tal medicine and TCM phenomics

While  digital  medicine  and  TCM  phenomics  differ  in
their philosophical roots and technical tools, their shared

focus  on  personalization  and  holism  makes  them  highly
complementary (Table 3). For example, digital tools (e.g.,
smartphone tongue scanners) can solve TCM’s subjectiv-
ity problem by standardizing phenotype data.  TCM phe-
nomics  can  add  a  holistic,  systemic  layer  to  digital
medicine’s  data-driven  models  (e.g.,  explaining  why  a
digital app’s “fatigue alert” correlates with TCM’s “Qi de-
ficiency”).  Therefore,  integration  of  digital  medicine  and
TCM  phenomics  can  create  a  more  comprehensive,  pa-
tient-centric healthcare system that combines the best of
digital  innovation  and  TCM’s  centuries  of  holistic  wis-
dom.

 5.1 Promoting the modernization process of TCM

The integration of  digital  medicine and TCM phenomics
provides new technical means and methods for the mod-
ernization  development  of  TCM [114].  Through  digital
technology,  the  theories  and  practices  of  TCM  can  be
quantified  and  standardized,  making  them  more  in  line
with the research paradigm of modern science. This helps
to  improve  the  scientificity  and  credibility  of  TCM  and
promote the dissemination and application of TCM inter-
nationally (Figure 4).

 5.2 Improving the clinical efficacy of TCM

By using digital  medical technology to analyze and mine
TCM  phenomic  data,  it  is  possible  to  better  understand
the  action  mechanisms  of  TCM  and  provide  more  accu-
rate  guidance  for  clinical  treatment  (Figure  4).  Through
the formulation of personalized treatment plans, the clin-
ical efficacy of TCM can be improved to meet the person-
alized needs of patients [4].

 5.3 Promoting  the  integration  of  TCM  and  western
medicine

The integration of  digital  medicine and TCM phenomics
can  provide  a  new  entry  point  and  platform  for  integra-
tion of TCM and western medicine [79].  Through the inte-
gration and analysis of phenomic data of TCM and west-
ern  medicine,  it  is  possible  to  discover  the  commonali-
ties  and  differences.  This  can  promote  the  complemen-
tary  advantages  of  TCM  and  western  medicine  and  ad-
vance  the  in-depth  development  of  their  integration
(Figure 3 and 4).

 6 Challenges faced in the integrated development of
digital medicine and TCM phenomics

 6.1 Data quality and standardization issues

TCM phenomic data has characteristics such as diversity,
complexity, and subjectivity, and the data quality is often
uneven [106, 107].  At the same time, there is currently a lack
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of unified data standards and specifications, which makes
it  difficult  to  integrate  and  analyze  the  data.  Therefore,
how  to  improve  data  quality  and  establish  unified  data
standards and specifications is one of the important chal-
lenges  faced  in  the  integrated  development  of  digital
medicine and TCM phenomics.

 6.2 Technical and talent issues

The integration of  digital  medicine and TCM phenomics
requires  interdisciplinary  technical  and  talent  support.
Currently,  there  is  a  relative  shortage  of  talents  who  are
experts  in  both  digital  medical  technology  and  TCM
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Figure 4   TCM phenomics 2.0
TCM phenomics 2.0 integrates phenomics with digital medicine to investigate the lifespan phenome longditudinal cohorts defined by
the integrated criteria of TCM and western medicine. Clinical data from the healthy constitutional phenomes, clinical phenomes and
herb/pharmacophenomes as the sources of the best evidence for clinical medicine and biomedical research through top-down or bot-
tom-up phenomics will build a new knowledge network of life science and precision medicine, which will be used as the basis for new
taxonomy and classification of disease with phenome codes. The more accurate holistic diagnosis and targeted treatment of disease at
the phenomic level will lead to improved health outcomes.

