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What this book series is about… Current healthcare: What is behind the issue? For 
many acute and chronic disorders, the current healthcare outcomes are considered as 
being inadequate: global figures cry for preventive measures and personalised 
treatments. In fact, severe chronic pathologies such as cardiovascular disorders, 
diabetes and cancer are treated after onset of the disease, frequently at near end- stages. 
Pessimistic prognosis considers pandemic scenario for type 2 diabetes mellitus, 
neurodegenerative disorders and some types of cancer over the next 10-20 years 
followed by the economic disaster of healthcare systems in a global scale. Advanced 
healthcare tailored to the person: What is beyond the issue? Advanced healthcare 
promotes the paradigm change from delayed interventional to predictive medicine 
tailored to the person, from reactive to preventive medicine and from disease to 
wellness. The innovative Predictive, Preventive and Personalised Medicine (PPPM) is 
emerging as the focal point of efforts in healthcare aimed at curbing the prevalence of 
both communicable and non-communicable diseases such as diabetes, cardiovascular 
diseases, chronic respiratory diseases, cancer and dental pathologies. The cost-effective 
management of diseases and the critical role of PPPM in modernisation of healthcare 
have been acknowledged as priorities by global and regional organizations and health-
related institutions such as the Organisation of United Nations, the European Union 
and The National Institutes of Health.  Why integrative medical approach by PPPM as 
the medicine of the future? PPPM is the new integrative concept in healthcare sector 
that enables to predict individual predisposition before onset of the disease, to provide 
targeted preventive measures and create personalised treatment algorithms tailored to 
the person. The expected outcomes are conducive to more effective population 
screening, prevention early in childhood, identification of persons at-risk, stratification 
of patients for the optimal therapy planning, prediction and reduction of adverse drug-
drug or drug- disease interactions relying on emerging technologies, such as 
pharmacogenetics, pathology-specific molecular patters, sub/cellular imaging, disease 
modelling, individual patient profiles, etc. Integrative approach by PPPM is considered 
as the medicine of the future. Being at the forefront of the global efforts, The European 
Association for Predictive, Preventive and Personalised Medicine (EPMA, http://www.
epmanet.eu/) promotes the integrative concept of PPPM among healthcare stakeholders, 
governmental institutions, educators, funding bodies, patient organisations and in the 
public domain. Current Book Series, published by Springer in collaboration with 
EPMA, overview multidisciplinary aspects of advanced bio/medical approaches and 
innovative technologies. Integration of individual professional groups into the overall 
concept of PPPM is a particular advantage of this book series. Expert recommendations 
focus on the cost-effective management tailored to the person in health and disease. 
Innovative strategies are considered for standardisation of healthcare services. New 
guidelines are proposed for medical ethics, treatment of rare diseases, innovative 
approaches to early and predictive diagnostics, patient stratification and targeted 
prevention in healthy individuals, persons at-risk, individual patient groups, sub/
populations, institutions, healthcare economy and marketing.

Springer and the Series Editors welcome book ideas from authors. Potential 
authors who wish to submit a book proposal should contact Nathalie L'horset-
Poulain, Executive Editor (e-mail: nathalie.lhorset-poulain@springer.com)
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Preface

Dear Reader
We are very glad to present to you the newest book volume in our long-term 

series of books dedicated to Advances in Predictive, Preventive and Personalized 
Medicine (PPPM/3PM) [https://www.springer.com/series/10051]. This book is a 
joint effort of contributors from 12 countries. Altogether, there are 19 chapters dedi-
cated to specific fields related to the fundamental research, technology applications, 
and practical use of PPPM/3PM principia in healthcare and medicine. The chapters 
are ordered on the basis of the content and the relation to the neighboring chapters. 
The logical structure starts with introductory chapter on PPPM innovation in pri-
mary, secondary, and tertiary care, then continues with suboptimal health, which we 
find fundamental for prediction and prevention, further highlighting mitochondrial 
health as another basic perspective in health and suboptimal health. Further, you 
will find PPPM issue in prehabilitation processes in concert with protocols for early 
recovery after surgery, pain chronification prediction, and pain management. Next 
chapters are focused on particular diseases like assessing and managing unproper 
body postures in preschool children, using multiomics methods in pituitary adeno-
mas, use of thermal imaging for prediction and prevention in diabetic patients, 
computer- assisted diagnostics in breast cancer, role of microbiome in liver diseases, 
telemedicine and COVID-19 lessons in diabetes care, continuing with sleep disor-
ders highlighting the importance of good sleep for good health. Further, an interest-
ing chapter on modern psychiatry and mental health is presented, followed by 
wound healing stimulation technologies, artificial intelligence algorithms to ana-
lyze weather conditions for predictions of cerebrovascular accidents, electrophysi-
ology in cardiac care, periodontal health, eye health as an essential attribute of good 
health, implementation of artificial intelligence in data analysis, and completing 
with wearable devices as the practical example for PPPM implementation and help 
in monitoring lifestyle changes. We hope that in this book you will find important 
and useful information for practical application and for personal and population 
education and that you realize that the predictive, preventive, and personalized med-
icine is undoubtedly the future of healthcare, a future we have the opportunity to 
observe it becoming a present reality.

https://www.springer.com/series/10051
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As editors, here we also want to express our cordial thanks to all contributors for 
their great work done to make this book volume a valuable contribution to the whole 
series. Thank You.

Wroclaw, Poland Halina Podbielska  
Banská Bystrica, Slovakia  Marko Kapalla   

Preface
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PPPM Innovation in Primary, Secondary 
and Tertiary Care

Olga Golubnitschaja, Marko Kapalla, Halina Podbielska, 
and Vincenzo Costigliola

1  Health-to-Disease Transition in Focus of Advanced Bio/
Medical Sciences and Healthcare Services

Reactive medicine has reached its ethical, economic and technological limits as 
demonstrated by pandemic spread of acute infections such as COVID-19 [1–3] as 
well as pandemics of chronic disorders. To this end, currently, more than half of 
billion patients are diagnosed with diabetes type 2, over 70 million of glaucoma 
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patients are predisposed to blindness, breast and prostate cancers together reached a 
pandemic scale, whereby prostate cancer management costs increase more rapidly 
than for any other cancer [4–7]. Therefore, the paradigm change promoted by the 
European Association for Predictive, Preventive and Personalised Medicine (EPMA, 
Brussels, www.epmanet.eu), namely from reactive medical services to predictive 
approach, cost-effective targeted prevention and personalisation of treatment algo-
rithms is essential to advance healthcare, to increase life quality of population and 
to improve health economy in a short- and long-term way [8–10].

In a long-term manner, the most cost-effective strategy is to focus scientific and 
healthcare effort on the health-to-disease transition, in order to the reverse current 
pandemic trends [11]. Internationally accumulated knowledge about sub-optimal 
health conditions is of pivotal importance to apply PPPM strategies protecting 
affected population against health adverse effects of internal and external risk fac-
tors. Health risk assessment and cost-effective targeted prevention is detailed in this 
book and can be well exemplified by sub-optimal health of individuals with the 
Flammer syndrome phenotype [12] amongst others.

2  A Holistic Approach by 3P Medicine Is the Clue

Systemic effects are characteristic for sub-optimal health conditions, transition 
from health-to-diseases as well as progression of multi-factorial disorders such as 
metabolic syndrome, malignancies and neurodegenerative processes. Therefore, a 
holistic approach by 3P medicine is the clue in disease prediction, prevention and 
treatment. To this end, mitochondrial health is considered instrumental to monitor 
stability of the health condition, to detect systemic reactions towards multi-factorial 
stressors and to assess adequacy of the stress response towards environmental 
changes, redox balance, the innate and acquired immunity as well as severity of the 
acute and chronic disorders. Well-known mitochondrial burnout-associated pathol-
ogies include chronic fatigue, accelerated ageing, auto/immune disorders, hormonal 
dysregulation and infertility, eye pathologies, metabolic and mood disorders, severe 
respiratory diseases, impaired healing, neurodegenerative and cancerous alterations 
[13]. Contextually, mitochondrial health quality control is considered in the book 
for the holistic predictive diagnostic approach in PPPM framework.

3  Technological Innovation

Health protection, life quality and robustness of diagnostic and treatment approaches 
are the main criteria of quality considered in the framework of the PPPM-relevant 
technological developments. Consequently, non-invasive, user-friendly, reliable and 
cost-effective diagnostic approaches, PPPM-relevant products and medical services 
are highly prioritised. Technological solutions adapted to these criteria are detailed 
in the book such as diagnostic approaches utilising tear fluid as the non-invasive 
source of biomarkers specific for ocular and systemic diseases [14], telemedical 

O. Golubnitschaja et al.
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approach utilising wearable sensors for permanent monitoring individuals at risk 
and in chronic medical conditions, and application of artificial intelligence, 
amongst others.

4  Conclusion

In conclusion, the anticipated progress beyond the state of the art in primary, 
secondary and tertiary care, and PPPM benefits are summarised below:

• Primary healthcare.
 – Whole-body health quality check-up.
 – Pre-pregnancy check-up.
 – Accompanying diagnostics in sport medicine and supervised physical 

activities.
 – Accompanying diagnostics in physiotherapeutic and well-being services.
 – Health-to-disease transition check-up and targeted protection amongst others.

• Secondary healthcare.
 – Early-stage disease detection and targeted prevention of the disease 

progression.
 – Treatment algorithms tailored to the individualised multi-parametric patient 

profile.
 – Therapy efficacy monitoring and improved individual outcomes.

The accents will get shifted towards stabilised medical conditions.
• Tertiary healthcare.
• In the tertiary healthcare the accents will get shifted from palliative care to the 

care of chronic medical conditions with significantly improved life quality of 
patients under treatment.
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1  Introduction

Non-communicable chronic diseases (NCDs) have increased in prevalence and have 
become the one of the top health threats of the twenty-first century [1]. As one of the 
biggest challenges to life quality and longevity, NCDs affect up to 20% of the global 
population and lead to 41 million deaths a year, contributing to 71% of all global 
deaths [2]. There is increasing concern over the growing number of young people who 
suffer from chronic diseases. For example, adolescents are a group of concern with 
rising numbers of new cases of type 2 diabetes mellitus [3]. Mental disorders, suicide, 
stroke, and cancer are also prevalent in young people [4]. These chronic diseases 
severely reduce the life quality of both patients and their families, resulting in a huge 
socio-economic burden. Unprecedented medical resources have been invested glob-
ally to curb the epidemic of chronic diseases, but with little success. However, from 
the viewpoint of predictive, preventive, and personalized medicine (PPPM), many 
NCDs can be delayed or even prevented, thus effectively reducing their incidence [5].

NCDs have a multifactorial etiology resulting from the interaction of genetic, envi-
ronmental, and behavioral factors. In other words, age, genes, home and work envi-
ronments, lifestyle, and dietary habits all contribute to the manifestation of NCDs [6]. 
Early detection and appropriate intervention are important for disease prevention and 
treatment. Suboptimal health status, an intermediate state between health and a diag-
nosable illness, emphasizes the idea that NCDs can be predicted and even prevented 
from further advancing of the clinical manifestations of severe pathologies [7]. Hence, 
defining suboptimal health and developing reliable subjective and objective measure-
ment tools for suboptimal health allows for effective predictive diagnosis and cost-
efficient prevention and treatment strategies tailored to patients with chronic health 
conditions. This chapter focuses on SHS, highlights its health innovation from bench 
to bedside, in line with the tenets of translational medicine and PPPM, and showcases 
leading-edge advancement in the medical and healthcare field.

2  Suboptimal Health Status

Health is “a state of complete physical, mental, and social well-being and not merely 
the absence of disease or infirmity” [8]. It is a challenge to assess an individual’s 
health level. An increasing number of people around the world complain of a gen-
eral malaise even without a diagnosable disease. This intermediate state between 
health and a diagnosable illness has been ignored by modern medicine for a long 
time due to the lack of systematic evidence; however, Traditional Chinese Medicine 
has recognized this intermediate state since ancient times, originating from the pre-
ventive treatment theory in The Emperor’ s Classic of Internal Medicine [7]. In an 
effort to bridge modern Western Medicine and Traditional Chinese Medicine, the 
English term “suboptimal health status” was coined to describe “an overall physical 
status between health and illness characterized by the perception of health com-
plaints, chronic fatigue, and a constellation of physical symptoms such as the car-
diovascular system, the digestive system, the immune system, and mental status; 
lasting for at least 3 months” [9]. SHS is caused by a combination of environmental 
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factors (e.g., pollution, social stresses) and unhealthy lifestyles or behaviors (e.g., 
lack of exercise, unhealthy dietary habits, smoking, and alcohol abuse). As a wide-
spread public health issue, suboptimal health affects up to 75% of the global popula-
tion, covering people in almost all age groups, regions, and countries, and can lead 
to short- or long-term adverse health outcomes [10]. People in SHS are prone to 
anxiety, depression, headaches, fatigue, insomnia, and other conditions. Frequent 
hospital visits due to suboptimal health place economic and mental burdens on peo-
ple and reduce their quality of life. More seriously, if SHS status becomes chronic, 
it can even shorten a person’s life expectancy, thus imposing a significant medical 
burden on society [11]. Unfortunately, SHS and its negative outcomes are still 
underappreciated because there are no obvious identifiable symptoms.

SHS has been well accepted as a risk factor for chronic diseases, such as cardiovas-
cular diseases, cancers, respiratory diseases, diabetes, and stroke [12]. Unlike infec-
tious diseases, NCDs, whose symptoms usually persist for more than 3 months, do not 
directly spread from person to person [13, 14], however, they are the top cause of 
global death, especially premature deaths in low- and middle-income countries. More 
importantly, this dire situation will worsen as the global aging population increases 
[15, 16]. Most NCDs develop from reversible suboptimal health conditions to irrevers-
ible pathology with associated complications within a few years. Therefore, as a sub-
clinical, reversible stage of chronic diseases, SHS usually precedes the occurrence of 
chronic diseases [17]. Treatments for chronic diseases are usually not started until after 
specific clinical symptoms appear, which is considerably delayed from a PPPM per-
spective. SHS is a key window of opportunity in predicting chronic diseases prior to 
the clinical manifestations of severe pathologies and is therefore believed as a potential 
preventive barometer for the control and management of chronic diseases [12]. As an 
emerging insight into translational medicine, SHS thus deserves close attention.

3  Diagnostic Tools for SHS

SHS is ubiquitous, but hard to detect due to individual heterogeneity and the incon-
sistency of people’s perceptions related to health [18]. Given that SHS typically 
predates chronic diseases, the time between the onset of suboptimal health and the 
clinical manifestation of the associated disease is a good opportunity to make reli-
able risk assessments and predictive diagnoses [9]. Hence, reliable, and valid diag-
nostic tools are essential to accurately identify SHS so that targeted prevention and 
treatment of chronic diseases can occur. What is more, under-diagnosis (the failure 
to identify or accurately diagnose a disease or disorder, notably in a considerable 
proportion of patients) and over-diagnosis (the diagnosis of a medical condition that 
would not otherwise cause any symptoms or problems) of NCDs has wasted a lot of 
medical resources and seriously increase the economic burden of health care [19, 
20]. Accordingly, from the perspective of PPPM, powerful predictive instruments of 
SHS can not only help identify both high-risk and low-risk populations to avoid 
under- and over-diagnosis, but also give clinicians the chance to apply tailored pre-
ventative measures before the incidence of actual diseases. To get a more holistic 
picture of SHS and facilitate clinical practice of suboptimal health innovation, our 
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team, the Suboptimal Health Study Consortium (SHSC), has developed and vali-
dated a subjective suboptimal health status questionnaire-25 (SHSQ-25) and 
explored verified SHSQ-25  in three major ethnic groups African, Asian, and 
Caucasian [9], combined with laboratory-based biochemistry health measures with 
a laboratory bench to clinical bed approach.

3.1  Subjective Measure

Based on the rigorous procedure of questionnaire development and assessment of 
reliability and validity, we created a comprehensive SHS measure tool, SHSQ-25, 
in 2009 [5]. As shown in Fig. 1, the SHSQ-25 covers five dimensions of suboptimal 

Were exhausted without greatly increasing your physical activity?

Experienced fatigue that could not be substantially alleviated by rest?

Were lethargic when working?

Suffered from headaches?

Suffered from dizziness?

Eyes ached or were tired?

Muscles or joints felt stiff?

Have pain in your shoulder/neck/waist?

Have a heavy feeling in your legs when walking?

Suffered from a sore throat?

Could not tolerate cold environments?

Caught a cold in the past 3 months?

Felt out of breath while sitting still?

Suffered from chest congestion?

Were bothered by heart palpitations?

Appetite was poor?

Suffered from heartburn?

Suffered from nausea?

Had difficulty falling asleep?

Had trouble with waking up during night? i.e., kept waking up at night

Had trouble with your short-term memory?

Could not respond quickly?

Had difficulty concentrating?

Mental status

Digestive system

Cardiovascular system

Immune system

SHSQ-25

Fatigue

Were distracted for no reason?

Felt nervous or jittery?

Fig. 1 Five factors and 25 components of SHSQ-25
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health status: fatigue, the cardiovascular system, the digestive system, the immune 
system, and mental status. With the support of 25 components, SHSQ-25 is a time- 
efficient and cost-effective instrument to be applied for health measures. When 
administered, each participant is tasked with rating how often he or she undergone 
a specific complaint in the last 3 months. The questionnaire adopts a 5-point Likert- 
type scale: (1) never or almost never, (2) occasionally, (3) often, (4) very often, and 
(5) always. This questionnaire is suitable for extensive investigations of the general 
population at real-word clinical or community settings. It serves as a practical and 
valid predictive tool of health status to provide a perfect chance for early detection 
of and timely intervention for chronic diseases, thus helping to mitigate negative 
consequences of NCDs [21].

The SHSQ-25 is a freely available health measure instrument to evaluate health 
conditions and support higher precisive health measure in primary PPPM-oriented 
health care practice (Table 1). This simple, reliable, and valid tool is available in 
multiple language versions, e.g., Chinese, English, Korean, and Russian [5, 22–24], 
and has been applied and validated through health surveys among these major popu-
lations (Asian, African, and Caucasian) to explore the associations between SHS 
and NCDs risks [25]. For example, the China suboptimal health cohort study 
(COACS) found that SHSQ-25 can be used for routine detection and screening for 
cardiovascular and metabolic diseases [9, 11, 26]. Moreover, multiple cross- 
sectional studies conducted in Ghana reported that SHS is an important risk factor 
contributing to type 2 diabetes mellitus [27]. As a self-reported indicator of health 
condition and subclinical status, suboptimal health not only promotes the concept of 
PPPM, but also provides unprecedented convenience for the early detection of 
NCDs, breaking through the previous limitations of people’s understanding of 
health assessment. The SHSQ-25 can therefore be applied to a wider cross-cultural 
population to promote cost-effective and time-efficient clinical health screening 
[9, 24].

3.2  Objective Measurements Enhance the Reliability 
of SHSQ-25

SHSQ-25 is self-reported and subjective tool for health measure. Given the 
complexity and diversity of suboptimal health symptoms, objective biological 
measures were included as additional health biomarkers to support for the sub-
jective assessment of suboptimal health. Biological measures are highly valu-
able in assessing health conditions and forecasting the development of disease. 
The following two categories of biomarkers were investigated on the associa-
tion with suboptimal health status: anthropological metrics and general biologi-
cal indicators (Table  2). Our multi-empirical studies have found that several 
anthropological metrics and general biological indicators correlate with subop-
timal health status and can be used as adjunctive predictive biomarkers, includ-
ing diastolic blood pressures, systolic blood pressures, body mass index, 
smoking index, total cholesterol, triglycerides, low-density lipoprotein 
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Table 1 Example of the application of SHSQ-25 at different ethnic groups

SHSQ-25 Study design Study population

Sample size 
(number of 
participants) Reference

Chinese 
version

Cross-sectional 
study

Chinese population 2799 Yan et al. (2009) [5]

Cross-sectional 
study

Chinese workers 3405 Yan et al. (2012) [11]

Cross-sectional 
study

Chinese workers 386 Yan et al. (2015) [18]

Prospective 
cohort study

Chinese population 4313 Wang et al. (2016) [26]
Wang et al. (2017) [28]
Ge et al. (2019) [29]

Case-control 
study

Chinese population 588 Alzain et al. (2017) [30]

Cross-sectional 
study

Chinese urban 
workers

868 Yan et al. (2018) [21]

Cross-sectional 
study

Chinese college 
students

4119 Hou et al. (2018) [31]

Cross-sectional 
study

Chinese nurses 6107 Zhu et al. (2020) [32]

Cross-sectional 
study

Northern Chinese 
population

3524 Ding et al. (2020) [33]

Case-control 
study

Chinese population 2861 Wang et al. (2020) [34]

Case-control 
study

Chinese 
undergraduate 
students

60 Wang et al. (2021) [10]

Cross-sectional 
study

Chinese Taiwanese 66 Kung et al. (2021) [35]

Case-control 
study

Chinese population 248 Meng et al. (2022) [36]

Cross-sectional 
study

Chinese medical 
students

2741 Zhang et al. (2022) [37]

Cross-sectional 
study

Chinese domestic 
tourists

360 Guo et al. (2022) [38]

English 
version

Case-control 
study

Ghanaian 
population

505 Adua et al. (2017) [27]

Prospective 
cohort study

Ghanaian pregnant 
women

593 Anto et al. (2019) [39]
Anto et al. (2021) [40]

Case-control 
study

Ghanaian pregnant 
women

593 Anto et al. (2020) [41]
Anto et al. (2022) [42]

Case-control 
study

Ghanaian 
population

262 Adua et al. (2019) [43]

Cross-sectional 
study

Ghanaian 
population

263 Adua et al. (2021) [24]

Russian 
version

Cross-sectional 
study

Russia urban 
population

459 Kupaev et al. (2016) [22]

Korean 
version

Cross-sectional 
study

Korean population 460 Guo et al. (2022) [23]
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Table 2 Example of the objective marker of SHS

Objective Marker of SHS Reference
Anthropological 
metrics

Smoking index, body mass index, 
systolic blood pressures, diastolic 
blood pressures

Wang et al. 
(2014) [7]

General biological 
indicators

Biochemical 
indexes

Total cholesterol, triglycerides, 
low-density lipoprotein cholesterol, 
plasma cortisol

Wang et al. 
(2014) [7]

Molecular 
biomarkers

Telomere length Alzain et al. 
(2017) [30]

N-glycans (e.g., IgG N-glycosylation) Adua et al. 
(2019) [43]

Metabolic biomarkers (e.g., 
sphingosine, pregnanolone, 
taurolithocholate sulfate, and cervonyl 
carnitine)

Wang et al. 
(2020) [34]

Glucocorticoid receptor mRNA Yan et al. 
(2015) [18]

Intestinal microbiota Sun et al. 
(2019) [45]

Subclinical 
status

Endothelial dysfunction Kupaev et al. 
(2016) [22]

Oxidative stress and its related 
complication

Anto et al. 
(2020) [41]

cholesterol, plasma cortisol, endothelial dysfunction, oxidative stress and its 
related complications [9, 18, 22, 40, 43]. Since SHS is an intermediate state 
between health and a diagnosable illness, biological changes in metabolomics, 
glycomics, proteomics, and telomere length may offer valuable insights into the 
assessment of SHS for chronic disease stratification. Molecular biological mea-
sures including intestinal microbiota, glucocorticoid receptor mRNA, N-glycans 
(e.g., IgG N-glycosylation), and metabolic biomarkers (e.g., sphingosine, preg-
nanolone, taurolithocholate sulfate, and cervonyl carnitine) can serve as poten-
tial predictive biomarkers of suboptimal health status [34, 36, 44]. Moreover, 
short relative telomere length has been discovered to be significantly correlated 
with SHS [30].

4  Paradigm Shift from Reactive to Predictive, Preventive, 
and Personalized Medicine

Many countries are marching into aging societies rapidly. An estimated 727 million 
people were 65 or older in 2020, totalling 9.3% of the world’s population. This num-
ber is expected to more than double to over 1.5 billion people by 2050 [46]. 
Importantly, aging is characterized by declining physiological functions and greater 
susceptibility to chronic inflammation and aging-related diseases. The prevalence of 
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these chronic diseases has risen accordingly [47]. Therefore, predictive, preventive, 
and personalized medicine (PPPM) has been proposed as a response to the public 
health challenges posed by this demographic shift. PPPM is “the new integrative 
concept in the health care sector that enables to predict individual predisposition 
before onset of the disease, to provide targeted preventive measures and create per-
sonalized treatment algorithms tailored to the person” [48]. PPPM is the medicine of 
the future as a proactive approach in the practices of effective population/community- 
based health survey, early prevention, patient stratification, and customization of 
optimal treatment protocols, forgoing traditional reactive medical practices [49].

The notion of SHS fits well with the PPPM paradigm. More specifically, as an 
effective sentinel for NCDs, SHS provides a critical window of opportunity for 
PPPM [9]. Based on the proven potential associations between SHS and NCDs 
(e.g., type 2 diabetes, cardiovascular diseases, cognitive impairment), chronic dis-
eases can be predicted and even prevented before the initiation of pathologies [9]. 
Therefore, in-depth insight into SHS may motivate a shift in the medical paradigm 
from reactive to preventative, i.e., PPPM, facilitating a two-way translation of basic 
scientific research and clinical treatment: suboptimal health innovation from bench 
to bedside [7]. In addition, the future is bound to be a new era of “personalized 
medicine.” Due to the significant differences in individuals’ living circumstances, 
physical characteristics and personalities, PPPM places greater emphasis on indi-
vidual idiosyncrasies [9]. Future treatment plans will therefore be tailored to each 
individual patients’ information [50]. Timely assessments and effective interven-
tions for suboptimal health are a cost-efficient way for NCDs prevention, control, 
and personalized management, thereby enhancing people’s health and life quality 
and reducing the societal burden [12]. The combination of the subjective question-
naire (SHSQ-25) and objective biomarkers (e.g., metabolites, glycans, glucocorti-
coids, telomere length, and microbiota) for SHS allows for rapid, accurate and 
cost-effective identification of subclinical symptoms, making SHS an effective tool 
for early detection, tailored prevention, and personalized treatment of NCDs [50].

5  Conclusion and Recommendations

Modern Western Medicine, based on evidence, emphasizes the treatment of dis-
ease symptoms, while Traditional Chinese Medicine, experience-based, focuses 
on the improvement of the overall state of individuals [51]. We hope to build a 
bridge between modern Western Medicine and Traditional Chinese Medicine 
through the lens of SHS and combine their strengths for the systematic evaluation, 
treatment, and prevention of NCDs. From a PPPM perspective, SHS innovation 
from the bench to the bedside boosts predictive, preventive and personalized 
healthcare for vulnerable populations with NCDs. We are currently experimenting 
with interdisciplinary research incorporating social science to propose an alterna-
tive perspective on suboptimal health research (e.g., apply tourism as a health 
intervention for dementia—aiming to promote the overall health of society) 
(Fig. 2) [38].
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a b

Fig. 2 (a, b) Composite illustrative image—Holidays and nature exploration can help to improve 
health and well-being of individuals interested in their health support and relax. (Source: (a) 
https://www.ecu.edu.au/newsroom/articles/research/travel- therapy- could- holidays- help- mental- 
health- and- wellbeing [52]. (b) Authors’ internal archive)

Based on positive psychology, travel experiences contribute to individuals’ 
health and well-being through improving the functions of cognitive, affective, 
conative, and sensorial components [53]. Tourism may, therefore, be a potential 
non- medical intervention for individuals suffering from SHS or even chronic 
diseases via prevention and treatment. More specifically, travelers with SHS can 
enhance their physical and psychological functioning to facilitate the recovery 
from SHS and prevent from deteriorating to chronic conditions while travelers 
with chronic diseases can use travel as a therapeutic alternative to alleviate their 
symptoms and sufferings [54] (Fig. 2). This interdisciplinary work serves as an 
important provocation bridging medical science and social science, filling key 
knowledge gaps in medical and tourism literature. In the future, our team will 
further promote this “hand-in- hand” collaboration between Western and Chinese 
Medicine and between medical science and social science to improve the health 
and well-being of people globally.

 Appendix 1: SHSQ-25

Here we provide the reader with the references for the particular versions of 
SHSQ-25 questionnaire in four languages.

 English Version

Yan YX, Liu YQ, Li M, Hu PF, Guo AM, Yang XH et al (2009) Development and 
evaluation of a questionnaire for measuring suboptimal health status in urban 
Chinese. J Epidemiol 19(6):333–341. https://doi.org/10.2188/jea.je20080086

Suboptimal Health Innovation: From Bench to Bedside
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 Chinese Version

Yan YX, Dong J, Liu YQ, Yang XH, Li M, Shia G et al (2012) Association of sub-
optimal health status and cardiovascular risk factors in urban Chinese workers. J 
Urban Health 89(2):329–338. https://doi.org/10.1007/s11524- 011- 9636- 8

 Russian Version

Kupaev V, Borisov O, Marutina E, Yan YX, Wang W (2016) Integration of subop-
timal health status and endothelial dysfunction as a new aspect for risk evaluation 
of cardiovascular disease. EPMA J 7(1):19. https://doi.org/10.1186/
s13167- 016- 0068- 0.

 Korean Version

Guo Z, Zheng YL, Wen J, Garcia M, Balmer L, Wang W (2022) Translation and 
cross-cultural validation of a precision health tool, the Suboptimal Health Status 
Questionnaire-25 (SHSQ-25), in Korean. J Glob Health 12:04077. https://doi.
org/10.7189/jogh.12.04077.
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MAVS Mitochondria-associated adaptor molecule
MHI  Mitochondrial health index
MHQC Mitochondrial health quality control
MIA  Maternal immune activation
MRI  Magnetic resonance imaging
mtDNA Mitochondrial Deoxyribonucleic acid
mtDNA-CN Mitochondrial deoxyribonucleic acid- copy number
NLRP3  Nucleotide-binding domain, Leucine-Rich–containing family, 

Pyrin domain-containing-3 protein
NRF2 Nuclear factor erythroid 2–related factor 2
OSAS Obstructive sleep apnoea syndrome
PDR  Proliferative diabetic retinopathy
PPPM Predictive, preventive and personalised medicine
RMEC Retinal microvascular endothelial cells
ROS  Reactive oxygen species
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
TLR9 Toll-like receptor 9
ZBP1 Z-DNA binding protein 1

1  By Regulating Whole-Body Physiological Functions, 
Mitochondria Are at the “Forefront” of Holistic 
PPPM Approach

As the “powerhouse” of eukaryotic cells, mitochondria regulate whole-body physi-
ological functions. The super-ordinated position mitochondria have secured for 
themselves via two pillars, namely as the main energy producer and genotoxic stress 
sentinel in the human body. Depending on the tissue type, with 2000 to 8000 per cell 
mitochondria are the most abundant subcellular organelle. For example, in heart, up 
to 70% of mass is created by mitochondria as the dominant organelle and powerful 
tissue remodelling modulator. Mitochondrial DNA (mtDNA) is lean on repair 
mechanisms and, therefore, very damage prone—the features which favour mtDNA 
for carrying out the role of a potent genotoxic stress sentinel in affected cells, tissues 
and organs. The proposed mechanisms consider mtDNA as the systemic second 
messenger of the cellular stress and a direct activator of the nuclear DNA repair 
machinery towards genotoxic conditions traced that, however, under progressing 
pathophysiological conditions, such as malignant transformation, may result in che-
moresistance of cancer tissue [1]. Contextually, inhibiting mitochondrial metabo-
lism is a new strategy in cancer therapeutic treatment [2].
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Mitochondria evolve to sense any kind of stressors (environmental, metabolic, 
neuro/endocrine) and stress mediators (e.g., glucocorticoids and sex hormones, 
etc.). Responding to stress conditions, mitochondria undergo dynamic morpho-
logical and functional changes and generate signals of adaptation. Being situated 
in close proximity to the nucleus, mitochondria are capable to regulate human 
genome and cellular fate (health and death) via epigenetic mechanisms [3].

Mitochondrial disorders are described amongst the most frequent inborn defects 
in metabolism causing mainly dysfunction of the oxidative phosphorylation system 
composed of the electron transport chain and ATP-synthase [4]. The genetic defects 
underlie about a half of all registered mitochondrial diseases.

Mitochondrial health and bioenergetics health are tightly linked together (Fig. 1). 
Their indexation has been proposed for quantifying mitochondrial functionality and 
energetic efficacy [5].

Fig. 1 MHI and BHI in health and disease. mtDNA mitochondrial DNA, MHI mitochondrial 
health index, BHI bioenergetic health index, OXPHOS oxidative phosphorylation, ATP adenosine 
triphosphate [5]

What Is the Routine Mitochondrial Health Check-Up Good For? A Holistic Approach…



22

1.1  Mitochondrial Dynamics and Circadian Rhythmicity

Mitochondria are responsive to environmental stimuli such as high and low tem-
perature, genotoxic environment, tobacco smoking, etc. To adapt to the ever- 
changing environment, mitochondria are highly dynamic in their shape and 
functionality. Loss of this flexibility known as “imbalanced mitochondrial dynam-
ics” is associated with severe systemic disorders and represent as attractive thera-
peutic target in broad spectrum of human pathologies [6].

Accumulating research data demonstrate that mitochondrial morphology, gen-
eration of mitochondrial mass as well as mitochondrial respiration and ROS (reac-
tive oxygen species) production—all directly depend on a circadian clock aligned to 
the light-darkness cycles [7]. Preclinical studies suggested that molecular clock dis-
turbances lead to changed mitochondrial respiration. This knowledge is essential for 
better understanding abrogated mitochondrial rhythmicity and associated health 
risks in subpopulations exposed to changing daytime rhythms, e.g., typical for shift 
workers.

1.2  Shift Work

Shift work, light at night and ageing lead to altered circadian rhythmicity in mito-
chondria and may cause severe pathologies. A study by R. Bescos et al. reported on 
significant metabolic alterations in healthy adults exposed to only four nights of 
stimulated shift work, including reduced insulin sensitivity and mitochondrial func-
tion [8]. Disturbed physiologic circadian mechanisms are associated with systemic 
effects linked to abrogated mitochondrial rhythmicity including myocardial 
ischemia- reperfusion injury [9]. In cardiac tissue, intact mitochondrial rhythmicity 
plays a crucial role. Circadian dysfunction exacerbates cardiac injury. Concomitant 
myocardial infarction is further characterised by excessive cardiac cell death, 
autophagy and clearance of damaged mitochondria associated with ventricular 
dysfunction.

Chrono-therapeutic approach is recommended to prevent systemic mitochon-
drial dysfunction-associated damage in shift work as the circadian misalignment. 
Melatonin is the primary circadian output signal from the brain targeting mitochon-
dria and modulating diverse molecular pathways depending on the light-darkness 
cycles [10]. Restoring nocturnal melatonin production is an effective therapeutic 
approach in maintaining mitochondrial health and bioenergetics. To this end, in 
preclinical studies, melatonin treatment significantly ameliorated ageing-related 
impairments in mitochondrial function [11].

1.3  Chronic Stress, Fatigue and Mitochondrial Burnout

As described above, mitochondria are adaptive to environmental stressors. However, 
chronic stress overload may cause imbalanced mitochondrial dynamics leading to 
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mitochondrial burnout with systemic effects and downstream pathologies. For 
example, toxicological studies demonstrated clear associations between chronic 
exposure to pesticides, severe mitochondrial injury and chronic diseases including 
cancers, diabetes mellitus, Parkinson’s and Alzheimer’s diseases, amyotrophic lat-
eral sclerosis as well as reproductive dysfunction and inborn defects [12]. 
Experiments with the site-specific irradiation exposure revealed genotoxic insult to 
nuclear and mitochondrial DNA with downstream regulation events stabilising 
genome to costs of mitochondrial autophagy. Mitochondrial autophagy eliminates 
damaged mtDNA to prevent endonuclease G-mediated genome instability [13].

Four pillars are considered to functionally link stress reactions with mitochon-
dria [14], namely

 – Energy resources provided by functional mitochondria are decisive for an ade-
quate stress response at molecular, cellular, organ and systemic levels.

 – Adequate hormonal regulation is governed by healthy mitochondria.
 – Mitochondrial, neuroendocrine and metabolic stress regulation is physiologi-

cally performed in a reciprocal manner.
 – Behavioural patterns in psychologic distress response strongly depend on the 

mitochondrial health.

Under chronic psychologic distress conditions, metabolic and neuroendocrine 
stress mediators cause imbalanced mitochondrial dynamics and burnout followed 
by sustainable functional recalibration and allostatic load of mitochondria affecting 
brain tissue and cognitive functions, endocrine and immune systems synergistically 
involved into development of psychosomatic deficits and inadequate reactions 
towards non-compensated stress overload. Corresponding molecular and cellular 
mechanisms (epigenetic control of signalling and metabolic pathways) play the key 
role in the mitochondrial burnout promoted systemic dysfunction and cascading 
associated pathologies. Contextually, individual psychosocial experiences and 
resulting emotion response directly reflects the level of mitochondrial health which 
is an attractive target in behavioural medicine and well-being PPPM approach in the 
entire population.

Mitochondrial burnout is further linked to the mitochondrial mass variability, 
intra-mitochondrial calcium homeostasis, mitochondrial membrane potential, the 
level of oxidation and apoptosis/mitophagy under a non-compensated stress over-
load [15].

As the key stress-modulator, mitochondria influence all aspects of the stress 
response including systemic cortisol and catecholamine levels [14] differentiating 
between adequate (healthy controls) and abnormal (chronic fatigue, amongst oth-
ers) stress response.

Metabolic shifts detected in the chronic fatigue syndrome (CFS) are extremely 
complex including irregularities in the energetic profiles, amino acids/nucleotides/
nitrogens/hormones patterns and oxidative stress response associated metabolites—
all directly related to compromised mitochondrial functionality [16]. In turn, over 
60% of patients with mitochondrial disease report excessive symptomatic fatigue 
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and over 30%—severe, functionally limiting fatigue symptoms [17]. CFS is fre-
quently diagnosed in relation to clinically established comorbidities which are 
many of associated with CFS that additionally complicate CFS treatment. Biological 
underpinning of CFS presentation revealed functional involvement of compromised 
mitochondrial health and immune system, shifted circadian rhythm / melatonin pro-
duction and gut microbiome profiles, involvement of autonomic nervous and endog-
enous opioidergic systems, amongst others [18]. All the interacting systems involved 
suggest that an understanding of the CFS complicity may significantly contribute to 
the patient stratification and cost-effective PPPM implementation in management of 
fibromyalgia, depression, migraine and dementia, amongst others.

To achieve and study the CFS, a repeated forced swimming test has been applied 
to healthy mice. After 25 days of the forced swimming exercise, the level of fatigue 
has been investigated utilising mitochondria fraction in gastrocnemius muscle: the 
level of pyruvate dehydrogenase was significantly decreased in mitochondria of the 
forced swimming mice (CFS model) [19]. The authors proposed potentially benefi-
cial effects by utilising sodium dichloroacetate for the treatment to prevent fatigue- 
like behaviour in CFS.

Studies dedicated to the adaptive mechanisms demonstrated that a well- controlled 
balance between fission and fusion is critical for maintaining mitochondrial health 
and functionality, when mitochondrial are exposed to excessive environmental and 
metabolic stressors. On the one hand, specifically the fusion is an adaptive mecha-
nism for stress mitigation by mixing complementary contents of partially damaged 
mitochondria. On the other hand, fission is essential to create new mitochondria 
increasing the mitochondrial mass but also contributing to the mitochondrial health 
quality control by removal of severely damaged mitochondria and facilitating apop-
tosis [20], e.g., under non-compensated stress overload. Extracellular release of 
fragmented mtDNA is a reliable biomarker for the non-compensated stress overload 
and predisposition to downstream pathologies related to the compromised mito-
chondrial health. Chronic accumulation of damage-associated molecular patterns 
including mtDNA fragments have been demonstrated as inducing downstream 
inflammatory response via pattern-recognition receptors (such as NLRP3 inflam-
masome, TLR9, cGAS/STING and ZBP1) leading to chronic inflammation 
observed, for example in autoimmune disorders such as type 1 diabetes mellitus, 
Sjögren’s syndrome and rheumatoid arthritis, amongst others [21].

2  Microvascular Deficits and Silent Lacunar Brain Lesions 
in Flammer Syndrome: A Case Presentation 
for Implementing PPPM Strategies

Individuals with the Flammer syndrome phenotype (FSP) are known to suffer from 
primary vasospasm, increased endothelin-1 level and pronounced sensitivity to psy-
chological distress and cold stress provocation [22]. Several disorders have been 
associated with FSP such as connective tissue deficits, migraine, tinnitus, normal- 
tension glaucoma and highly aggressive cancer subtypes [23, 24], amongst 
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others—all, in turn, are tightly linked with mitochondrial impairments [5, 25, 26]. 
The best acknowledged FSP attributes associated with mitochondrial injury are 
shifted circadian rhythms, increased blood endothelin-1 levels and disturbed micro-
circulation resulting in subtle ischemia-reperfusion events [27, 28].

Recently, a detailed presentation of FSP was performed in the context of isch-
emic stroke vulnerability in the population and the call for multi-professional exper-
tise for implementing advanced PPPM strategies [29]. The topic-dedicated case 
report demonstrated the spectrum of signs and symptoms of the Flammer syndrome 
including high stress-sensitivity and strong vasospastic reactions under stress condi-
tions accompanied with a significantly increased endothelin-1 level (3.2 pg/mL) in 
blood serum, low body mass index, low blood pressure, migraine with aura, retinal 
ischemic lesions diagnosed early in life, connective tissue impairments and corre-
sponding pregnancy complications. Mitochondrial test demonstrated strongly com-
promised health quality according to the expertise of 3PMedicon [29]. Recommended 
brain-MRI revealed micro-angiopathy, lacunar microinfarction zones and white 
matter hyper-intensities and micro- haemorrhages—see Fig.  2 [30]. Since brain 
lacunar microinfarction is an independent and best acknowledged predictor of isch-
emic stroke predisposition, the authors conclude the essentiality of PPPM 

a b

Fig. 2 FSP case report [30]: Brain-MRI demonstrated signs of micro-angiopathy; several lacunar 
microinfarction zones (a, b), white matter hyper-intensities and micro- haemorrhages
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implementation to the FSP considered a suboptimal health condition. Obviously 
mitochondrial health quality control is highly appropriate for diagnostics and tar-
geted prevention of downstream pathologies in FSP-individuals.

3  Compromised Mitochondrial Health in Critical Illnesses: 
Prominent Examples

3.1  Mitochondrial Dysfunction in the Ageing-Related 
Metabolic Disorders

Organismal ageing is associated with progressive metabolic changes, reduced cel-
lular functions and systemic deterioration of multiple tissues synergistically causing 
vulnerability to the ageing-related disorders. Mitochondrial burnout plays the key 
role in accelerated ageing and associated pathologies, such as diabetes mellitus type 
2, cancers, neurodegenerative and cardiovascular diseases. Accumulated research 
data suggest that accelerated ageing and related diseases are caused by insufficient 
energy supply associated with mitochondrial dysfunction that could be restored by 
a variety of interventions such as mitochondrial-targeted therapy also linked to the 
longevity-pathways [31].

3.2  Female and Male Reproductive Health

Infertility is frequently liked to an accelerated ageing. To this end, mitochondria create 
a high portion of the cytoplasm in oocytes which are the largest cells in mammalians. 
Furthermore, the number of mitochondria per cell is considered the highest in oocytes 
that is essential to effectively support oocytes’ maturation, fertilisation and initial 
embryonic development [32]. The total number of mitochondria as well as the mito-
chondria functionality—both are decreasing in oocytes with progressing age. 
Consequently, mitochondrial dysfunction in oocytes negatively impacts their quality, 
fertility and embryonal development. On the other hand, preventive therapies tailored 
to the mitochondrial health have been proposed as promoting oocyte rejuvenation.

The mtDNA quantity inversely correlates to sperm quality being implicated in 
energy production, redox equilibrium and calcium regulation and apoptotic path-
ways—all essential for flagellar motility, capacitation, acrosome reaction and 
gametic fusion. Therefore, mitochondrial health is central for the spermatozoa 
metabolism and quality presenting an attractive target for the male fertility [33].

Specifically mitochondria-targeted antioxidants significantly improve semen 
quality and their overall reproductive performance utilised for artificial insemina-
tion [34].

Finally, mitochondria are the key regulator in the synthesis of sex hormones such 
as oestrogen that is decisive for phenotypic development and downstream regula-
tion of mental and behavioural patterns [35]. Therefore, mitochondrial health is 
crucial for all aspects of reproductive function in humans.
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3.3  Pathologic Pregnancy

Accumulated research data demonstrate the association between the maternal 
immune activation (MIA) during pregnancy and offspring neuropsychiatric disorder 
risks, where mitochondria play the role of the mediator. Furthermore, mitochondrial 
dysfunction is evident in preclinical MIA models and human neurodevelopmental 
disorders [36]. This is the new concept of the pathophysiology of mental health 
disorders which originate from the exposure to MIA and mitochondrial dysfunction 
during pregnancy that makes mitochondrial health to an attractive target for the pre- 
pregnancy check-up and adapted therapeutic approach [24].

3.4  Connective Tissue Dysregulation

Mitochondrial dysfunction has been demonstrated as the key player in the connec-
tive tissue dysregulation (CTD) [37]. Noteworthy, incidence of CTD tends to 
increase specifically in young populations and is attributed to changing environ-
mental conditions such as an environmental stress that mitochondria are extremely 
sensitive to. Furthermore, there is a broad spectrum of pathologies linked to CTD 
and developing early in life including severe complications in pregnancy, eye disor-
ders, aortic aneurism, pulmonary fibrosis and musculoskeletal disorders, amongst 
others [24, 38]. Intact energy metabolism and extracellular matrix functionality—
together orchestrate and maintain tissue organisation. In turn, mitochondrial dys-
function, imbalanced hypoxic-ischemic events, extracellular matrix (ECM) 
remodelling and chronic low-grade inflammation are implicated in the disease pro-
gression. To this end, ECM remodelling is performed by metalloproteinases under 
mitochondrial redox control mechanism [39]. Shifted redox control by disordered 
mitochondria lead to abnormal / extensive ECM remodelling which has been impli-
cated to the cancer progression and metastatic disease, ischemia/reperfusion injury, 
atherosclerosis, arthritis and neuro/degeneration.

3.5  Atrial Fibrillation (AF)

Worldwide AF is the most prevalent and progressive type of cardiac arrhythmias 
and an independent risk factor of the downstream development of heart failure and 
ischemic stroke. Despite steadily improving treatment modalities, still they are only 
moderately effective in the AF severity progression. Mitochondrial health is com-
promised in AF, due to highly increased demand towards the energy supply associ-
ated with the accelerated atrial activation (both electrical and mechanical) of the 
heart rate characteristic for AF. Mitochondrial damage and dysfunction are pre evi-
dence the dominant contributor to the retarding cardiomyocyte function and cell 
population in AF. Contextually, targeted mitochondrial therapies are considered a 
promising approach for diagnostics and therapeutic interventions to advance overall 
AF management [40].
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3.6  Ischemic Stroke

The pivotal role of mitochondria in ischemic stroke (IS) prediction, prevention and 
treatment has been recently demonstrated based on the abundant research data 
available [5]. Worldwide, stroke is the leading cause of physical and intellectual 
disability in adults, and a cost-effective and timely therapy approach are considered 
problematic. Mitochondria are a major target in hypoxic/ischemic injury, and the 
mitochondrial health quality control (MHQC) was proposed an attractive target for 
the ischemic stroke risk assessment, neuroprotective therapies and improved indi-
vidual outcomes [5, 41–44]. Furthermore, (MHQC) is of great clinical utility for 
predicting and preventing cerebral small vessel disease causing one in five stroke 
cases and considered a leading cause of cognitive impairment and dementia [45]. 
Finally, compromised mitochondrial health was detected in the peri-infarct zone of 
young adults and associated with poor recovery prognosis [46].

3.7  Skin Disorders

At the organismal level, the skin has the main protector against foreign bodies and 
toxic invasions maintaining physiologic body homeostasis despite noxious environ-
ments. In the skin, there is a reciprocal relationship between the physiologic func-
tionality of mitochondria and melatonin metabolism. To this end, mitochondria act 
as a central hub of melatonin metabolism which, in turn, is indispensable for physi-
ological skin functions and for an effective protection of the cutaneous homeostasis 
against environmental invasiveness and toxicity. In the skin, melatonin- mitochondria 
axis attenuates adverse systemic effects such as those associated with the UV-light 
exposure, pro-inflammatory and carcinogenic processes [47]. Furthermore, specifi-
cally functional melatonin metabolism effectively operates against mitochondrial 
injury and dysfunction modulating mitochondrion redox control and bioenergetic 
homeostasis and demonstrating significant anti-apoptotic effects, therewith allow-
ing for an adequate cellular adaptive response to skin injury and effective repair.

Contextually, there is a clear reciprocity between the mitochondrial and skin 
health: common as well as rare skin pathologies demonstrate mitochondrial involve-
ment; in turn, there is a dermal manifestation of primary mitochondrial diseases. 
This reciprocity led to developing therapeutics targeted in the skin health utilising 
an ATP production boost and free radical scavenging highly attractive for both clini-
cal and aesthetic purposes. Bioactive compounds effective for improving mitochon-
drial function have proved effective against aged and diseased skin [48].

3.7.1  Atopic Dermatitis (AD, Also Atopic Eczema/Neurodermitis)
AD is the most common inflammatory skin disease characterised by cutaneous 
inflammation and associated deficient epidermal barrier. Recently performed dif-
ferential proteomics investigated epidermis of healthy versus AD skin lesions 
revealed an impaired activation of the NRF2-antioxidant pathway and reduced 
mitochondrial proteins in the diseased epidermis [49].
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Moreover, an increased oxidative stress was demonstrated as being specific for 
AD-lesions. Treatment with MitoQ largely corrected the AD profile suggesting 
mitochondria as a specific target for mitigation AD-lesions [50]. Finally, dietary 
vitamin D supplementation has been proposed to be effective for AD treatment [51]. 
To this end, vitamin D-related metabolites support mitochondrial function [52], and 
the vitamin D—mitochondria cross-talk seems to be essential for maintaining 
skin health.

3.8  Impaired Wound Healing

During wound healing, stage-specific changes in mitochondrial metabolism coordi-
nate the physiologic healing process: for the subpopulation of early-stage pro- 
inflammatory wound macrophages, an excessive mitochondrial ROS production 
and HIF-1alpha stabilisation are highly specific, whereas the late-stage wound mac-
rophages are characterised by IL-4Ralpha-mediated mitochondrial respiration and 
mitohormesis [53]. Furthermore, factors which negatively influence mitochondrial 
health also may impair healing such as excessive environmental, psychologic and 
metabolic stress, oxygenation defects, ageing, alcohol overuse, smoking and nutri-
tional deficits, amongst others. Therefore, treatments targeted to the mitochondrial 
health are of particular interest for maintaining physiological healing [54].

Finally, keloid scars are caused by tissue injury leading to impaired healing and 
predisposition to cancerous lesions. Research data demonstrated compromised 
mitochondrial health as being highly relevant for developing keloid scars [55] that 
is highly indicative for complex treatments involving mitochondria as the spe-
cific target.

3.9  Cancers

Under excessive stress, mitochondrial respiratory chain dysfunction induces NOX- 
associated overproduction of cellular ROS. The escalated ROS generation is utilised 
by cancer cells as a messenger to stimulate cell proliferation under oxidative stress 
conditions further promoting pro-carcinogenic genetic instability. As discussed 
above, mtDNA is more susceptible to the ROS-associated damage and mutagenesis 
than the nuclear genome, since mtDNA lacks histone protection, possesses highly 
limited DNA repair capacity, and is in close proximity to the electron transport 
chain. Consequently, the level of mtDNA mutations is 10–20 times higher than this 
of chromosomal DNA that plays an important role in the cancer initiation at the site 
of damaged mitochondria [56].

Accumulated evidence suggests that mitochondrial DNA copy number (mtDNA-
 CN) is considered an important indicator of mitochondrial dysfunction and an eas-
ily quantifiable parameter useful for the health risk assessment towards chronic 
diseases associated with mitochondrial impairment such as diabetes mellitus and 
cancer [57]. Indeed, an excessive mitochondrial fission promotes the 
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pro-tumorigenic phenotype [58]. However, meta-analytical studies demonstrate 
that mtDNA-CN may be increased in some malignancies but decreased in others 
[59] that argues against simplistic measurements and interpretation of mtDNA-
CN alone.

3.10  Sleep Disorders

In mitochondrial disorders, sleep complaints are prevalent and amongst them spe-
cifically the sleep-disordered breathing (e.g., obstructive sleep apnoea syndrome 
OSAS associated with decreased microcirculation, impaired aerobic metabolism 
and muscle dysfunction and contribute to upper airway obstruction during sleep) 
was reported as being the most typical sleep disorder [60]. To this end, an exces-
sive damage to the mtDNA was demonstrated for patients diagnosed with 
OSAS [61].

Mitochondria display circadian oscillation and are involved in the sleep-wake 
cycle [62]. Physiological sleep patterns and good quality of sleep is essential for 
systemic effects such as repair mechanisms and has a defensive role against oxida-
tive damage. Contextually being linked to the oxidative stress, insomnia is associ-
ated with compromised mitochondrial health, depression and anxiety disorders as 
well as a severe damage to immune and cardiovascular systems [63]. Furthermore, 
molecular biological analysis of the fatal familial insomnia terminal stages con-
firmed severe impairments in the mitochondrial function and protein synthesis 
machinery associated with the extensive neuron loss detected in mediodorsal thala-
mus [64].

Also excessive daytime sleepiness investigated in persons diagnosed with the 
posttraumatic stress disorders (such as military personnel) demonstrated shifted 
expression patterns of genes involved in mitochondrial bioenergetics [65].

3.11  Psychiatric Disorders

Autism, Schizophrenia, bipolar and major depressive disorders share common 
epi/genetic risk factors as well as symptoms of metabolic alterations and mito-
chondrial dysfunction [66]. Being impaired to a various degree, mitochondrial 
function and downstream redox balance and brain energetics are implicated in 
pathophysiology of psychiatric disorders. Moreover, mitochondrial dysfunction 
was proposed to be circuit-specific for the developmental stage of corresponding 
pathology that makes mitochondria to the primary target for the patient stratifica-
tion and cost-effective personalised treatment of psychiatric disorders. Specifically 
for the major depressive disorder this would be an excellent solution, since nearly 
50% of these patients under treatment never reach remission [67]. The incidence 
of depression continues to increase worldwide and conditions associated with the 
COVID-19 pandemic have significantly accelerated these trends. The underlying 
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pathomechanisms demonstrate synergistic effects of social stress on mitochon-
drial injury and inflammation together facilitating the stress-related depression 
[67]: non-compensated stress overload damage mitochondria which in turn release 
cell-free mtDNA and trigger neuroinflammatory processes in brain [68]. At the 
cellular level, mitochondrial dysfunction is reflected in an impaired neuroplasti-
city and neurotransmission in brain [69]. Contextually, therapeutic interventions 
focused on modulating mitophagy are under development to treat depression 
effectively.

3.12  Endocrine Disorders

Mitochondria are critical organelles for endocrine health: the steroid hormone bio-
synthesis is performed in mitochondria which provide energy for hormone produc-
tion and trafficking. Endocrine dysfunction is frequently observed in patients 
diagnosed with mitochondrial diseases and clearly reflected in significantly 
decreased intracellular production as well as diminished extracellular secretion of 
hormones. The most frequently described endocrine dysregulation in patients with 
inborn mitochondrial dysfunction is Diabetes mellitus. Other types of endocrine 
manifestations include growth hormone deficiency, hypogonadism, adrenal dys-
function, hypoparathyroidism and thyroid disease. Mitochondria-associated endo-
crine dysfunction generally occurs at the multisystem level that makes mitochondria 
to the unique target for developing innovative therapeutic approaches for maintain-
ing endorine health [70].

3.13  Kidney Disease

The kidney function essentially demonstrates high level of dynamicity and therefore 
demands an extraordinary large amount of energy for performing the entire spec-
trum of activities including maintaining the body’s metabolism, plasma haemody-
namics, electrolytes and water homeostasis, nutrients reabsorption and hormone 
secretion. After the heart, kidney demonstrates the second highest mitochondrial 
count and oxygen consumption [71]. Contextually, the mitochondrial health status 
is pivotal for maintaining all kidney functions adequate, and mitochondria-targeted 
therapeutics attract a lot of attention for maintaining mitochondria homeostasis, in 
order to prevent downstream kidney injury and disease progression. One of the best 
examples is the diabetes associated kidney disease (DAKD) reported as the leading 
cause of end stage renal disease (ESRD) in the USA. Per evidence, massive altera-
tions in mitochondrial bioenergetics of the kidney cells cause the disease progres-
sion from DAKD to ESRD [72]. The central contributing factors are alterations in 
the mitochondrial dynamics and energetics, non-compensated oxidative stress over-
load, shifted redox status and metabolic profiles—all innovative targets to delay 
health-to-disease transition in the kidney.
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3.14  Liver Disorders

Due to the central organismal detoxification function of the liver, mitochondria is 
the key organelle in regulating hepatic redox status and all associated functions. 
Consequently, mitochondrial dysfunction underlies pathogenesis of acute and 
chronic liver disorders such as alcoholic and non-alcoholic fatty liver disease, 
ischemia- reperfusion and drug-induced liver injury, hepatitis and liver cancers [73]. 
Mitophagy of damaged mitochondria is the critical regulator in the liver patho/phys-
iology. Disordered mitochondrial fusion and fission result in a progressive reduction 
of functional mitochondria leading to the excessive necrosis and apoptosis, organ 
failure and metabolic dysfunction of the liver—all clearly demonstrated for the 
ischemia-reperfusion injury as a main complication of hepatectomy, liver transplan-
tation, trauma and hypovolemic shock [74]. Corresponding protective measures 
consider mitochondrial health maintaining therapeutic strategies as promising for 
prevention and cost-effective treatment of liver pathologies.

3.15  Eye Disorders

3.15.1  Retinal Microvascular Endothelial Cells Dysfunction
As discussed above, environmental and metabolic stress stimuli cause mitochon-
drial damage releasing mtDNA into the cytosol and cell-free mtDNA fragments. 
Released mtDNA then drives the activation of non-infectious (sterile) inflammation 
implemented downstream, for example, in the retinal microvascular endothelial 
cells (RMECs) dysfunction playing the central role in the inner endothelial blood–
retinal barrier (BRB) and BRB breakdown. Per evidence, both RMEC dysfunction 
and BRB breakdown frequently occurs in posterior-segment eye diseases, causing 
loss of vision [75].

3.15.2  Myopia
Connective tissue deficits/disease is associated with mitochondrial impairments 
(upstream) and on the other hand with a broad spectrum of associated pathological 
conditions (downstream) such as myopia and glaucoma [24]. Although, the 
mechano- biology underlying connective tissue remodelling differs between both 
diseases, the asymmetric remodelling of the optic nerve head in a myopic eye sig-
nificantly increases risks of glaucoma development and mechanical insult of retinal 
ganglion cell axons [76].

3.15.3  Glaucoma
Mitochondrial dysfunction is associated with normal- and high-tension glaucoma—
both are multifactorial diseases with characteristic optic nerve degeneration leading 
to blindness. Dysfunctional mitochondria trigger sterile inflammation via NLRP3 
inflammasome activation, liberation of IL-1β and IL-18 and interferon signalling. 
Mitochondrial associated ER membrane contacts and the mitochondria-associated 
adaptor molecule MAVS can activate NLRP3 inflammasome signalling. In parallel, 
the mitochondrial ATP production is significantly reduced that synergistically 
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results in downward spiral accelerating degeneration process. These pathomecha-
nisms occur in retinal ganglion cells, microglia cells and astrocytes [77]. In several 
glaucoma models demonstrated upstream decrease in the mitochondrial mass and in 
the mitochondria-encoded electron transport chain transcripts prior to the hypoxic 
retinal ganglion cells loss (downstream) [78].

Finally, it has been demonstrated that glaucoma prediction is possible in vulner-
able subpopulations such as individuals with the Flammer syndrome phenotype: 
disease-specific biomarker-panels are detectable in the body fluids including signifi-
cant alterations in mitochondrial protein setup, stress response, ischemia- reperfusion 
signalling, blood–brain barrier breakdown and tissue remodelling associated path-
ways, amongst others [79–83].

3.15.4  Diabetic Retinopathy
Proliferative diabetic retinopathy (DR) is the leading cause of blindness in the work-
ing-age population. DR screening is currently ineffective, since the disease remains 
undetected until irreversible damage occurs. DM associated small vessel disease and 
neuro-retinal changes synergistically result in conversion of DR into 
PDR. Characteristic pathomechanisms include progressive mitochondrial and retinal 
cell damage, chronic sterile inflammation, neovascularisation and reduced visual 
field. Mitochondrial health control is strongly recommended for advanced DR man-
agement. To this end, particularly multiomic tear fluid analysis is considered as 
instrumental for predicting DR clinical manifestation and disease progression [84].

3.15.5  Early Cataract
Mitochondrial dysfunction is implicated to the cataract development—correspond-
ing pathomechanisms involved shifted redox control [85].

To prevent early cataract manifestation, phenotype-specific screening has been 
suggested; compromised mitochondrial health is involved in the proposed pheno-
type [86].

3.16  Neurodegeneration

Accumulating research data have identified several overlapping pathomechanisms 
involved in a broad spectrum of neurodegenerative disorders such as cognitive 
decline, Alzheimer’s and Parkinson’s diseases, diabetic retinopathy and neuropathy 
as well as glaucoma, amongst others. Per evidence, these pathomechanisms include 
non-compensated oxidative stress, mitochondrial dysfunction, neuroinflammation 
and significant metabolic alteration [87, 88].

3.17  Musculoskeletal Degenerative Disorders

Musculoskeletal system disorders have been reported as associated with a degenera-
tion of supporting tissues due to pro-inflammatory micro-environments. Affected 
chondrocytes, osteoblasts and synoviocytes exhibit extensive mitochondrial injury 
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and cell death, cartilage degeneration, bone erosion and musculoskeletal degenera-
tion. An artificial transfer of exogenous functional mitochondria has been proposed 
as highly innovative and effective therapy approach to restore mitochondrial func-
tionality by replacing malfunctioning mitochondria with their healthy and func-
tional counterparts. This innovative approach is expected to reverse the failed 
metabolic status of musculoskeletal tissues by restoring mitochondrial bioenerget-
ics [89].

3.18  Respiratory Diseases

Since mitochondria do sense and respond to the upstream processes pivotal for 
respiratory diseases such as environmental insults, exposure to toxic pollutants, 
infections and tobacco smoke, they are well-known modulators of patho/physiolog-
ical processes influencing airway structure, functions, airway remodelling and 
hyper-responsiveness [90]. To this end, allergic asthma is tightly associated with 
mitochondrial dysfunction, reduced ATP production, imbalanced oxidative stress 
and abnormal calcium homeostasis. Particularly in the lung—an oxygen-rich organ, 
defective mitochondria play the key role in the pro-inflammatory mechanisms of 
lung fibrosis and excessive airways cells’ apoptosis [91]. Due to the redox- dependent 
modulation of the cell signalling, antioxidant treatment were suggest to mitigate 
asthma-associated hyper-responsiveness of airways. However, general antioxidant 
compounds have proven clinically ineffective against asthma [92]. In contrast, spe-
cifically mitochondria-targeted medication (smooth muscle remodelling) is consid-
ered highly promising treatment for asthma prevention and mitigation of its severe 
forms [93].

3.19  Long COVID

Chronic fatigue syndrome (CFS) is highly relevant for a big portion of patients 
infected with SARS-CoV-2 who suffer from CFS symptoms for a couple of months 
that is called a “long COVID”. Accumulated research data indicate mitochondrial 
involvement into pathophysiology of both CFS and “long COVID” suggesting high 
clinical utility of mitochondrial health check-up and therapeutic approaches focused 
on the mitochondrial health [94].

4  Conclusions and Outlook in the Framework 
of 3P Medicine

Mitochondria, as the “powerhouse” of eukaryotic cells, play the key role in the cell 
fate (proliferation, differentiation, growth and death) as well as systemic events and 
effects including stress response towards environmental changes, redox balance, the 
innate and acquired immunity as well as severity of the acute and chronic disorders. 
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This key role makes mitochondria to an attractive target in treating a variety of dis-
orders ranging from metabolic alterations, ischemia-reperfusion events, chronic 
inflammatory and respiratory diseases, mood disorders, to neurodegeneration and 
malignancies. For example, metabolic alterations associated with the mitochondrial 
dysfunction are considered causal for the insulin resistance and type 2 diabetes mel-
litus. Metformin, which is the widely prescribed DMT2-medication, also retards 
aging in model organisms and reduces the incidence of aging-related diseases such 
as neurodegenerative disease and cancer in humans [95]. It is widely accepted that 
the mitochondrion is a primary target of metformin responsible for its anti- glycaemic 
effect. Furthermore, specifically due to its primary effects on the complex I of mito-
chondrial electron transport chain, metformin inhibits cancer cell growth that is 
particularly relevant for DMT2 patients strongly predisposed to particularly aggres-
sive cancers with poor outcomes [96].

Well controlled mitochondrial dynamics (mitochondrial mass in corresponding 
tissue, fission, fusion, biogenesis and mitophagy) is pivotal for their functionality, 
and can be pharmacologically manipulated. In clinical trials, creatine, coenzyme 
Q10 and antioxidants targeted specifically to mitochondria demonstrate remarkable 
effects on restoring mitochondrial bioenergetics, for example, in treating neurode-
generative processes [97]. In case of mitochondrial deficient conditions leading to 
depleted energy production and ROS excess, proposed compensatory mechanisms of 
targeted treatments prompt mitochondria to enhance ATP production by overex-
pressed antioxidants and respiratory complex subunits, for example using bezafibrate 
(resulting in activation of the PPAR-PGC-1 alpha axis), resveratrol and metformin 
(AMPK activation), as well as using Sirt1 agonists (quercetin and isoflavone- derived 
compounds) [97]. Further pharmacological strategies utilise dietary antioxidant sup-
plements targeted to mitochondria (L-carnitine, coenzyme Q10, MitoQ10) and trig-
gering Nrf2/antioxidant response by oleanolic acid derivatives (triterpenoids).

Holistic treatment strategies considering mitochondria as the cellular genotoxic 
stress “sentinel”, are focused on restoring and maintaining mitochondrial homeosta-
sis utilising systemic effects by supervised physical activity, keto-diet application, 
mitigation measures focused on reduced exposure to stress and vitamin therapy, 
amongst others. Towards the latter, vitamin D—mitochondria axis is considered an 
attractive target for restoring mitochondrial-associated homeostasis stabilising 
downstream physiologic processes. To this end, vitamin D deficiency is a world-
wide pandemic resulting in multifaceted pathological processes and development of 
severe disorders including cardiovascular deficits, malignant transformation and 
neuro/degeneration via non-compensated oxidative stress, pro-inflammatory signal-
ling and mitochondrial damage. Vitamin D values below 25 ng/mL have been asso-
ciated with abnormal vascular smooth muscle contraction and disturbance in 
calcium homeostasis and mitochondrial metabolism [98]. Vitamin D deficiency is 
frequently accompanied with symptoms of skeletal muscle myopathy such as mus-
cle weakness and fatigue. Contextually, vitamin D- mitochondrial axis is pivotal for 
maintaining mitochondrial health and functionality within skeletal muscle and miti-
gating fatigue [52]. Furthermore, there is an evident association between microbi-
ome abnormalities and mitochondrial stress [99].
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Finally, there is an evident reciprocity between mitochondrial and organis-
mal health status: compromised mitochondrial health is reflected in systemic 
damage as well as organismal health-to-disease transition is reflected in an 
altered mitochondrial signalling. Contextually, mitochondrion acts as a natural 
biosensor integrated into human cells, and the routine non-invasive mitochon-
drial health quality control test is a powerful tool for the holistic predictive 
diagnostic approach in PPPM- framework highly recommended at the level of 
primary and secondary care for

 – the whole-body health quality check-up,
 – pre-pregnancy check-up,
 – health-to-disease transition check-up,
 – accompanying diagnostics in sport medicine and supervised physical activities,
 – accompanying diagnostics in physiotherapeutic and well-being services,
 – therapy efficacy monitoring for personalised treatments (e.g., chronic fatigue; 

burnout syndrome and sleep disorders; eye, skin, kidney, liver and respiratory 
diseases, endocrine and cardiovascular impairments, musculoskeletal- and 
neuro-degenerative disorders, depression, etc.).

Table 1 presents prominent conditions which mitochondrial health quality test is 
essential for to predict disease development and progression, to apply targeted pre-
vention and treatments tailored to the person as well as to monitor treatment efficacy.

Table 1 A brief list of conditions under which mitochondrial health is known to be compromised 
and, therefore, its monitoring may be of a great practical benefit in application of 3P medicine in 
future healthcare

Conditions Prominent examples and clarifying notes
Environmental and professional occupation risks with adverse effects on mitochondrial health 
status
Exposure to ionising 
radiation/aggressive 
particles

Professional occupation; environmental (geo-specific natural 
radiation and artificial) contamination; long and frequent flights

Toxic environment Heavy metals; toxic chemicals; extensive air pollution, amongst 
others

Electromagnetic smog Natural (geo-specific) and artificial (e.g., mobiles) sources of 
electromagnetic irradiation

Shift work Changing physiologic circadian rhythms
Non-physiologic 
time-frame of the job 
performance

Different from an individual circadian rhythm

Socio-economic and lifestyle associated risks
Malnutrition Suboptimal/deficient dietary patterns
Suboptimal life style Stress overload, sedentary lifestyle, deficits in physiologic needs
Extensive body activities Physical distress
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Conditions Prominent examples and clarifying notes
Genetic risks
Family predisposition to 
chronic/severe disorders

Inborn genetic information leading to metabolic shifts and 
increased risks of rare and major disorders such as diabetes 
mellitus type 1, autoimmune disorders, stroke, cancers and neuro/
degenerative pathologies, amongst others

Highly relevant medical conditions
Suboptimal health 
conditions

Health-to-disease transition linked to decreasing mitochondrial 
health quality

Vascular status associated 
conditions

Increased endothelin-1 level, vascular stiffness, primary and 
secondary vasospasm, low and high blood pressure, ischemia- 
reperfusion, Flammer syndrome, etc.—all potentially linked to 
mitochondrial damage

Migraine and headache
Tinnitus
Hormonal stress
Psychologic distress, 
autism spectrum condition

Mitochondrial burnout

Burnout syndrome
Chronic fatigue
Abnormal sleep patterns
Inadequate stress response 
and behavioural patterns
Psycho-trauma and 
post-traumatic stress 
disorder
Musculoskeletal deficits 
and impairments

Mitochondrial impairments to be diagnosed and treated

Frequent acute infections
Chronic inflammation and 
associated conditions
Prolonged and impaired 
wound healing
Microbiome shifts and 
pathogenic bio-flora

Mitochondrial stress is highly indicative for systemic effects 
caused by bio-toxins; relevant sources of information: body fluids, 
skin, oral and vaginal cavities, digestive and urogenital tracts, 
airways, wounds, etc.

Digestion-associated 
deficits

Multifaceted involvement of mitochondria to be considered for 
diagnostics and treatments tailored to the person

Allergies
Asthma
Local deficits of unclear 
aetiology

Eyes, skin, hair, nails, connective tissue etc.

Accelerated ageing Higher biologic age against chronologic one—decreased 
mitochondrial functionality

Major disorders in the 
population

Mitochondrial component is essential to be considered for the 
holistic approach

Rehabilitation
Medications

Table 1 (continued)
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Table 1 (continued)

Conditions Prominent examples and clarifying notes
Acute viral and bacterial 
infections

Anti-biotics, immunisation and pain-killers—all are known to 
cause mitochondrial damage and dysfunction

Vaccinations
Frequent acute and 
chronic pain
Complex treatment of 
multifactorial syndromes 
and diseases

Mitochondrial component has to be considered in secondary 
prevention and monitoring of the therapy efficacy

Routine health condition check-up recommended for targeted prevention
Regular health status 
check-up

Protection against health-to-disease transition

Pre-pregnancy check-up Preventable pregnancy complications
Sport medicine Protection against negative side-effects
Physical exercise couching Improved individual outcomes
High performance athletes 
couching

Reaching top-achievements and preventing life-threatening 
conditions
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1  Introduction

1.1  History of Prehabilitation

One of the first use of the term “prehabilitation” can be traced back to the beginning 
of 1940s of the twentieth century [1]. Originally it was understood as the procedure 
dedicated to solve health-related problems prior to the recruitment or prior to the 
unwanted manifestation during a military operation. In parallel, the pre-placement 
examinations of the employees in the industry were introduced by W.A. Sawyer in 
1942 [2].

Later on, in 1952, in the German journal, the term “preoperative” is used in rela-
tion to the preoperative breathing exercise in thoracic surgery [3].

In the beginning of the 1980s the meaning of the “prehabilitation” changed 
and it is now defined as “the process of expanding patient’s functional and 
psychological capacity to reduce potential deleterious effects of a significant 
stressor, which is the surgical procedure itself” [4]. The Cambridge dictionary 
defines “prehabilitation” in medical context as “activities done by someone 
before they have a medical operation in order to improve their physical strength 
and help them to recover more quickly after the operation” [5]. According to 
the BJA Education journal, prehabilitation is “the practice of enhancing a 
patient’s functional capacity before surgery, with the aim of improving postop-
erative outcomes” [6]. The Collins dictionary defines “prehabilitation” as “the 
preparation of patients prior to major surgical procedures to enhance general 

B. Mrázová et al.



47

health and well-being with the outcome of decreasing morbidity and mortal-
ity” [7].

Prehabilitation has also been defined as “a process on the cancer continuum of 
care that occurs between the time of cancer diagnosis and the beginning of acute 
treatment and includes physical and psychological assessments that establish a 
baseline functional level, identify impairments, and provide interventions that pro-
mote physical and psychological health to reduce the incidence and/or severity of 
future impairments” [8].

Nowadays, in principle, every definition of “prehabilitation” is in primary con-
nection with surgery. When we take a closer look at this topic, we come to the con-
clusion that “prehabilitation” is an important part of the majority of medical 
protocols dedicated to the best preparation of the patient for the particular medical 
procedure. As an example we may take cancer treatment—chemotherapy, radio-
therapy and hormonal treatment, can, undoubtedly, have a negative impact on health 
or the functionality of the organs [9]. Poor physical condition and poor, or inappro-
priate, dietary habits have been identified as important reasons for low adherence to 
neo-adjuvant treatment resulting in an inability to respond to it, while it is known 
that the more late adjuvant treatment starts as result of poor physical condition, the 
higher is the mortality [10].

Clearly, knowing the growing field of PPPM/3 PM, prehabilitation can, and 
should, use all accumulated and published scientific knowledge, technologies and 
tools, including research into the suboptimal health status [11] of a specific patient 
who is to go through scheduled therapeutic/surgical procedure, result of which 
depends on the patient’s specific health status. In our opinion, this condition 
should be assessed using available medical technologies in order to predict poten-
tial problems and to prevent them with adequate preventive measures, whether it 
is personalized nutritional support based on a biochemical analysis of the patient’s 
blood and other biological samples, specific physical exercises to increase fitness, 
psychological support, disease-related patient education about scheduled disease 
or procedure, chronic pain prediction, assessment of mitochondrial health and 
function, as discussed in another chapter of this book, as well as identification of 
negative environmental factors that need to be suppressed and health-supporting 
environmental factors that need to be enhanced in all relevant fields like obstet-
rics, oncology, organ transplantation, surgery, dental care, neurodegenerative dis-
eases, genetic diseases, pandemic management and other areas of healthcare 
(Fig. 1).
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Fig. 1 Complex prehabilitation in the context of PPPM/3 PM should be multimodal and include 
also other health-supporting activities apart of the standard ones which are nutrition, physical 
activity, psychological well-being, smoking cessation, and control of related comorbidities. Here 
we suggest enhancing the process of prehabilitation with inclusion of particular questionnaires 
focused on identification of suboptimal health state (SHS), pain chronification prediction, mito-
chondrial health assessment, cessation of smoking, alcohol consumption and drugs of abuse, par-
ticular health-problem-related education of the patient, control and management of related 
comorbidities, and identification of environmental factors having negative influence on health and 
worsening disease state, or on the contrary, having positive influence on health which may increase 
the chances for better outcome of the desired medical procedure and speed up the consequent 
recovery. Providing, of course, that the particular medical procedure is not provided under an 
emergency situation when there is no time for complex prehabilitation as outlined in this figure

2  Prehabilitation

2.1  Multimodal Approach of Prehabilitation

Prehabilitation requires a well-designed approach from several disciplines, the so- 
called multi-modal prehabilitation, requiring a fundamental change of the current 
medical care paradigm [12].
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Although this is a long-term vision, we suggest initially focusing on patients at 
high risk of postoperative morbidity and mortality, such as elderly surgical patients 
who are weak (frail) and unprepared for the significant burden of a particular proce-
dure [13, 14]. In the later stages of the implementation of prehabilitation processes, 
as already suggested by several researchers [15], the hospital should offer prehabili-
tation for a much wider spectrum of patients and, as we believe, also for other than 
surgical patients who need specific medical procedures.

The basis of any multimodal prehabilitation approach (exercise and adequate 
physical activity, nutrition improvement and adjustment, psychological support and 
well-being, patient education, etc.) is a personalized intervention with the possibil-
ity of prediction, which prevents negative clinical outcomes.

From the point of view of rapid recovery after a given surgical or other medical 
procedure, and from the point of view of regaining physical strength, prehabilitation 
has the potential to increase the chances of returning home earlier and to engage in 
the usual activities that were performed before the undertaken procedure. Last but 
not least, it is also expected that supported and accelerated recovery will have an 
impact on the economy, effectiveness and utilization of beds available in hospitals, 
as well as on the use of limited financial resources in the health care system in any 
country worldwide [12].

The following are the basic elements of prehabilitation:

• Physical training through exercise.
• Nutritional support and supplementation.
• Mental support, patient education, and patient empowerment.
• Cessation of smoking and behavioral changes.
• Control of related comorbidities.

2.1.1  The Reason for Multimodal Approach in Prehabilitation
Exercise without nutrition will not increase muscle mass. Nutrition is better utilized 
in combination with training. For training a good mental state is mandatory and on 
the other hand the effort of training will be rewarding for your mental state. 
Moreover, ultimate goal is to generate persistent behavioral changes through all ele-
ments [16].

In one randomized trial, 77 patients undergoing colorectal resection for cancer 
received a home-based intervention consisting of moderate aerobic and resistance 
exercises, as well as nutritional counseling with protein supplementation and relax-
ation exercises, beginning either 4 weeks before surgery (prehabilitation group), or 
immediately after hospital discharge (control group). Both groups continued the 
regimen for 8 postoperative weeks. The primary functional capacity outcome was 
the 6-min walk test. Better 8 week 6-min walk test scores were noted in the preha-
bilitation group (+23.7 with standard deviation (SD) 54.8 m versus −21.8 with SD 
80.7 m, with a mean difference of 45.4 m (95% CI 13.9–77.0)). Also, a higher pro-
portion of patients in the prehabilitation group recovered to an exercise capacity 
greater than their baseline at 8 postoperative weeks (84 vs. 62%) [17].

Similar interventions and improvements were noted in another randomized trial 
of prehabilitation before colorectal cancer surgery with additional supervised exer-
cise sessions during the first three postoperative days [18]. In a meta-analysis that 

Prehabilitation as an Integral Procedure in Predictive, Preventive, and Personalized…



50

included these two randomized trials together with one prospective cohort study 
[19], multimodal plus nutritional prehabilitation was associated with improved dis-
ease-free survival 5 years after colorectal cancer surgery (hazard ratio (HR) 0.45, 
95% CI 0.21–0.93; 202 total patients) [15, 20].

One international multicenter, randomized controlled trial with two study groups 
(714 patients) in progress, with inclusion of four prehabilitation interventions (in- 
hospital high-intensity endurance and strength training, high-protein nutrition supple-
mentation, smoking cessation, and psychological support) [21] have as primary 
outcomes postoperative complications (assessed with the Comprehensive 
Complication Index [22]) at the 30 days of follow-up and functional capacity (assessed 
with the 6 min walk test) measured 4 weeks after surgery and compared to baseline 
and additionally directly after prehabilitation and 8 weeks after surgery. Notably, 86% 
of patients in the prehabilitation group recovered baseline functional capacity within 
four postoperative weeks compared with 40% in the control group [15, 21]. The 
authors concluded that prehabilitation programs are feasible, effective, and safe [15].

Research on prehabilitation has focused primarily on patients undergoing elec-
tive cardiac surgery [15, 23], and major gastrointestinal or hepatobiliary cancer sur-
gery [15, 20, 21]. In some centers, patients undergoing other types of major surgery 
are candidates for prehabilitation, such as those undergoing joint replacement sur-
gery [15, 24–26] or major vascular surgery [15, 27]. Some authors, however, pro-
pose offering prehabilitation for all surgical patients [15].

In the context of the implementing PPPM principles within hospital health care 
processes [28], we suggest that prehabilitation be included in standard therapeutic 
procedures in every hospital that wants to improve the level of care provided and 
thus apply PPPM in routine practice, which will certainly benefit patients. We are 
aware that the practical implementation of this vision will not be easy but we are 
also sure that the well-organized cooperation of all interested parties, including 
those at the international level, who want to change the current disease-oriented 
philosophy to future healthcare, oriented to prediction, prevention and a personal-
ized approach can accelerate beneficial changes.