 

Table 3   The distinct features, the common and overlapping grounds of digital medicine and TCM phenomics

Dimension Digital medicine TCM phenomics
Core
philosophical
foundation

Rooted in western medicine’s reductionism and
evidence-based medicine: breaks health into
measurable variables of phenotypes (e.g., blood
pressure and gene expression) and validates
interventions via randomized controlled trials (RCTs)

Rooted in TCM’s holistic, systemic philosophy: views
health as balance between Yin-Yang, Zang-Fu organs,
and Qi/Xue; prioritizes Zhenghou differentiation over
isolated symptoms

Primary data types Real-time, dynamic digital data of phenotypes:
wearable metrics (HRV and step count), EHRs, imaging
(CT/MRI), app-based lifestyle data (diet and stress);
focus: quantitative, continuous, and actionable in real
time

High-dimensional omics data: genomics, proteomics,
metabolomics to quantify TCM Zhenghou
TCM-specific qualitative data: tongue coating, pulse
quality, subjective symptoms, standardized via digital
tools

Technological
pillars

Relies on digital infrastructure: IoT (wearables and
smart devices), AI/ML (for data analysis/prediction),
telehealth platforms, cloud computing (for data
storage)

Relies on omics and systems biology: next-generation
sequencing (NGS), mass spectrometry (for
metabolomics), network biology (to model TCM’s
systemic effects), and digital tools for TCM symptom
standardization

Clinical focus Emphasizes prevention, acute care augmentation, and
remote management: examples include early sepsis
detection via AI, remote post-surgery monitoring, and
personalized medication dosing

Emphasizes chronic disease management, syndrome
validation, and TCM modernization: examples include
optimizing herbal formulas for diabetes, validating
acupuncture’s effects on "Qi stagnation", and
integrating TCM with western treatments

Evaluation metrics Uses phenotypic western medicine clinical endpoints:
mortality rate, symptom resolution (e.g., reduced blood
glucose), quality of life (QoL) scores (e.g., SF-36), and
technical metrics (e.g., AI model accuracy)

Uses TCM-specific + omics endpoints: improvement of
Zhenghou (e.g., reduced "Yin deficiency" symptoms),
changes in omics markers (e.g., restored metabolomic
balance), and TCM QoL scales (e.g., TCM Zhenghou
rating scale)
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theory and practice. In addition, the application of some
advanced digital medical technologies in the field of TCM
still  faces  technical  obstacles  and needs further  research
and improvement.

 6.3 Ethical and legal issues

With the  widespread application of  digital  medical  tech-
nology,  issues  related  to  patient  privacy  protection,  data
security,  and  ethics  are  becoming  increasingly  promi-
nent.  In the research of  TCM phenomics,  how to protect
the  rights  and  interests  of  patients  and  abide  by  ethical
and  legal  norms  is  a  problem  that  needs  to  be  carefully
considered and solved.

 7 Future  prospects  for  the  integrated  development
of digital medicine and TCM phenomics

 7.1 Strengthening data sharing and cooperation

A  national  data-sharing  platform  for  TCM  phenomics
should  be  established  to  promote  data  sharing  and  col-
laboration among different research institutions. Interna-
tional  cooperation  should  be  strengthened  by  learning
from  advanced  digital  medical  technologies  and  experi-
ences  abroad,  and  promote  the  international  develop-
ment of TCM phenomics (Figure 4).

 7.2 Cultivating compound talents

The  cultivation  of  interdisciplinary  talent  should  be
strengthened and a comprehensive talent cultivation sys-
tem  should  be  established.  Universities  and  research  in-
stitutions  should  be  encouraged  to  offer  relevant  majors
and courses to cultivate compound talents who are famil-
iar with both digital medical technology and TCM theory
and  practice,  providing  talent  support  for  the  integrated
development  of  digital  medicine  and  TCM  phenomics
(Figure 4).