2.2  Exercise and Physical Activity (Rehabilitation) as Element 
of Prehabilitation

In the last decade, there has been a growing awareness that the success of treatment 
itself depends not only on technical surgical skills, radiation therapy, and targeted 
therapy, but also on the patient’s overall physical and mental condition [29]. At pres-
ent, the purpose of treatment for patients is to shorten hospital stays, to release 
patients who are relatively self-sufficient, in good physical condition, to home care, 
and then to work to improve the patient’s functional status [30]. In medical termi-
nology, this continuous care process in the cancer patient, which is provided since 
cancer diagnosis, and also includes nutritional support, support of physical and 
mental health to reduce the incidence and severity of future complications, can be 
called prehabilitation [31].
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Personalized treatment of any disease, especially cancer, is indeed a major chal-
lenge. Exercise without nutrition will not increase muscle mass, and, on the other 
hand, nutrition is better utilized in combination with adequate training. A good 
mental state is mandatory for training, and in return the effort of training will be 
rewarding for patient’s mental state [16]. Therefore, rehabilitation is an essential 
part of prehabilition but cannot be confused with prehabilitation itself. Rehabilitation 
is a potentially effective strategy to improve the functional status and quality of life 
of patients [32]. Exercise interventions are known to alleviate or prevent the delete-
rious effects of cancer and treatment [33]. Rehabilitation provides also an opportu-
nity to improve the health care of cancer patients [33]. The evidence for exercise in 
the care of cancer patients is largely positive.

Rehabilitation includes a complex process that improves the course of the disease, 
reduces the functional impairment, accelerates the reconvalescence of the patient and 
faster return to the family and working environment [34]. Patient rehabilitation is 
focused on restoring functional state and integration of the patient into society [35]. 
The complexity of the prehabilitation and rehabilitation processes is given by the fact 
that the patient is understood as a person who may have both physical and mental 
difficulties. In more serious cases, these impairments are associated with damage to 
work potential and disability. Due to the increasing number of surviving colorectal 
cancer patients, there is a growing need for an effective program before, during, and 
after treatment [36]. Rehabilitation is one of the basic components of treatment to 
improve the health of a patient [37]. Basic rehabilitation therapies include exercise 
[38]. The purpose of prehabilitation is to achieve maximum benefit in terms of 
improving the functional and mental state of the patient [39]. Physical activity plays 
an important role for the cardiovascular system and muscle function and mass main-
tenance, which are critical factors for the postoperative recovery of a patient [40].

Physical performance of patients is a multidimensional concept that involves 
body function related to movement. Exercise, together with other components of 
prehabilitation plays an important protective and therapeutic role in patients with 
colorectal cancer [33]. Although the link between exercise and the prevention of 
colorectal cancer appears clear, the molecular mechanism underlying the protective 
effect of exercise is not yet clear [41]. The link between the protective and therapeu-
tic benefits of exercise and cancer can be explained by several mechanisms. These 
mechanisms include an explanation for metabolic dysregulation, which includes the 
effect of exercise on insulin resistance, glucose metabolism, and insulin-like growth 
factor (IGF) [42]. Physical activity reduces insulin resistance and insulin levels 
affecting the IGF pathway and indirectly reduces the risk of colorectal cancer, recur-
rence, and mortality [43]. Another significant effect of exercise is the effect on adi-
posity, which includes, in particular, the effect on leptin and adinopectin [44]. 
Another possible explanation is the effect on oxidative stress, inflammation, and 
impaired immune function. Another important effect is the effect of exercise on 
myokines and interleukins [45].

Current recommendations for physical activity and exercise in prehabilitation 
include 150  min of moderate or 75  min of vigorous physical activity per week. 
Exercise prescription should follow the FITT principles:
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F—frequency (how often).
I—intensity (how hard).
T—time (how long).
T—type (what kind of exercise).

The recommendations for exercise are based on the guideline of 150 min per 
week, aerobic training should occur at least every second day for 30–45 min, in 
duration at a moderate level of intensity (50–75% of age predicted maximum heart 
rate). The exercise itself may be of different type—aerobic component, resistance, 
flexibility, balance exercises. It must be tailored to suit the needs and physiological 
status of each patient and designed and supervised by qualified personnel.

Even for the patient who is unable or does not want to embark on training pro-
gram, health benefits can still be acquired by increasing activities of daily living—
light walk, stair climbing, gardening, housework, dancing, swimming, hiking, 
biking [12].

2.2.1  Patient Examination and Setting Up Training in Terms 
of Prehabilitation

The effectiveness of rehabilitation depends on a comprehensive and interdisci-
plinary approach [46]. Current procedures emphasize rehabilitation as an impor-
tant part of surgical treatment [47]. There is growing evidence for the benefits of 
rehabilitation in various cancers [48–51]. The rehabilitation model currently 
focuses on optimizing treatment for cancer patients. Rehabilitation is a complex 
model and its mutual integration into the health system represents a potential 
benefit for patients. Most patients have reduced function. Functional examination 
plays an important role in rehabilitation, where it is possible to use several func-
tional examinations.

2.2.2  6-Minute Walk Test
The 6-min walk test is a submaximal exercise test used to assess aerobic capacity 
and endurance in various pathological conditions [52]. The distance traveled in 
6 min is used as a result to compare changes in functional capacity in patients. This 
test can be used in patients of all ages. The test was originally designed to help 
evaluate a patient with cardiopulmonary problems. It was gradually introduced into 
other diagnoses [53]. It also plays an important role in the examination of colorectal 
cancer with respect to the functional fitness of patients [54]. The 6-min walk test 
gives information on the patient’s functional capacity and provides important infor-
mation on all systems during physical activity, including the pulmonary and cardio-
vascular systems. To perform the test, it is necessary to measure the range in which 
patients will perform the test.

2.2.3  Chair Stand Test
The chair stand test is a test for testing the strength and endurance of the legs in 
older adults [55]. It is part of a senior functional test battery. The chair stand test 
evaluates the functional strength of the lower limbs, balance, and the risk of falling 
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in older adults. The evaluation of the test is based on the amount of time. During the 
test, the patient sits in a standing and sitting chair five times. A stopwatch and a 
standard height chair with a straight back are important to perform the test. If the 
test is performed correctly, the patient sits with a straight back and is supported. The 
patient is also instructed to rest his hands on his chest and then sit down and rise five 
times as quickly as possible. The shorter the time to complete the test, the better the 
indicator of the test result.

2.2.4  Timed Up-and-Go Test (TUG)
This test is mainly used in the elderly population. TUG focuses on the functional 
ability of patients and the assessment of fall risk [56]. In patients with colorectal 
cancer, it can represent a benefit in determining the physical impairment caused by 
colorectal cancer [56]. A stool and stopwatch are required to perform the test. The 
patient sits in a chair to perform the test correctly. His feet are placed in place 
marked by a line. After the start signal, the patient gets up from the chair and walks 
a distance of 3 m. The clinician records the time the patient walked the specified 
distance and returned to the stool.

2.2.5  SF36 Quality of Life Questionnaire
The quality of life questionnaire was created on the basis of the requirement of 
adequate evaluation of therapies in medicine. The SF36 questionnaire is a standard-
ized form to evaluate patient quality of life [57]. SF36 contains 36 questions, the 
results of which are scored. SF36 addresses a set of general, coherent, and easy-to- 
apply questions about patients’ quality of life.

Two types of exercise are most often used in the rehabilitation of patients. It is 
resistance exercise and aerobic exercise.

2.2.6  Resistance Training
Resistance exercise using resistance to stimulate muscle contraction. It is important 
to maintain a slow controlled movement during strength training. During strength 
training, it is possible to increase the load due to the patient’s health. Strength train-
ing consisting of concentric and eccentric muscle contraction is a safe, simple, and 
effective intervention to induce muscle hypertrophy, increase muscle strength, and 
improve the patient’s functional condition before and after surgery/medical 
procedure.

2.2.7  Aerobic Exercise
This type of physical activity is one of the most common. During aerobic train-
ing, the patient exercises at a moderate load intensity. Aerobic exercise is known 
to induce an increase in skeletal muscle mitochondria. Muscle mitochondrial 
cells are able to adapt to aerobic training. Aerobic exercise begins with warming 
up in the form of 10 min of light activity and dynamic stretching. As a form of 
aerobic exercise it is possible to use walking, Nordic walking, swimming, 
cycling. Exercises focused on the aerobic component in patients are applied 
twice a week.
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2.2.8  Respiratory Exercises
Respiratory rehabilitation is a therapy for patients with symptoms related to 
impaired lung function. It has been started in patients with chronic obstructive pul-
monary disease. It is a standard treatment for patients with lung cancer. Respiratory 
rehabilitation is aimed at improving the physical and mental condition of the patient. 
The primary purpose of respiratory rehabilitation is to improve the patient’s physi-
cal function, functional condition, and quality of life.

2.2.9  Goals of Physical Activity as Element of Prehabilitation
• To identify patients with poor physical conditioning (6MWT, cardiopulmonary 

exercise testing).
• To prescribe a targeted and individualized exercise program (cardiovascular, 

resistance, flexibility, balance training).
• To encourage daily physical activity that totals at least 30 min per day.
• To reduce sitting or sedentary time.
• To change long term behavior to include a more active lifestyle [12].

2.3  Nutritional Optimization, Nutritional Balance as Elements 
of Prehabilitation

The rate of development of postoperative malnutrition for a given individual depends 
upon their preexisting nutritional status before the surgery, the nature and complex-
ity of the surgical procedure, the degree of postoperative hypermetabolism, and 
their ability to consume an optimal number of calories [58]. Starvation during meta-
bolic stress from any type of injury differs from fasting under physiological condi-
tions [59].

The stress of surgery or trauma creates a catabolic state, increasing protein and 
energy utilization. Macronutrients (fat, protein, and glycogen) from the labile 
reserves of fat tissue and skeletal muscle are redistributed to more metabolically 
active tissues such as the liver and visceral organs. This response can lead to the 
onset of protein calorie malnutrition (defined as a negative balance of 100 g of nitro-
gen and 10,000 kcal) within a few days [58, 60–62].

Definitions of malnutrition often include an “unbalanced nutritional state” that 
leads to “alterations in body composition” and “diminished function” [63]. An 
unbalanced nutritional state refers to both over- and undernutrition [64].

With an increasing percentage of obese people in the Western world is malnutri-
tion often not realized and Disease-related Malnutrition (DRM) frequently not rec-
ognized and therefore untreated [65].

According to ESPEN (European Society for Clinical Nutrition and Metabolism) 
diagnostic criteria for malnutrition according to two options [65].

• option 1: BMI <18.5 kg/m2,
• option 2: combined: weight loss >10% or > 5% over 3 months and reduced BMI 

or a low fat-free mass index (FFMI).
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Reduced BMI is <20 or < 22 kg/m2 in patients younger and older than 70 years, 
respectively. Low FFMI is <15 and < 17 kg/m2 in females and males, respectively.

From the prehabilitation point of view it is important to note that nearly 50% of 
patients admitted to hospital are malnourished or at risk of malnutrition [66]. The 
American Society for Enhanced Recovery and Perioperative Quality estimates that 
two out of three patients undergoing gastrointestinal surgery are malnourished, 
which renders them three times more likely to suffer perioperative complications 
and five times more likely to die [67].

Malnutrition is associated with a poorer response to cancer treatment [68], 
increased susceptibility to infection, poor wound healing, increased frequency of 
decubitus ulcers, overgrowth of bacteria in the gastrointestinal tract, abnormal nutri-
ent losses through the stool [58, 69–71] and hypoalbuminemia is associated with 
post-surgical mortality, increased morbidity and length of stay [68].

Perioperative nutritional supplementation has been shown in a recent meta- 
analysis of 56 trials including 6370 patients to decrease postoperative infectious and 
non-infectious complications, and also length of stay in patients undergoing gastro-
intestinal cancer surgery [72, 73].

2.3.1  Synergy Between Feeding and Exercise
Speaking of nutrition, we have to emphasize the fact that lean tissue accretion will 
not occur without a positive protein balance, with protein synthesis exceeding pro-
tein breakdown. Stable isotope studies suggest net muscle protein balance postexer-
cise remains negative until amino acids are available [74–76]. It is the synergistic 
effect of feeding- and exercise-induced stimulation of muscle protein synthesis that 
positively impacts protein balance, to a greater extent than either feeding or exercise 
could alone. Repeated bouts of resistance exercise and protein feeding stimulate 
lean tissue gains which is essential for a better and quicker recovery after surgery 
and a healthier life [74, 75]. It is important to keep in mind that for training a good 
mental state is mandatory.

2.3.2  Goals of Nutritional Optimization as Element 
of Prehabilitation

• To identify patients who are malnourished.
• To better understand how the patient is eating and to identify where deficiencies 

are occurring.
• To provide feedback as to how the patient can optimize their nutrition.
• To provide appropriate nutritional supplementation [12].
• Minimize starvation.
• Prevent pre and postoperative malnutrition.
• Support anabolism for recovery [65].
• Although additional nutritional considerations will be required for surgical sub-

specialities and to provide personalized patient care, these basic nutrition prin-
ciples hold true for all cases [74].

• In addition, given the rising proportion of cancer patients who are obese at diag-
nosis, the prehabilitative window and rehabilitative window are potentially an 
opportunity to embed new lifestyle behaviors [68].
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2.4  Psychological Well-Being as Element of Prehabilitation

Preoperative anxiety, depression and low self-efficacy are consistently associated 
with worse physiological surgical outcomes and postoperative quality of life. This 
has led to the emergence of psychological prehabilitation and the trimodal approach 
to prehabilitation, incorporating psychological intervention as well as exercise and 
nutritional optimization [77].

2.4.1  The Reasons for Psychological Well-Being as a Part 
of Prehabilitation

Increasingly, evidence suggests that psychological factors have an impact on both 
physiological and psychological surgical outcomes in the short as well as long 
term [77].

A systematic research identified 16 eligible studies summarized the association 
between psychological factors and physiological outcomes affecting the site of sur-
gery, namely wound healing and postoperative complications in the first month after 
surgery. However, there was significant heterogeneity across the studies, overall, 
trait and state anxiety, state anger, active coping, subclinical depression, and intra-
marital hostility appeared to complicate recovery, while dispositional optimism, 
religiousness, anger control, low pain expectations, and external locus of control 
seemed to promote healing. Psychological interventions (guided relaxation, couple 
support visit, and psychiatric interview) also appeared to favor recovery. 
Psychological factors unrelated to surgical outcomes included loneliness, perceived 
social support, anger expression, and trait anger [78].

Another review with inclusion of 29 studies evaluated the effect of mood, attitu-
dinal factors, personality and coping mechanisms on complications, pain and anal-
gesic use, functional recovery, length of hospital stay and ratings of physical 
recovery [79].

Psychological factors can also affect both acute and chronic postoperative pain 
[77]. Anxiety is one of the four factors that predict acute postoperative pain as was 
identified in qualitative systematic review including 48 trials and 23,037 patients 
[80] and there is a high level of evidence for the predictive value of pre-surgical 
depression, psychological vulnerability and chronic stress on the risk of chronic 
pain after surgery [81].

2.4.2  The Ways to Achieving Mental Well-Being in Terms 
of Prehabilitation

A recent Cochrane review of 105 studies from all surgical specialties synthesized 
the evidence of psychological preparation and postoperative outcomes of pain, 
return to normal activities (behavioral recovery), length of hospital stay and nega-
tive effect in adults undergoing elective surgery. They evaluated a broad range of 
psychological interventions including: procedural information (information about 
what, when and how processes will happen); sensory information (what the experi-
ence will feel like and what other sensations they may have, for example, taste, 
smell); behavioral instruction (telling patients what they need to do); cognitive 
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intervention (techniques that aim to change how people think); relaxation tech-
niques; hypnosis; and emotion-focused interventions (techniques that aim to help 
people to manage their feeling) [77, 82]. Such interventions should be proposed as 
preoperative education programs [77].

2.4.3  Goals of Psychological Well-Being as Element 
of Prehabilitation

• To identify patients who require psychological interventions.
To provide anxiety reducing techniques for all patients, based on preference [12].

2.5  Pain Management in Prehabilitation

As we discuss in another chapter of this book dedicated to pain chronification pre-
diction and to the reasons for including its assessment into the processes of preha-
bilitation in context of PPPM/3 PM, psychological factors affect pain perception in 
a fundamental way. Pain is a complex, multidimensional perception with a diversity 
of its quality, intensity, duration, location, as well as perception of its discomfort, 
while the intensity and degree of discomfort of pain are not directly dependent on 
the cause and extent of tissue damage. In particular, situational and emotional psy-
chological factors present in the experience of pain can fundamentally change the 
intensity and quality of pain perception. As the pain suddenly reaches the brain, the 
thalamus redirects its feelings to other cortical and subcortical parts of the Pain 
matrix, which are also associated with emotions, attention, and memory. This 
explains why emotions have such an effect on how we feel [83].

Every chronic pain develops from acute pain. The onset of acute pain is associ-
ated with tissue damage through various mechanisms (e.g., mechanical damage, 
burns, infection, inflammation, genetic disorders, etc.) and thus the integrity of the 
biological structures and functions of the individual. Therefore, fear (= the first 
affective phase of pain) and anxiety of its persistence are naturally associated with 
its occurrence. For the patient’s adaptation to pain and further development of the 
painful state, his/her current attitude is essential to actual acute pain. Thus, it is 
essentially a question of whether he/she accepts it as a positive and necessary signal, 
or succumbs to the fear of pain and, by excessive obsession and catastrophe, neuro-
tizes its further development and thus creates the conditions for neural sensitization 
and pain chronification. This creates a gradually deepening suffering, which is a 
complex of negative affective and cognitive processes. The affective component of 
suffering is characterized by anxiety, anger, and depression (= second affective 
phase of pain), the cognitive component of suffering includes views on pain and its 
impact on the sufferer, most often devaluing his whole life and perception of the 
environment [84].

In addition to the evidence describing the importance of psychological factors on 
physiological outcomes after surgery, emerging data suggest psychological state 
before cancer surgery may have an impact on longer term quality of life and well- 
being [77]. Higher pre-surgical depression and lower self-efficacy to manage illness 
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were significantly associated with poorer trajectories of recovery [85]. Within the 
field of oncology, an emphasis on reductions in stress and anxiety are emerging 
increasingly [77].

Therefore we suggest that pain chronification prediction should be included in 
the process of prehabilitation as a part of practical implementation of PPPM/3 PM 
in the routine processes of future healthcare, as we discuss in more details in the 
dedicated chapter of this book (see also Fig. 1).

2.6  Smoking and Other Cessations as Element 
of Prehabilitation

Patients should be strongly encouraged to cease smoking as part of any prehabilita-
tion program [86]. The perioperative period is considered to be a “teachable 
moment” when the need for surgery might serve as a driver for permanent behav-
ioral changes including smoking cessation [86–88]. Cigarette smoking is a risk fac-
tor for several perioperative pulmonary, cardiovascular, and wound healing 
complications. Limited evidence suggests that risks are also associated with “vap-
ing” (i.e., use of electronic cigarettes [e-cigarettes]) as a method for consumption of 
nicotine (or other substances such as cannabis) [89]. Smoking increases the risk of 
postoperative morbidity and mortality. Smoking cessation before surgery reduces 
the risk of complications [86].

2.6.1  The Way to Cease Smoking in Terms of Prehabilitation
One of the possible way is “The 5A’s” (Ask about tobacco use, Advise quitting, 
Assess readiness to quit, Assist smokers ready to quit, Arrange follow-up) or 
abbreviated variation “AAR” (Ask about tobacco use, Assist—Offer advice to quit 
and assistance to make a plan, including prescribing cessation medication, Refer to 
behavioral support resources to continue treatment after the visit) [90–92].

At this point we have to essentially emphasize that, logically, it is not only 
the cessation of smoking that is important, although it is the most pronounced 
one within the standard elements of prehabilitation, but also cessation of body 
intoxication from other resources such as, for example, alcohol, drugs of abuse, 
environment, food, beverages, is important from the perspective of more com-
plex prehabilitation under the changed paradigm of healthcare brought by 
PPPM/3 PM.

2.7  Importance of Prehabilitation Before Major Surgery 
in Context of PPPM

Successful surgery does not depend exclusively on the procedure alone but, rather, 
on how quickly and efficiently the patient can return to his normal life. With increas-
ing awareness of ERAS (Enhanced Recovery After Surgery) protocols, prehabilita-
tion as an integral part of preoperative period takes on larger dimensions.

B. Mrázová et al.



59

Improving preoperative functional capacity together with following best- 
evidence practice medicine, may be a tool to safely and effectively raise the number 
of patients suitable for curative-intent surgical procedures [12].

It follows from the above mentioned that a successful operation depends on a 
combination of technical surgical skills and, on the other hand, also on metabolic 
interventional therapy “tailored” to the patient’s metabolic status. This includes pro-
viding appropriate nutritional, physical and psychological support. Suitable periop-
erative management may be vital for long-term outcome in oncology patients [93, 
94]. Half of the patients still manifest a degree of incapacity 3 months after major 
elective abdominal surgery [95]. Major surgery reduces 40% of physiological 
reserve. Four weeks after discharge patients report pain, physical fatigue, reduced 
appetite, trouble sleeping, reduced ability to concentrate [96]. Functional capacity 
may not be fully recovered up to 6–9 weeks [97] and so for the elderly patients, at 
8 weeks, at most one third and at 6 months after surgery only 50% recover to preop-
erative levels [95, 98].

Due to the increasing age of patients undergoing major abdominal surgery there 
is a subsequent increase in postoperative complications, prolonged hospital stays, 
mortality rates and also health care costs. “Frail” elderly patients frequently develop 
delirium as a sever complication. The primary study outcome of one single-center 
controlled before-and-after study, in progress, is to reduce the incidence of delirium 
in elderly patients regarding of major abdominal surgery applying principles of 
multicomponent prehabilitation pathway [99].

There is emerging evidence suggesting that many of the negative effects of major 
surgery can be reduced through the attenuation of surgical stress, not only due to 
intraoperative (minimally invasive surgery [99], fluid management [100], etc.), or 
postoperative (e.g., “fast track” early nutrition, mobilization [101]) interventions 
but also with the effort to focus on the preoperative period and accelerate convales-
cence [21].

Despite this evidence, surgical prehabilitation is not yet a component of routine 
clinical practice. Prehabilitation as a multicomponent approach requires an interdis-
ciplinary cooperation, as it offers a shift from the current healthcare paradigm, just 
as PPPM/3 PM represents a paradigm change, and these two changes are well in 
agreement. Preoperative period proposes the best opportunity for preventive tar-
geted (personalized) interventions in order to improve more effective healthcare and 
postoperative recovery [12].

Preoperative prehabilitation involve four main pillars and goals—nutritional 
optimization (recognition of malnourished patients, identification deficiencies in 
patient’s eating, provision of holistic nutritional management including nutritional 
supplementation, etc.), exercise and physical activity (individualized exercise pro-
gram, combining aerobic, and intensity training) and psychological well-being 
(anxiety and stress reducing techniques, interventions to improve cognitive func-
tion) [12]. As a part of prehabilition patients should be profusely support to cease 
smoking [85]. Additionally to these elements of multimodal approach, we suggest 
that prehabilitation, from the perspective of PPPM/3 PM, should also include other 
elements as already highlighted in Fig. 1.

Prehabilitation as an Integral Procedure in Predictive, Preventive, and Personalized…



60

2.8  Peri-Operative, Intraoperative Prehabilitation 
and PPPM/3 PM

The optional surgery pathways provide the caregiver an opportunity for significant 
changes in the attitude the care is arranged—instead of taking provider convenience 
into fundamental consideration the patient needs are primarily considered. 
Redesigning peri-operative pathways helps to improve the provided care for the 
patient and increase the quality of services, patient’s satisfaction, public health as 
well as healthcare value, defined as outcome per unit of currency [102]. Episodic 
peri-operative care in some systems accounts for over half of hospital costs [103].

Multidisciplinary medical care of patient from the intention of undergoing sur-
gery until full recovery is defined as peri-operative medicine [104, 105]. Peri- 
operative medicine is a new and rapidly evolving clinical science that is well in 
agreement with the attitude of PPPM, and respond to the needs of a population of 
patients with more complex medical management. Peri-operative medicine means 
the ability to prepare patients beyond the traditional anesthetic and surgical care of 
a single patient (personalization) in the early, preventive peri-operative period [106]. 
Elective peri-operative care helps to rationalize and redesign more advantageous 
patients care. Providing patients care with the possibility of predicting the risk of 
adverse outcome, the so-called risk-adapted approach, improve the value of health-
care delivery [102].

The goal is patient-centered care of their own, their wishes, expectations, opin-
ions, on the other hand management around surgical procedure resulting in their 
best interest, adequate preparation for the surgery and enhanced recovery after sur-
gery [102].

Avoiding “wrong-patient surgery,” serving patient’s best interests with improved 
patient-physician experience, together with effective management of comorbidities 
with the intention of mitigating the risk of major surgery, cooperation with pain 
clinics, that and lot more at the same time offer the preoperative period [107].

During the preoperative period, patients may be more susceptible to behavior 
change interventions. Smoking cessation, alcohol cessation, nutritional optimiza-
tion and physical activity and exercise. Such changes in behavior at a time when 
patients may feel very limited control of their immediate destiny may have signifi-
cant psychological benefit and may be long-lasting which also highlights possible 
population health benefits.

Regarding intra-operative care the published data support the idea that numer-
ous factors provided for the patients do not follow provable evidence and/or a 
comprehensive medical basis which results in the situation when particular fac-
tors are not essentially those which one might expect in everyday life. Even if we 
may consider alternatives for these factors resulting from the patient and surgery-
specific characteristics (e.g., age, risk factors, duration of surgery, amount of 
blood loss), the most significant effect would have anesthesia and providers of 
surgery. (e.g., fluid therapy) [108]. On the basis of related studies and examina-
tions we support the opinion that intra-operative care must essentially be stan-
dardized to provide particular standard level of quality and patterns of care for 
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wide spectrum of patients, as well as it must be personalized/individualized in 
order to include patient-specific characteristics which might be unique and impor-
tant for good result [102].

2.9  Management of Comorbidities as Important Element 
of Prehabilitation

The growing prevalence of comorbid conditions [103], and harmful lifestyle char-
acteristics (e.g., inactivity, unbalanced diet, stress, intoxication from environment 
and other resources, cigarette smoking, alcohol abuse, etc.) coupled with an under-
standing that some surgery may be unnecessary or even harmful [109] are driving a 
re-appraisal of peri-operative processes. Patients who are candidates for surgery are 
often not ready for it [102].

Risk of problems after surgery, or a medical procedure in general, is the product 
of particular probability(ies) consequently leading to undesirable outcome(s). The 
probability of a particular peri-operative episode is determined by both, patient 
characteristics and healthcare characteristics (taking into consideration all aspects 
of peri-operative care and surgery itself). Together, these risk determinants can be 
preventively reduced by implementation of particular changes in peri-operative pro-
cedures. We distinguish between permanent risk factors and modifiable risk factors 
which may be adjusted or changed ahead of the scheduled time of the surgery or a 
medical procedure. There are, of course, several factors such as age, sex or genetic 
predispositions which can’t be changed. Other factors, on the other hand, have the 
potential for modification or for being influenced; for example, emphysema, myo-
cardial injury, anemia, reversible airway disease can be partly resolved. Among risk 
factors that can be substantially modified, if the patient is properly motivated and 
well instructed, there are factors such as consumption of alcohol and tobacco, drugs, 
low physical activity, unbalanced diet, psychological stress—all related to life style 
and behavior [102] and are well in agreement with the attitude of PPPM/3 PM.

2.10  Postoperative Procedures, DrEaMing, in Relation 
to Prehabilitation and PPPM/3 PM

Patients with an uncomplicated recovery should be discharged and return to normal 
life as quickly as possible. Higher-risk patients or patients developing postoperative 
complications should be provided with the appropriate level of care without delay 
and on a predictive, preventive, and personalized basis where possible.

Providing care based on effectiveness of use, not traditionally used procedures, 
more patient-oriented postoperative care, the flexible use of health professional 
resources to maximize effectiveness and minimizing risks through more effective 
communication and systematized actions like checklists, risk-adapted management 
of postoperative period, all this can increase and underpin efficiency of postopera-
tive care.
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Patients who achieve Drinking Eating and Mobilizing (DrEaMing) [110] rarely 
develop postoperative complications, so concept of DrEaMing is solid marker of 
recovery and benchmark of the effectiveness of peri-operative care [110].

2.11  Conclusion and Recommendations

In conclusion, the idea of prehabilitation and its practical application is enriching the 
vision of PPPM/3 PM in a very natural and logical way. Although the prehabilitation 
is being primarily connected to the surgical procedures, it should be, in our opinion, 
applied to much wider spectrum of personalized medical procedures that would 
include: surgery, stomatosurgery, plastic surgery, childbirth, application of physio-
therapy, pharmacotherapy, radiotherapy, chemotherapy, traditional, complementary 
and alternative medicine (TCAM), invasive diagnostic procedures, and other.

We suggest that basic elements of prehabilitation should include also other fac-
tors and tools as visualized in the complex prehabilitation in Fig. 1. The communi-
ties of experts in surgery, oncology, prehabilitation, peri-operative care and 
postoperative care may benefit from the tools developed under PPPM/3MP and vice 
versa, the attitudes in the prehabilitation fit very well within PPPM/3 PM and repre-
sent a very good example of practical implementation of PPPM from bench to bed-
side. The conscious cooperation between the experts in all related fields will 
essentially bring benefits to all patients and gradually prepare the ground for effec-
tive future healthcare.
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1  Educational Background

1.1  Pain

Pain is defined by the International Association for the Study of Pain (IASP) as: “An 
unpleasant emotional and sensory experience that is associated with, or described 
as, potential or actual tissue damage. Pain is always subjective”.

Pain is a complex sensation, processed by branched, hierarchically arranged neu-
ral networks in several cortical and subcortical centers of the brain (the so-called 
Pain Matrix as a specialized part of the “Neuromatrix”) [1–5].

Pain is a subjective perception, each person perceives it individually. It arises 
during the development of an individual on the basis of repeated experience with 
pain, with its individual experience and reaction to it. The onset of pain takes place 
in four basic phases, described in detail by the American neurosurgeon Loeser in 
1982. In the so-called the conceptual model of pain (Fig. 1) recognizes the phase 
of nociception (somatic component), pain (sensory component), suffering (affective 
component), and the phase of subsequent painful behavior (behavioral compo-
nent) [6].

Acute pain is a symptom, it is a part of many pathological conditions, and dis-
eases. Its role is primarily protective, the pain has a positive, warning meaning for a 
living organism. Its physiological significance lies in the fact that in the event of an 
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Pain Behavior

Suffering

Pain

Nociception

Fig. 1 Biopsychosocial 
model of chronic pain, 
Loeser’s conceptual model 
of pain [9]

acute threat, it draws attention to the need to eliminate the cause of the damage to 
the organism and seek help. It is part of an archetypal attack-escape threat. Acute 
pain is associated with the activation of a symptomatic nervous autonomic system 
that responds to a “stress response” to the extent of the intensity of the stimulus and 
the condition of the nervous system. However, if its intensity is too strong, its meta-
bolic, neurogenic, and immunological changes can seriously damage the patient’s 
health. Acute pain usually lasts as long as the cause of its occurrence, respectively 
the healing time of the damaged tissue that causes the pain [1]. It usually does not 
exceed 6 weeks, but it can be considered acute for a maximum of 3–6 months [7].

Chronic pain is more difficult to define, or more precisely several aspects are 
needed to define it. The most commonly used time point of view defines chronic 
pain as lasting longer than 3–6 months. In this context, the Doyen of systematic pain 
treatment prof. John J.  Bonica suggested that chronic pain should be defined as 
“pain that persists for more than one month after the end of a normal healing period, 
or is associated with a pathological process that causes it to persist or recur for 
months to years” [8]. Although a certain period of time is required for the onset of 
chronic pain (i.e., the transition from acute to chronic pain, chronification), the 
emphasis on time is inaccurate and simplistic in its definition [1]. A similar, often 
used characteristic of chronic pain, such as “pain lasting longer than the expected 
healing time” [9], says nothing about its pathophysiological nature.

The distinction between acute and chronic pain is based not only on the time fac-
tor, but also on other differences [10]. The fundamental differences defining chronic 
pain in contrast to acute pain are therefore not only in its symptomatology (espe-
cially its duration, its nature, psychological changes, etc.), but especially in the 
evolving pathophysiological changes. Nervous system accompanied by typical 
“painful behavior.” Chronic pain is a separate disease with complicated aetiology, 
pathophysiology, and symptoms. Even for the polymorbid patient, it often becomes 
the most important source of impaired quality of life and suffering. It is the under-
standing of the manifestations and dynamics of changes in the painful behavior of 
the patient who can decisively clarify the presence of chronic pain. In some cases, 
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the presence of nociception, a painful afferent from the damaged area, is not even 
necessary. At the same time, the phases of the conceptual model can develop in the 
opposite order towards the somatisation of subjective experience of mental suffer-
ing and pain [7]. As we can see in Fig. 1, in the case of chronic pain, a nociception 
recedes into the background and affective, cognitive, evaluative, and behavioral 
aspects that interact with each other, become more important [11].

The transition from acute pain to chronic, the so-called Pain chronification is a 
serious and relatively common medical condition in which patients suffer from pain 
for an extended period of time that exceeds the time normally expected to treat the 
condition. The fundamental differences defining chronic pain versus acute pain are 
not only in its symptomatology, but especially in the developing pathophysiological 
changes in the nervous system (NS), which can be described by the term “sensitiza-
tion.” By this term we mean a kind of “sensitization” of the nervous system, i.e., its 
excessive sensitivity to stimuli and at the same time its excessive reactivity. It 
expresses an increased response to the supply of information from the environment, 
which is able to overwhelm, disrupt, and eventually disable the pain inhibitory 
mechanisms. This process is very dynamic, evolves over time and involves a num-
ber of pathological restructuring changes in the nervous system in its metabolism, 
function, and structure (the so-called pathological neuroplastic changes), which 
can lead to dysfunction and in extreme to failure of transmission and modulation 
nociceptive systems.

Chronic pain is often referred to as “pathological” but also as “dysfunctional” 
pain. It is the understanding of the manifestations and dynamics of changes in the 
painful behavior of the suffering patient that can decisively clarify the presence of 
chronic pain. Thus, chronic pain meets the criteria for progressive central nervous 
system (CNS) dysfunction with the development of pathological neuroplastic 
changes at the level of axons, synaptic connections, receptor complexes, neurotrans-
mitter function, etc., and can be understood as central neurogenic pain. According 
to the International Association for the Study of Pain (IASP) [12], chronic pain is 
defined as “pain of no apparent biological value that persists after the normal 
expected time of tissue healing (which is usually 3 months)” [13, 14].

Unlike an acute pain, chronic pain is a complex disease of both central and 
peripheral NS with polymorphic symptoms and persistent suffering. In the process 
of chronifying of acute pain, it is important to gradually change the significance of 
individual components of pain. Raudenská states that in chronic pain, nociception 
relatively recedes and affective, cognitive, evaluative, and behavioral aspects, 
which, together with somatic ones, interact with each other gradually become more 
important [11]:

 1. In the somatic component, chronic pain is characterized over time by varying 
intensity, localization, nature of pain (prickly, dull, burning, etc.), lowered 
threshold for shortening of skeletal muscles (especially neck muscles, trapezoid 
muscles, and others) and their failure to respond to physical release techniques, 
various visceral symptoms of increased sympathetic tension (cardiac, digestive) 
and many others.
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 2. In the psychological component, chronic pain is often manifested by insomnia, 
mood disorders (anxiety, depression.), anhedonia, loss of appetite, weight dis-
proportion, loss of libido, loss of interests, energy, increased fatigue, power 
reduction, lack of concentration, etc. The emotional component of pain is 
 characterized by anger, fear, anxiety, or a sad, pessimistic mood with feelings of 
hopelessness, that the treatment will last for the rest of life.

 3. The cognitive component of chronic pain is represented by ideas about the 
origin and maintenance of pain, views on treatment and its evaluation, feelings 
of possible guilt (own or others), subjective feelings of inperformance, use and 
effect of coping strategies and more.

 4. The behavioral component is characterized by painful behavior. We can define 
it as a set of psychic phenomena, subjectively felt by the sufferer himself/herself, 
i.e., as their experience of the situation with the subsequent and reaction to them. 
Objectively, then, painful behavior can be perceived as an observable activity, 
i.e., a specific physical activity [11]. Individual aspects of painful behavior 
(motor, emotional, cognitive, physiological) form a system, the components of 
which interact with each other. Typical painful behaviors may include limiting or 
avoiding activity, lying during the day, taking protective and relieving attitudes, 
muscle tension, grimacing, sighing, seeking social support, drug abuse, re- 
seeking medical care, re-hospitalizations, coercion financial and social benefits, 
etc. [15].

2  General Conditions Stimulating Chronic Pain

In the diagnosis and treatment of chronic pain, unfortunately, physicians usually do 
not know exactly what causes the chronification of acute pain in their patients. A 
better understanding of these processes is therefore of great importance for the pre-
diction and subsequent prevention of pain chronification and is fully in line with the 
position of European Association for Predictive, Preventive, and Personalized 
Medicine (EPMA) in the field of PPPM [1, 16–18].

Several factors play an important role in the process of transition from acute—
normal pain to chronic—pathological pain. Among them, not only the intensity and 
duration of acute pain dominate, but also the gradual failure of the hitherto func-
tional segmental, descending and supraspinal pain inhibitory system.

At least two conditions must be present for the onset of chronic pain, which 
can in principle be divided into peripheral and central. Must be present:

 1. Sufficiently long-term and intensive nociceptive afferent of pain impulses from 
the area of damage to the CNS (peripheral cause of chronic pain).

 2. Predisposed, “latent” situation of sensitization of CNS structures (central cause 
of chronic pain).

 (a) The persistence of pain pulse transmission from the periphery to the Pain 
matrix can have several causes:
• Wrong diagnosis of the cause of pain through the fault of healthcare 

professionals, where the source of pain is not remedied at all and the 
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patient is being treated for a completely different diagnosis. It can also be 
a delayed treatment or a poorly chosen treatment of a known cause. 
However, one of the most common reasons in this area is that with cur-
rent treatments we are not able to causally eliminate the source of the 
patient’s pain, i.e., we cannot cure the patient. Of course, this cannot be a 
reason why, even in the acute stage of the disease, we should not at least 
try to alleviate his pain and suffering.

• it is also quite often patient’s non-cooperation with the health care 
system, e.g., such as ignoring the symptoms of the disease, not finding 
adequate help, not accepting the recommended treatment, etc.

 (b) Disruption of central pain processing is the second, central condition for 
pain chronification. Under normal, physiological conditions, the CNS effec-
tively filters excessive painful afferents in the event of severe acute pain, 
thus preventing the possibility of impairing the normal functioning of the 
nociceptive nervous system. However, the CNS may be in a state of distur-
bance of the dynamic balance of its activity, which is conditioned by distur-
bance of the action (synthesis, action, degradation) of neurotransmitters 
with the predominance of the influence of excitatory molecules over inhibi-
tory ones. In particular, the CNS (even before an obvious harmful stimulus) 
may be at some degree initially very discreet “hyperexcitated,” which in the 
clinic may not yet show significant physical or mental symptoms. Rather, 
we can observe only slight signs of irritation in the patient, both psycho-
logical, such as nervousness, irritability, lacrimosity, insomnia, anergy, con-
centration problems, etc. and on the other hand, where with a careful history 
and examination we can register the physical persistence of shortening of 
the neck (or other) muscles, a reduced pain threshold, but also sensory sen-
sations (hypersensitivity to sounds, light, etc.). Various manifestations of 
vegetative imbalance are also present, such as oppression, palpitations, 
hypertensive disease (often drug-resistant), dyskinesia of digestive tract—
including irritable bowel syndrome and reflux disease, sweating, peripheral 
congestion disorders, and many other manifestations of sympathetic tone 
predominance.

The reasons for this sensitive setting of the nervous system can be various, but 
in principle (as we have mentioned above) it is probably a relative predominance 
of secretion of excitatory neurotransmitters over inhibitory, respectively reduced 
synthesis of inhibitory neurotransmitters in the synaptic cleft. However, this 
hypersensitive, neurasthenic setting may be somewhat innate, constitutive in the 
patient.

At present, chronic pain is understood as a biopsychosocial phenomenon, as a 
result of the interaction between physiological, emotional, motivational, and cogni-
tive processes. For chronic pain, the question often arises as to whether the pain is 
somatic or psychogenic. The dualistic model of the origin of pain is as follows: pain 
arises from nociception (i.e., primary tissue damage) or suffering (primary psycho-
logical damage). Both forms of pain are related to stress. During life, a number of 
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minor stressful events also affect a person, which can contribute to the onset and 
maintenance of pain [11].

3  Stressful Situations as a Cause of Chronic Pain

Based on clinical experience more than 30 years of pain medicine practice we can 
assume that the diffuse disturbance of neurotransmitters levels described above is 
caused by a chronic, sufficiently intense and long-lasting stress situation, or also by 
acute, very intense stress. In patients with chronic pain, we most often encounter the 
following stressful situations in practice (see also Fig. 2):

Posttraumatic
stress disorder,

retained
emotion

Negative life
situations

Craniocerebral
traumas and

diseases

A massive
painful

stimulus

Serious
mental

neurotic
illness

Other factors
influencing

brain

Fig. 2 An outline of particular stressful situations which may contribute to the nervous system 
sensitization and development of chronic pain. Not essentially all factors are named in the figure 
but the idea is more clear using this visualization. Our thanks go to Geralt Altmann from Pixabay 
for sharing his picture of the brain under Pixabay licence at the site https://pixabay.com/sk/illustra-
tions/mozog- biol%c3%b3gia- abstraktn%c3%a9- veda- 951874/
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 1. Chronic post-traumatic stress disorder is a condition in which the integration 
of a traumatic experience into other everyday experiences fails [19]. These are 
persistent uncompensated psychotraumas from the patient’s past, usually 
after surviving serious life situations such as the death of a loved one, divorce, 
long- term suffering with a violent partner, but also sexual and other parental 
abuse, car accidents, natural disasters and wars and many other hardships. 
These often persist displaced in the patient’s subconscious, usually in the form 
of unprocessed experiences and retained emotions [20] which are probably the 
cause of the gradually emerging imbalance of neurotransmitters at the expense 
of inhibitory substances (poetically called “hormones of happiness”).

 2. In most patients with whom we encounter in everyday pain medicine practice, 
the dominant etiological factors of chronic pain appear to be less intense, but 
long-lasting negative life situations. These are situations that come with every-
day life and can be encountered by anyone. They do not always have the features 
of serious “psychotrauma,” but rather they are life-uncomfortable and disruptive 
to the well-being and happiness of a person. Most often we can encounter long- 
term discomfort in the home or work environment, dissatisfaction with the social 
situation, the consequences of neighborhood disputes, underestimation and mis-
understanding by the environment, but also chronic physical overload, burnout, 
e.g., for teachers, health professionals, etc.

 3. Craniocerebral traumas and diseases with the development of chronic post- 
concussion syndrome as a result of either mild brain injury (coma, concussion) in 
about 5% of patients, or more often severe contusion brain injuries (brain contu-
sion), or other brain damage, e.g., after a sudden stroke, brain surgery, encephalitis, 
etc. The result may be the development of similar chronic diffuse biochemical, 
metabolic brain damage, and somatic, cognitive, and psychological symptoms [21].

 4. A massive painful stimulus of sufficient intensity and duration, usually associ-
ated with severe traumatic devastating injury, such as limb loss, etc.

 5. Serious conditions of mental illnesses, poorly responding, even resistant to 
adequate psychiatric treatment, the most common anxiety-depressive mood dis-
orders, generalized anxiety disorder, etc.

The common denominator of the above conditions is the stress stimulus of exces-
sive intensity, which acts on the central nervous system. Subsequently, the disrup-
tion of the dynamic balance of excitatory and inhibitory neurotransmitter levels 
arises and further deepens with a reduction in the production of inhibitory mediators 
and an increase in excitatory mediators. The reason may be the need for the neuro-
matrix, often for a long time (months and years) to calm, suppress or inhibit stress-
induced excessive irritation of the brain, which is a very metabolically demanding 
process. The result can be a significant decrease, even depletion of stocks of building 
materials and energy reserves for the synthesis of the necessary receptor complexes, 
neurotransmitters and other membrane and cytosolic structures of neurons with 
inhibitory function. Subsequent progressive irritation affects the sensitive and motor 
functions of the nervous system, including the vegetative system (with a predomi-
nance of sympathetic activity) and the associated hormonal imbalance.
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However, these observations would deserve further, more detailed clinical 
research, as there is not enough relevant data in the literature and the situation may 
in fact be different. Such a status of patient’s health can be easily described as being 
far from optimal yet we suppose that it can be reversible under early preventive and 
truly personalized measures. That is why we see the potential of combination of the 
tools for suboptimal health status assessment [22–25], and tools for determination 
of chronic pain predisposition as suggested further.

Based on the above information, we can imagine the process of chronification 
of pain in such a way that practically the entire nervous system is latently sensi-
tized, excited and ready, waiting for a suitable trigger moment. It can also be, for 
example, a physiological pain in an uncomplicated operation, injury, or disease with 
a normal course. Although the intensity of this initiating pain may not be significant, 
it is sufficient that it is relatively excessive to overwhelm a poorly functioning noci-
ceptive (transmission, perceptual, and modulatory) system, which can then rela-
tively quickly (during several weeks) to develop a state of sensitization. This begins 
the process of developing changes that lead to chronic pain.

4  Stages of Chronic Pain

According to the above model of acute pain chronification, we can distinguish the 
following three stages in the development of chronic pain [1, 4, 18]:

 1. Latent stage, the stage of neuromatrix sensitization in which the conditions for 
the development of chronic pain are already prepared, non-specific symptoms of 
sensitization of NS are present, but the pain is not yet present.

 2. Prodromal stage, at the beginning of which the initiating normal painful stimu-
lus (operation, injury, painful illness) is intense enough to overcome the dis-
turbed pain inhibitory mechanisms, which starts a cascade of further progression 
of functional and structural changes nociceptive system. The present pain per-
sists despite the healing of its cause, it intensifies, pain begins to limit the affected 
person’s activities, the first signs of modified pain behavior appear.

 3. Manifested stage is characterized by more or less fully developed symptoms of 
chronic pain with an individual combination of somatic and psychological symp-
toms with painful behavior, in the somatic area the pain usually manifests in a 
weakened area or system of the body (the so-called locus minoris resistentiae).

5  The Most Common Clinical Characteristics 
of Chronic Pain

Chronic pain is manifested by a set of symptoms on a somatic, mental, and social 
level. In clinical practice, we usually meet them with each patient in an individual 
combination. However, some symptoms are present in most patients, some of which 
we have already mentioned in the previous text.
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At the somatic level, we often observe easier shortening of skeletal muscles, 
predominantly in the neck, trapezoid muscles, reduced pain threshold, but also sen-
sory sensations (hypersensitivity to sounds, light, and other), as well as imbalance 
of the autonomic nervous system and subsequently also the functions of the vis-
ceral organs of the gastrointestinal tract (GIT), urogenital tract (UGT), cardiovascu-
lar system (CVS), etc. (in terms of excitation, spasms), e.g., palpitations, 
hypertension, GIT dyskinesia—including reflux disease and irritable bowel syn-
drome, sweating, peripheral circulatory disorders, and many more. It is also com-
mon not to respond to standard medical procedures (e.g., to appropriately selected 
analgesics) and to a paradoxical worsening of pain after therapy (e.g., after well- 
indicated physical therapy, prehabilitation, rehabilitation, etc.).

In the psychological field, patients with chronic pain regularly encounter various 
degrees of mood disorders, especially in the form of anxiety-depressive disorder, 
which itself can further worsen the experience of chronic pain. We also see a wide 
range of emotional changes, such as various fears, phobias, anger and aggression, a 
negative worldview and hopelessness, but also panic, psychosensitive irritability, 
self-blame, catastrophic tendencies, sleep disorders, anergy, etc. The patient’s per-
sonality type (e.g., hypochondriac, neurotic, anxiety, and others) can also affect pain 
perception and experience.

In the social field, chronic pain significantly affects the patient’s life, espe-
cially by limiting his work, social and cultural habits. On the contrary, the 
patient’s social environment can significantly affect his attitude to experience 
chronic pain. Chronic patients often use their suffering for personal gain in the 
company of their loved ones. The so-called Rentier syndrome in an effort to 
obtain inadequate relief and financial benefits. It is well known that there are 
significantly fewer patients with chronic pain from the environment of managers 
and self-employed people with higher education than in the group of unemployed 
and with lower education.

6  Pathological Processes in Chronic Pain: Nervous 
System Sensitization

Chronic pain is characterized not only by its duration, but above all by clinical char-
acteristics resulting from a complex of dynamic pathophysiological changes in the 
nervous system. These pathological changes in function and later in structure not 
only characterize chronic pain, but it also directly creates and provides its mainte-
nance and progression. The preconditions for the development of changes in the 
nervous system, which characterized chronic pain, are, in particular, persistent noci-
ceptive transmission, which may precede or immediately follow the gradual devel-
opment of sensitization of the nervous system. It is mainly based on the 
development of pathological neuroplastic changes in Pain Matrix.

Pathological changes in various neuronal nociceptive structures relate initially 
to functional and later also to structural neuroplasticity. Changes in functional 
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plasticity are at the molecular, synaptic and cellular levels up to changes in the 
function of the neural network, when more cell groups respond synchronously to 
harmful stimuli by increasing the generation of impulses by the spinal neural 
network with the emergence of the so-called wind-up phenomenon. Changes in 
structural plasticity are manifested mainly by an increase in the size and density 
of synaptic spines. The neural axons can respond to persistent nociceptive activ-
ity in two ways: by sprouting and producing of new connections (sprouting), or 
by degeneration. Neurocytes, which can also proliferate (e.g., microglia and 
astrocytes) or atrophy (e.g., loss of inhibitory interneurons), react similarly 
[1, 26].

Peripheral tissue damage or nerve injury often leads to various conditions of 
pathological pain, such as spontaneous pain, hyperalgesia, and allodynia, which can 
persist for years to decades after the healing of the injured tissues has ended. 
Although peripheral neuronal mechanisms (such as nociceptor sensitization and 
neuroma formation) also contribute to the development and maintenance of patho-
logical pain, current evidence also points to an important role for changes in central 
neuronal functions [14]. Due to the processes of central sensitization, harmful stim-
uli can cause chronic pain, respectively misinterpretation of harmless stimuli (sec-
ondary hyperalgesia and allodynia).

Thus, the pathological neuroplastic changes associated with chronic pain affect 
to some extent all structures of both peripheral and central nervous system, espe-
cially synaptic connections, receptor membrane complexes, neurotransmitters pro-
duction, as well as changes in the shape and number of neuronal axons and dendrites. 
Chronic irritation of nociceptive pathways mainly results in changes in the func-
tional sensitization of membrane ion channels with subsequent gene expression 
(C-fos gene) and changes in the function of perisynaptic region receptors (their 
types, structures, affinities) and neurotransmitter levels (e.g., increased substance P 
synthesis, calcitonin gene related peptide—CGRP—on Aβ fibers and neurons of 
dorsal spinal horns). The penetration of Aβ fibers into the gelatinous substance and 
the formation of synaptic connections to C fibers in this area, the expansion of neu-
ronal reception areas and the extinction of inhibitory interneurons occur. The pain is 
chronifying [27, 28].

As a result of these dysregulating neuroplastic changes, NS sensitization (rep-
resented by the “wind-up” phenomenon), functional and anatomical changes in 
the neural structures of the pain pathway with impaired pain transmission and 
inhibition and long-term changes in neuronal functions arise. The most important 
changes in neuronal functions in the chronification of pain include increased sen-
sitivity and neuronal excitability of the afferent part of spinal neurons, decreased 
activity of inhibitory mechanisms facilitating painful transmission, increased 
excitability of posterior root ganglion cells, but also the development of ectopic 
activity on damaged or neuroplastic altered neurons and glia activation. In the 
clinical picture, these changes condition the development of the mentioned allo-
dynia, hyperalgesia, spontaneous pain, and hyperpathia (with an increased 
response to painful stimuli).
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7  Potential Markers for the Prediction and Prevention 
of Chronic Pain in the Context of Suboptimal 
Health Status

On the basis of our long-term clinical experience with Chronic Pain Management, 
as well as published global clinical research [1, 4, 18, 29], we can assume that 
chronic pain conditions are most common due to chronic, sufficiently intense, 
individual and long-lasting stressful situations and influencing factors as out-
lined in Fig. 2. These factors, together with a set of clinical signs of sensitiza-
tion, as discussed further, can serve as specific predictors of pain chronification 
from the point of view of PPPM, as well as objects of interest in targeted pre-
vention in specific individuals. Here again we want to emphasize the important 
relation between pain chronification and suboptimal health status (SHS). 
According to the definition the SHS is a physical state between health and dis-
ease, and is characterized by the perception of health complaints, general weak-
ness, low energy, decline in vitality within a period of 3 months and it is regarded 
as a subclinical, reversible stage of chronic disease [22–25]. We suggest that 
particular conditions for pain chronification may very well be understood as 
belonging or creating the conditions for suboptimal health status and should be 
taken into consideration in a complex application of PPPM principles in future 
healthcare as we outline in the other chapter dealing with “prehabilitation” as a 
practical application of prediction, prevention and personalized attitude in a 
hospital.

Just as in the case of SHS, the most basic method for assessing individual patient 
assumptions for pain chronology is a form of well-designed questionnaire, com-
bined with substantiated theoretical and practical diagnostic methods. The chronic 
post-traumatic stress disorder mentioned above can serve as an example of such a 
condition, but also the less intense, but long-lasting negative life situations, which 
make life-uncomfortable, reduce the level of well-being and happiness of a person. 
We must also mention the recent global preventive measures taken to combat the 
COVID-19 pandemic, which undoubtedly also cause mental, social, and physical 
stress. We reiterate that craniocerebral trauma with chronic post-seizure syndrome 
is also a common cause of CNS sensitization. In these cases, it is not only a brain 
and spinal cord injury, but also other brain damage, e.g., sudden stroke, encephalitis, 
intoxication, and other CNS disorders.

8  Clinical Symptoms of CNS Sensitization

An essential element of primary and secondary prevention, as well as of the treat-
ment of chronic pain, is the identification of the presence of individual clinical signs 
of CNS sensitization. The most important of them are as follows:

 1. facilitated skeletal (neck) muscle shortening,
 2. the absence of objective findings despite polymorphic subjective difficulties,
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 3. manifestations of excessive sympathicotonia—hypertensive disease and/or 
tachycardia unresponsive to pharmacotherapy, spasms, and imbalance of gas-
trointestinal motility,

 4. failure to respond to standard medical procedures,
 5. paradoxical deterioration after rehabilitation and after invasive therapeutic 

procedures,
 6. polymodal pharmacotherapy intolerance,
 7. chronic fatigue syndrome,
 8. excessive meteosensitivity,
 9. condition after craniocerebral trauma of the CNS—of both, less serious nature 

(fall on the back), and of serious nature (head injury, brain surgery, coma, con-
tusion, acute stroke, etc.)

 10. reporting “whole body pain”,
 11. lacrimosity,
 12. sleep disorders,
 13. depressive—anxiety disorder,
 14. rating your pain intensity on a 10-point Visual Analogue Scale (VAS) as “10 

or more”;
 15. neurasthenic behavior,
 16. persistent dissatisfaction with current treatment,
 17. consequences of serious negative life situations (psychotraumas),
 18. discomfort and dissatisfaction at home (broken relationships, loneliness, etc.)
 19. discomfort and dissatisfaction at work (burnout, bullying),
 20. purposeful action with an effort for material or social benefits from the present 

disease (the so-called Rentier syndrome).

9  Laboratory and Epigenetic Markers of Chronic Pain Can 
Complement the Markers of Nervous 
System Sensitization

Although older studies found that biochemical markers are not specific for chronic 
pain [30, 31], the more recent publications summarize quite a lot of interesting and 
promising markers like, among others, in urine it is methylmalonic acid, xanth-
urenic acid, homocystein, matrix metalloproteinases MMP-9, also neutrophil 
gelatinase- associated lipocalin (NGAL), vascular endothelial growth factor 
(VEGF), in serum there are pro inflammatory cytokines such as interleukines (IL-4, 
IL-6, IL-8, IL-10, IL-17, IL-21), tumor necrosis factor alpha (TNF-α), hs-CRP, in 
blood the level of TH17 lymphocytes, in cerebrospinal fluid it is arginin vasopressin, 
somatostatin, tumor necrosis factor beta (TNF-β), endotelin 3, and other [32–34].

While many of the mentioned markers correlate with severity of pain and inflam-
mation rather than with the predictive potential, and, as generally known, prolonged 
inflammation can cause various chronic painful disorders [34], still the early deter-
mination of their levels before the surgery, or medical procedure, may very well be 
combined with the information about potential neural system sensitization in the 
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particular patient. And it may as well be combined with assessment of the subopti-
mal health status which takes into consideration also a psychological status that is 
affected by the same external factors, for example, long-lasting stressful situations 
that may cause neural sensitisation [22, 24, 25].

Moreover, some of these biochemical markers, many of them related to the diet 
and lifestyle, are routinely measured in the clinical labs and offer a possibility for 
targeted preventive actions within the process of prehabilitation which can further 
be supported by nutrition profiling that would include particular markers. Among 
such markers that can be relatively easily monitored in the clinical laboratory there 
are: vitamin D, vitamin B12, vitamin B6, coenzyme Q10, glutathione, homocyste-
ine, n-3 PUFA (linoleic acid, EPA, DHA), zinc, selenium, magnesium, 
4- hydroxynonenal (4-HNE), malondialdehyde (MDA), whose early determination 
prior to the planned surgery can contribute to the prediction of pain chronification 
as well as it can help in personalized therapy and monitoring after the surgical/
medical procedure undergone by the patient [32, 34–37].

There are also studies which link chronic pain to the epigenetic factors influenc-
ing particular methylation sites at concrete regions of human DNA [38]. Other stud-
ies show that DNA methylation markers in T cells could serve as “predictors” of 
pain sensitivity and potentially chronic pain [39]. This kind of analysis, however, is 
rather complicated for being implemented in the routine processes of healthcare at 
the current state of the technology in the vast majority of hospital laboratories. 
Although the predictive potential for pain chronification on the basis of specific epi/
genetic analyses (DNA methylation, histone acetylation, mi RNA, etc.) is, undoubt-
edly, very high, we don’t expect that these tests will become a routine in the near 
future so that we propose more feasible way of pain chronification prediction which 
would proceed from the specific questionnaire with combination of measurement of 
biochemical markers. Moreover, the very factors (see Fig. 2) which the question-
naire is focused on to identify, may contribute to chronification of pain via changing 
particular genes’ expression [38] thus causing pain hypersensitivity in the patient 
who may possibly be early identified on the basis of well-designed predictive 
questionnaire.

10  Role of Mitochondrial Health in Prediction 
of Chronic Pain

In the context of another chapter of this book dedicated particularly to the mito-
chondrial health and its role for PPPM/3 PM here we want to emphasize the inter-
relations between the topics. The mitochondrial dysfunction has been linked to 
chronic pain through several mechanisms mediated via mitochondrial electron 
transport chain, mitochondrial permeability transition pore, apoptotic pathways, 
calcium homeostasis, reactive oxygen species. It was suggested that mitochondrial 
energy generating system and mitochondrial reactive oxygen species play important 
roles in the pathogenesis of chronic pain [40, 41]. We want to stress that monitoring 
of mitochondrial health may serve as yet another marker since the improper 
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function of mitochondria in the cells of a patient indicate that there is the potential 
for pain chronification. Moreover, this knowledge provides the tools and strategies 
for personalized therapies and interventions based on dietary supplements. 
Antioxidants such as vitamin C and vitamin E show additive antinociceptive (pain 
reducing) effects after peripheral nerve injury [34, 35].

Numerous studies have also reported that polyphenols, biologically active phy-
tochemicals with flavonoids being among them, have antioxidant and anti- 
inflammatory properties and ability to activate sirtuin 3 (SIRT3), a mitochondrial 
protein directly or indirectly controlling antioxidant enzymes such as manganese 
superoxide dismutase (MnSOD). Other findings also demonstrate that restoring 
mitochondrial functions and protecting activity of sirtuin 3 by natural antioxidants 
such as mentioned polyphenols, could be beneficial during oxidative-stress-induced 
allodynia and hyperalgesia. Besides, re-establishing the activity of SIRT3 by poly-
phenolic fractions of particular plant extracts may serve as a new target in therapeu-
tic intervention for the management and rehabilitation of pain-suffering patients 
[36, 42, 43].

11  Role of Microbiome in the Personalized Prediction 
and Prevention of Pain Chronification

Although this topic goes far beyond the scope of our chapter, we cannot omit yet 
another possibility for complex intervention in the case of predicting and preventing 
chronic pain through the particular mechanisms of the gut–brain axis. The studies 
show various links between pain, inflammation, immunity, and gastrointestinal 
microbiota. Thus preventive action in pain chronification may also lead, in parallel 
to other preventive actions, to supporting healthy microbiome via well-designed 
personalized diet based on the analysis of nutritional status and patient’s gut micro-
biome [34, 37, 44–47]. Such an attitude is well in agreement with prehabilitation 
process, as discussed in the particular chapter of this book, and with practical appli-
cation of PPPM in the procedures of future healthcare.

12  Standard Prevention of Chronic Pain

By understanding the pathophysiological characteristics of the pain chronification 
process, we are able to identify this condition in the patient and recognize risk fac-
tors for each stage of chronic pain. As a result, we are able to identify and apply at 
each stage an individually selected combination of preventive and therapeutic 
approaches to minimize suffering associated with chronic pain and subsequently to 
mitigate the socio-economic impact of chronic pain.

In clinical practice, we can distinguish two types of chronic pain prevention:

 1. primary prevention: it is an effort to prevent the development of chronic pain, 
i.e., that the chronification process of acute pain does not even start. As these 
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measures should be performed at the latent or early prodromal stage of chronifi-
cation, they are non-standard for the pain specialists and rather concern the work 
of general practitioners and specialists in the treatment of acute pain in individ-
ual specialties. In any case, they relate to the influence of the peripheral compo-
nent of pain, which can be influenced by effective preemptive and postoperative 
analgesia, infiltration of the surgical incision, etc., as well as the central compo-
nent of pain, when it is necessary to identify or predict or therapeutic procedures, 
planned operation, etc.

 2. secondary prevention: it is aimed primarily at reducing the spectrum and reduc-
ing the intensity of progression of chronic pain symptoms, as well as alleviating 
the consequences and complications of the manifest stage of chronic pain. This 
is already mostly in the hands of the pain specialists.

13  Chronic Pain Pharmacotherapy Algorithm

The success of the treatment of chronic pain lies in understanding the pathophysi-
ological changes associated with sensitization of the nervous system and in deploy-
ing the right combination of drugs individually for the patient. When striving for 
complexity and purposefulness of the therapeutic procedure, it is necessary to influ-
ence the central and peripheral component of chronic pain and at the same time to 
time the individual therapeutic steps correctly. This process of complex treatment of 
chronic pain is structurally illustrated by the so-called Chronic pain pharmaco-
therapy algorithm, which emphasizes the need to combine pharmacists from dif-
ferent groups influencing several levels of the nervous system that are involved in 
the development of pain [1]:

 1. Stimulation of damaged and failing central pain inhibition. In pain medicine 
practice, it is often necessary firstly to stimulate and stabilize impaired pain inhi-
bition mechanisms (segmental, descending, and central), usually by using an 
appropriate antidepressant (from the group of Tricyclic antidepressants (TCA), 
Selective serotonin reuptake inhibitors (SSRIs), and Serotonin norepinephrine 
reuptake inhibitors (SNRIs)), administered for a long time (on average 1 year) in 
a low dose once a day, but also transcutaneous electrical nerve stimulation 
(TENS), but also others.

 2. Stabilization of the present CNS sensitization. N-methyl-D-aspartate (NMDA) 
receptor antagonists (e.g., ketamine, nonsteroidal anti-inflammatory drugs—
NSAIDs), transient receptor potential V channel (TRPV) agonists (capsaicin) 
and potassium channels (flupirtine), as well as antidepressants (TCAs, SSRIs, 
SNRIs) as an antinociceptives or “antisensitising” drugs, that stimulate central 
inhibitory mechanisms, or opioids, anxiolytics, neuroleptics, calcium channel 
blockers and many others. There is, too, possible to use some non- pharmacological 
procedures (such as psychotherapy, autogenous training, targeted motivation, 
TENS), and others.
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 3. Reduction of nociceptive peripheral afferentation. In addition to strengthen-
ing the central component of pain, we must also secure the reduction of exces-
sive nociceptive afferentation from the periphery in different ways. This is either.

 (a) by reducing the generation of pain impulses (the so-called pain generator) 
either by controlling sterile inflammation at the site of tissue damage by 
applying anti-inflammatory drugs (NSAIDs, corticoids) or,

 (b) by trying to reduce ectopic excitation by anticonvulsants (pregabalin, gab-
apentin, carbamazepine) and on the one hand,

 (c) by reducing painful transmission by applying regional anesthesia tech-
niques at the level of the spinal cord, nervous plexus, and peripheral nerves 
(by local anesthetics in the role of Na+ channel blockers).

Depending on the patient’s condition, we can apply them either at the 
same time as the pharmacotherapy is started, or only after the effect of this 
treatment. In clinical practice, it is really interesting to see how a few hours 
of limiting the supply of painful impulses coming from the point of origin to 
the spinal cord can allow to reconstruct segmental and supraspinal “defense” 
(inhibitory mechanisms) of the central nervous system with consequent 
improvement in patient pain and suffering.

 4. Ensuring current analgesia. In addition to the above-mentioned therapeutic 
interventions, we strive to ethically ensure quality up-to-date analgesia accord-
ing to the principles of the analgesic ladder with the application of non-opioid 
and opioid analgesics, adjuvant drugs, non-pharmacological procedures, etc.

14  Suggested Strategy for Prevention of Chronic Pain from 
the PPPM Point of View: Creating a Questionnaire as a 
Research Tool for Pain Chronification Prediction and Its 
Relation to the Assessment of the Suboptimal Health 
State and the Possibilities of Photobiomodulation 
Therapy in Management of Chronic Pain

In the previous text we hypothesized that the above spectrum of pathognomonic 
symptoms, typical of the presence of CNS sensitization and usually leading to 
chronic pain, can be used to predict the risk of pain chronification in the context of 
PPPM as well as in the context of established SHS assessment. Based on these 
assumptions, we believe that from a PPPM perspective, these symptoms may serve 
as specific predictors of pain chronification. The most basic method for assessing 
the patient’s individual assumptions for pain chronification is the form of a suitably 
designed questionnaire, combined with substantiated theoretical and practical sci-
entific diagnostic methods.

Creating a questionnaire as a sophisticated research tool is a relatively complex 
professional activity, but even so, it is the most frequent research method in bio-
medical research. Questionnaire research is a good choice as it provides us with a 
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wide range of information from a large number of respondents and may very well 
extend the information potentially acquired by analyzing particular biomarkers of 
chronic pain, inflammation, malnutrition, and SHS.

In addition to the prediction of pain chronification, from the PPPM/3 PM point 
of view we must emphasize also preventive therapy and management of chronic 
pain by particular diet as outlined in the literature [34, 36, 37, 42, 43] and non-
phamacological interventions using modern photobiomodulation therapy (PBMT), 
formerly known as low level laser light therapy (LLLT) [48] which has effect on the 
mitochondrial processes, apoptosis, inflammation, and other which may be linked 
to pain at different levels [49–53].

15  Risk of Pain Chronification Questionnaire

The questionnaire we are currently working on is named “Risk of Pain 
Chronification Questionnaire” (RPCQ). It is designed the way that will allow a 
patient to fill it him/herself—usually before the first, initial algesiological examina-
tion. Thematically, it touches the level of somatic or unspecified mental attributes. 
It further examines the anxiety and depression of the patient. The topics of questions 
complement each other in order to achieve the main goal—to detect risk factors, 
predictors of pain chronification, or to reveal the occurrence of predictive factors 
that can detect and especially quantify the risk of transition of acute pain to chronic. 
The scoring system identifies the degree of risk of pain chronification. Based on 
the total score obtained, we will be able to determine the degree of risk of acute pain 
chronification (ranging from none to clearly present signs of chronic pain). The 
questionnaire is currently undergoing the validation process in our hospital and will 
be published to share the experience with worldwide scientific community.

16  Practical Significance of the Questionnaire 
for the Prehabilitation Processes in the Future 
Healthcare Set Up in the Context of PPPM

The questionnaire has two potential benefits. On one hand, it is the detection of the 
degree of sensitization in the patient, the detection of risk factors that could lead to 
the process of transition from acute pain to chronic pain but eventually it can reveal 
the presence of chronic pain as the disease itself, if not properly and early managed 
ahead of the medical procedure.

The second important significance of this questionnaire lies in the fact that it is 
able to detect the risk of surgery failure due to the existence of CNS irritation and 
sensitisation in the preoperative period. In clinical practice, we sometimes encoun-
ter a situation where, despite the standard preoperative and perioperative course, the 
result of the operation did not turn out well. The patient is dissatisfied, constantly 
complaining of pain in the surgical wound, suffers from insomnia, mood disorders, 
and develops persistent postoperative pain. This situation leads to various misunder-
standings between the surgeon and the patient, and it is usually the patient who ends 

I. Martuliak et al.



89

up with, at best, being labeled as “maladapted patient.” Thus, the key question is not 
if we can, even in the preoperative period, predict whether and in whom such a 
postoperative complication can occur but rather how we should do it the most fea-
sible and effective way to prevent it from happening.

In the field of planned surgical procedures in the preoperative and perioperative 
period—the use of the concept of Enhanced Recovery After Surgery (ERAS) [54] 
is known in healthcare. ERAS is a multimodal perioperative care designed to 
achieve early recovery in patients undergoing major surgery. ERAS represents a 
paradigm shift in perioperative care in two directions. First, it re-examines tradi-
tional practices and, where necessary, replaces them with evidence-based best prac-
tices. Second, it is complex in its scope and covers all areas of the patient’s pathway 
through the surgical process which is well in an agreement with complex attitude 
of PPPM.

It is known that the key factors that keep patients in the hospital after surgery and 
prevent them from rapidly returning home, include the need for parenteral analgesia 
or the need for intravenous fluids, e.g., in intestinal dysfunction. Central elements of 
the ERAS pathway address these key factors and help elucidate how they interact to 
influence a patient’s recovery. In addition, ERAS provides advice to all those pres-
ent and involved in the perioperative care process and helps them work as a well- 
coordinated team in providing the best care. ERAS minimizes the occurrence of 
complications, leads to a faster recovery, shortens the hospital stay. It consists of 
various interventions, whether preoperative, perioperative or postoperative.

In the context of the principles and visions of PPPM/3 PM it is very important to 
emphasize the role of the preoperative period that is essential for preoperative opti-
mization and prehabilitation—the common intention is compensation of comorbidi-
ties. In the field of prehabilitation, particular approaches are implemented that are 
crucial for the best outcome of the medical procedure. For example, well prepared 
patient (prehabilitated) should undergo evaluation of the nutritional status and con-
sequent improvement of this status on the basis of particular laboratory tests if nec-
essary. Furthermore, it is psychological grounding, suboptimal health status 
assessment, pain chronification questionnaire, and other evaluations of the factors 
having influence on the particular medical procedure. The essence is that it is no 
longer possible to achieve the optimal functional capacity of the patient or his/her 
optimal psychological/physical/nutritional status postoperatively, which is too late, 
and only 40% of patients regain their initial functional status postoperatively.

And it is in this preoperative period, within ERAS and prehabilitation that the 
immense potential of the well-designed questionnaire that is currently, as described 
above, being under validation process in our hospital, and its predictive power will 
rise even more in synergy with the suboptimal health status assessment [22–25] In 
practice, the patient pre-operatively completes a questionnaire, which is then evalu-
ated by an ERAS specialist.

 – If none or the first risk level (level 0 or 1) of pain chronification is detected, pre-
habilitation continues, the operation is recommended to the patient.

 – If a low risk of chronification (level 2) is detected after completing the question-
naire, the patient must undergo a psychological examination and, based on the 
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psychological examination, the operation is recommended or postponed—then 
the patient must undergo a psychological intervention.

 – If, after completing and evaluating the questionnaire, the third or fourth risk 
degree of chronification is classified (i.e., high risk of chronification or chronic 
pain is present)—the operation is postponed, psychological examination follows 
and the patient’s sensitization must be treated.

We anticipate the completion of the validation process for predicting the risk of 
pain chronification by the end of 2022. After the validation, we plan to apply it in 
the clinical practice of several workplaces of pain specialists, surgeons, general 
practitioners and other specialists, especially within the ERAS system. Expected 
benefits of the questionnaire implementation for prediction of pain chronification in 
clinical practice we plan to share through scientific publications and we also plan to 
share the experience and facilitate implementation of PPPM in the hospital environ-
ment in cooperation with other institutions worldwide.

17  Conclusion and Recommendations

The need for determination of risk factors or predictors that support and/or describe 
the process of pain chronification follows from our long-term experience in daily 
routine practice in the field of Pain medicine as well as it is emerging from the sci-
entific knowledge accumulated to date.

Nervous system sensitization plays a key role in the transition from acute to 
chronic pain. The occurrence of certain factors, predictors, is clearly associated with 
the phenomenon of pain chronification. Recognizing, identifying, and using them as 
predictive markers plays a key role in preventing chronic pain as well as providing 
targeted and personalized treatment. Therefore, the detection of these factors, which 
are directly related to the phenomenon of pain chronification, plays a key role not 
only in pain medicine but also in the practical implementation of the concept of 
predictive, preventive, and personalized medicine, where by detecting these factors 
we can prevent suffering from pain and reduce the risks of surgery or other medical 
procedures.

In the context of the main topic of the whole publication, “PPPM from Bench 
to Bedside,” here we propose that the strategies of suboptimal health status 
assessment, prehabilitation procedures that include nutrition profiles assessment, 
mitochondrial health, and assessment of the health status for pain chronification 
prediction should all be combined into one complex attitude under the PPPM/3 PM 
strategy in the future system of healthcare worldwide. In our hospital we are 
working on the practical implementation of all particular attitudes benefiting pri-
marily our individual patients as well as the whole society. An international col-
laboration may substantially speed up the process and catalyze the essential 
changes that are needed to transform the current systems of healthcare into the 
new, perspective, sustainable, science-and-common-sense-based system of 
future healthcare.
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BMI  Body Mass Index
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1  Introduction

The prevalence of postural defects in children and adolescents has been of concern 
to those concerned with the development of the younger generation for years [1]. 
Posture is called the way an individual hold themselves in a free-standing position, 
and the external manifestation of this is the mutual spatial arrangement of the vari-
ous parts of the body and the silhouette of a person. Posture is similar but not identi-
cal in all people—it is an individual trait [2]. Posture according to Kasperczyk’s 
definition, is the arrangement of individual body parts, not affected by pathological 
changes, providing optimal stability of the body requiring minimal muscular effort 
and “creates conditions for optimal positioning of internal organs” [3]. By abnormal 
posture we mean one in which, due to the occurrence of a defect, deformities have 
occurred in the formation of the spine, chest, pelvis, lower limbs or feet [4]. The 
greatest risk of developing abnormal posture is during the period of rapid growth, 
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i.e., between the ages of 5 and 7, and adolescence, i.e., between the ages of 12 and 
16 [5]. However, it should be noted that some deviations from normal posture are 
physiological for a certain age. Until about age 6, lumbar hyperlordosis is present, 
and the formation of spinal curvatures occurs at age 7. The ontogeny of the develop-
ment of the lower extremities is distinguished by greater variability. Up to the age 
of 3  years, the characteristic feature is the scoliosis of the knees. At the age of 
4–6 years, physiological valgus of the knees occurs [6]. Schildt showed that the 
changes that occur in the musculoskeletal system at the age of 5–7 are genetically 
determined, while external factors (including the influence of physical activity) 
have a significant impact along with the improvement of the function of the muscu-
loskeletal system [4]. According to Prof. Wiktor Dega, a postural defect is a set of 
postural errors defined as a small single deviation from normal posture that can be 
corrected with appropriate passive and active exercises [6].

Data from the Center for Health Information Systems shows that spinal deformi-
ties were diagnosed in 17.14% of children and adolescents aged 0–18 and in 9.7% 
of those aged 2–9. Changes in skeletal elements directly related to the spine (thorax, 
pelvis) and disorders of the upper and lower extremities account for 45–55% of all 
postural defects [2, 6].

Factors that contribute to postural defects include: poorly chosen learning 
positions, inappropriate positions during rest, genetic diseases, bad dietary 
habits leading to overweight and obesity, overtiredness, vision and hearing 
defects, and low levels of physical activity [6, 7]. Overweight parameters are as 
follows: for females, body mass index (BMI) 25–30 and for males, BMI 26–30. 
Obesity parameters are as follows: class I—BMI 30–35; class II—BMI 35–40; 
class III—BMI  >  40. According to the World Health Organization (WHO), in 
2016, 50 million girls and 74 million boys around the globe were registered as 
being obese [8]. In Germany approx. 1.9 million children and adolescents are 
overweight, and among these 800,000 are obese. In the USA the number increased 
from around 5% in the 60 s/70 s to 17% in 2003/04. In Europe approx. Five per-
cent of the children aged 5–17 year are concerned [9]. Pubertal gender dichotomy 
of girls accumulating fat vs. boys losing fat and growing muscles and height illus-
trates an obesity-related aspect of gender differential adaptation to scarcity and 
women’s advantage [10]. Posture can also be affected by age, gender, race, 
somatic structure of joints, bones and muscles, mental state, including stress, and 
sports practiced [11, 12]. Nowadays, the increasing prevalence of postural defects 
seems to be most influenced by low levels of physical activity and the rising rates 
of overweight and obesity observed in the population of preschool and school- 
aged children. This is primarily due to a sedentary lifestyle associated with low 
physical activity and a tendency to spend leisure time in front of the computer or 
television. Undoubtedly, the occurrence of postural defects is related to the life-
style. Lifestyle is a term to describe the way individuals, family circles, and soci-
eties live and which behavior they manifest in coping with their physical, 
psychological, social, and economic environments on a day-to-day basis. Lifestyle 

B. Cieślik



97

is expressed by daily work and leisure profiles, including activities, attitudes, 
interests, opinions, values, and allocation of income. From a psychological point 
of view lifestyle derives from people’s self-image or self-concept (the way they 
see themselves and believe they are seen by the others), including self-esteem and 
self-efficacy [13]. Overall results reported in 2008 by the National Institute of 
Public Health indicate that physical activity in Poles is too low, and activity in 
children and adolescents is declining in older age groups [14]. Table 1 illustrates 
the characteristics of normal posture and faulty posture. Abnormal posture in 
childhood carries consequences in adulthood, such as reduced cardiorespiratory 
and lung capacity, pain in the spine and related structures, and displacement of 
internal organs [15].

Postural defects are any deviation from normal posture. They are fixed changes 
in the skeletal apparatus that cause various types of dysfunction. Tadeusz Kasperczyk 
says that postural defects are deviations from the generally accepted characteristics 
of normal posture, appropriate for a given age group, gender or physique. Postural 
defects are various types of deformities in the organs of locomotion, such as chest 
defects, back defects or defects of the lower extremities [7]. The most common 
posture defects in children and adolescents are as follows:

• Round back is characterized by excessive backward curvature of the spine. 
This defect is located in the thoracic region, it is known as hyperkyphosis or 
deepened thoracic kyphosis. In the round back, the muscles of the back are 
weakened and stretched: rhomboid, trapezius, neck muscles and extensors of 
the back, the dysfunction of which causes the torso to tilt forward, spread the 
shoulder blades, and put the shoulders forward. The muscles that are strained 
and excessively contracted are: the muscles of the thorax, the serratus and 
intercostal muscles.

• Concave back is characterized by a deepening of the lumbar lordosis, an increase 
in the anterior tilt of the pelvis, a protruding abdomen and a protrusion of the 
buttocks. In the concave back, the muscles that are excessively stretched and 
contracted are the straight thigh muscle, the iliac-lumbar muscle, the quadratus 

Table 1 Characteristics of normal posture and faulty posture [7]

Normal posture Faulty posture (acc. to Kasperczyk)
   • Straight head alignment,
   •  The spine is physiologically curved in the sagittal 

plane, and straight in the frontal plane,
   •  Arched chest, which is the most forward part of 

the body,
   •  The pelvis is supported by the heads of the 

femurs,
   •  The lower limbs are straight, and the feet are 

properly arched

   •  Head protruded forward or to the 
side,

   • Chest flat, sunken or distorted,
   • Shoulders protruded forward,
   •  Abdomen protuberant, protruding 

forward or flabby, sagging,
   •  Back raked, rounded, and the 

pelvis has too much inclination,
   • Feet flat
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lumborum muscle, and the lumbar extensor muscle of the back. Excessively 
stretched muscles are: gluteal muscles, ischiofemoral muscles, abdominal 
muscles.

• Concave-round back is a postural defect in which both round and concave 
back symptoms are present. The characteristic features of this defect are 
increased lumbar lordosis and deepened thoracic kyphosis. In a child with a 
concave back, the head is forward, not projecting onto the sternum, the chest 
is flattened, the shoulders are protruded, the shoulder blades are outstretched 
and protruding from the chest, the abdomen is flabby, the buttocks are 
accentuated.

• Flat back is a postural defect characterized by a flattening of both physiological 
curvatures of the spine. The reduction of physiological curvatures reduces the 
strength of the spine, whose normal shape—with retained curvatures—has 17 
times greater strength. Untreated flat back can lead to scoliosis and inversion of 
the physiological curvatures.