 7.3 Improving ethical and legal norms

We should formulate and improve relevant ethical and le-
gal norms, and strengthen the supervision of the applica-
tion of digital medical technology in the field of TCM. We
also  need  to  protect  the  privacy  and  rights  of  patients  to
ensure  that  the  integrated  development  of  digital
medicine and TCM phenomics complies with ethical and
legal requirements.

 8 Conclusion and prospects

The integrated development of digital medicine and TCM
phenomics is an inevitable trend in the modernization of
TCM and the integration of  TCM and western medicine.
Through  the  application  of  digital  medical  technology,

new  methods  and  means  can  be  provided  for  the  re-
search of TCM phenomics, promoting the innovative de-
velopment of TCM. The scholars in the field of TCM phe-
nomics  have  made  significant  contributions  and  provid-
ed  valuable  experience  and  achievements  and  prepared
well  for  this  integrated  development.  Although  there  are
still  some  challenges  in  the  current  integrated  develop-
ment  of  the  two  fields,  with  the  continuous  progress  of
technology  and  the  cultivation  of  talents,  it  is  believed
that  the  integration  of  digital  medicine  and  TCM  phe-
nomics  will  achieve  more  fruitful  results  and  make
greater contributions to the cause of human health.
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中医表型组学 2.0：与数字医学的融合发展

许敏a, b†, 邵心怡a, b†, 郭东更c, 颜晓静b, d, 王磊b, d, 杨涛b, e, 梁昊f, 彭清华f*, 叶玲玉a, b, f*, 程海波b, g*, 段大跃a, b, c, f*

a. 南京中医药大学中西医结合学院, 江苏 南京 210030, 中国

b. 南京中医药大学中医药表型组学研究院, 江苏 南京 210030, 中国

c. 宁夏自身免疫性疾病精准医学重点实验室, 宁夏回族自治区 银川 750002, 中国

d. 南京中医药大学附属常州医院, 常州市孟河医派人用经验研究与转化重点实验室, 江苏 常州 213003, 中国

e. 南京中医药大学人工智能与信息技术学院, 江苏 南京 210030, 中国

f. 湖南中医药大学中医证候表型组学研究中心, 湖南 长沙 410208, 中国

g. 江苏省中医药防治肿瘤协同创新中心, 江苏 南京 210029, 中国

 
【摘要】现代西方医学通常侧重于治疗特定症状或疾病，中医学则强调人体各个系统在外部环境下的相互联

系，并采用整体方法来预防和治疗疾病。2008 年，表型组学作为一门新学科被首次引入中医学领域，它基

于表型组学，研究在中医学理论和实践范围内人体临床表型组的综合动态变化规律。虽然中医表型组学 1.0

初步建立了以 “证候”（中医学对临床表型组的定义）为核心的临床表型组体系，但在数据标准化、机制阐释

和精准干预方面仍存在瓶颈。在此，我们系统阐述了在 “中医表型组学 2.0” 框架下，数字医学与中医表型组

学融合的理论基础、技术路径及未来挑战。该框架以人工智能、可穿戴设备、医疗数字孪生和多组学整合等

数字医学技术为支撑，旨在构建 “证候-表型组-机制-干预” 的闭环系统，实现疾病诊疗的数字化、标准化和

精准化。数字医学与中医表型组学的融合，不仅推动了中医学理论与实践的现代化和科学化转型，也为精准

医学提供了新范式。在实践中，数字工具有助于多源临床数据的获取和标准化，而人工智能与大数据算法则

助力揭示临床证候表型组与分子机制之间的关联，从而提高诊断、疗效评估和个性化干预的科学严谨性。尽

管如此，挑战依然存在，包括数据质量与标准化问题、跨学科人才短缺以及伦理和法律规范不完善等。未来

的发展需要建立国家数据共享平台、加强国际合作、培养跨学科专业人才，并完善伦理和法律框架。最终，

这种方法旨在构建以表型组为核心的新型疾病识别与分类体系，实现中医学诊疗模式的传承、创新与现代化。

【关键词】数字医学；中医学；表型组学；中医药现代化；人工智能
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