• Scoliosis, known as lateral curvature of the spine, is a postural defect involving a 
multiplanar deviation of the spinal line from normal. This deviation occurs in 
the planes:
 – Frontal—the spine bends to the side, right or left,
 – Sagittal—lordotic and kyphotic bending deepens,
 – Transverse—there is rotation of the vertebrae, which leads to the formation 

of a hump.
• Funnel chest is characterized by a collapse of the sternum in the region of the 

xiphoid process. Here the chest is flat and flattened, the abdominal and back 
muscles are weakened, causing the shoulders to protrude.

• Pigeon chest is characterized by the fact that the sternum along with the adjacent 
parts of the ribs protrude significantly forward, while the distal parts of the ribs 
are collapsed at the sides. This defect is caused by disorders of the ossification 
processes.

• Cross-knees, this defect is characterized by an X-shaped medial alignment of 
the knees. The axis of the lower leg forms an outward open angle with the axis 
of the thigh. The peripheral segment, which is the shank, is located in abduction. 
We speak of cross-knees when the distance between the medial ankles exceeds 
4–5 cm when the knees are compact and straightened.

• Bow-legs, are characterized by an inward twisting of the limb. Bow knees are 
diagnosed when the distance between the knees is greater than 4–5 cm (the 
legs take the shape of the letter “O”) with the feet together. The most com-
mon cause of this defect is rickets caused by vitamin D3 deficiency, over-
weight children, and adolescents and prolonged sitting in a cross-legged 
position [7].

In Fig. 1 the relationship between risk factors, assessment of body posture, and 
the consequences of untreated disorders is shown.
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• poorly chosen learning positions

• inappropriate positions during rest

• genetic diseases

• overweight and obesity

Risk factors and 
prevention

• age race and gender

• somatic structure of joints, bones and muscles

• mental state, including stress

• sports practiced and hobbies

Individual 
assessment of 
body posture

• reduced cardiorespiratory and lung capacity

• pain in the spine and related structures

• displacement of internal organ

Consequences of 
untreated postural 
defects in adults

Fig. 1 Risk factors, assessment of body posture, and consequences in adulthood

Being aware of the above-mentioned problems and the predictive and preventive 
potential of the PPPM attitude toward the health of children, the aim of this study 
was to assess posture in boys and girls aged 5–6 years attending kindergartens in the 
city of Jawor, Poland as an example of the potential mentioned.

2  Study Group and Research Methods

The tests were conducted as part of the preventive posture testing program imple-
mented by the Jawor District Clinic. The tests were aimed at children aged 5–6 who 
attend kindergarten in the Jawor municipality. Children from four public kindergar-
tens and one non-public kindergarten were assessed. The study lasted from October 
2018 to January 2019. Written consent from a parent or legal guardian was obtained 
for each child’s participation in the study. Each parent or guardian of a child partici-
pating in the study received an examination card describing the child’s posture and 
recommendations for further management, in case of the presence of a postural defect.

2.1  Study Group

The study group consisted of 281 children aged 5–6 years. 119 (42.35%) children 
were 5 years old and 162 (57.65%) were 6 years old. The majority of the study group 
were boys 144 (51.25%). The characteristics of the study group are given in Table 2.
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Table 2 Characteristics of the study group

Age Boy N (%) Girl N (%) Total N (%)
5 years 66 (23.49%) 53 (18.86%) 119 (42.35%)
6 years 78 (27.76%) 84 (29.89%) 162 (57.65%)
Total 144 (51.25%) 137 (48.75%) 281 (100%)

2.2  Study Methods

Assessment of the subjects’ posture was carried out using the viewing method 
according to the table of postural defects based on modified criteria of Wiktor Dega 
(see Table  3) [16, 17]. In each child, in a lateral position, the following were 
observed: the position of the head and neck, shoulders and shoulder blades, the 
formation of the curvatures of the spine—the course of lordosis and kyphosis, the 
shape of the abdomen and legs. When examining the posture from the front and 
back, attention was paid to the alignment of the head and neck, shoulders and shoul-
der blades, the vaulting of the rib cage, the course of the line of the spinous pro-
cesses of the spine, the triangle of the waist, the anterior superior iliac spines, the 
knees (crossed, bowed), the structure of the foot (foot: flat, valgus, inflexed). During 
the examination of the course of the spinal line, the child—standing with his or her 
back to the examiner—was instructed to perform a loose forward bend of the trunk 
(feet slightly apart, head and upper limbs loose). The examiner, by running the 
index and middle finger along the spinous processes of the spine, was able to deter-
mine (after the child returned to an upright position) whether the child had a scoli-
otic posture or not. List of postural defects based on Wiktor Dega’s criteria:

• Head.
• Shoulders.
• Pigeon chest.
• Funnel chest.
• Hyperkiphosis.
• Scoliotic posture.
• Scoliosis.
• Hyperlordosis.
• Pelvis.
• Abdomen.
• Flat back.
• Cross-knee.
• Bow-legs.
• Flat foot.
• Valgus foot.
• Contractures:

 – Shoulder joint.
 – Hip joint.
 – Knee joint [11, 12].
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Table 3 Assessment of the severity of postural defects in the children studied

Grouping variable No defect N (%) Slight defect N (%) Severe defect N (%)
Age
5 years 79 (28.11%) 38 (13.52%) 2 (0.71%)
6 years 107 (38.08%) 54 (19.22%) 1 (0.36%)
Gender
Boy 84 (29.89%) 58 (20.64%) 2 (0.71%)
Girl 102 (36.30%) 34 (12.10%) 1 (0.36%)
Study population
Total 186 (66.19%) 92 (32.74%) 3 (1.07%)

In addition, the children examined were classified into one of the three groups 
based on the severity of the postural defect. These groups included children without 
a defect, children with a mild defect that is subject to correction with corrective 
gymnastics and other physiotherapeutic measures, and subjects with a severe pos-
tural defect in whom surgical intervention to correct the defect should be considered.

2.3  Statistical Analysis

The obtained results of the study were subjected to statistical analysis using 
Statistical version 13.1 software. Normality of distribution of the studied variables 
was assessed using the Shapiro-Wilk test (p = 0.50), and homogeneity of variance 
was assessed using the Levene’s test (p = 0.00). The Student’s t-test for independent 
variables was used to evaluate differences in the incidence of postural defects by age 
and gender. Spearman’s rank order correlation was used to evaluate the relationship 
between the incidence of postural defects and age and gender. The p-values were 
considered statistically significant for p ≤ 0.05.

3  Results

No postural defect was found in 186 (66.19%) of the children studied. A slight 
defect was found in 92 (32.74%) children, and a severe defect was found in 3 
(1.07%) subjects (see Table  3). The most common postural defects in the study 
group were asymmetry and forward tilt of the shoulders in 30 (10.68%) children, 
flat feet in 16 (5.69%) subjects, lower limb shortening in 11 (3.91%), and scoliosis 
in 14 (4.98%). It should be noted that the above-mentioned postural errors were 
often observed simultaneously in a single child, further increasing the prevalence. 
Lower limb shortening and shoulder girdle asymmetry co-occurred in 2 (0.71%) 
subjects, scoliosis and shoulder girdle asymmetry were observed in 13 (4.63%) 
children, and flat feet and shoulder girdle asymmetry were observed in 4 (1.42%) 
subjects (see Table 4). Statistical analyses conducted indicate differences between 
the prevalence of postural defects and gender (p = 0.00), while no such relationship 
was shown for age (p = 0.30). The majority of girls were characterized by normal 
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Table 4 Prevalence of postural defects in the children studied

Postural defects

Gender Age Total 
population  
N (%)Boy N (%) Girl N (%)

5 years  
N (%)

6 years  
N (%)

Normal posture 84 
(29.89%)

102 
(36.30%)

79 
(28.11%)

107 
(38.08%)

186 (66.19%)

Scoliosis 8 
(2.85%)

6 (2.14%) 7 (2.49%) 7 (2.49%) 14 (4.98%)

Asymmetry and 
anteflexion of the 
shoulders

16 
(5.69%)

14 
(4.98%)

14 
(4.98%)

16 
(5.69%)

30 (10.68%)

Shortening of the lower 
limb

8 
(2.85%)

3 (1.07%) 6 (2.14%) 5 (1.78%) 11 (3.91%)

Asymmetry of the head 1 
(0.36%)

0 (0%) 0 (0%) 1 (0.36%) 1 (0.36%)

Lower limb shortening and 
shoulder girdle asymmetry

0 (0%) 2 (0.71%) 0 (0%) 2 (0.71%) 2 (0.71%)

Scoliosis and shoulder 
girdle asymmetry

8 
(2.85%)

5 (1.78%) 6 (2.14%) 7 (2.49%) 13 (4.63%)

Flat feet and shoulder 
girdle asymmetry

4 
(1.42%)

0 (0%) 1 (0.36%) 3 (1.07%) 4 (1.42%)

Pigeon/funnel chest 2 
(0.71%)

0 (0%) 0 (0%) 2 (0.71%) 2 (0.71%)

Flat feet 11 
(3.91%)

5 (1.78%) 6 (2.14%) 10 
(3.56%)

16 (5.69%)

Hyperlordosis 1 
(0.36%)

0 (0%) 0 (0%) 1 (0.36%) 1 (0.36%)

Cross-knee 1 
(0.36%)

0 (0%) 0 (0%) 1 (0.36%) 1 (0.36%)

posture, while boys were more likely to have postural defects, the differences were 
statistically significant (p ≤ 0.05).

4  Discussion

4.1  The Occurrence of Postural Defects and Correct Posture 
in Children

The growing number of postural defects is a significant social problem [18]. 
However, in the study presented here, the majority of the study population had nor-
mal posture. It should be borne in mind that the preschool age is characterized by a 
large inter-individual variation. This is not only due to the different rates of the 
development of basic somatic characteristics, but also to the variation in body struc-
ture and posture [16]. Similar results were obtained by Wilczyński [14], in whose 
study there was also a preponderance of children with normal posture, with 71.0% 
of the subjects, 15.0% of the subjects had concave backs, and 13.0% had flat backs. 
Also in the study by Drzał-Grabiec et  al. [9] children with normal posture 
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predominated, a small percentage of faulty postures (7%) was found, and no poor 
postures were found. Different results were observed in a pilot study conducted by 
Janiszewska et al. [4] where the presence of postural defects was found in as many 
as 93.2% of the children studied. Specific postural abnormalities of the studied pop-
ulation of children occur with similar frequency in both girls and boys. The most 
common postural abnormalities include: foot defects (78.4%), thoracic and lumbar 
scoliosis—combined (73.9%) and malaligned shoulder blades (59.5%).

4.2  Type and Frequency of Posture Defects

In the present study, the most common postural defects were asymmetry and ante-
flexion of the shoulder girdle, scoliosis, flat feet, and lower limb shortness. A similar 
study was conducted by Andrzejewska and Grabarczyk [19], whose goal was to 
demonstrate postural abnormalities in children from Wroclaw.

The authors obtained the following results: Among the analyzed postural abnor-
malities of children, trace scoliosis occurred in boys in an average of 36%, typical 
scoliosis in 3% at the age of 7–15 years. In girls, trace scoliosis and typical scoliosis 
were revealed in a similar percentage as in boys—37% and 3%, respectively. 
Shoulder asymmetry was the most common of all the postural defects analyzed, 
averaging 55% in boys, with more than 70% in subjects aged 8 and 15. In girls, the 
asymmetry averaged 56%, with the highest number of subjects with shoulder asym-
metry (about 70%) registered among 7- and 14-year-old children. Among abnor-
malities in knee alignment, cross-knees were observed primarily among both boys 
and girls. In the evaluation of foot arches, flattening of the feet was found to be the 
most common defect. More than 35% of boys aged 9 and 11 and girls aged 8 and 10 
had this defect. Flat feet were found less frequently, with the exception of 7-year-old 
boys (40%). There were also defects in the arches of only one of the feet. In a study 
by Macialczyk-Paprocki et al. [16] the most common abnormalities in the table of 
errors according to W. Dega concerned the foot (48.2%) and shoulders (37.2%).

The most common abnormalities were flat feet and plano valgus, as well as 
shoulder malalignment, which occurred significantly more often in boys, compared 
to girls. Cross-knees were more common in boys than in girls; the differences were 
not statistically significant. Bow-knees were observed in only about 3% of boys; 
this defect did not occur in girls. Scoliotic posture was detected in 24.7% of boys 
and in 20.8% of girls.

4.3  Relationship Between Posture Defects and Overweight 
and Obesity

The purpose of the study by Wilczynski et al. [20] was to evaluate the relationship 
between the anteroposterior shape of spinal curvatures and body composition in 
school-aged children. The study included 257 children aged 11–12 years. Normal 
spinal curvatures were present in 106 (41.08%) subjects. The other types of 
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abnormalities were: decreased kyphosis and normal lordosis—40 subjects (15.50%), 
normal kyphosis and decreased lordosis—24 subjects (9.30%), increased kyphosis 
and normal lordosis, 17 subjects (6.59%), normal kyphosis and increased lordosis, 
22 people (8.53%), decreased kyphosis and decreased lordosis, 32 patients (12.40%), 
decreased kyphosis and increased lordosis, 4 people (1.55%), increased kyphosis 
and increased lordosis, 13 participants (5.04%).

Another study by Maciałczyk-Paprocki et al. in 2017 [21] assessed the epide-
miological prevalence of abnormal posture in overweight and obese children and 
adolescents residing in Poznań (Poland). The study population consisted of a repre-
sentative group of children and adolescents aged 3–18  years randomly selected 
from dozens of kindergartens (3–6  years), elementary schools (7–12  years), and 
middle and high schools (13–18) in Poznań. The duration of the study was 2 years. 
In the entire study population (2732 subjects), postural defects were found in 67.9% 
of the subjects (918 boys and 938 girls). In obese children, the prevalence of pos-
tural defects was significantly higher than among normal-weight children (p = 0.001) 
and overweight children (p = 0.0046). Among girls and boys with excessive body 
weight (overweight and obese), the percentage of postural defects was highest in the 
group of children 7–12 years old. Despite the fact that girls with excessive body 
weight aged 7–12 as well as 13–18 had a higher number of postural defects than 
boys, the difference was not statistically significant (p > 0.05). The prevalence of 
abnormal posture in all obese boys was found to be 1.5 times higher than among 
normal-weight boys, but the difference was not statistically significant. In obese 
girls, the prevalence rate of postural abnormalities was twice that of the normal- 
weight group, and this difference was found to be significant (p = 0.004). In children 
aged 3–6 years, obesity and overweight do not increase the likelihood of postural 
defects In the group of students aged 7–12 years, the likelihood of postural defects 
was significantly higher in obese than in normal-weight students, both in boys 
(p = 0.042) and in girls (p = 0.007). Only overweight boys aged 13–18 had a signifi-
cantly lower number of foot defects than their normal-weight peers (p = 0.021).

4.4  Foot Defects in Children

Foot defects are a common phenomenon especially in children and are a serious 
medical and social problem. Feet, more than other parts of the musculoskeletal sys-
tem, are exposed to adverse effects of the external environment. The most important 
moment of foot formation is the preschool period [22]. In the present study, flat feet 
were present in 16 (5.69%) of the children studied, but more often in boys, i.e., in 
11 cases (3.91%). The study conducted by Klimczak et al. [18] shows that among 
the children studied, 48% had normal feet, 25% had flat feet, and 28% had hollow 
feet in relation to the plantocontourogram with patterned foot types. Rykała et al. 
[23] observed that in loading the feet with their own body weight, as the children 
grew older they were characterized by worse transverse arches, while better longi-
tudinal arches of the feet. In a study by Skowron et al. [24], 30% of children had a 
properly arched foot, 30% had a flattened foot, and 40% had a flat foot.
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It should be emphasized that in recent years most studies on the assessment of 
body posture in children have been conducted by senders from Poland. This situa-
tion is evident in the research results cited above.

5  Conclusion and Recommendations

On the basis of our study we conclude and recommend for the practical application 
of PPPM principles the following:

 1. Normal posture was present in 186 (66.19%), and postural defects were found 
in 95 (33.81%) of the children studied.

 2. The most common postural defects were asymmetry and anteflexion of the 
shoulder girdle, scoliosis, flat feet, and lower limb shortening.

 3. Postural defects were more common in boys, while normal posture was more 
common in girls.

 4. The age of the children studied did not affect the prevalence of postural defects.
 5. Preventive screening of posture in children and adolescents should become 

a routine procedure for assessing a child’s health, at each stage of devel-
opment, which will help to avoid serious health consequences in 
the future.

 6. The use of visual assessment of children’s posture is a simple and effective 
method of capturing postural abnormalities and referring the child for fur-
ther diagnosis and treatment.

 7. The criteria for correct posture cannot be constant and unambiguous for every-
one; on the contrary, they should undergo changes depending on the child’s 
developmental period. In this assessment, factors such as constitutional type, 
sports disciplines, and forms of recreation cannot be ignored.
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STAT3 Signal transducer and activator of transcription 3
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1  Introduction

We introduce a new research paradigm that involves PPPM in conjunction with 
multiomics to study human pituitary adenomas [1]. The goal is to clarify differences 
between proteins in controls versus adenomas. This research is performed within 
the framework of predictive, preventive, and personalized medicine (PPPM; 3 PM). 
Multiomics collects the variety of new methodologies developed over the past 
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Fig. 1 The basic process of multiomics in pituitary adenomas. (Modified from Li N, Desiderio 
DM, and Zhan X (2021) [1], copyright permission from Wiley publisher, copyright 2021. Modified 
from X. Zhan, Zhou, et  al. (2019) [2], copyright permission from IntechOpen publisher open- 
access book chapter, copyright 2019)

several years, and includes transcriptomics, genomics, proteomics, etc. (Fig. 1). We 
focus here primarily on the proteome and proteoforms of adenomas.

The adenohypophysis (anterior pituitary) contains corticotrophs, gonadotrophs, 
somatotrophs, thyrotrophs, and lactotrophs [3]. Those anterior pituitary cells are 
tightly regulated throughout the multiple hypothalamic-pituitary-target axes. 
Hypothalamic-releasing hormones transit to the pituitary to release the individual 
hormones from corresponding cells, and the pituitary hormones travel to their target 
organs. Tumors are a common disease that occurs in the anterior pituitary to affect 
the hypothalamic-pituitary-target axis systems and affect an individual’s health. 
Many omics studies, especially proteomics and transcriptomics, were performed in 
this research to reveal the molecular changes and signaling pathway alterations in 
pituitary adenomas, and to discover effective biomarkers for PPPM practice.

Recently, the concept of proteome has been further developed. The traditional 
concept was that the canonical protein was the basic unit of a proteome. However, 
after a protein amino acid sequence is synthetized in a ribosome, it must be translo-
cated to a specific location and form a spatial conformation that interacts with its 
surrounding molecules to form a complex to exert its final function. In the transloca-
tion process, many post-translational modifications (PTMs) form; they are impor-
tant factors that yield the diversity of a canonical protein. The final structural and 
functional format of a gene or a canonical protein is termed a proteoform, which is 
the basic unit of a proteome. The estimate of the number of proteoforms is in the 
billions. The term “canonical protein” includes multiple proteoforms derived from 
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Fig. 2 Relationship of proteoform, protein, and proteome. (Modified from Zhan et al. (2018) [4], 
with permission from Hapres publisher open access publication, copyright 2018; and reproduced 
from Zhan, Li et al. (2019) [5], with permission from MDPI publisher open access publication, 
copyright 2019). mRNA messenger RNA, nRNA noncoding RNA, PTM post-translational 
modification

the same gene. Each proteoform has its individual isoelectric point (pI) and relative 
molecular mass (Mr). Proteoforms derive from alternate splicing, PTM, proteolysis, 
etc. The term “protein” collects a number of individual molecular species: precursor 
to the protein, amino acid sequence, PTMs, conformation, cofactors, binding part-
ners, receptor (which is a protein with its associated proteoforms, PTMs, etc.), 
localization, and function of that complex (Fig. 2). Complexity increases rather than 
decreases as we gather more basic structural information.

This book chapter will primarily discuss the proteome changes of adenomas, and 
proteoforms of two anterior pituitary hormones—growth hormone (GH) from 
somatotrophs and prolactin (PRL) from lactotrophs.

2  Current Achievements in Pituitary Adenoma Multiomics

Approximately 20% of all intracranial tumors are pituitary adenomas; most are 
benign (~65%) some are invasive (~35%), and a few (~0.2%) become malignant 
carcinomas [6]. Some adenomas are macroadenomas (>10  mm) and some are 
microadenomas (<10  mm). Some are hormone-secreting, and some are non- 
secreting. The World Health Organization (WHO) developed a new classification 
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system to include transcription factors in addition to immunohistochemistry and 
hormone secretion.

We have studied neuropeptidergic systems in human adenomas since 1985 [7, 8]. 
Those studies include non-functional pituitary adenomas (NFPA), invasive NFPAs, 
control pituitaries, and secreting adenomas (GH-, PRL-, and ACTH-secreting) [9]. 
A wide range of methods was used: quantitative transcriptomics (DEGs), quantita-
tive proteomics (DEPs), proteomic mapping, nitroproteomics, phosphoproteomics, 
proteoformics, and metabolomics.

We have discovered in human pituitary tissues 149 new proteins, 46 GH proteo-
forms, nine nitroproteins, six prolactin variants, 108 ubiquitinated proteins, 56 dif-
ferentially expressed proteins (DEPs), 26 phosphoproteins, and two differential 
peptides. As we delve deeper into the basic molecular chemistry of the pituitary, we 
continue to uncover more structure-rich information.

We will rationalize in the following sections these experimental data of pituitary 
adenomas within the PPPM framework.

3  Pituitary Hormone Proteoforms of Pituitary Adenomas 
Within the PPPM Framework

Human pituitary hormones such as GH and PRL are the important message factors 
in the hypothalamic–pituitary–target axis systems in the human endocrine system, 
and any changes (structural; quantitative) could significantly affect human health. 
The traditional opinion is that quantity changes of these hormones (GH and PRL) 
are the main reasons that cause GH- or PRL-related diseases. However, our recent 
studies based on two-dimensional gel electrophoresis in combination with mass 
spectrometry (2DGE-MS) discovered many proteoforms of GH and PRL, which 
significantly clarified and expanded our knowledge about the structure and func-
tions of hormones, including GH and PRL.

3.1  Human Growth Hormone Proteoforms (GHPs)

GH is biosynthesized in the acidophilic somatotrophs in the anterior pituitary. We 
discovered 24 GHPs in our 2DGE-MS analysis of pituitaries. GH is released from 
the pituitary under strict regulation from hypothalamic GH-releasing hormone 
(GHRH). GH interacts with its receptors in the liver, free fatty acid depot, and, via 
a long feedback loop, the somatotropin-release inhibiting factor (somatostatin = SS) 
neuron in the paraventricular nucleus. SS, in turn, downregulates the release of 
GHRH. Tight regulation of this system is critical. If too much GH is released, then 
gigantism or acromegaly might occur; too little might lead to stunted growth [10].

We discovered 46 GHPs that were ubiquitinated, acetylated, phosphorylated, and 
deaminated. It is not known which one (or several, or many) of the GH proteoforms 
is released from the anterior pituitary in the GH system. Clearly, more data are 
needed to resolve these important clinical questions.
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a b

c d

Fig. 3 2DGE-based western blot of growth hormone proteoforms (GHPs) in GH-secreting pitu-
itary adenoma and control pituitary tissues. (a) Coomassie blue-stained 2D gel image (46 GHPs) 
in the GH-secreting pituitary adenoma tissue. (b) Coomassie blue-stained 2D gel image (35 GHPs) 
in the control pituitary tissue. (c) 2DGE-based western blot image of GHPs in the GH-secreting 
pituitary adenoma tissue. (d) 2DGE-based western blot image of GHPs in the control pituitary 
tissue. (Reproduced from Li B, et al. (2021) [13], copyright permission from Springer open access 
article, copyright 2021)

The GH receptor exists in an inactive homodimeric, parallel form before GH 
binding. After GH binding, the receptor shifts to a left-handed crossover configura-
tion [11].

3.1.1  GHP Pattern Changes in Pituitary Adenomas
2DGE-separation, GH antibodies, mass spectrometry (MS), and MS/MS were used 
to characterize GHPs. In addition, three selected GHP PTMs were studied: phos-
phorylated (with 6-plex iTRAQ), ubiquitinated (with an anti-Nε-acetyl-lysine anti-
body), and acetylated (with an anti-K-GG-antibody) proteomics [12]. MS and MS/
MS were used to characterize each GHP and to locate each modification site. The 
2D gel, after protein separation and Coomassie staining, contained ~1000 spots. 
After transfer to a PVDF membrane, GHPs were detected with a GH antibody and 
characterized with MS (Fig. 3).

3.1.2  Special Note on 2DGE
Many researchers would rather use LC-MS rather than 2DGE because 2DGE is 
labor-intensive. However, it is crucial that any quantitative LC-MS data demonstrate 
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a high level of reproducibility (>96%) of LC peak retention times; similar to 2DGE 
spot volume and spot position data.

2DGE provides several important experimental factors: (1) a “bird’s eye view” 
of a pituitary proteome; (2) a very high level (>96%) of within-gel and between-gel 
reproducibility of spot volume and spot position; and (3) most importantly, an archi-
val storage for precious human tissue and separated proteins. The latter point is 
important because, whenever MS improves sufficiently, one can revisit those gels to 
detect and characterize low-copy number proteins.

Even more important is that significant improvements in 2DGE resolution have 
been published by Zhan et al. [14], who predict a 2DGE resolution of 500,000 pro-
tein species. That quantum improvement in 2DGE will impact significantly onto 
PPPM, and will allow the separation and characterization of proteins with a very 
low-copy number.

3.1.3  Discovery of 46 GHPs
We found 46 GHPs in GH-secreting pituitary adenomas and 35 GHPs in control 
pituitaries. Those 35 GHPs in controls were a subset contained within the 46 GHPs 
in pituitary adenomas. Eleven GHPs were found only in pituitary adenomas [13]. 
Such an extensive metabolic re-shuffling of that number of GHPs between pituitary 
controls and adenomas is quite significant, and leads to an important question: what 
metabolic dysfunction(s) occurred to create so many extensive alterations? That 
question requires further research.

3.1.4  Significant PTMs of GHPs
The four types of PTMs found in GHPs [13] include the following:

 1. Phosphorylation at Ser 77, Ser 132, Ser 134, Thr 174, and Ser 176. Phosphorylation 
could indicate a potentially new regulatory system. Phosphorylation adds a neg-
ative charge at physiological pH. Differential phosphorylation patterns occurred 
between pituitary controls and adenomas.

 2. Ubiquitination at Lys 96 was found in pituitary adenomas, but not in controls. 
Ubiquitination could lead to protein degradation and/or modulate a protein’s 
metabolic activity.

 3. Acetylation (removes a positive charge) was found at Lys 171.
 4. Deamination (adds a negative charge) was found at Asn 178.

Again, all of those diverse, multiple PTM data indicate that extensive differential 
remodeling and PTM formation occur between controls and adenomas. Those dif-
ferential GHP data lead to a question: What role do these multiple and diverse PTMs 
play in a wide range of clinically important mechanisms that include GH receptor 
binding/interactions, signaling pathways, homeostasis, and pathologies?

Removal of a positive charge and addition of a negative charge in GHPs 
could play a significant role in protein: protein interactions such as in protein: 
receptor interactions. For example, in the COVID-19 delta variant spike protein, 
Pro-681 was replaced with Arg near the furin cleavage site. Also, the omicron 
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MATGSRTSLLLAFGLLCLPWLQEGSAFPTIPLSRLFDNAMLRAHRLHQLAFDTYQE

F E E A Y I P K E Q K Y S F L Q N P Q T - p S - L C F S E S I P T P S N R E E T Q Q - u b i K - S N L E 

L L R I S L L L I Q S W L E P V Q F L R S V F A N S L V Y G A - p S - D - p S -

NVYDLLKDLEEGIQTLMGRLEDGSPRTGQIFKQTYS–acK-FDpT-N-pS-H-N*-

D D A L L K N Y G L L Y C F R K D M D K V E T F L R I V Q C R S V E G S C G F

T+S = 31 (5 were phosphorylated. S77; S122, S134, S176, T174).

N+Q = 10 (N*-178 deaminated).

K = 7 (96-ubi; 171-acetyl).

Fig. 4 GH amino acid sequence. 217 amino acids. Signal peptide 1–26 (underlined). Isoform 1 
(191 amino acids; MW = 24,847 kDa)

variant has ~50 modifications in several critical binding regions. Profound bio-
logic activity changes might also occur from these charge modifications of pitu-
itary proteins.

Another question: what role do these PTMs play in GH receptor binding, protein 
interactions, and signaling pathways? Changes in the charge of particular amino 
acids could increase or decrease the strength of protein: protein binding.

All of these protein data are substantiated with MS/MS amino acid sequence 
data, which are assembled via tryptic peptide analysis, and incontrovertibly identify 
each protein. When we use the name of a protein, that means that we know the pro-
tein. No other analytical method provides critical amino acid sequence information 
of a protein at endogenous biological levels.

Furthermore, it is quite helpful to illustrate the location of each amino acid modi-
fication that we found in GHP. Figure 4 highlights in different colors the modified 
K, N, T, and S amino acid residues that we discovered during our recent studies. It 
is clear that the amino acid sequences contained within the region residues 171–178 
constitute a highly modified region. GH contains two anti-parallel alpha-helices 
that, most probably, contribute to the access of those particular residues to modifica-
tion mechanisms.

3.1.5  Signalomics of GHPs
All GHPs (except for one GHP, T46) found in this study derived from mature GH; 
that finding means the signal peptide 1–26 was removed from the GH prehormone. 
These significant data indicate that a potential regulatory system, or a dysregulated 
system, might participate in the formation of pituitary adenoma.

3.1.6  Splicing Variants of GHPs
Alternative splicing is an important factor to produce protein diversity. Human 
GH has four splicing variants [15] that include: splicing variant 2 (removal of 
amino acid sequence 58–72); splicing variant 3 (removal of amino acid sequence 
111–148); and splicing variant 4 (removal of amino acid sequence 117–162); all 
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from the normal GH (GH variant 1) [16]. We found that two GHPs were splicing 
variant 2, one GHP was splicing variant 3, 43 GHPs were splicing variant 1 (nor-
mal GH), and no splicing variant 4, in GH-secreting pituitary adenomas. Three 
GHPs were splicing variant 2, 32 GHPs were splicing variant 1 (normal GH), and 
no splicing variants 3 and 4 were found in control pituitaries [13]. Those multiple, 
diverse, and significant differential splicing variant patterns found between pitu-
itary adenomas and controls reflect differential biosynthetic patterns that were 
significantly altered between controls and adenomas. More-detailed knowledge of 
the basic molecular, enzymatic, and PTM mechanisms that produce those differ-
ential patterns might help to clarify the pathophysiology of pituitary adenomas.

3.1.7  Rationale for Different GHPs
Several factors that contribute to the different amounts and structures of the GHPs 
include:

 1. Certain genes. STAT3 induces GH-secreting pituitary adenoma cell growth. 
Genes bind specifically to the hGH promoter to induce transcription to further 
promote GH secretion.

 2. Alterations in cell-cycle regulation and growth-factor signaling; epigenetic 
changes (DNA methylome; histone modification) lead to gene mutations for GH 
hypersecretion.

 3. Mis-translation: source of great diversity.
 4. PTMs that impact structure and function of proteins include glycosylation, phos-

phorylation, acetylation, ubiquitination, deamidation, nitration, plus others. 
Those PTMs allow for an exponential increase in the number of proteoforms.

3.1.8  Strengths, Weaknesses, and Future GHP Studies. 
An Important Question for PPPM: Which GHP Interacts 
with the GH Receptor?

The strengths of this GH study include solid experimental protocols and the unam-
biguous amino acid sequence data that elucidated the molecular basis of differential 
GHP patterns. The limits of this study are the small sample size and the need for 
more tissue samples. However, it is difficult to obtain pituitary controls (post- 
mortem) and adenomas (post-surgery).

Future studies include several important factors: (1) serum GH proteoform pat-
terns, which could be an effective biomarker for PPPM to treat GH-secreting pitu-
itary adenomas and GH-related diseases; (2) GHP interactions with its GH receptors; 
and (3) include other PTMs.

A very difficult, theoretical, but extremely fruitful, goal would be to develop 
“chrono-pan-omics” experimental strategies to monitor over time all of the ongoing 
changes in all of the pertinent pituitary proteoforms.

Moreover, when we state that a pituitary “protein” hormone interacts with its 
receptor, specifically which “protein (GHP)” do we mean out of the dozens of 
GHPs? That same question exists for any pathology, and is an important question 
for PPPM studies and clinical practice.
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3.2  Human Prolactin Proteoforms (PRLPs)

We discovered six PRLPs in pituitary adenomas [17]. Those six PRLPs had a sig-
nificantly different distribution pattern among the five groups of pituitary adeno-
mas: NF−, FSH+/LH+, FSH+, LH+, and PRL+ (Fig. 5). The proportional ratio of those 
PRLPs in the adenoma subtypes demonstrates striking differences that result from a 
variety of dysfunctional metabolic pathways. Apparently, rich sub-molecular mech-
anistic pathways occur in PRL-secreting pituitary adenomas, and it is important to 
elucidate the multiple molecular pathways that participate in those pathways.

Bioinformatic analysis of these PRLPs predicted that all six PRLPs derive from 
deamidation, phosphorylation, N-glycosylation, and O-glycosylation. Interestingly, 
in contradistinction to GHPs, all PRLPs derived from the PRL prohormone, and not 
from the mature PRL [17]. They retain the signal peptide. The GH and PRL data are 
different and indicate that signalomics is a novel concept that apparently plays a 
significant role within GH and PRL adenomas, and that could provide an effective 
diagnostic PPPM tool for those adenomas.

It is again important to know which PRLP interacts with its receptor, and what 
are the effects of the different PRLPs on the signaling pathways. PRL interacts with 
either the short PRL receptor or the long PRL receptor. The short PRL receptor 
activates the PI3K/AKT system, and the long receptor activates the Jak STAT sig-
naling pathway [17]. At this time, we do not know which one of the six PRLPs 
interacts with which receptor, and thus we do not know the effect on the two sepa-
rate pathways. Further studies are needed on those crucial molecular pathways.

Fig. 5 2DGE image of prolactin proteoforms (PRLPs) in human pituitary tissues and its propor-
tion ratio among five subtypes of pituitary adenomas. (Modified from Qian S, et al. [17], copyright 
permission from Frontiersin publisher open access article, copyright 2018)
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4  Multiomics of Pituitary Adenomas 
in the Framework of PPPM

4.1  Comparative Proteomics of Pituitary Adenomas

We also studied the detailed comparative proteomics of eight control and 15 mac-
roadenoma pituitary tissue samples [12, 16, 18–22]. We rigorously demonstrated 
the experimental reproducibility (gel spot volume and spot position) within each gel 
set, and synthesized a master gel for controls. When we compared each individual 
adenoma gel to that master gel, we accurately located differentially expressed pro-
teins (DEPs).

Those comparative 2DGE data can be rationalized readily within a 7- dimensional 
space (five dimensions for protein abundance; one for protein name; one for protein: 
protein interactions). Protein abundances either increased (10- or 100-fold), did not 
change, or decreased (10- or 100-fold). Those significant differential abundance 
data were the first glimpse into the extensive variety of protein changes within a 
pituitary adenoma, and led to many subsequent studies. Interaction analysis linked 
how those proteins interacted with each other and yielded a rich interaction network 
that involved GH, PRL, CAPZB, cytochrome c, Jnk, ERK, among many other pro-
teins. Modified proteins were found in mitochondrial complex 1 (NADH dehydro-
genase ubiquitinone Fe-S protein, NDUFS8) and in complex four (cytochrome c 
oxidase, COX6B1). Those modified proteins might play a role to generate reactive 
oxygen species (ROS).

Other studies contributed to those comparative proteomics data. Lu, et al. listed 
several sites of potential pharmacology treatment for pituitary adenomas in the 
MAPK signaling pathway [23] (Fig. 6). The ERK-MAPK signaling, p38-MAPK 
signaling, and JNK signaling all play important roles in pituitary adenomas. For the 
MAPK signaling system in pituitary adenomas, the activation of ERK signaling is 
generally thought to promote cell proliferation and growth, whereas the activations 
of p38 and JNK signaling are generally thought to promote cell apoptosis [23]. 
Some therapeutic drugs exert anti-tumor effects by targeting one of these pathways 
or all three pathways at the same time. MAPK signaling is a very complex network, 
and always interacts with other pathways such as the PI3K and cAMP pathways to 
affect tumor progression. The latest development of MAPK signaling in pituitary 
adenomas and the related anti-tumor drugs that target MAPK signaling pathways 
would provide new insights into critical pituitary adenoma pathogenic mechanisms 
and pre-clinical data for effective treatment [23].

The Nrf-2-mediated oxidative stress response signaling pathways are important 
and offer potential targets for personalized medicine of pituitary adenomas [9, 24] 
(Fig. 7). Oxidative stress is sensed by this Nrf2 system. Oxidative stress derives 
from a rich variety of sources: heavy metals, drugs, xenobiotics, UV radiation, etc. 
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activates ASK1, TAK1 or MEKK1, which activates MKK3/6, which subsequently phosphorylates 
p38 isoforms. In the ERK signaling, Ras activates the serine/threonine protein kinase Raf to acti-
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ASK1 in the p38 signaling also activates MKK4/7 to crosstalk with JNK signaling. ROS reactive 
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That oxidative stress is transferred into the cytoplasm to produce electrophiles 
[reactive oxygen species (ROS), and reactive nitrogen species (RNS)] that alter 
multiple cytoplasm pathways and the Nrf2/Keap1 complex. Phosphorylated Nrf2 
separates and transfers into the nucleus to interact with the antioxidant-response 
element (ARE)/electrophile-response element (EpRE). Thereafter, multiple sys-
tems are activated: ubiquitination; chaperone and stress response; phase 1 and 2 
detoxification and reactive metabolites; phase III detoxifying proteins; and antioxi-
dant proteins. Our comparative proteomics studies found many of the molecules 
discussed here (HSPs, CAT, SOD, etc.)
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4.2  Cellular Systems Significantly Associated 
with Pituitary Adenomas

Our experimental data demonstrate that mitochondrial dysfunction, oxidative stress 
(ROS; RNS), cell-cycle dysregulation, and MAPK signaling associate with human 
pituitary adenomas [24, 25]. Those signaling pathway system changes provide a 
systematic and in-depth insight into molecular mechanisms, and indicate the effec-
tive biomarkers and therapeutic targets for PPPM of pituitary adenomas.

4.3  Quantum Improvements in PPPM of Pituitary Adenomas

The diverse experimental data discussed in this chapter can be readily assembled 
into a coherent, focused synopsis of their significance and of their roles in PPPM. For 
example, the pituitary adenoma proteome can be accessed via two separate branches: 
the tissue proteome and/or the body-fluid proteome/peptidome [26].

For the body-fluid branch, CSF and plasma are used to elucidate pattern varia-
tions with protein/antibody microarrays. One can readily and accurately assess the 
therapeutic response, interventional prevention, and predictive diagnosis for a high- 
risk population. In this manner, PPPM achieves a very high level of accuracy [26].

For the tissue proteome branch, one detects proteome variations in protein 
expression, protein modification, and slicing. Those data lead to modality of protein 
variation and an accurate molecular classification that is used for interventional 
prevention, personalized treatment, and personalized patient care [26]. Overall, this 
paradigm can lead to halt the occurrence and progression of tumors.

Thus, the data described in this chapter led to a quantum level of PPPM improve-
ment that has been achieved for pituitary tumor detection, analysis, and treatment. 
Clearly, the basics of this new paradigm could be readily translated to many other 
human pathologies within the broad scope of PPPM.

4.4  Omics Biomarkers for Pituitary Tumors

An excellent review demonstrated graphically the omics biomarkers that have been 
published in the literature of pituitary tumors [27]. The authors correlated 171 dif-
ferent biomarkers with associated pituitary neuroendocrine tumor (PitNET) sub-
types (lactotrophs, somatotrophs, corticotrophs, NF-PitNET, null cell, and varied 
PitNETs). That review is an excellent source for pituitary adenoma biomarkers.

4.5  Differential Patterns and PPPM

Similar to a cell, we can now organize all of the various omics into one coherent 
differential pattern. For example, all of the patterns obtained from DNA, RNA, 
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proteins, etc. can be distilled into one “cell-like” “meta-omics” system to accurately 
reflect the metabolism in normal cells in order to clarify the dysfunctional systems 
within a pathology [28]. The biomarker patterns that are under study in many labo-
ratories can be assembled into an integrated pattern that, at a “birds-eye view” level, 
reflects the metabolism and pathology that occurs within a cell [29] (Fig. 8). For 
example, a DNA marker pattern derives from genomics data (mutation, loss, inserts, 
fusion); an RNA biomarker pattern from transcriptomics (splicing, ncRNA); protein 
biomarker patterns from proteomics (PTMs, variants, proteoforms); metabolite bio-
marker pattern from metabolomics (control and tumor metabolites); and image- 
texture features from radiomics (PET-CT, MRI, CT) [28–30]. After all of those 
individual patterns are combined, a clearer, more-accurate picture of the pathology 
emerges that occurs within an adenoma. The rapid improvements in experimental 
paradigms, instrumentation, and application in each contributing field provide a 
dramatically improved ability in our ability to monitor basic molecular events that 
occur in human control and pathological tissues. PPPM, in turn, improves at a rapid, 
significant, and more-accurate pace to improve the individual health care of each 
patient.
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Fig. 8 Multiomics-based integrative pattern biomarkers. (Reproduced from Cheng and Zhan 
(2017) [29], with permission from Springer publisher open access article, copyright 2017)
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Fig. 9 The contribution of mulltiomics to pituitary adenoma clinical practice. (Modified and 
upgraded from Zhan et al. (2018) [15], with permission from Elsevier publisher, copyright 2018. 
Reproduced from Li N, Desiderio DM, and Zhan X (2021) [1], copyright permission from Wiley 
publisher, copyright 2021)

4.6  Improved PPPM Practice in Pituitary Adenomas

The amount of novel data accumulated in recent pituitary adenoma research pro-
vides a quantum leap in our ability to improve accurate PPPM in practice. For 
example, multiomics data plus biomarker data lead to improved prediction/preven-
tion, diagnosis/therapy, and prognostic assessment [26, 28, 30]. Those improve-
ments derive from several factors. The combination of multiomics data (genome, 
transcriptome, proteome, peptidome, metabolome, microbiome, and radiome) with 
molecular network-based pattern biomarkers (age, gender, race, histology classifi-
cation, functional classification, stage, metastases, surgical options, adjuvant ther-
apy, multiple endocrine neoplasia, Carney complex, familial isolated pituitary 
adenoma) leads effectively to improved prediction/prevention, diagnosis/therapy, 
and prognostic assessment [26]. As a result, PPPM improves significantly.

In sum, PPPM is moving from the genome, via the RNAome, to the personalized 
phenome and PPPM high-precision medicine [1, 15] (Fig. 9).

4.7  PPPM of the Personal Phenome

Along that long route, several components play a significant role. The genome 
incorporates mutations, losses, inserts, fusion, and modifications [1, 15] (Fig. 9). 
The RNAome involves RNA splicing and modifications [1]. External and internal 
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environments impact on the genome, RNAome, and personalized phenome [15]. 
Variations in the metabolome and proteome impact on the phenome [15]. In sum, 
the cell (normal; tumor) results from the delicate interplay among a wide variety of 
molecular components.

It is the goal of this research program to elucidate (as many as possible) the 
molecular components in those systems to improve significantly PPPM.

5  PPPM-Related Aspects in Pituitary Adenomas

5.1  Literature Analyses of BMI, Pituitary, Adenomas, 
Carcinomas, and Neoplasias

The recent EPMA position paper 2021 that focused on “normal” BMI is very impor-
tant (via a serendipitous circuitous route) to our study of pituitary adenomas [31]. 
The section on prostate cancer was significant to DMD, and circuitously prompted 
the question: “what effect does BMI have on the pituitary.” A literature search found 
two pertinent papers that expanded on that question [32, 33]. One paper discussed 
malignant transformation in a non-functional pituitary adenoma—NFPA (pituitary 
carcinoma) [32], and a second paper discussed increased incidence of neoplasia in 
patients with pituitary adenomas [33]. Those papers are striking, and suggest that 
one must consider all of the molecular mechanisms and dysfunctional systems that 
lead from a control, to an adenoma, and on to a neoplasia. It is quite clear that some-
thing (that we do not yet know- but is very important) happens in those special 
cases, and warrants further study. All of these intertwined pieces of information 
point to potential future studies on pituitary carcinomas.

5.2  Economics of Acromegaly Care

It is quite helpful to place this research into proper perspective, and therefore to also 
analyze the economic aspects of pituitary adenomas.

The U.S.A. population is ~3.3 × 108, and acromegaly patients total ~ 4/million 
(330 million × 4/million = 1320 acromegaly patients.). It has been estimated that 
25 years of acute care costs for an acromegaly patient are ~1000,000 USD. Therefore, 
the estimated total cost to the U.S.A. healthcare system is 1320 × 1000,000 USD, or 
1.3 billion USD over 25 years.

Correspondingly, for a world population of 7.9 billion, costs for acromegaly 
patients (total ~ 31,300) equal 31,300 × 106, or 31.3 billion USD over 25 years.

All of those total costs increase further when all of the other pituitary hormones 
and associated adenomas are included.
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5.3  Guiding Principle of this Research Program

The greatest level of understanding of any human disease always derives from an 
in-depth and accurate analysis of the molecules that are involved in that disease. 
That concept means that the structural elucidation of a molecule- and the amino acid 
sequence determination of each peptide, protein, PTM, proteoform, etc. must 
always be rigorously established in order to secure the highest confidence and the 
most-accurate PPPM care of a pituitary adenoma patient. These concepts apply to 
all human pathologies.

6  Conclusions and Expert Recommendations for PPPM 
in Pituitary Adenomas

Multiomics is an effective approach to resolve the complex pituitary adenomas in 
the framework of 3P medicine (PPPM) [1, 15]. However, an individual phenome 
(especially proteome and metabolome) is a bridge to link the genome to PPPM 
practice [15]. Phenome-centered multiomics is a trend for PPPM practice in pitu-
itary adenomas [1]. Metabolomics and proteomics are equally important to provide 
insight into phenomic variations to discover effective biomarkers and therapeutic 
targets for pituitary adenomas [1, 15]. Moreover, biomolecular modifications, 
including DNA modifications, RNA post-transcriptional modifications, protein 
PTMs, and RNA alternative splicing are important factors that produce proteoforms 
[34]. A proteoform is the basic unit of a proteome, which is the final structure and 
functional format of a canonical protein or a gene [5]. Therefore, proteoformics is 
the future direction of next-generation proteomics. In this study, significant 
multiomics- based signaling pathways, biomarkers, and therapeutic targets [13, 17, 
23–25, 27] were found for pituitary adenomas in the framework of PPPM.

We recommend an emphasis on multiomics-driven PPPM for pituitary adenomas 
in the following three aspects:

 1. Predictive approach. Pituitary adenomas are an intracranial, very complex, 
chronic, and whole-body disease, with high-level heterogeneity, and involve a 
series of molecular changes in the levels of DNA, RNA, protein, and metabolite. 
Multiomics-based body-fluid biomarkers (for example, from CSF and serum) 
are an effective approach to predict high-risk person who might develop pitu-
itary adenomas, or prognostically assess the therapeutic effects [26]. In this 
aspect, serum peptidomics and metabolomics might offer important roles.

 2. Targeted prevention. For targeted prevention, multiomics based on pituitary ade-
noma tissues can offer significant signaling pathway changes to discover impor-
tant hub molecules. Those important signaling pathway changes, and the 
corresponding hub molecules, would elucidate the molecular mechanisms of 
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pituitary adenomas and discover novel therapeutic targets for targeted preven-
tion [1, 26]. Another aspect, invasive behavior, is a very challenging clinical 
problem. Multiomics analysis of invasive vs. noninvasive pituitary adenomas 
can uncover invasiveness-related molecules for targeted prevention of invasive 
behavior.

 3. Personalized medical services. Pituitary adenomas are highly heterogenous, and 
include different subtypes and invasive vs. noninvasive subtypes. Multiomics 
analysis can discover effective biomarkers to stratify different subtypes of pitu-
itary adenoma patients for personalized treatments [35, 36]. For example, we can 
establish serum growth hormone proteoform pattern biomarkers to discriminate 
the invasive vs. noninvasive pituitary adenoma patients for personalized therapy 
[13]. If the patient is stratified into invasive group, then this patient will receive 
radiation therapy and even drug therapy in addition to neurosurgery. If the patient 
is stratified into the noninvasive group, then this patient will only receive neuro-
surgery, which would be fine.
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1  The Rising Diabetes Prevalence Has a Huge Impact 
on the Healthcare Systems

Diabetes mellitus has been reaching pandemic proportions as it has been estimated 
that 537 million adults were living with diabetes worldwide in 2021 [1, 2]. The vast 
majority, over 75% of people with diabetes (PwD), are living in middle or low- 
income countries having already limited resources allocated for diabetes care [1, 3]. 
In addition, diabetes is among the top causes of mortality in the adult population, 
responsible for 6.7 million deaths in 2021 [1]. Diabetes related expenditures have 
increased by more than three times in the last 15 years, estimated at 966 billion USD 
in 2021 [1].

Diabetes drivers, such as prediabetes, might result in even higher diabetes preva-
lence in the future. Current estimates suggest 541 million people worldwide have 
impaired glucose tolerance, a form of prediabetes, and a huge number of them 
would eventually be diagnosed with diabetes in near future [1]. The number of PwD 
is, unfortunately, predicted to further rise to 643 million by 2030 and 783 million by 
2045 [1]. Due to the very high and rising prevalence, it is one of the biggest health-
care challenges humanity has ever faced.

The Republic of North Macedonia is a developing country with one of the high-
est diabetes prevalence in Europe [1, 3–6]. The increasing prevalence of type 2 
diabetes in the past three decades has been alarming and had a significant impact on 
the healthcare system in the country [3]. The estimated total diabetes prevalence, of 
both diagnosed and undiagnosed cases, in the Republic of North Macedonia was 
approximately 80,000 people in 2004 [3–5]. Diabetes prevalence has more than 
doubled in the last 15  years, and the estimate of total diabetes prevalence was 
175,100  in 2019, with national diabetes prevalence of 11.2% (20–79 years), and 
age-adjusted comparative prevalence of 9.3% [3–6].

Such high national diabetes prevalence has been explained by similar dietary 
habits and lifestyle to Turkey, having the highest diabetes prevalence in Europe, i.e., 
food abundant in wheat flour, bread, pastry, lots of sweets, and high-fat meals [3–5]. 
Total caloric intake in the country per person per day increased by almost 50% from 
1993 to 2011, which in combination with inadequate physical activity has resulted 
in 53% of the population being overweight and 20% obese [3–5].
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Another factor contributing to the high increase of diabetes prevalence has been 
the psychosocial stress associated with the so-called transitional economy, i.e., a 
transition from planned economy with job security in the past to market economy 
with unprecedented rise in unemployment and associated stress, especially among 
the middle-aged population [3–5]. Additionally, the country has been in the top 10 
countries in smoking prevalence worldwide [3–5]. The first stratified analysis of 
diabetes prevalence in the country found a difference in the place of living, with the 
population living in rural areas having higher diabetes prevalence [3–5].

2  COVID-19 Infection in People with Diabetes: 
A Perfect Storm

Another pandemic, an infectious one, COVID-19 has been an ongoing public health 
crisis, with over 557,917,904 confirmed cases globally, including 6,358,899 deaths, 
as reported to the World Health Organization (WHO) as of 15-July-2022 [7]. The 
Republic of North Macedonia has also been strongly affected by the COVID-19 
pandemics with 317,634 confirmed cases of COVID-19 and 9,337 deaths, reported 
to the WHO as of 15-July-2022 (Fig.  1) [7]. The country has been ranked fifth 
worldwide in terms of COVID-19 mortality rate, as of 15-July-2022 [7, 8].

Recent meta-analysis has demonstrated that diabetes is significantly associated 
with increased odds of severe COVID-19, increased acute respiratory distress syn-
drome (ARDS) rate, mortality, and need for mechanical ventilation in hospitalized 
patients [9]. The estimated overall pooled prevalence of diabetes has been 31% in 
hospitalized COVID-19 patients [9].

The co-existence of COVID-19 and diabetes has been labeled as a perfect storm 
[10]. The COVID-19 infection is associated with acute inflammatory response and 

9.337
Deaths

317.634
Confirmed Cases

Fig. 1 Adapted from the 
WHO data for COVID-19 
(confirmed cases and 
deaths) for the Republic of 
North Macedonia, as of 
15-July-2022 [7]
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cytokine storm, acute tissue damage, acute coronary ischemia, acute kidney injury, 
ARDS, hyperglycemic surges, hypercoagulability, endothelial function, and fibrosis 
[10]. On the other hand, diabetes is associated with chronic, low-grade inflamma-
tory response and insulin resistance, slowly progressing tissue damage, cardiovas-
cular disease, chronic kidney disease, neuropathy, brain changes, glucose variability, 
hypercoagulability, endothelial dysfunction, and fibrosis [10]. Despite the marked 
difference in the duration of inflammation, both COVID-19 and diabetes ultimately 
share the same pathway resulting in glucose disturbances, hypercoagulability, endo-
thelial dysfunction, and fibrosis [10].

Diabetes mellitus has been the most common co-occurring chronic disease in 
patients with multi-morbidity testing positive for COVID-19 [11]. In addition, dia-
betes has been the second most prevalent co-morbidity, after hypertension, in peo-
ple with COVID-19 admitted to hospital [12]. It has already been emphasized that 
PwD were predicted to have increased risk of severe form of COVID-19 pneumonia 
and hospitalization [9, 12].

Of those hospitalized, people with type 1 diabetes were predicted to have approx-
imately three times higher risk of in-hospital mortality, whereas people with type 2 
diabetes were predicted to have approximately two times higher risk of in-hospital 
mortality compared to matched controls [13]. It has been demonstrated that poor 
glycemic control increases the mortality of PwD hospitalized due to COVID-19 as 
early as within 28 days after admission [14].

Furthermore, hazard ratio for all-cause mortality was higher in patients with 
higher values of fasting plasma glucose among COVID-19 patients even without 
known diabetes, when adjusted for age, sex, smoking, systolic blood pressure and 
total cholesterol [15]. A meta-analysis has demonstrated a high proportion of newly 
diagnosed diabetes in COVID-19 patients [16]. Newly diagnosed diabetes has been 
associated with higher risk of mortality than known diabetes in hospitalized patients 
with COVID-19 [15]. In addition, the post-discharge rate of new-onset diabetes was 
elevated in hospitalized COVID-19 patients compared with matched controls [17].

Public health crises, such as COVID-19, pose risks to people with diabetes, in 
terms of their (1) Outcomes, as PwD experience worse outcomes than the general 
population; (2) Access to care and management, as PwD experience reduced access 
to diabetes care and management; (3) Adherence to treatment, as long-term treat-
ments have become more difficult for PwD to maintain; and (4) Psychosocial 
impact, as emotional and behavioral changes are increasing for PwD in response to 
a crisis [18, 19]. A global survey of healthcare professionals has listed diabetes on 
the top of the list of chronic diseases and comorbidities most impacted by COVID-19 
due to the reduction in care [20].

3  Telemedicine as a Platform for 3P Diabetes Care During 
the COVID-19 Pandemics

Taking into consideration the magnitude of the healthcare challenge of co-existence 
of diabetes and COVID-19, application of Predictive, Preventive, and Personalized 
(3P) Medicine approach in diabetes care during COVID-19 pandemic has been of 
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critical importance, with Predictive Medicine covering the predicted risk of related 
morbidity and mortality, Preventive Medicine covering the prevention of micro- and 
macrovascular complications, and Personalized Medicine covering personalized 
monitoring and treatment (Fig. 2) [21].

Diabetes has been one of the major risk factors for COVID-19 morbidity and 
mortality [22]; on the other hand, COVID-19 has resulted in an increase of diabetes 
prevalence, including iatrogenic diabetes due to corticosteroids used for its treat-
ment [23]. Our response has been swift when it comes to infectious pandemic such 
as COVID-19 infection; however, when we have to deal with another pandemic 
developing more insidiously over years, such as diabetes, our action has not been so 
effective [3].

The introduction of the National e-Health System (NeHS) in the Republic of 
North Macedonia on 01-July-2013 was an immense step in the monitoring and 
improving the performance of the national healthcare system [3]. The comprehen-
sive, national Electronic Healthcare Record (EHR) system covered all citizens 
across the three healthcare levels: primary care provided by family physicians, sec-
ondary care provided by specialists in general and regional hospitals, and tertiary 
care provided by university clinics. Implementation of the NeHS has been praised 
internationally as a key platform for improving the performance of the national 
healthcare system [3, 24].

Since the beginning of 2015, the diabetes care module in the NeHS has been 
upgraded with the possibility to record diabetes treatment, metabolic parameters, 
and diabetes complications [3, 24]. In that way, the NeHS has enabled for monitor-
ing the prevalence of morbidities and mortalities, prescribed medications, referrals 
across the system, and metabolic control in one of the worst affected populations in 
Europe [3, 24]. Furthermore, NeHS has become an essential platform for 3P diabe-
tes care, covering the total population of the Republic of North Macedonia [3, 24].

The concept of 3P medicine has emerged as the focal point of efforts in health-
care aimed at controlling the prevalence and management of non-communicable 
chronic diseases, including diabetes [3, 24–28]. The management of diabetes and 
the critical role of 3P medicine in modernization of healthcare have been 
acknowledged as priorities by global and regional organizations and health-related 

Predictive
Medicine

Preventive
Medicine

Presonalized
Medicine

•Microvascular
•Macrovascular

Prevention of
complications:

•Treatment
•Monitoring

Personalized
approach:

•Morbidity
•Mirtality

Predicting risk
of related:

Fig. 2 Applying 3P 
medicine approach in 
diabetes care during 
COVID-19 pandemic
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Table 1 Use of the NeHS as a telemedicine platform for 3P diabetes care during COVID-19 
pandemics

# The roles of telemedicine platform for 3P diabetes care during COVID-19 pandemics
1. Monitoring metabolic control and comorbidities
2. Resupply of insulin and other antidiabetic treatment
3. Monitoring of COVID-19 status (tests, hospitalizations, vaccinations) in PwD

institutions such as the Organization of the United Nations, the European Union, 
and the National Institutes of Health [3, 24–28].

The role of the NeHS as a telemedicine platform for 3P diabetes care has been of 
utmost importance during the COVID-19 pandemics through its use for (1) moni-
toring metabolic control and comorbidities, (2) resupply of insulin and other anti-
diabetic treatment, and (3) monitoring of COVID-19 status (tests, hospitalizations, 
vaccinations) in PwD (Table 1) [3, 24].

4  Monitoring Metabolic Control and Comorbidities

In order to avoid unnecessary physical visits of PwD at out-patient clinics, the 
NeHS has been used as a telemedicine platform for 3P diabetes care for monitoring 
metabolic control through evaluation of uploaded laboratory reports, blood glucose 
monitor (BGM) and continuous glucose monitor (CGM) reports (Fig. 3).

By reviewing the recorded data in the NeHS, it was possible for the clinicians to 
provide necessary treatment recommendations. In addition, the NeHS diabetes 
module allows recording of metabolic parameters, such as HbA1c, glycemic profile, 
systolic blood pressure (SBP), diastolic blood pressure (DBP), Body Mass Index 
(BMI), and diabetes complications—retinopathy, nephropathy, neuropathy, periph-
eral artery disease, coronary artery disease, cerebrovascular disease, diabetic foot. 
Monitoring metabolic parameters and diabetes complications has been the corner-
stone of the 3P diabetes care concept.

The NeHS as a telemedicine platform for 3P diabetes care for monitoring meta-
bolic control and comorbidities has been essential for the PwD hospitalized due to 
COVID-19, or for those who have developed new-onset diabetes during COVID-19 
hospitalization. Taking into consideration the above elaborated close relation 
between the adequate glycemic control and COVID-19 outcomes, there has been a 
need for frequent diabetes consultations as most of the hospitalized patients were 
receiving insulin treatment for achieving glycemic control. In order to alleviate the 
acute cytokine storm, the majority of hospitalized patients were administered pulse 
treatment with high doses of corticosteroids resulting in hyperglycemic surges 
increasing the risk of new-onset diabetes, or worsening the glycemic control of 
patients already diagnosed with diabetes.

All diabetes consultations for hospitalized COVID-19 patients have been 
done through telemedicine—based on the information recorded in the NeHS, 
thus preventing the unnecessary exposure of the clinicians/healthcare profession-
als in the red zones of the COVID-19 departments where COVID-19 patients 
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Fig. 3 The NeHS—telemedicine platform for 3P diabetes care: monitoring metabolic control and 
comorbidities

have been hospitalized. By preventing the unnecessary exposure, the risk for 
contracting COVID-19 infection among the healthcare professionals has been 
greatly reduced.

Clinicians were able to evaluate not only the glycemic profiles in order to initi-
ate or titrate insulin therapy, but also to assess the medical reports of other special-
ists as well as the diabetes complications and comorbidities recorded in the 
NeHS. Treatment adjustments based on metabolic parameters and comorbidities 
have been recorded in the NeHS without any need of physical visit by the PwD 
who were not hospitalized due to COVID-19, thus minimizing their risk of con-
tracting the infection.

5  Resupply of Insulin and Other Antidiabetic Treatment

As outlined in Table 1, the NeHS as a telemedicine platform for 3P diabetes care 
during COVID-19 pandemics has been used for the resupply of insulin and other 
antidiabetic treatment (SGLT2 inhibitors, GLP-1 Receptor agonists, DPP-4 inhibi-
tors) dispensed by the insulin pharmacies. There have been 41 insulin pharmacies 
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throughout the country integrated with the NeHS, so based on the report and pre-
scription by the diabetologists they would dispense the adequate treatment. 
Diabetologists were again able to evaluate the laboratory reports, BGM or CGM 
reports, diabetes metabolic parameters and comorbidities, and other medical reports, 
and to recommend the appropriate antidiabetic treatment.

Thus, PwD were not required to physically attend the out-patient clinics in order 
to obtain their life-saving medicine, and the total consultation has been through the 
NeHS as a telemedicine platform for 3P diabetes care, thereby preventing the risk 
of acquiring or spreading the COVID-19 infection. Metformin, sulphonylureas, and 
thiazolidinediones have been dispensed through the regular (non-insulin) pharma-
cies, being also integrated with the NeHS.

6  Monitoring of COVID-19 Status in People with Diabetes

In addition, the use of the NeHS as a telemedicine platform for 3P diabetes care has 
enabled the monitoring of COVID-19 status of PwD, as COVID-19 tests, COVID-19 
related hospitalizations, and immunization status have been recorded in their indi-
vidual EHRs. It has been possible for the clinicians to evaluate if the PwD tested 
positive for COVID-19, or if PwD were hospitalized due to COVID-19 with all the 
necessary laboratory and imaging reports, therapies provided, or other medical 
reports being available through their individual EHR as part of the NeHS. It has also 
been possible to evaluate the vaccination status, number of doses, type of vaccine 
administered, date of vaccination, any reactions to vaccines, batch number and 
expiry date of the vaccines, place of vaccination, and physician responsible for the 
vaccination.

Despite the availability of the NeHS in the country and the importance of its 
use as a telemedicine platform for 3P diabetes care during COVID-19 pandem-
ics, it has been reported that the Republic of North Macedonia has one of the 
highest COVID-19 mortality rates worldwide. One of the reasons for the high 
mortality rate was related to the lack of intensive care units (ICU) capacities, i.e., 
a lack of necessary infrastructure for severe cases (non-invasive and invasive 
ventilation, central monitoring stations), and lack of experienced and competent 
ICU healthcare personnel. Another reason could be the lack of standardized 
COVID-19 national treatment protocols and training of healthcare personnel and 
use of different treatment approaches in COVID-19 departments across the coun-
try. Delay in massive vaccination of the population, and regional differences in 
adoption of vaccination have also contributed to the poor general COVID-19 
outcomes, with regions reporting lower vaccination rates associated with higher 
hospitalization and mortality rates. Inadequate transmission control might also 
have contributed to the higher COVID-19 mortality rates, with lack of adequate 
border control (entrance in the country without negative tests or vaccination cer-
tificate), and selective and inconsistent social distancing measures across the 
country.
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7  Conclusions and Expert Recommendation 
in the Frame- Work of 3P Medicine

As a conclusion, the NeHS has had a critical role as a telemedicine platform for the 
3P diabetes care during COVID-19 pandemics, enabling monitoring of metabolic 
control and comorbidities, treatment adjustment and evaluation of COVID-19 sta-
tus. The insights for the role of telemedicine in delivering 3P care derived from 
PwD and COVID-19 could certainly be applied to other clinical areas as well.

8  Predictive Approach

The use of NeHS as a telemedicine platform has enabled the prediction of higher 
risk for diabetes complications, including COVID-19 morbidity and mortality, tak-
ing into consideration the poor outcomes of COVID-19 in people with diabetes.

9  Targeted Prevention

The identified higher risk by the use of NeHS as a telemedicine platform has enabled 
targeted prevention of COVID-19 morbidity and mortality in people with diabetes, 
by monitoring the metabolic control and comorbidities, adjusting and resupplying 
the necessary antidiabetic treatment, and monitoring of COVID-19 status.

10  Personalized Medical Services

Concurrently with the prediction of higher risk and implementation of targeted pre-
vention, the NeHS as a telemedicine platform has enabled personalized medical 
services by providing individually adjusted care in people with diabetes and 
COVID-19 infection, based on the data recorded in the system.

11  Outlook

Diabetes associated small vessel disease and neuro-retinal changes create a vicious 
cycle resulting in systemic health adverse effects such excessive mitochondrial and 
retinal cell damage, chronic inflammation, neovascularization, and reduced visual 
field. To this end, proliferative diabetic retinopathy is considered an early and inde-
pendent predictor of other severe diabetic complications such as ischemic stroke. A 
“domino effect” is highly characteristic for the cascading diabetic complications in 
which specifically mitochondrial health control is clinically relevant in overall dis-
ease management. Multiomic tear fluid analysis is considered instrumental for pre-
dictive and prognostic approach [28, 29].
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AIH Autoimmune hepatitis
ALD Alcohol-associated liver disease
AUD Alcohol use disorder
DAMPs Damage-associated molecular patterns
ERAS Early recovery after surgery
FFAR Free fatty acid receptor
FGF Fibroblast growth factor
FMT Fecal microbial transplantation
FOBT Fecal occult blood test
FXR Farnesoid-X-receptor
GPR G-protein-coupled receptor
GPS Global positioning system
LPS Lipopolysaccharide
MALT Mucosa-associated lymphatic tissue (in Gut referred to as GALT)
MAMPs Microbe-associated molecular patterns
MS Microbiome science
NAFLD Non-alcoholic fatty liver disease
PAMPs Pathogen-associated molecular patterns
PBC Primary biliary cholangitis
PPPM The predictive, preventive, and personalized medicine
PRR Pattern recognition receptor superfamily, including membrane and cyto-

solic receptors such as TLR, RLR, NOD, CLR
PSC Primary sclerosing cholangitis
RIP Receptor-interacting protein kinase family
SCFA Short-chain fatty acids
SIBO Small intestinal bacterial overgrowth
TGR5 Takeda G-protein-coupled bile acid receptor

1  Aim of the Chapter

Thanks to the exponential acceleration of a microbiome science (MS), in the near 
future we are about to witness the technological singularity. At the explosion, the 
realms of the predictive, preventive, and personalized medicine (3PM/PPPM) and 
microbiome research are bound to gravitate to the mysterium coniunctionis. Our 
chapter is aimed at providing the reader with an outlook on the particular topics 
related to the role of microbiome in liver diseases which belong to the top-ten causes 
of a global burden of morbidity, mortality, and cancer. And to emphasize until now 
hidden potential of microbiome analysis and healthy microbiome promotion in the 
practical application of 3PM as well as to stimulate further research expanding the 
visions of the next-generation healthcare.
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2  Introduction

Microbes rule the world. It is that simple [1]

Microbial ecosystem is the oldest, richest, and most diverse living ecosystem on 
the planet hard-wired to all its vital processes [2, 3]. The approximately two- hundred 
thousand years old humankind of our kind with some 10,000 generations has 
evolved in an unimaginably diverse niche of microbes (our 719 billionth cousins- 
predecessors)—whose presence around-, on-, and in the body has become the nec-
essary condition for survival [4]. Therefore, microbes in general are not to be 
considered enemies, but allies. Healthy microbiome implies healthy individual in 
the manner akin to the known statement “Mens sana in corpore sano” (originally 
from the first century AD, a Latin phrase by Roman poet Juvenal, translated in 
English as “a healthy mind in a healthy body”). Healthy microbiome is abundant, 
rich, diverse, and resilient—an ecosystem similar to a rainforest [5, 6]. Being at the 
same time an organ of the body and external environment, the microbiome of human 
being—holobiome, represents more than half the body’s cells and 99% of its 
DNA. The main difference from the human genome is that the microbiome can be 
changed—consciously for 3PM, or unconsciously by just living in the modern 
world. Manipulation of microbiome for prediction, prevention, and personalization 
has become the main area of interest of the modern hepatology. Inhabitants of the 
Western and westernized world are living amidst the microbiome diversity crisis. 
Their microbiome is like the ecosystem of a desert – deprived of diversity, richness, 
and resilience [5]. Human microbiome diversity  – the necessary condition for a 
good health – has co-evolved with humans over the same two hundred thousand 
years, but at a mutational pace of 20 min per one microbial generation. They were 
living in harmony with the human genome (open for a genetic change at a pace of 
20 years per one generation) until recently. The microbiome extinction coincides 
with the modernization of our society lasting roughly five human generations (but 
2.5 million microbial generations); therefore, it is of no surprise that human genome 
has been caught absolutely unprepared [5]. The resultant dysbiosis-associated 
microbiome/genome functional mismatch is the root cause behind the chronic endo-
toxemia and low-grade inflammation leading to a pandemic of a non-communicable 
diseases (NCD) including chronic liver diseases (CLD) [7]. Gut is by far the great-
est, the most diverse, and the most health-influential of the human body microbi-
omes and, if not stated otherwise, is referred to in this chapter. Provided healthy gut 
microbiome is the body’s intelligence agency responsible for peaceful handling of 
an external affairs (stressors and diet), liver - via the gut-liver axis - is its closest 
internal affairs proxy.

3  Microbiome in Historical Context and State of the Art

Apart from the Ancient China’s Yellow soup for the soul—which was in all the 
probability the first mention of a fecal microbial transplantation (FMT) for the gut–
brain axis in the history of medicine, as well as of the Ancient Greece’s “Let your 
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food be thy medicine” (Rephrased by J. F. Cryan to “Let food for your microbes be 
your medicine“)—which was probably the first record on a prebiotic nature of the 
food, the modern microbiome science (MS) has begun with the technology: Antony 
van Loewenhoek’s first-ever use of the microscope in 1683 displayed his own oral 
microbes, some still moving (“animalcules were in such enormous numbers that all 
the water... seemed to be alive”). More recently, the Nobel laureate of 1908 Elie 
Metchnikoff (then at the Pasteur’s Institute), after leaving macrophages to their 
own, begun to study longevity and, as described in his book The Prolongation of 
Life, noticed that the oldest inhabitants of the Parsa consumed a noticeably more 
lactic bacteria from a fermented food. Strachan and Bloch have laid foundations to 
the hygienic hypothesis of a global tsunami of NCD’s but, the really new era of MS 
exploded (according to the PubMed statistics) some 15 years ago as a consequence 
of advances in molecular biology and computer science. An enormous speed of—as 
Susan D. Lynch put it – “the enabling tools to interrogate microbial dark matter,” 
begun with the discoveries of microbiome’s: (1) composition via its genetic struc-
ture sequenced by 16S sRNA technology, followed by microbiome’s, (2) functional 
capacity (by the shotgun metagenomics), (3) gene expression (metatranscrip-
tomics / RNA), (4) protein catalytic function (metaproteomics), and (5) metabolic 
activity of molecules (metabolomics) [4, 8–10]. Clearly, the real MS revolution is 
coming now—with the microbiome structure being currently linked with its func-
tion measured by molecular inputs and outputs. This has laid the foundations for 
brand-new areas of research such as foodomics, personalized diets, microbiome- 
pharmacogenetics, phage therapy, etc. Microbiome output interacts with receptors 
on the nearby and distant host cells (such as GPR, FFAR, PRR, TLR, LRR, RIG-1, 
CTLR, CB1, FXR, TGR5), and with nerve-endings of (e.g.) vagus nerve, and create 
a communication web with the distant organs and systems of the body; Emeran 
Mayer coined the term connectome [11, 12]. Its various extensions are called gut–
liver axis, gut–brain axis, gut–muscle axis, etc. [13].

4  Understanding Microbiome Taxonomy and Function

The term microbiome was introduced by Joshua Lederberg in 2001 as a community 
of commensal, symbiotic, and pathogenic microorganisms within a body space or 
other environment. In this chapter, we use it as an umbrella term.

All microorganisms are given a name based on taxonomical rank-based classifi-
cation. In the currently accepted scientific Classification of Life, there are three 
domains of microorganisms: the Eukaryotes, Bacteria, and Archaea. Within each 
domain, a several level species classifications can be found. Organized in a descend-
ing scale the domain level is followed by kingdom, division/phyla, class, subclass, 
order, suborder, family, genus, and species; in addition, species can involve several 
strains [14, 15]. In the scientific classification established by Carl von Linné, each 
distinct species is assigned to a genus using a two-part binary name (for example 
Escherichia coli). In 1987, Carl Woese divided the Eubacteria into 11 divisions 
based on 16S ribosomal RNA (SSU) sequences, which are—with several 
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additions—still used today [16]. In the gut so far, dozens of bacterial phyla have 
been identified of which Firmicutes, Bacteroidota, Proteobacteria, Actinobacteria, 
and Verrucomicrobia are the most abundant; from the perspective of abundance, the 
first two phyla represent 90% of the microbiome [15]. Other phyla include 
Fusobacteria, Chloroflexi, Flavobacteria, Sphingobacteria, Planctomycetes, 
Cyanobacteria, Thermomicrobia, Xenobacteria, Aquificae, Chlorobia, and 
Chrysogenetes. The most abundant of species are Enterobacterium rectale, 
Bacteroides vulgatus, and Escherichia coli. Beneficial are species known for their 
symbiotic metabolic properties (see below) such as Akkermansia muciniphila, 
Roseburia spp, short-chain fatty acids-producing Bifidobacteria, Lactobacillus spp., 
etc. [14, 17].

The gut microbiome contains all the genomes of microbes inhabiting the gut 
including bacteria, archaea, viruses, and fungi [18]. Spurious is the categorization 
of phages, viruses, plasmids, prions, viroids, and free DNA. The term microbiome, 
as it was originally postulated, includes not only the community of the microorgan-
isms, but also their “theater of activity” [19]. The latter involves the whole spectrum 
of molecules produced by the microorganisms, including their structural elements 
(nucleic acids, proteins, lipids, polysaccharides), metabolites (signaling molecules, 
toxins, organic, and inorganic molecules), and molecules produced by coexisting 
hosts and structured by the surrounding environmental conditions [20]. The term 
microbiome is also sometimes confused with the metagenome. Metagenome, how-
ever, is clearly defined as a collection of genomes and genes from the members of a 
microbiota. Microbiome  - personal like a fingerprint and in adulthood relatively 
stable - can be characterized by bacterial clusters, grouped by some (but not all) 
authors to a three enterotypes: I. dominated by Bacteroides, II. by Prevotella, 
III. by Ruminococcus [21, 22]. Microbial community composition defined by the 
metagenome of a single sample can be characterized by its alpha-diversity 
(α-diversity), a numeric value summarizing the structure of the community, with 
respect to its richness, evenness, or both. Alpha-diversity belongs to the most vali-
dated metagenomic marker of gastrointestinal health. The loss of diversity has been 
linked to severity of a multitude of diseases. There is not yet a gold standard regard-
ing α-diversity measures, even though the number of species (or Operational 
Taxonomic Units) and the Shannon diversity index are the two most widely used. 
The measure of similarity or dissimilarity of two communities is defined by beta 
diversity, which quantifies the (dis-)-similarities between communities or samples. 
Statistical or geometry approaches such as Bray-Curtis, Jaccard, and Jensen- 
Shannon divergence calculate such distances by counting the overlapped compo-
nents, as well as an analysis of variance (PERMANOVA) or of similarity (ANOSIM). 
Finally, we can calculate gamma-diversity as the total observed richness of all 
samples within a habitat.

When reading MS literature in hepatology, it is of uppermost importance to be 
aware of which taxa are discussed or compared with which. Qin et al. (using HMP 
database) were the first to describe alterations in microbiome typical for liver cir-
rhosis, Bajaj et al. have created the numeric good–to–bad taxa ratio called cirrhosis 
dysbiosis ratio, and Schnabl et al. shifted the attention to the microbiome’s function 
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and precision phage therapy—all considered the pioneering endeavors opening 
hepatology for 3PM/PPPM [14, 23, 24].

A healthy microbiome–host interface as photographed by the group from the 
Stanford is associated with a several liver health-sustaining features [4, 25–30]. The 
first, as mentioned above, is that the microbiome is rich in the number and abun-
dance of symbiotic microbial species and has low proportion of pathogenic micro-
organisms; this should produce a health-sustaining metabolic output, leading to 
eubiosis, thick mucus, and tightly sealed epithelium not penetrable to bacteria and 
their products such as PAMPs and DAMPs (Pathogen-Associated Molecular 
Patterns, and Damage-Associated Molecullar Patterns) [11, 15, 23, 27, 31–44]. On 
the one side, the healthy microbiome’s output should be rich in the liver health- 
sustaining molecules or microvesicles such as: short-chain fatty acids (SCFA, butyr-
ate, propionate, acetate); vitamins; secondary bile acids; endocannabinoids and 
other lipids; aryl-hydrocarbon receptor ligands such as tryptophan; psychoactive 
substances (called by Anderson, Cryan and Dinan psychobiotics); enterosynes; bio-
transformed medical drugs (PD 1—programmed cell death protein 1-based immu-
notherapy, digoxin, acetaminophen); etc. Of note, health-sustaining microbiome 
metabolic output includes also microbe-associated molecular patterns (MAMP) and 
pathogen-associated molecular patterns (PAMP), of which the lipopolysaccharide 
(LPS) is the prototype as it is needed in low levels for the proper immune function, 
but is harmful in higher levels. As regards the biotransformation of drugs by micro-
biome, relevant to hepatology are the microbiome-dependent liver toxicity of 
paracetamol and the possibility to overcome PD 1 resistance of tumors by FMT [45, 
46]. On the other hand, healthy microbiome metabolism keeps under control the 
levels of pro-inflammatory cytokines and toxins such as trimethylamine N-oxide 
(TMAO); fructoselysine; imidazole propionate (IMP); paracetamol; etc.

5  Microbiome and the Liver

With its 10–100 trillion of symbiotic cells, up to 1500 species, dozens of millions of 
genes and weight up to 1.5–2 kg, gut microbiome is the richest, the most diverse and 
the most influential part of a holobiome [11]. Although we will not focus on the 
fungal microbiome and virome, their content of up to 1013 and 1015 microorganisms, 
respectively, is no less remarkable and certainly worth further research in hepatol-
ogy [24, 47, 48]. The vertical microbiome gradient mirrors the health-sustaining 
abundances of microbes down the gastrointestinal tract from an oral cavity which 
contains 1011 bacteria, through stomach with 107, jejunum 107, ileum 1011, up to 
colon with 1014 bacteria, respectively [49]. The other features connected with the 
vertical gradient are the luminal pH (relevant also in the horizontal gradient), transit- 
time (more than ten-times longer in the colon than in the small intestine), oxygen 
pressure, etc. [11, 13]. The two most important examples of a vertical microbiome 
gradient breakdown in hepatology are a small intestinal bacterial overgrowth (SIBO) 
and oralization of gut microbiome [50–52]. Liver health-promoting horizontal 
microbiome gradient refers to the different concentrations of hydrogen (pH), 
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oxygen, and symbionts / pathogens close to the gut mucosa as compared to the cen-
ter of the gut lumen [53]. There is no doubt that a liver-health promoting microbi-
ome is an ecosystem rich, diverse, and resilient like a rainforest and CLD-associated 
dysbiosis is more like a desert with a low diversity, low abundance of symbiotic 
species, overgrowth of pathogens, distorted gradients, and low resilience to changes 
[54–57].

The gut–liver axis originally introduced in the 80s has been recently recognized 
as the key pathogenetic component in-, and a potential therapeutic target of-, virtu-
ally all the liver diseases [13, 58–60]. The anatomy of the axis is composed of an 
afferent and efferent limb, represented by the portal vein, and biliary tree, respec-
tively. Between the two limbs lie the liver and the gut  - the latter composed of 
microbiome and the complex intestinal barrier [61]. The healthy microbiome helps 
to maintain an unimpeded integrity of a gut barrier which, above many other tasks 
protects its intimate anatomical and functional proxy—the liver [28, 62, 63]. The 
barrier is made up of several interacting layers: (1) luminal microbiome with patho-
gens located far from mucus/mucosa; (2) the tightly sealed intestinal epithelium 
with a protective layer of (3) mucus; and (4) the sub-mucosal cells of the immune, 
lymphatic, nervous and blood systems [64]. Via portal circulation of 1 L/min and 
connectome, liver is the proxy encountering all the microorganisms and molecules 
traversing the gut barrier [65]. Although microbiome is considered an organ of the 
body, it is also an ecosystem representing the outer environment. These Janus-like 
properties are crucial for leveraging microbiome potential for 3PM purposes in 
hepatology. To approximate the merit of a mucus layer—one of the sine qua non’s 
of gut barrier - Erica Sonnenburg uses the proverb “Good fences make good neigh-
bors.” Intestinal mucus prevents bacterial adhesion and translocation into the intes-
tine and is composed of two parts. One, adjacent to the intestinal mucosa and called 
“the de-militarized zone“ for its lack of bacteria, is rich in peptidoglycans produced 
by Paneth cells and immunoglobulin A (IgA) by plasmatic cells [13], [60]. The 
second, which is in the direct contact with the luminal microbiome, is the glycoca-
lyx produced by the goblet cells. Very rare exceptions notwithstanding, properly 
functioning mucus layer does not allow bacteria in the portal circulation and prop-
erly functioning microbiome governs the mucus barrier. Contact between the gut 
microbiome and the liver under physiological circumstances is thus relied only on 
the so-called postbiotics—products of microbiome. Any thinning and/or disturbed 
functionality of the mucus layer is the key component of the so-called leaky gut 
syndrome which has been proposed as the core pathophysiological mechanisms 
behind chronic liver diseases [66]. The most important global cause of thinning of a 
mucus layer is its consumption by dysbiotic bacteria; epitomized by Sonnenburgs 
as “hungry microbes eat you,” lack of dietary fiber which resists absorption in proxi-
mal gut causes starvation of colonic microbiome which then turns to mucus as the 
preferred source of substrates and energy [62]. Penetration of endotoxins such as 
LPS through the leaky gut results [67] in activation of the inflammatory process and 
inflammasomes. Moreover, dysbiosis induces MALT via regulatory T lymphocytes 
(Treg) and Th17 to the synthesis of transforming growth factor beta 1 (TGF β1), 
interleukin 17 (IL17), which regulate adipogenesis [35] and inflammation by 
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Foxp3+Tregs processes—thus contributing to the development of liver inflamma-
tion and steatosis. Tight junctions, integral part of the barrier can be loosened by 
direct effect of alcohol metabolism, high-fat diet, and dysbiosis, which further 
accentuate leaky gut syndrome and close-up the vicious circle leading to progres-
sive CLD [68]. Vertical microbiome gradient derangement, contributing to a leaky 
gut syndrome is characterized by the small intestinal bacterial overgrowth, and oral-
ization of gut microbiome – both driven majorly by changes in bile acids [50, 69–71].

In summary, the proposed cascade of events, leading to the tsunami of CLDs has 
been primarily driven by the Western lifestyle-induced extinction of microbiome 
diversity which has taken place over just the few last generations of human evolu-
tion and therefore could not be followed by an adaptation on the side of the human 
host genome [5]. This disequilibrium leads to the leaky gut, translocation of bacteria 
and toxins to the portal blood, creating an inflamed intrahepatic milieu leading to an 
attack to the liver parenchyma by the reactive oxygen species, inflammatory mole-
cules, and toxic metabolites; established is the state of chronic metabolic endotox-
emia, impaired metabolic homeostasis, liver steatosis, inflammation, and fibrosis 
[13, 60, 72].

6  Liver Diseases and the Microbiome

6.1  General Considerations

In the Western and westernized world, the burden of CLDs has been increasing and 
this trend is predicted to continue [73–75]. The main drivers behind the tsunami are 
how we move, eat, drink, think, feel, and what we consider important and true; with 
a resulting 1.5 billion global cases of CLD, caused in the West mostly by ALD and 
NAFLD, accompanied by an autoimmune syndromes and hepatitis C [69, 70, 76, 
77]. The individual and societal toll is mostly associated with the acute decompen-
sation of cirrhosis (AD) and the syndrome of an acute-on-chronic liver failure 
(ACLF) [78–80]. Before AD/ACLF, the usual timeframe of CLD’s progression 
spans over twenty plus years, leaving plenty of room for a 3PM intervention. Most, 
if not all, of the CLDs are to a certain extent pathogenetically linked with dysbiosis; 
however, in ALD, NAFLD, autoimmune etiologies, and in cirrhotic stage of all the 
etiologies, the dysbiosis is considered the key pathogenetic component [13, 80–84]. 
It is important to acknowledge that, the chicken-egg puzzle of what is damaged 
first—microbiome, or liver, has not yet been solved.

In any case, microbiome has become decimated and hostile by the lack of dietary 
fiber and gastric acid, long-term racism of sugar, tribism of ethanol, and genocide of 
antibiotics, xenobiotics, and psychopathic hygiene [5]. Deprived of a citizenship, 
multiculturalism, livelihood, manna and soma, microbiome fires weapons such as 
LPS, PAMPs, DAMPs, toxic bile acid cocktails, cytolysin, candidalysin, and kyn-
urenine [14, 70, 85]. The liver receives the blow and responds with an inflammatory 
cytokines and more toxic bile acid cocktails; it becomes stuffed by inflammatory 
cells and, as a consequence, hepatocytes cease to function or die [13, 59, 68].
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There is also a chaos on the border: The intestinal mucus layer has been demol-
ished by chemicals and eaten by gut bacteria - hungry due to the lack of dietary 
fiber; immune cells, mediators, and reactive oxygen species are scattered widely 
and gut pathogens have broken the gut barrier and translocate to the host portal 
blood to attack the liver. the liver is injured again and responds back again. And then 
the gut again. Up until cirrhosis stage of CLD will have evolved and, provided no 
effective therapy intervenes, cirrhosis decompensates, and other failing organs step 
in: kidneys; brain; coagulation; lungs. And, while before the decompensation 
patients might have had mild or no symptoms, at the stage of AD/ACLF, they are 
hospitalized, often on ICU with a dramatically reduced short-term survival [70, 78, 
80, 86]. The difficult task to predict and prevent decompensation or to personalize 
its management is being undertaken by the Microb-Predict and other consortia and 
laboratories and scientists; on the other hand, the core concept of 3PM/PPPM is to 
react to these trends and therefore, it has been integrating ACLD and MS to its 
nucleus for transcription, translation, and action.

6.2  Alcohol-Associated Liver Disease

In addition to the general mechanisms behind the public health—scale domino of 
dysbiosis—leaky gut—risk of CLD, one in five people older than 15  years also 
drink alcohol [87, 88]. In the region of authors, the situation is even worse as the 
alcohol-associated liver disease (ALD; if not stated otherwise, ALD serves as an 
umbrella term, encompassing all the syndrome’s subtypes) is the leading cause of 
liver-related mortality, liver transplantation, liver morbidity, and cost to society [89, 
90]. Most of the heavy drinkers will develop steatosis and, in at least one-third of 
them, it will progress to steatohepatitis [91–93]. However, to explain that “only” 
8–20% of heavy drinkers will develop cirrhosis is the call for research into a genetic 
and enviromental (aggravating or protective) co-factors, of which one of the most 
promising is the microbiome [85, 94–96].

The main research questions in this regard are (1) can microbiome explain the 
extreme spectrum of ALD phenotypes in comparable drinkers; (2) can microbiome 
be used for the prediction of prognosis; and (3) for preventive and/or therapeutic 
interventions? [97, 98]. The spectrum of ALD is extreme: on the one hand, there are 
individuals with alcohol use disorder (AUD) who drink regularly harmful doses and 
have steatosis with minimal or no liver disease; and, on the other hand, many indi-
viduals drinking the same daily doses will develop severe alcoholic hepatitis (SAH), 
progressive ALD, cirrhosis, AD/ACLF, hepatocellular carcinoma (HCC), and are 
transplanted or die [87]. The one special entity, SAH, can develop on the top of 
almost any stage of ALD (albeit most of patients have cirrhosis), has no durably 
effective therapy and up to 50% 90-day mortality [93, 99].

In the landmark study from the Perlemuter group, researchers were able to deter-
mine the specific dysbiosis which was associated with the severity of ALD and to 
transmit ALD by transplanting this microbiome to animals [100]. This was the 
proof- of- concept that alcohol drives liver disease by hijacking microbiome, its 
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metabolites (PAMPs, beta-glucan, bile acids, low indoles, and SCFA), and gut bar-
rier/tight junctions, as recently reviewed elsewhere [94, 101]. Alcohol-associated 
dysbiosis concerns all the main domains—bacteria, fungi, and viruses. As for the 
bacterial dysbiosis, it has been shown that, patients with AUD and AH have dysbio-
sis with gradually decreasing beta diversity and Shannon alpha-diversity as com-
pared to healthy non-alcohol-drinking controls [97, 102]. However, severity of AH 
was not predicted by microbiome analysis [103]. There were several taxa which 
were associated with the severity of SAH, prognosis, and response to therapy, e.g., 
increased Veillonella and decreased Prevotella. However, the most striking feature 
of AH-associated dysbiosis was orders-of-magnitude higher abundance of 
Enterococcus faecalis in AH as compared to both AUD and healthy controls; sur-
prisingly enough, this feature did not correlate with the clinical outcome until the 
subjects with E. faecalis were further analyzed for strains producing the toxin, cyto-
lysin. Then there was a gradual increase in cytolysin-positive strains along the 
cohorts (controls—AUD—AH) and this time the presence of cytolysin–positive 
E. faecalis was strongly associated with mortality (p<0.0001). Absolutely fascinat-
ing example of personalized/precision approach is to target these cytolysin- 
producing strains with phages - as already shown with C. crescentus and E. faecalis 
phages in experiment [102].

Taking into account that the effective therapy for SAH is an unmet need, it is of 
little surprise that the clinical research focused on new therapies targeting microbi-
ome [98, 104, 105]. The first study by Philips et al. has shown improved survival in 
patients with SAH not previously responding to standard of care, if they were 
administered FMT from healthy donors via the upper gastrointestinal tract for eight 
days (p = 0.018 vs. historical controls) [106]. More studies with FMT are needed 
and, according to the clinicaltrials.gov, several are ongoing (one of them at the insti-
tutions of the authors—NCT58806). A cautionary note is needed regarding FMT, as 
drug-resistant bacteria such as E. coli and viruses such as Monkeypox can be trans-
mitted [107, 108]. Promising piece of evidence for a predictive, preventive and per-
sonalized potential of certain gut microbial taxa is the case of Akkermansia 
muciniphila as a marker, predictor and therapeutic agent in AH [109]. Yet another 
way of addressing microbiome in ALD and AH/SAH are antibiotics [98]. A recent 
study has shown a promising alleviation of dysbiosis after therapy with rifaximin 
[97]. Moreover, the interesting 3PM aspect of this multicentric study was that base-
line microbiome signature was able to predict prognosis and response to therapy 
with rifaximin.

Very recent research from the Schnabl group has shed light on up to now rarely 
scrutinized virome and fungal microbiome in three cohorts (non-alcoholic controls, 
patients with AUD, and patients with AH). In the study on virome, authors have 
shown graded alterations along the three cohorts, with the most remarkable increases 
in AH patients of the Shannon diversity and of mammalian viruses such as 
Parvoviridae, Circoviridae, and Herpesviridae (especially EBV); moreover, results 
were corelated with the severity of liver disease as reflected in the model for end- 
stage liver disease (MELD) score [110]. In another set of three studies, they pro-
vided evidence of a graded fungal overgrowth in patients with AUD and AH as 
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compared to non-drinking controls [111–113]. The most significant overgrown fun-
gus was candida albicans. As to the fungal diversities, beta diversity was not able to 
discriminate between AUD and AH, but was clearly distinctive of healthy controls; 
Shannon alpha-diversity was highest in AH patients and lowest in controls (similar 
to viral-, and at a difference with bacterial diversity). One of the conclusions was 
that fungal overgrowth is more dependent on the alcohol intake than on the 
stage of ALD.

As the crucial determinants of pathogenesis and mortality in ALD are microbi-
ome and long-term abstinence, respectively, it is logical to attempt to address them 
simultaneously. This has been done by Bajaj et al. in their landmark phase 1 ran-
domized study on patients with AUD addressing craving and AUD outcomes by 
single-dose FMT [114]. The FMT enema was selected in the OpenBiome for enrich-
ment with Lachnospiraceae and Ruminococcaceae. Patients in active arm post- 
FMT had increased Shannon diversity, increased abundance of SCFA-producing 
Roseburia, Alistipes, and Odoribacter—usually decreased in ALD and cirrhosis, 
and reduced craving and AUD-related events.

6.3  Non-Alcoholic Fatty Liver Disease (NAFLD)

With the global prevalence of 25–30%, NAFLD (currently in the process of re- 
naming to metabolic-associated fatty liver disease—MAFLD and, in 2023 to stea-
totic liver disease - MASLD) is the most common etiology of CLD and, as a 
consequence of a pandemic of diabesity, it is the fastest growing indication for 
liver transplantation [76, 115, 116]. Similar to ALD, NAFLD encompasses a 
spectrum with only 10–20% of patients progressing to cirrhosis via non-alcoholic 
steatohepatitis with fibrosis over at least 10  years—the interval open for 3PM 
intervention [117, 118]. And, also similar to ALD, microbiome is one of the prime 
suspects modulating the phenotype toward benign or progressive disease or HCC 
[101, 119, 120]. As NAFLD is considered the liver manifestation of metabolic 
syndrome, transfer of obesity by FMT in animals has been taken as a proof-of- 
concept that NAFLD pathophysiology may be driven by dysbiosis [121, 122].

Obesity plus inactivity with sarcopenia, and insulin resistance-mediated delivery 
of free fatty acids from adipose tissue to the liver are the main factors leading to the 
first hit in the multiple-hit hypothesis of NAFLD. In the meantime, obesity is - 
according to some - associated with certain enterotypes, and certain microbiome 
signatures are associated with metabolic endotoxemia, low-grade inflammation, 
oxidative stress, endogenous alcohol production and various other “second and fur-
ther hits,” to the already steatotic liver; this cascade of events leads to a progression 
of NAFLD to NASH, cirrhosis, liver failure, and/or HCC [120, 123–125]. NAFLD- 
associated dysbiosis is characterized by reduced SCFA producing Firmicutes, 
Ruminococcaceae, Prevotella, and Faecalibacterium and over-abundance of 
Bacteroides, Ruminococcus, Proteobacteria, and Enterobacteriaceae—the latter 
linked with the production of alcohol, the pathophysiological step toward NAFLD 
known as autobrewery [120, 126, 127].
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However, microbial and metabolical signatures typical for NAFLD and its pro-
gression are less well characterized and more controversial than in ALD[59, 101]. 
Apart from autobrewery mechanism of liver injury, over-abundant gram-negative 
bacteria increase levels of LPS which inflames the gut and makes it leaky, activates 
inflammasome in the liver and, recruit macrophages to the adipose tissue; at the 
same time, depleted taxa produce less SCFA with their positive functions left lack-
ing, which closes the vicious circle of a leaky gut, translocation, inflammation, 
metabolic derangement, and liver injury [128, 129]. Crucial in development and 
progression of NAFLD and NASH is the interplay between bile acids, FXR, FGF 
19, and microbiome; dysbiosis leads to a skewed bile acid signaling with down-
stream effect on fibrogenesis [130–132].

Outlier between the usual microbiome-based pathophysiological concepts is the 
relationship between SCFA-producing bacteria and progression of NAFLD [101]. 
While SCFA are in general, as well as in other liver diseases, considered beneficial 
molecules and their producers a beneficial members of microbiome—usually asso-
ciated with less inflammation, better energy metabolism, satiety, better gut barrier 
and a good liver prognosis, in NAFLD the associations tend to differ [103, 133]: 
Higher stool SCFA (and their producers, such as several Roseburia species and 
Faecalibacterium prausnitzii) of animals and patients with NAFLD associates with 
a more progressive disease, more inflammation, more fibrosis, and worse progno-
sis [134].

The foundations of a modern predictive and personalized medicine in a wider 
NAFLD realm were laid by the landmark study by Zeevi et al. [135]. Authors have 
shown that the main determinant of a metabolic response to a defined meal (the 
primordial pathomechanism in NAFLD) was the microbiome. They postulated the 
possibility of a microbiome analysis-based personalized nutritional intervention 
in a foreseeable future. A more recent follow-ups on this line of research are person-
alized approach to a weight loss, tailored according to host–microbiome character-
istics; and the meta-analysis showing that, Lactobacillus supplementation positively 
impacts on glycemic and lipid indices [136, 137].

Twenty-one studies (considerably heterogeneous) were scrutinized in a meta- 
analysis of the first-generation probiotics and synbiotics in NAFLD patients; 
improvements in liver enzymes, steatosis, and liver stiffness were found but person-
alized recommendations on the certain type of biotic for certain patients/phenotypes 
of NAFLD could not be drawn [138]. As stated above, Lactobacillus supplementa-
tion had a positive impact on glycemic and lipid indices [136, 137]. Moreover, spe-
cific strains of Faecalibacterium prausnitzii were found to regulate microbiome and 
improve NAFLD in mice [139]. Currently, there are no ongoing studies with the 
next-generation biotics such as phages, or engineered bacteria in NAFLD/
NASH. One outstanding exception is the domain of microbiome-bile acid signaling, 
where the focus of recent interest has been the FXR/FGF-19 pathway; obeticholic 
acid and engineered FGF 19 analogue are the studied molecules, with biopsy- 
proven NASH the indication. Of interest in this regard is as of now unpublished 
finding from GwangPyo Ko group of a reduced liver steatosis by a cell-free super-
natant (a postbiotic [P9]) of Akkermansia muciniphila via GLP-1 pathway.

L. Skladany et al.



153

FMT has been formally investigated in three studies on a metabolic syndrome 
and two in NAFLD; while awaiting more data, experts doubt that FMT without a 
causal long-term lifestyle intervention could lead to a sustained benefit [101, 
140, 141].

6.4  Autoimmune Diseases and the Microbiome

Autoimmune diseases of the liver comprise three major diseases - autoimmune hep-
atitis (AIH) with a prevalence of 0.5–1 cases per 100,000 inhabitants [142], primary 
biliary cholangitis (PBC) occurring in 20–40 cases per 100,000, and primary scle-
rosing cholangitis (PSC) with 6–10 cases per 100,000  in the Caucasian 
population[143].

In general, the pathogenesis of autoimmune liver diseases is not completely 
understood. Recent data from the genome-wide association studies and the 
multi- omic (metagenomic and metabolomic) studies of the microbiome have 
underlined some potential mechanisms by which the microbiome could play a 
role in the development of autoimmunity [144, 145]: a unique pattern of genetic 
susceptibility to immune system recognition of antigens with various HLA hap-
lotypes, a unique succession of changes in the microbiome during immune sys-
tem maturation leading to selective immune tolerance to various antigens 
encountered in the environment, the state of mucosal homeostasis balancing a 
pro-inflammatory and gut barrier disturbing microbiota and their metabolites 
with anti-inflammatory and gut barrier promoting processes, a liver immune 
system homeostasis balancing the immune response to microbial antigens, 
metabolites, and signaling molecules reaching the liver from the gut by promot-
ing either anti-inflammatory or pro-inflammatory state, a toxic effect of various 
food additives, industrial or household pollutants disrupting the mucosal or liver 
immune system homeostasis.

6.5  Autoimmune Hepatitis

Autoimmune hepatitis (AIH) is characterized by the natural history of successive 
bursts of varying intensity causing inflammatory destruction of hepatocytes. The 
actual trigger of the inflammation is unknown. The disease is not considered cur-
able, but the established treatment is effective in the great majority of cases[146]. 
For patients progressing to decompensated cirrhosis liver transplantation remains 
the therapy of choice.

Studies of the microbiome in AIH have revealed a consistently increased abun-
dance of Veillonella, Streptococcus, Lactobacilli, Lachnospiraceae, Bacteroides, 
Roseburia, Ruminococcacae, and Klebsiella. In contrast, the depletion of 
Bifidobacteria and Clostridiales has been reported [147]. The presence of a suffi-
cient abundance of Bifidobacteria could also increase the chances of disease remis-
sion after therapy [148].
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The mechanisms by which these bacteria might affect the pathogenesis of AIH 
are unknown. So far, there is no established cause and effect relationship. One 
hypothesis suggests that microbiota changes could lead to lower metabolic produc-
tion of SCFA, increased intestinal permeability resulting in innate immunity (by 
RIP3) activation of liver macrophages. [149–151]. Moreover, the spectrum of bile 
acids and their metabolites has also been implicated in the regulation of T cells 
balancing Th17 and Treg response. Some proof-of-concept studies in animal mod-
els have confirmed these proposed mechanisms. Improvement in AIH by dietary 
fiber, probiotics (including Bifidobacteria and Lactobacilli), or butyrate supplemen-
tation via increase in Treg/T17 ratio, expression of tight junction proteins, decreased 
LPS translocation/TLR activation, and a decreased E. coli protein in the liver were 
displayed [150, 152, 153]. Moreover, FMT attenuated liver injury, bacterial translo-
cation, and improved the imbalance between helper and regulatory splenic T 
cells [154].

6.6  Primary Biliary Cholangitis

Primary biliary cholangitis (PBC) is characterized by inflammatory destruction of 
the ducts transporting bile from the liver to the digestive tract. The actual trigger of 
the inflammation is still unknown with autoimmunity likely involved in its patho-
genesis due to the frequent presence of anti-mitochondrial or specific anti-nuclear 
autoantibodies (anti-gp210 or anti-sp100) and the presence of lymphocytic infiltrate 
in the proximity of the bile ducts [155]. Without treatment, more than 50% of cases 
progress to cirrhosis and end-stage liver disease. Since 1987 [156], a naturally 
occurring secondary bile acid ursodeoxycholic acid (UDCA) has been successfully 
used for treatment. However, approximately 20–40% of cases do not respond to 
UDCA therapy [157, 158]. Second-line add-on therapy with obeticholic acid or 
fibrates has been used in these patients [159].

Several studies of microbiome, mainly in the Asian population, have reported an 
increased abundance of several species: Haemophilus, Veillonella, Clostridiales, 
Lactobacilli, Streptococci, Pseudomonas, Klebsiella, Bifidobacterium, and an 
unknown genus from the Enterobacteriaceae family [144]. In contrast, several spe-
cies have been reported reduced such as Bacteroidetes, Sutterella, Oscillospira, and 
Faecalibacterium. The common ground for these changes is not completely under-
stood but it could be associated with the decreased metabolic output of the butyric 
acid. In addition, the decrease in Faecalibacterium was associated with non-response 
to UDCA.  As stated above, Bacteroidetes and Faecalibacterium prausnitzi are 
known butyrate-producing bacteria and a sufficient butyrate concentration in the gut 
is indispensable for healthy mucin production ensuring a normal function of the 
intestinal barrier [139].

In PBC, the autoantigen of anti-mitochondrial antibodies displays structural sim-
ilarities with the human E2 component of the mitochondrial pyruvate dehydroge-
nase complex (PDC-E2). Since PDC-E2 is also a commonly occurring enzyme 
among the various bacterial species, exposition to this antigen through the disrupted 
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intestinal barrier in a genetically susceptible individual may explain the origin of 
autoimmunity in PBC [160].

6.7  Primary Sclerosing Cholangitis

Primary sclerosing cholangitis (PSC) is characterized by the progressive fibrosing 
damage of the intrahepatic and extrahepatic bile ducts leading to impairment of bile 
flow and eventually biliary cirrhosis.

Natural history is marked by variable progression rate toward end-stage liver 
disease and less frequently to cholangiocarcinoma [155]. The trigger of the inflam-
mation is not known, but autoimmunity is suspected due to its association with 
inflammatory bowel disease in 60–80% of cases, and frequent detection of autoan-
tibodies against the cytoplasm of neutrophils.

Currently, there is no established treatment with liver transplantation remaining 
the only curative option. UDCA therapy is recommended by some authorities for its 
proven effect in lowering the markers of cholestasis and improving the quality of life. 
The studies have explored the mechanisms linking the genetic predisposition with 
the immune system and the microbiome. The microbial composition can influence 
the balance of the immune system directly when microbes or their fragments cross 
the dysfunctional intestinal barrier. Moreover, products of bacterial metabolism also 
influence the host immune system, as some are being absorbed into the bloodstream.

Current understanding of the pathogenesis of PSC highlights the central role of 
the microbiome in the maintenance of chronic inflammation by shifting the 
mucosal homeostasis toward intestinal barrier dysfunction, activation of several lin-
eages of the immune system, and homing of gut-tropic lymphocytes in the liver 
endothelium [161]. Studies have reported compositional changes of the gut micro-
biome in PSC compared with healthy controls and newer studies are emerging with 
data on the functional differences.

Microbiome studies in patients with PSC have revealed consistent enrichment in 
various taxa including Clostridiales, Streptococcus salivarius, Veillonella dispar, 
Ruminococcus gnavus, Bacteroides fragilis, Enterobacteriaceae, Lactobacilli, 
Blautia, Enterococcus, Rothia. A shotgun metagenomic sequencing of the fecal 
microbiome also showed a markedly reduced gene richness compared to healthy 
controls [144]. Authors have concluded that Veillonella species were more preva-
lent, with decreased abundance after UDCA therapy; however, the mechanisms by 
which Veillonella is more abundant and how it may affect the natural history of the 
disease have not yet been deciphered [144].

Interestingly, patients with associated inflammatory bowel disease have a dis-
tinct profile of the microbiome compared to patients with pure PSC or healthy con-
trols [162, 163]. A recent study of the fungal microbiota in PSC patients reported 
increased diversity with increased abundance of Exophiala genus and 
Sordariomycetes class and a decrease in Sacharomycetacae [164]. Bile microbiota 
has also been studied in PSC patients, but the results are not consistently different 
from healthy controls [144].
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In contrast, oral microbiome changes copied those of the fecal microbiota dis-
playing an increased abundance of Streptococcus salivarius, Veillonella parvula, 
Actinomyces, and Bifidobacterium in PSC patients compared to healthy con-
trols [165].

Functional studies have revealed lowered content of the butyrate, a different 
metabolite content, and a decreased total bile acid pool with a lower conversion 
from primary to secondary bile acids [166]. Increased concentration of secondary 
bile acids in the liver bile has been linked to inflammation, cholestasis, gallstone 
formation, and carcinogenesis, as well as to modulation of FXR or TGR5 receptors 
on the natural killer cells, liver or intestinal macrophages, or intestinal dendritic 
cells. Bile acids acting on both receptors modulate the immune response against 
inflammation by suppressing the nuclear factor NF-kB signaling pathways and 
modulating the balance between the Treg and Th17 cells in the gut-liver axis.

Data from the studies with vancomycin have suggested that the observed 
increased conversion of primary to secondary bile acids can be reversed. Treatment 
with vancomycin resulted in depletion of the Gram-positive Firmicutes including 
the Clostridium species, which are known for their dehydroxylation activity. Indeed, 
vancomycin decreased fecal secondary bile acids and their postprandial plasma 
concentration [167, 168]. This concept has been clinically tested in small trials of 
patients with refractory PSC receiving oral vancomycin demonstrating a positive 
effect while larger randomized trials are warranted [169, 170]. Other antibiotics or 
fecal microbial transplantation [171] have so far reported less promising results in 
comparison with vancomycin alone [161, 172].

6.8  Liver Cirrhosis, Acute Decompensation and Acute-On 
Chronic Liver Failure

Cirrhosis is the final stage of the sufficiently long-lasting chronic liver diseases of 
various etiologies, characterized by an increased collagen deposition, distorted 
architecture and, gradually decreasing volume of hepatocytes despite their intensive 
regeneration [70, 173]. Being the increasing cause of morbidity and mortality glob-
ally, the prevalence of cirrhosis in Slovakia is highest in the world and, liver-related 
mortality is the number-one cause of death in 25–45 years old [7, 174].

Recently, dysbiosis has been proposed as the key factor associated with the transi-
tion from a pre-cirrhotic stage of CLD to cirrhosis, and from compensated to decom-
pensated cirrhosis with the time-to-decompensation of 10  years, time-to- ACLF 
2 years, and time-to-death 2 months [80, 86, 175]. Gut microbiome signatures could 
thus become the biomarkers discriminating asymptomatic-stage cirrhosis in popula-
tion for prevention, for prediction of decompensation in diagnosed yet stable/asymp-
tomatic cirrhosis, as well as for prediction of prognosis after decompensation.

After first defining the metagenomic signature for non-invasive detection of 
advanced fibrosis (pre-cirrhotic stage of CLD), Loomba et al. have also detected a 
19–microbes-containing signature, distinguishing cirrhosis—with an unprece-
dented area under receiver operating characteristic (AUROC) of 0.91 and validated 
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it against various geographical regions and degrees of fibrosis [32, 176]. Moreover, 
with the 7% of adults (not aware of any liver disease) having fibrosis, this direction 
of research is absolutely crucial for a modern 3PM hepatology for several other 
reasons [177]: First, cirrhosis fulfills all the WHO criteria for screening except 
one—the widely available, affordable, and patient-acceptable diagnostic marker of 
pre-clinical stage of disease, malleable by the recall policy (median time-to decom-
pensation 10 years); second, current two sets of non-invasive diagnostic modalities 
(serological and imaging) are either not universally available, or not affordable; 
third, to collect a stool sample and store/transport it for examination is conceivable 
in a mass context akin to a colorectal cancer screening; and, fourth, the only impedi-
ment (cost) is falling exponentially over the last 15 years. Our SIRIUS Microbiome 
Study has been designed to detect fibrosis in community and to try to find a link 
with a region-relevant microbiome signature (NCT05486767).

In a more advanced stage of cirrhosis, i.e., after a decompensating event has 
materialized (decompensated cirrhosis, median time-to-ACLF 2 years), microbi-
ome and gut microbial metabolome can serve as a predictive biomarkers and thera-
peutic targets [63, 83].

Cirrhosis is among diseases with the most profound dysbiosis (as compared to 
AUROCs in obesity, colorectal cancer, inflammatory bowel diseases, type 2 diabe-
tes mellitus) [178].

Dysbiosis in cirrhosis is characterized by a reduction in Bacteroidetes, 
Lachnospiraceae, Ruminococcaceae, and Clostridium incertae sedis XIV; and 
increase in Proteobacteria, Fusobacteria, Clostridium cluster XI, Streptococcaceae, 
Streptecoccus spp., Veilonella spp., Enterobacteriaceae, Enterococcaceae, 
Lactobacillaceae, Alcaligenaceae, etc., which were derived from a stool samples, 
mucosal biopsies, salivary samples, etc. [14, 23, 59, 71, 80, 179–181].

Based on deviations of cirrhotic microbiome, the cirrhosis dysbiosis ratio (CDR) 
was developed by Bajaj et al. and has become the prime example of how to utilize a 
complex microbiome output in a user-friendly way to personalize risk of patients 
with cirrhosis and to predict outcome—especially hepatic encephalopathy, and 
rehospitalizations; however, CDR requires wider external validation. Taxa selected 
in abovementioned studies are being scrutinized as signature predictors of a response 
to therapy or outcome, with the European Microb-PREDICT being the eponymous 
example-endeavor in the field, whose results are expected shortly. An absolute 3PM 
match is the sum of a microbiome-based tools to (1) predict the risk of ACLF; (2) 
predict therapeutic benefit and personalize it; 3) monitor effect of therapy, with the 
cautionary note concerning the effect size and drug treatment confounders [80].

7  Microbiome as a Therapeutic Target in Cirrhosis 
and AD/ACLF

Of the three next-generation therapeutic domains defined by Schnabl and described 
below, most are being scrutinized against liver syndromes at the right side of CLD 
spectrum—i.e., in cirrhosis, AD, and ACLF. Diets have been shown to modulate 
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microbiome and outcome in cirrhotics differently if of Turkish (vegetables, fer-
mented milk) and American (typical Western diet) type [57]. Probiotics clearly 
need a more precision and personalization in cirrhosis but have already shown a 
potential in encephalopathy and hospitalization-rate [182, 183] . The so-called next- 
generation probiotics are being awaited by the community with much hope. Of 
quite a few antibiotics studied in cirrhosis, rifaximin has received the most focused 
attention with a clear effect in hepatic encephalopathy but with, as of now, contra-
dictory performances in other indications [80]. Fecal microbial transplantation 
has been shown to be safe and improve encephalopathy, rehospitalizations, and 
ACLF, with a proven safety even over the long-term follow-up [114, 184–186]. Less 
odious/more acceptable capsule formulations of FMT have been introduced by a 
Bajaj’s group and at least six more studies, registered in ClinicalTrials.gov are 
underway [187].

8  Hepatocellular Carcinoma and Microbiome

Ever since the landmark antibiotic study by Schwabe’s group confirmed the role of 
microbiome in the evolution of liver cancer (HCC, hepatocellular carcinoma), the 
field has been the focus of much interest in hepatology [188, 189]). The microbiome- 
HCC pathogenetic pathways have been summarized recently and are the next-step 
evolution of the same mechanisms which lead to CLDs and cirrhosis [190–192]. At 
present, however, rough-level microbiome analyses based on diversity and phyla 
have not found a differences between cirrhosis with- and without HCC; and, 
although the deeper-level granularity analyses revealed small differences, predict-
ing HCC in cirrhosis based on gut microbiome analysis remains an unmet need 
[193–196].

One promising direction of investigation in the predictive arm of 3PM is the 
intratumoral (and liver parenchymal) microbiome analysis, but the field is in its 
statu nascendi and more studies are needed [197, 198]. As for the other areas of 
3PM, a microbiome-targeted prevention (primary and secondary) of HCC is scruti-
nized widely via all the above-mentioned pathways but, the real-life output is still to 
be awaited from more than forty NCT-registered studies with rifaximin, nine with 
norfloxacin, and one with probiotic; no HCC preventive studies with FXR agonists 
are underway as of 2021. As stated above, an absolutely new 3PM direction touch-
ing indirectly the HCC arena is the prediction of a microbiome-dependent effectiv-
ity of the new anti-tumor therapies such as PD-1-based immunotherapy [199–201].

9  Predictive Potential of Microbiome Analysis 
in Liver Diseases

Currently, there is ample evidence to suggest a predictive potential of a microbiome 
analysis in many liver diseases. Akin to a FOBT for colorectal cancer screening, 
microbiome signature can pick up cirrhosis in a general population with AUROC of 
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0.91. The above-mentioned associations of CLDs with microbiome / metabolome 
signatures notwithstanding, predicting early stage CLDs is as of now an unmet 
need, however. In a more advanced stages of CLD, such as in compensated cirrho-
sis, microbiome analysis can predict deterioration (decompensation) and, in decom-
pensated cirrhosis, it can predict outcome.

10  Microbiome as a Target for Preventive and Personalized 
Medicine in Liver Diseases

Naturally, the most efficient primary prevention in this regard in hepatology is to 
aim at a healthy microbiome. As to ascertain healthy microbiome by daily living is 
often beyond the reach of the common people of the Western and westernized 
world, 3PM-aware medicine can step in with the region- and/or person-appropriate 
selection of measures from the three domains of Bugs as drugs, Drug the bug, and 
Drugs from bugs. The spectrum of modalities is wide, spanning from the dietary 
intervention to FMT and engineered phage therapy for cytolysin-positive 
Enterococcus faecalis. Of course, ideal prevention is as far left in this spectrum as 
possible but, thanks to the research done it is now clear that to claim diet and probi-
otics effective, it must be personalized and precise. There is accumulating evidence 
to suggest that the personalized diet designed according to the microbiome pattern 
of an individual, as well as the effectivity of probiotics predicted according to the 
microbiome of the recipient are the directions to be taken. As hepatology—for its 
inherent tight junction of liver with gut - is the area of research contributing vastly 
to the microbiome movement, we can expect a real-life prediction, prevention, and 
personalization shortly.

11  Technological Challenges of Microbiome Analysis

Once the diversity of the microbial world is catalogued, it will make astronomy look like a 
pitiful science—(Julian Davies)

As to MS being the biggest data challenge ever (bigger than astrophysics), a 
teaspoon of a stool contains the data filling the memory of a ton of DVD’s [16]. 
Conceiving of the handling these data with respect to an evolution of patient’s 
microbiome over time or its comparisons between individuals, diseases, popula-
tions and of modeling the outcomes, a hundreds-to-thousands of years of computing 
time would be necessary. Not to speak of a microbiome metabolomics combined 
with a foodomics—the next steps of MS and 3PM. With the groundbreaking accrual 
of the NIH’s Human Microbiome Project (HMP) 4.5 trillion bases freely available 
for analysis, MS got the necessary first impetus [10]. Then the QIIME produced an 
unprecedented half a million of catalogued sequences for a reasonable computing 
time and money (QIIME—Quantitative Insight into Microbial Ecology, pro-
nounced chime) [202, 203]. This fascinating translation of teradata to the point on a 
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graph—the distance metric of an evolutionary history - was described by Lozupone 
of Knight’s then Colorado lab under the name UniFrac [56, 204] (Fig. 1).

These endeavors have enabled opening the current chapter of MS which gave 
birth to such projects as The American Gut, The Microsetta Initiative, The Earth 
Microbiome Project, The FoodOmics, The Microb-Predict and our SIRIUS 
Microbiome Project (NCT05486767) [205, 206]. However, to really understand a 
microbiome means to understand its function rather than the composition. And, if a 
dynamic mapping of a microbiome with a GPS navigation can be considered a real-
ity around the corner, understanding and leveraging the host–microbiome interac-
tions is as of yet an unmet need. The metabolomic pathway of microbiome → 
protein sequence → protein structure → protein function → molecular interactions 
→ therapies, is just being scrutinized against the computing capacity of today’s 
machines and community grids [20]. Over the last decade, the size of a dataset of a 
sequenced proteins has grown exponentially (from <10M to 175M by UniProt.org), 
and the size of the database of protein structures started to move (from 60K to 160K, 
by PDB) [207, 208]. However, even before the technology will have allowed us to 
leverage microbiome in our real-life 3PM clinical practice by the user-friendly gad-
gets, we could and should take the pains to understand more of the predictive 
power of this “dark matter” of our patient’s personal universes [209, 210]. 
Because, it is quite safe to assume that most of our patients suffer chronic dys-
biosis. And we can provide them with a general advice with a subsequent more and 
more personalized stewardship based on a lifestyle analysis and possibly repeated 
sequencing of a gut microbiome  - as eponymously exemplified by Larry Smarr 

Fig. 1 The Healthy Microbiome Map. This schematic drawing has been derived from the land-
mark US National Institute of Health’s Human Microbiome Project (HMP). By subsequently 
applying of certain reductive tools to the big data provided by HMP, it was possible to get output 
which was understandable to a non-experts, even to a lay public: Each dot represents the microbi-
ome of one person from one body site. It can be seen that in these meticulously selected healthy 
people, dots tend to gravitate together to form the “continents” of the healthy microbiome map
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[211–213]. Subsequently, real-life MS will translate to the lifelong endeavor of 
monitoring, understanding and manipulating microbiome for a better health—
which is the 3PM at its best.

12  Visions and Perspectives of Microbiome Analysis in 3PM

From the teleological perspective, MS and 3PM are the perfect match. The reason 
for 3PM to act is the technological singularity we live on the brink of: Not much 
more than a decade-long revolution brought about by MS has provided a new mean-
ing to the Heidegger‘s Question Concerning Technology, as well as to the 
Technological Singularity theory. Pausing over the meaning of a personalized medi-
cine’s person, one recalls the famous “When I think of it I know but when you ask 
me I do not know.” If sobering before, talking the Person in the era of MS has 
become the experience outright humbling: Some thirty trillion human-person cells 
and 20,000 genes make but a 43% and 1% of the individual, respectively [47]. What 
are the remaining 39–100 trillion cells and 99% genes of the “human” body? Yes. 
They are the the human microbiota and microbiome, respectively. However, it is a 
holobiome’s feature other than a mere quantity that makes it the prime ally for the 
next-generation 3PM. After the last major hurdles of price and computing time will 
have been overcame shortly a lay, user-friendly output will become one of the most 
if not The Most personal and predictive tools for an unprecedently dynamic and 
targeted disease prevention and therapy ever. Because, at a variance with the human 
genome, microbiome is malleable.

What Elon Musk said to world leaders at their summit about the artificial intel-
ligence (AI) in politics, Rob Kight conveyed to the medical community about AI in 
MS: “Do not think of it as of a science fiction. Think of it as of a science fact.” 
Imagine it is morning. You have just flushed your smart toilet and now you are look-
ing at your face in a smart mirror. The mirror is mass-spectrometering your exhaled 
oral microbiome metabolic output and displays the result in a lay language and 
pictures. A smart toilet has already sequenced your microbiome’s terrabites and sent 
the result to your smart-phone app called by Rob Knight the microbiome GPS 
which will help you by QR to choose the right yogurt [10] (Fig. 2).

If your “GPS”- “You are here“ position has moved away from the healthy area of 
the map, you are informed about the ensuing health risks and advised what to do to 
compensate for it (e.g., “Exercise 20 minutes more,” or “Try probiotic Lactobacillus,“ 
or “Consult your gastroenterologist for FMT”) (Fig. 3).

The current price is prohibitive but, as a DNA sequencing is a million-times 
cheaper than 15  years ago, this technology is thought to be around the corner 
(genome.gov/ sequencing costs). Naturally, expected revolution in microbiome- 
based prediction, prevention, and personalization in medicine will inevitably con-
cern all its areas, hepatology included [57, 60, 80, 101, 175]. After all, it has been in 
the realm of hepatology where Schnabl et al. proposed the next-generation approach 
summing the otherwise difficult-to-grasp plethora of microbiome-directed thera-
peutics (such as fermented foods/prebiotics, probiotics, synbiotics, postbiotics, and 
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Fig. 2 The healthy microbiome map as a template against which new samples can be scrutinized. 
This schematic drawing has been derived from the landmark US National Institute of Health’s 
Human Microbiome Project (HMP). Here you can see the example of a result from a stool sample 
(fecal microbiome) of a hypothetical healthy individual: the dot fits inside its respective healthy 
area (this time the “stool continent”). This reassuring result is clearly understandable to a layper-
son and it can be used for predictive and preventive purposes

Fig. 3 The microbiome “GPS.” This schematic drawing has been derived from the landmark US 
National Institute of Health’s Human Microbiome Project (HMP). The healthy microbiome map 
serves as a template against which samples from individuals and patients can be scrutinized. Here 
is the example of result from stool sample (fecal microbiome) of a hypothetical patient with liver 
cirrhosis: the (red) dot is located outside the healthy area. This particular dislocation of fecal 
microbiome is typical for cirrhosis and is called "oralization." As it is potentially malleable, the 
so-called microbiome GPS can drive patient back to the healthy area (“continent”) by specific 
measures (“What To Do To Get Back Here?”) from lifestyle changes through pre–pro–post-biotics 
to fecal microbial transplantation. Microbiome GPS for various diseases provides the opportunity 
to be leveraged by predictive–preventive–personalized medicine
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parabiotics) to three domains, mentioned above: “Bug as Drug,” “Drug the Bug,” 
and “Drugs from Bugs”; these next-generation microbiome-directed approaches 
have specific precision and 3PM as the leading principles [101, 214–218].

13  Conclusions and Recommendations

Considering the modest cumulative effect of past microbiome-based therapies in 
liver diseases, the next-generation approach is being launched, based on the corner-
stones of prediction, prevention, and personalization as well as very specific preci-
sion, in all the three newly delineated therapeutic domains (Drugs for Bugs, Bugs as 
Drugs, and Drugs from Bugs). Moreover, shifts from rough-level analysis of micro-
biome composition to an ultimate granularity of strains are expected and, most 
importantly, focus on metabolic aspects will prevail. Based on a pre-emptive analy-
sis of a functional potential of a donor stool, ideal FMT donors will be determined 
for particular liver diseases together with a more acceptable FMT delivery 
modalities.

According to the accumulated knowledge to date by the scientific research in the 
field of human microbiome we can undoubtedly assume that the predictive poten-
tial, potential for prevention and potential for personalization in liver diseases is 
simply enormous. 3PM/PPPM must essentially get ready to use this potential for the 
patients as well as for those who want to avoid a health deterioration. We suggest, 
from the point of view of liver diseases to:

• start education activities of the population in order to increase the knowledge 
about liver diseases in relation to microbiome, lifestyle, and healthy diet;

• start preventive and predictive monitoring of the population willing to implement 
particular suggestions for supporting their health;

• include the knowledge on microbiome health into the routine processes of health-
care education in the specific context of liver diseases (prehabilitation, ERAS 
protocols, pain chronification prediction, suboptimal health monitoring as men-
tioned and discussed in the other chapters of this publication);

• extend the potential of laboratory diagnostics in order to be able to provide the 
patient with concrete information on his/her microbiome—patterns, of dysbio-
sis, nutritional status, fitness status, immunity/autoimmunity status, inflamma-
tion markers monitoring, and other related factors.

References

1. National Research Council (US) Committee on Metagenomics: Challenges and Functional 
Applications (2007) The new science of metagenomics: revealing the secrets of our microbial 
planet. In: The new science of metagenomics: revealing the secrets of our microbial planet. 
National Academies Press, Washington, DC, pp 1–158. https://doi.org/10.17226/11902

Gut Microbiome and Liver Diseases from the Perspective of 3PM: The Predictive…

https://doi.org/10.17226/11902


164

2. Evogeneao: The Tree of Life. http://www.evogeneao.com/en. Accessed 1 Sep 2022
3. Falkowski PG, Fenchel T, Delong EF (2008) The microbial engines that drive Earth’s biogeo-

chemical cycles. Science 320:1034–1039. https://doi.org/10.1126/SCIENCE.1153213
4. Lynch SV, Pedersen O (2016) The human intestinal microbiome in health and disease. N Engl 

J Med 375:2369–2379. https://doi.org/10.1056/NEJMRA1600266
5. Sonnenburg ED, Smits SA, Tikhonov M, Higginbottom SK, Wingreen NS, Sonnenburg JL 

(2016) Diet-induced extinctions in the gut microbiota compound over generations. Nature 
529:212–215. https://doi.org/10.1038/NATURE16504

6. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, Contreras M et  al 
(2012) Human gut microbiome viewed across age and geography. Nature 486:222–227. 
https://doi.org/10.1038/NATURE11053

7. Sepanlou SG, Safiri S, Bisignano C, Ikuta KS, Merat S, Saberifiroozi M et al (2020) The 
global, regional, and national burden of cirrhosis by cause in 195 countries and territories, 
1990-2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet 
Gastroenterol Hepatol 5:245–266. https://doi.org/10.1016/S2468- 1253(19)30349- 8

8. Zhu Q, Mai U, Pfeiffer W, Janssen S, Asnicar F, Sanders JG et al (2019) Phylogenomics of 
10,575 genomes reveals evolutionary proximity between domains Bacteria and Archaea. Nat 
Commun 10:5477. https://doi.org/10.1038/S41467- 019- 13443- 4

9. Woese CR, Fox GE (1977) Phylogenetic structure of the prokaryotic domain: the primary king-
doms. Proc Natl Acad Sci U S A 74:5088–5090. https://doi.org/10.1073/PNAS.74.11.5088

10. Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM, Knight R, Gordon JI (2007) The 
human microbiome project. Nature 449:7164. https://doi.org/10.1038/nature06244

11. de Vos WM, Tilg H, van Hul M, Cani PD (2022) Gut microbiome and health: mechanistic 
insights. Gut 71:1020–1032. https://doi.org/10.1136/GUTJNL- 2021- 326789

12. Fülling C, Dinan TG, Cryan JF (2019) Gut microbe to brain signaling: what happens in 
Vagus…. Neuron 101:998–1002. https://doi.org/10.1016/J.NEURON.2019.02.008

13. Albillos A, de Gottardi A, Rescigno M (2020) The gut-liver axis in liver disease: pathophysio-
logical basis for therapy. J Hepatol 72:558–577. https://doi.org/10.1016/J.JHEP.2019.10.003

14. Qin N, Yang F, Li A, Prifti E, Chen Y, Shao L et al (2014) Alterations of the human gut micro-
biome in liver cirrhosis. Nature 513:59–64. https://doi.org/10.1038/NATURE13568

15. Rinninella E, Raoul P, Cintoni M, Franceschi F, Miggiano GAD, Gasbarrini A et  al 
(2019) What is the healthy gut microbiota composition? A changing ecosystem across 
age, environment, diet, and diseases. Microorganisms 7:14. https://doi.org/10.3390/
MICROORGANISMS7010014

16. Allaband C, McDonald D, Vázquez-Baeza Y, Minich JJ, Tripathi A, Brenner DA et al (2019) 
Microbiome 101: studying, analyzing, and interpreting gut microbiome data for clinicians. 
Clin Gastroenterol Hepatol 17:218–230. https://doi.org/10.1016/J.CGH.2018.09.017

17. Belzer C, de Vos WM (2012) Microbes inside—from diversity to function: the case of 
Akkermansia. ISME J 6:1449–1458. https://doi.org/10.1038/ISMEJ.2012.6

18. Thursby E, Juge N (2017) Introduction to the human gut microbiota. Biochem J 
474:1823–1836. https://doi.org/10.1042/BCJ20160510

19. Korpela K, de Vos WM (2018) Early life colonization of the human gut: microbes matter 
everywhere. Curr Opin Microbiol 44:70–78. https://doi.org/10.1016/J.MIB.2018.06.003

20. Muller EEL, Faust K, Widder S, Herold M, Martínez Arbas S, Wilmes P (2018) Using meta-
bolic networks to resolve ecological properties of microbiomes. Curr Opin Syst Biol 8:73–80. 
https://doi.org/10.1016/J.COISB.2017.12.004

21. Knights D, et al. (2014) Rethinking “enterotypes”. Cell Host Microbe. 8;16(4):433–7. https://
doi.org/10.1016/j.chom.2014.09.013.

22. Arumugam M, Raes J, Pelletier E, Paslier D, Yamada T, Mende DR et al (2011) Enterotypes 
of the human gut microbiome. Nature 473:174–180. https://doi.org/10.1038/NATURE09944

23. Bajaj JS, Heuman DM, Hylemon PB, Sanyal AJ, White MB, Monteith P et al (2014) Altered 
profile of human gut microbiome is associated with cirrhosis and its complications. J Hepatol 
60:940–947. https://doi.org/10.1016/J.JHEP.2013.12.019

L. Skladany et al.

http://www.evogeneao.com/en
https://doi.org/10.1126/SCIENCE.1153213
https://doi.org/10.1056/NEJMRA1600266
https://doi.org/10.1038/NATURE16504
https://doi.org/10.1038/NATURE11053
https://doi.org/10.1016/S2468-1253(19)30349-8
https://doi.org/10.1038/S41467-019-13443-4
https://doi.org/10.1073/PNAS.74.11.5088
https://doi.org/10.1038/nature06244
https://doi.org/10.1136/GUTJNL-2021-326789
https://doi.org/10.1016/J.NEURON.2019.02.008
https://doi.org/10.1016/J.JHEP.2019.10.003
https://doi.org/10.1038/NATURE13568
https://doi.org/10.3390/MICROORGANISMS7010014
https://doi.org/10.3390/MICROORGANISMS7010014
https://doi.org/10.1016/J.CGH.2018.09.017
https://doi.org/10.1038/ISMEJ.2012.6
https://doi.org/10.1042/BCJ20160510
https://doi.org/10.1016/J.MIB.2018.06.003
https://doi.org/10.1016/J.COISB.2017.12.004
https://doi.org/10.1016/j.chom.2014.09.013
https://doi.org/10.1016/j.chom.2014.09.013
https://doi.org/10.1038/NATURE09944
https://doi.org/10.1016/J.JHEP.2013.12.019


165

24. Hsu CL, Duan Y, Fouts DE, Schnabl B (2021) Intestinal virome and therapeutic poten-
tial of bacteriophages in liver disease. J Hepatol 75:1465–1475. https://doi.org/10.1016/J.
JHEP.2021.08.003

25. Rinella ME (2015) Nonalcoholic fatty liver disease: a systematic review. JAMA 
313:2263–2273. https://doi.org/10.1001/JAMA.2015.5370

26. Kundu P, Blacher E, Elinav E, Pettersson S (2017) Our gut microbiome: the evolving inner 
self. Cell 171:1481–1493. https://doi.org/10.1016/J.CELL.2017.11.024

27. Ni JJ, Xu Q, Yan SS, Han BX, Zhang H, Wei XT et al (2022) Gut microbiota and psychiat-
ric disorders: a two-sample Mendelian Randomization Study. Front Microbiol 12:737197. 
https://doi.org/10.3389/FMICB.2021.737197

28. Earle KA, Billings G, Sigal M, Lichtman JS, Hansson GC, Elias JE et al (2015) Quantitative 
imaging of gut microbiota spatial organization. Cell Host Microbe 18:478–488. https://doi.
org/10.1016/J.CHOM.2015.09.002

29. Bäckhed F, Fraser CM, Ringel Y, Sanders ME, Sartor RB, Sherman PM et al (2012) Defining 
a healthy human gut microbiome: current concepts, future directions, and clinical applica-
tions. Cell Host Microbe 12:611–622. https://doi.org/10.1016/J.CHOM.2012.10.012

30. Cho I, Blaser MJ (2012) The human microbiome: at the interface of health and disease. Nat 
Rev Genet 13:260–270. https://doi.org/10.1038/NRG3182

31. Ridlon JM, Kang DJ, Hylemon PB, Bajaj JS (2014) Bile acids and the gut microbiome. Curr 
Opin Gastroenterol 30:332–338. https://doi.org/10.1097/MOG.0000000000000057

32. Loomba R, Seguritan V, Li W, Long T, Klitgord N, Bhatt A et al (2017) Gut microbiome- 
based metagenomic signature for non-invasive detection of advanced fibrosis in human 
nonalcoholic fatty liver disease. Cell Metab 25:1054–1062.e5. https://doi.org/10.1016/J.
CMET.2017.04.001

33. Cryan JF, O’riordan KJ, Cowan CSM, Sandhu KV, Bastiaanssen TFS, Boehme M et  al 
(2019) The microbiota-gut-brain axis. Physiol Rev 99:1877–2013. https://doi.org/10.1152/
PHYSREV.00018.2018

34. Chambers ES, Preston T, Frost G, Morrison DJ (2018) Role of gut microbiota-generated 
short-chain fatty acids in metabolic and cardiovascular health. Curr Nutr Rep 7:198–206. 
https://doi.org/10.1007/S13668- 018- 0248- 8

35. Muccioli GG, Naslain D, Bäckhed F, Reigstad CS, Lambert DM, Delzenne NM et al (2010) 
The endocannabinoid system links gut microbiota to adipogenesis. Mol Syst Biol 6:392. 
https://doi.org/10.1038/MSB.2010.46

36. Dong F, Hao F, Murray IA, Smith PB, Koo I, Tindall AM et al (2020) Intestinal microbiota- 
derived tryptophan metabolites are predictive of Ah receptor activity. Gut Microb 12:1–24. 
https://doi.org/10.1080/19490976.2020.1788899

37. Knauf C, Abot A, Wemelle E, Cani PD (2020) Targeting the enteric nervous system to 
treat metabolic disorders? “Enterosynes” as therapeutic gut factors. Neuroendocrinology 
110:139–146. https://doi.org/10.1159/000500602

38. Zhang X, Han Y, Huang W, Jin M, Gao Z (2021) The influence of the gut microbiota on 
the bioavailability of oral drugs. Acta Pharm Sin B 11:1789–1812. https://doi.org/10.1016/J.
APSB.2020.09.013

39. Kumar K, Jaiswal SK, Dhoke GV, Srivastava GN, Sharma AK, Sharma VK (2018) Mechanistic 
and structural insight into promiscuity based metabolism of cardiac drug digoxin by gut 
microbial enzyme. J Cell Biochem 119:5287–5296. https://doi.org/10.1002/JCB.26638

40. Bertani B, Ruiz N (2018) Function and biogenesis of lipopolysaccharides. EcoSal Plus 8. 
https://doi.org/10.1128/ECOSALPLUS.ESP- 0001- 2018

41. Peng Z, Cheng S, Kou Y, Wang Z, Jin R, Hu H et al (2020) The gut microbiome is associated 
with clinical response to anti-PD-1/PD-L1 immunotherapy in gastrointestinal cancer. Cancer 
Immunol Res 8:1251–1261. https://doi.org/10.1158/2326- 6066.CIR- 19- 1014

42. Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE, Knight R, Gordon JI (2009) The effect of diet 
on the human gut microbiome: a metagenomic analysis in humanized gnotobiotic mice. Sci 
Transl Med 1:6ra14. https://doi.org/10.1126/SCITRANSLMED.3000322

Gut Microbiome and Liver Diseases from the Perspective of 3PM: The Predictive…

https://doi.org/10.1016/J.JHEP.2021.08.003
https://doi.org/10.1016/J.JHEP.2021.08.003
https://doi.org/10.1001/JAMA.2015.5370
https://doi.org/10.1016/J.CELL.2017.11.024
https://doi.org/10.3389/FMICB.2021.737197
https://doi.org/10.1016/J.CHOM.2015.09.002
https://doi.org/10.1016/J.CHOM.2015.09.002
https://doi.org/10.1016/J.CHOM.2012.10.012
https://doi.org/10.1038/NRG3182
https://doi.org/10.1097/MOG.0000000000000057
https://doi.org/10.1016/J.CMET.2017.04.001
https://doi.org/10.1016/J.CMET.2017.04.001
https://doi.org/10.1152/PHYSREV.00018.2018
https://doi.org/10.1152/PHYSREV.00018.2018
https://doi.org/10.1007/S13668-018-0248-8
https://doi.org/10.1038/MSB.2010.46
https://doi.org/10.1080/19490976.2020.1788899
https://doi.org/10.1159/000500602
https://doi.org/10.1016/J.APSB.2020.09.013
https://doi.org/10.1016/J.APSB.2020.09.013
https://doi.org/10.1002/JCB.26638
https://doi.org/10.1128/ECOSALPLUS.ESP-0001-2018
https://doi.org/10.1158/2326-6066.CIR-19-1014
https://doi.org/10.1126/SCITRANSLMED.3000322


166

43. Nagpal R, Wang S, Solberg Woods LC, Seshie O, Chung ST, Shively CA et  al (2018) 
Comparative microbiome signatures and short-chain fatty acids in mouse, rat, non-human pri-
mate, and human feces. Front Microbiol 9:2897. https://doi.org/10.3389/FMICB.2018.02897

44. Kronsten VT, Tranah TH, Pariante C, Shawcross DL (2022) Gut-derived systemic inflam-
mation as a driver of depression in chronic liver disease. J Hepatol 76:665–680. https://doi.
org/10.1016/J.JHEP.2021.11.008

45. Kolodziejczyk AA, Federici S, Zmora N, Mohapatra G, Dori-Bachash M, Hornstein S et al 
(2020) Acute liver failure is regulated by MYC- and microbiome-dependent programs. Nat 
Med 26:1899–1911. https://doi.org/10.1038/S41591- 020- 1102- 2

46. Davar D, Dzutsev AK, McCulloch JA, Rodrigues RR, Chauvin JM, Morrison RM et al (1979) 
Fecal microbiota transplant overcomes resistance to anti-PD-1 therapy in melanoma patients. 
Science 2021(371):595–602. https://doi.org/10.1126/science.abf3363

47. Rowan-Nash AD, Korry BJ, Mylonakis E, Belenky P (2019) Cross-domain and viral inter-
actions in the microbiome. Microbiol Mol Biol Rev 83:e00044. https://doi.org/10.1128/
MMBR.00044- 18

48. Hartmann P, Lang S, Zeng S, Duan Y, Zhang X, Wang Y et al (2021) Dynamic changes of the 
fungal microbiome in alcohol use disorder. Front Physiol 12:699253. https://doi.org/10.3389/
FPHYS.2021.699253

49. Barlow JT, Leite G, Romano AE, Sedighi R, Chang C, Celly S et  al (2021) Quantitative 
sequencing clarifies the role of disruptor taxa, oral microbiota, and strict anaerobes in 
the human small-intestine microbiome. Microbiome 9:214. https://doi.org/10.1186/
S40168- 021- 01162- 2

50. Augustyn M, Grys I, Kukla M (2019) Small intestinal bacterial overgrowth and nonalcoholic 
fatty liver disease. Clin Exp Hepatol 5:1–10. https://doi.org/10.5114/CEH.2019.83151

51. Acharya C, Sahingur SE, Bajaj JS (2017) Microbiota, cirrhosis, and the emerging oral-gut- 
liver axis. JCI Insight 2:e94416. https://doi.org/10.1172/JCI.INSIGHT.94416

52. Horvath A, Rainer F, Bashir M, Leber B, Schmerboeck B, Klymiuk I et al (2019) Biomarkers 
for oralization during long-term proton pump inhibitor therapy predict survival in cirrhosis. 
Sci Rep 9:12000. https://doi.org/10.1038/S41598- 019- 48352- 5

53. Swidsinski A, Loening-Baucke V, Verstraelen H, Osowska S, Doerffel Y (2008) Biostructure 
of fecal microbiota in healthy subjects and patients with chronic idiopathic diarrhea. 
Gastroenterology 135:568. https://doi.org/10.1053/J.GASTRO.2008.04.017

54. Tamboli CP, Neut C, Desreumaux P, Calambel JF (2004) Dysbiosis as a prerequisite for 
IBD. Gut 53:1057

55. Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK, Knight R (2012) Diversity, stability and 
resilience of the human gut microbiota. Nature 489(489):220–230. https://doi.org/10.1038/
nature11550

56. Huttenhower C, Gevers D, Knight R, Abubucker S, Badger JH, Chinwalla AT et al (2012) 
Structure, function and diversity of the healthy human microbiome. Nature 486:207–214. 
https://doi.org/10.1038/NATURE11234

57. Bajaj JS, Idilman R, Mabudian L, Hood M, Fagan A, Turan D et al (2018) Diet affects gut 
microbiota and modulates hospitalization risk differentially in an international cirrhosis 
cohort. Hepatology 68:234–247. https://doi.org/10.1002/HEP.29791

58. Volta U, Bonazzi C, Bianchi FB, Baldoni AM, Zoli M, Pisi E (1987) IgA antibodies to dietary 
antigens in liver cirrhosis. Ric Clin Lab 17:235–242. https://doi.org/10.1007/BF02912537

59. Schnabl B, Brenner DA (2014) Interactions between the intestinal microbiome and liver dis-
eases. Gastroenterology 146:1513–1524. https://doi.org/10.1053/J.GASTRO.2014.01.020

60. Wiest R, Albillos A, Trauner M, Bajaj JS, Jalan R (2017) Targeting the gut-liver axis in liver 
disease. J Hepatol 67:1084–1103. https://doi.org/10.1016/J.JHEP.2017.05.007

61. Spadoni I, Zagato E, Bertocchi A, Paolinelli R, Hot E, di Sabatino A et  al (2015) A gut- 
vascular barrier controls the systemic dissemination of bacteria. Science 350:830–834. 
https://doi.org/10.1126/SCIENCE.AAD0135

62. Desai MS, Seekatz AM, Koropatkin NM, Kamada N, Hickey CA, Wolter M et al (2016) A 
dietary fiber-deprived gut microbiota degrades the colonic mucus barrier and enhances patho-
gen susceptibility. Cell 167:1339–1353.e21. https://doi.org/10.1016/J.CELL.2016.10.043

L. Skladany et al.

https://doi.org/10.3389/FMICB.2018.02897
https://doi.org/10.1016/J.JHEP.2021.11.008
https://doi.org/10.1016/J.JHEP.2021.11.008
https://doi.org/10.1038/S41591-020-1102-2
https://doi.org/10.1126/science.abf3363
https://doi.org/10.1128/MMBR.00044-18
https://doi.org/10.1128/MMBR.00044-18
https://doi.org/10.3389/FPHYS.2021.699253
https://doi.org/10.3389/FPHYS.2021.699253
https://doi.org/10.1186/S40168-021-01162-2
https://doi.org/10.1186/S40168-021-01162-2
https://doi.org/10.5114/CEH.2019.83151
https://doi.org/10.1172/JCI.INSIGHT.94416
https://doi.org/10.1038/S41598-019-48352-5
https://doi.org/10.1053/J.GASTRO.2008.04.017
https://doi.org/10.1038/nature11550
https://doi.org/10.1038/nature11550
https://doi.org/10.1038/NATURE11234
https://doi.org/10.1002/HEP.29791
https://doi.org/10.1007/BF02912537
https://doi.org/10.1053/J.GASTRO.2014.01.020
https://doi.org/10.1016/J.JHEP.2017.05.007
https://doi.org/10.1126/SCIENCE.AAD0135
https://doi.org/10.1016/J.CELL.2016.10.043


167

63. Clària J, Stauber RE, Coenraad MJ, Moreau R, Jalan R, Pavesi M et  al (2016) Systemic 
inflammation in decompensated cirrhosis: Characterization and role in acute-on-chronic liver 
failure. Hepatology 64:1249–1264. https://doi.org/10.1002/HEP.28740

64. Almeida JI, Tenreiro MF, Martinez-Santamaria L, Guerrero-Aspizua S, Gisbert JP, Alves PM 
et al (2022) Hallmarks of the human intestinal microbiome on liver maturation and function. 
J Hepatol 76:694–725. https://doi.org/10.1016/J.JHEP.2021.10.015

65. Donaldson GP, Lee SM, Mazmanian SK (2016) Gut biogeography of the bacterial micro-
biota. Nat Rev Microbiol 14:20–32. https://doi.org/10.1038/NRMICRO3552

66. Fukui H (2015) Gut-liver axis in liver cirrhosis: How to manage leaky gut and endotoxemia. 
World J Hepatol 7:425–442. https://doi.org/10.4254/WJH.V7.I3.425

67. Kinashi Y, Hase K (2021) Partners in leaky gut syndrome: intestinal dysbiosis and autoim-
munity. Front Immunol 12:673708. https://doi.org/10.3389/FIMMU.2021.673708

68. Muñoz L, Borrero MJ, Úbeda M, Conde E, del Campo R, Rodríguez-Serrano M et al (2019) 
Intestinal immune dysregulation driven by dysbiosis promotes barrier disruption and bac-
terial translocation in rats with cirrhosis. Hepatology 70:925–938. https://doi.org/10.1002/
HEP.30349

69. Acharya C, Bajaj JS (2021) chronic liver diseases and the microbiome-translating our 
knowledge of gut microbiota to management of chronic liver disease. Gastroenterology 
160:556–572. https://doi.org/10.1053/J.GASTRO.2020.10.056

70. Trebicka J, Macnaughtan J, Schnabl B, Shawcross DL, Bajaj JS (2021) The microbiota in 
cirrhosis and its role in hepatic decompensation. J Hepatol 75(Suppl 1):S67–S81. https://doi.
org/10.1016/J.JHEP.2020.11.013

71. Ponziani FR, Zocco MA, Cerrito L, Gasbarrini A, Pompili M (2018) Bacterial transloca-
tion in patients with liver cirrhosis: physiology, clinical consequences, and practical impli-
cations. Expert Rev Gastroenterol Hepatol 12:641–656. https://doi.org/10.1080/1747412
4.2018.1481747

72. Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D et  al (2007) Metabolic 
endotoxemia initiates obesity and insulin resistance. Diabetes 56:1761–1772. https://doi.
org/10.2337/DB06- 1491

73. Moon AM, Singal AG, Tapper EB (2020) Contemporary epidemiology of chronic liver 
disease and cirrhosis. Clin Gastroenterol Hepatol 18:2650. https://doi.org/10.1016/J.
CGH.2019.07.060

74. Asrani SK, Devarbhavi H, Eaton J, Kamath PS (2019) Burden of liver diseases in the world. 
J Hepatol 70:151–171. https://doi.org/10.1016/J.JHEP.2018.09.014

75. Asrani SK, Kouznetsova M, Ogola G, Taylor T, Masica A, Pope B et al (2018) Increasing 
health care burden of chronic liver disease compared with other chronic diseases, 2004-2013. 
Gastroenterology 155:719–729.e4. https://doi.org/10.1053/J.GASTRO.2018.05.032

76. Wong RJ, Aguilar M, Cheung R, Perumpail RB, Harrison SA, Younossi ZM et  al (2015) 
Nonalcoholic steatohepatitis is the second leading etiology of liver disease among adults 
awaiting liver transplantation in the United States. Gastroenterology 148:547–555. https://
doi.org/10.1053/J.GASTRO.2014.11.039

77. Pimpin L, Cortez-Pinto H, Negro F, Corbould E, Lazarus JV, Webber L et al (2018) Burden 
of liver disease in Europe: epidemiology and analysis of risk factors to identify prevention 
policies. J Hepatol 69:718–735. https://doi.org/10.1016/J.JHEP.2018.05.011

78. Moreau R, Jalan R, Gines P, Pavesi M, Angeli P, Cordoba J et al (2013) Acute-on-chronic 
liver failure is a distinct syndrome that develops in patients with acute decompensation of cir-
rhosis. Gastroenterology 144:1426. https://doi.org/10.1053/J.GASTRO.2013.02.042

79. Sarin SK, Choudhury A (2016) Acute-on-chronic liver failure: terminology, mechanisms 
and management. Nat Rev Gastroenterol Hepatol 13:131–149. https://doi.org/10.1038/
NRGASTRO.2015.219

80. Trebicka J, Bork P, Krag A, Arumugam M (2021) Utilizing the gut microbiome in decompen-
sated cirrhosis and acute-on-chronic liver failure. Nat Rev Gastroenterol Hepatol 18:167–180. 
https://doi.org/10.1038/S41575- 020- 00376- 3

Gut Microbiome and Liver Diseases from the Perspective of 3PM: The Predictive…

https://doi.org/10.1002/HEP.28740
https://doi.org/10.1016/J.JHEP.2021.10.015
https://doi.org/10.1038/NRMICRO3552
https://doi.org/10.4254/WJH.V7.I3.425
https://doi.org/10.3389/FIMMU.2021.673708
https://doi.org/10.1002/HEP.30349
https://doi.org/10.1002/HEP.30349
https://doi.org/10.1053/J.GASTRO.2020.10.056
https://doi.org/10.1016/J.JHEP.2020.11.013
https://doi.org/10.1016/J.JHEP.2020.11.013
https://doi.org/10.1080/17474124.2018.1481747
https://doi.org/10.1080/17474124.2018.1481747
https://doi.org/10.2337/DB06-1491
https://doi.org/10.2337/DB06-1491
https://doi.org/10.1016/J.CGH.2019.07.060
https://doi.org/10.1016/J.CGH.2019.07.060
https://doi.org/10.1016/J.JHEP.2018.09.014
https://doi.org/10.1053/J.GASTRO.2018.05.032
https://doi.org/10.1053/J.GASTRO.2014.11.039
https://doi.org/10.1053/J.GASTRO.2014.11.039
https://doi.org/10.1016/J.JHEP.2018.05.011
https://doi.org/10.1053/J.GASTRO.2013.02.042
https://doi.org/10.1038/NRGASTRO.2015.219
https://doi.org/10.1038/NRGASTRO.2015.219
https://doi.org/10.1038/S41575-020-00376-3


168

81. Bajaj JS, Khoruts A (2020) Microbiota changes and intestinal microbiota transplanta-
tion in liver diseases and cirrhosis. J Hepatol 72:1003–1027. https://doi.org/10.1016/J.
JHEP.2020.01.017

82. Acharya C, Bajaj JS (2019) Altered microbiome in patients with cirrhosis and complications. 
Clin Gastroenterol Hepatol 17:307–321. https://doi.org/10.1016/J.CGH.2018.08.008

83. Bajaj JS, Reddy KR, O’Leary JG, Vargas HE, Lai JC, Kamath PS et al (2020) Serum levels 
of metabolites produced by intestinal microbes and lipid moieties independently associated 
with acute-on-chronic liver failure and death in patients with cirrhosis. Gastroenterology 
159:1715–1730.e12. https://doi.org/10.1053/J.GASTRO.2020.07.019

84. Tripathi A, Debelius J, Brenner DA, Karin M, Loomba R, Schnabl B et al (2018) The gut-liver 
axis and the intersection with the microbiome. Nat Rev Gastroenterol Hepatol 15:397–411. 
https://doi.org/10.1038/S41575- 018- 0011- Z

85. Fairfield B, Schnabl B (2021) Gut dysbiosis as a driver in alcohol-induced liver injury. JHEP 
Rep 3:100220. https://doi.org/10.1016/J.JHEPR.2020.100220

86. Arroyo V, Moreau R, Jalan R (2020) Acute-on-chronic liver failure. N Engl J Med 
382:2137–2145. https://doi.org/10.1056/NEJMRA1914900

87. Han S, Yang Z, Zhang T, Ma J, Chandler K, Liangpunsakul S (2021) Epidemiology of 
alcohol-associated liver disease. Clin Liver Dis 25:483–492. https://doi.org/10.1016/J.
CLD.2021.03.009

88. Lee BP, Vittinghoff E, Dodge JL, Cullaro G, Terrault NA (2019) National trends and long- 
term outcomes of liver transplant for alcohol-associated liver disease in the United States. 
JAMA Intern Med 179:340–348. https://doi.org/10.1001/JAMAINTERNMED.2018.6536

89. Skladany L, Molcan P, Vnencakova J, Vrbova P, Kukla M, Laffers L et al (2021) Frailty in 
nonalcoholic fatty liver cirrhosis: a comparison with alcoholic cirrhosis, risk patterns, and 
impact on prognosis. Can J Gastroenterol Hepatol 2021:5576531

90. Skladany L, Koller T, Adamcova Selcanova S, Vnencakova J, Jancekova D, Durajova V 
et al (2021) Challenging management of severe chronic disorders in acute pandemic situ-
ation: chronic liver disease under COVID-19 pandemic as the proof-of-principle model 
to orchestrate the measures in 3PM context. EPMA J 12:1–14. https://doi.org/10.1007/
s13167- 021- 00231- 8

91. Singal AK, Bataller R, Ahn J, Kamath PS, Shah VH (2018) ACG clinical guideline: alcoholic 
liver disease. Am J Gastroenterol 113:175–194. https://doi.org/10.1038/AJG.2017.469

92. Dasarathy J, McCullough AJ, Dasarathy S (2017) Sarcopenia in alcoholic liver disease: clini-
cal and molecular advances. Alcohol Clin Exp Res 41:1419–1431. https://doi.org/10.1111/
acer.13425

93. Schnabl B (2016) Liver capsule: mechanisms of alcoholic hepatitis. Hepatology 64:276. 
https://doi.org/10.1002/HEP.28488

94. Szabo G, Thursz M, Shah VH (2022) Therapeutic advances in alcohol-associated hepatitis. J 
Hepatol 76:1279–1290. https://doi.org/10.1016/J.JHEP.2022.03.025

95. Habash NW, Sehrawat TS, Shah VH, Cao S (2022) Epigenetics of alcohol-related liver dis-
eases. JHEP Rep 4:100466. https://doi.org/10.1016/j.jhepr.2022.100466

96. Mutlu EA, Gillevet PM, Rangwala H, Sikaroodi M, Naqvi A, Engen PA et al (2012) Colonic 
microbiome is altered in alcoholism. Am J Physiol Gastrointest Liver Physiol 302:G966. 
https://doi.org/10.1152/AJPGI.00380.2011

97. Kim SS, Eun JW, Cho HJ, Song DS, Kim CW, Kim YS et al (2021) Microbiome as a potential 
diagnostic and predictive biomarker in severe alcoholic hepatitis. Aliment Pharmacol Ther 
53:540–551. https://doi.org/10.1111/APT.16200

98. German MN, Musto J, Lucey MR (2021) Novel treatments for alcoholic hepatitis. Curr Opin 
Gastroenterol 37:179–186. https://doi.org/10.1097/MOG.0000000000000725

99. European Association for the Study of Liver (2012) EASL clinical practical guidelines: 
management of alcoholic liver disease. J Hepatol 57:399–420. https://doi.org/10.1016/j.
jhep.2018.03.018

L. Skladany et al.

https://doi.org/10.1016/J.JHEP.2020.01.017
https://doi.org/10.1016/J.JHEP.2020.01.017
https://doi.org/10.1016/J.CGH.2018.08.008
https://doi.org/10.1053/J.GASTRO.2020.07.019
https://doi.org/10.1038/S41575-018-0011-Z
https://doi.org/10.1016/J.JHEPR.2020.100220
https://doi.org/10.1056/NEJMRA1914900
https://doi.org/10.1016/J.CLD.2021.03.009
https://doi.org/10.1016/J.CLD.2021.03.009
https://doi.org/10.1001/JAMAINTERNMED.2018.6536
https://doi.org/10.1007/s13167-021-00231-8
https://doi.org/10.1007/s13167-021-00231-8
https://doi.org/10.1038/AJG.2017.469
https://doi.org/10.1111/acer.13425
https://doi.org/10.1111/acer.13425
https://doi.org/10.1002/HEP.28488
https://doi.org/10.1016/J.JHEP.2022.03.025
https://doi.org/10.1016/j.jhepr.2022.100466
https://doi.org/10.1152/AJPGI.00380.2011
https://doi.org/10.1111/APT.16200
https://doi.org/10.1097/MOG.0000000000000725
https://doi.org/10.1016/j.jhep.2018.03.018
https://doi.org/10.1016/j.jhep.2018.03.018


169

100. Llopis M, Cassard AM, Wrzosek L, Boschat L, Bruneau A, Ferrere G et al (2016) Intestinal 
microbiota contributes to individual susceptibility to alcoholic liver disease. Gut 65:830–839. 
https://doi.org/10.1136/GUTJNL- 2015- 310585

101. Lang S, Schnabl B (2020) Microbiota and fatty liver disease-the known, the unknown, and 
the future. Cell Host Microbe 28:233–244. https://doi.org/10.1016/J.CHOM.2020.07.007

102. Duan Y, Llorente C, Lang S, Brandl K, Chu H, Jiang L et al (2019) Bacteriophage target-
ing of gut bacterium attenuates alcoholic liver disease. Nature 575:505–511. https://doi.
org/10.1038/s41586- 019- 1742- x

103. Smirnova E, Puri P, Muthiah MD, Daitya K, Brown R, Chalasani N et al (2020) Fecal micro-
biome distinguishes alcohol consumption from alcoholic hepatitis but does not discriminate 
disease severity. Hepatology 72:271–286. https://doi.org/10.1002/HEP.31178

104. Sarin SK, Pande A, Schnabl B (2019) Microbiome as a therapeutic target in alcohol-related 
liver disease. J Hepatol 70:260–272. https://doi.org/10.1016/J.JHEP.2018.10.019

105. Ferrere G, Wrzosek L, Cailleux F, Turpin W, Puchois V, Spatz M et al (2017) Fecal micro-
biota manipulation prevents dysbiosis and alcohol-induced liver injury in mice. J Hepatol 
66:806–815. https://doi.org/10.1016/J.JHEP.2016.11.008

106. Philips CA, Pande A, Shasthry SM, Jamwal KD, Khillan V, Chandel SS et al (2017) Healthy 
donor fecal microbiota transplantation in steroid-ineligible severe alcoholic hepatitis: a pilot 
study. Clin Gastroenterol Hepatol 15:600–602. https://doi.org/10.1016/J.CGH.2016.10.029

107. DeFilipp Z, Bloom PP, Torres Soto M, Mansour MK, Sater MRA, Huntley MH et al (2019) 
Drug-resistant E. coli bacteremia transmitted by fecal microbiota transplant. N Engl J Med 
381:2043–2050. https://doi.org/10.1056/NEJMoa1910437

108. Safety Alert Regarding Use of Fecal Microbiota for Transplantation and Additional 
Safety Protections Pertaining to Monkeypox Virus, FDA. https://www.fda.gov/vaccines- 
blood- biologics/safety- availability- biologics/safety- alert- regarding- use- fecal- microbiota- 
transplantation- and- additional- safety- protections- 0. Accessed 1 Sep 2022

109. Grander C, Adolph TE, Wieser V, Lowe P, Wrzosek L, Gyongyosi B et al (2018) Recovery of 
ethanol-induced Akkermansia muciniphila depletion ameliorates alcoholic liver disease. Gut 
67:892–902. https://doi.org/10.1136/gutjnl- 2016- 313432

110. Jiang L, Lang S, Duan Y, Zhang X, Gao B, Chopyk J et al (2020) Intestinal virome in patients 
with alcoholic hepatitis. Hepatology 72:2182–2196. https://doi.org/10.1002/hep.31459

111. Yang AM, Inamine T, Hochrath K, Chen P, Wang L, Llorente C et al (2017) Intestinal fungi 
contribute to development of alcoholic liver disease. J Clin Invest 127:2829–2841. https://
doi.org/10.1172/JCI90562

112. Chu H, Duan Y, Lang S, Jiang L, Wang Y, Llorente C et al (2020) The Candida albicans exo-
toxin Candidalysin promotes alcohol-associated liver disease. J Hepatol 72:391. https://doi.
org/10.1016/j.jhep.2019.09.029

113. Lang S, Duan Y, Liu J, Torralba MG, Kuelbs C, Ventura-Cots M et al (2020) Intestinal fun-
gal dysbiosis and systemic immune response to fungi in patients with alcoholic hepatitis. 
Hepatology 71:522–538. https://doi.org/10.1002/HEP.30832

114. Bajaj JS, Kassam Z, Fagan A, Gavis EA, Liu E, Cox IJ et al (2017) Fecal microbiota trans-
plant from a rational stool donor improves hepatic encephalopathy: a randomized clinical 
trial. Hepatology 66:1727–1738. https://doi.org/10.1002/HEP.29306

115. Eslam M, Sanyal AJ, George J, Sanyal A, Neuschwander-Tetri B, Tiribelli C et al (2020) 
MAFLD: a consensus-driven proposed nomenclature for metabolic associated fatty liver dis-
ease. Gastroenterology 158:1999–2014.e1. https://doi.org/10.1053/J.GASTRO.2019.11.312

116. Byrne CD, Targher G (2015) NAFLD: a multisystem disease. J Hepatol 62:S47–S64. https://
doi.org/10.1016/J.JHEP.2014.12.012

117. Loomba R, Adams LA (2019) The 20% rule of NASH progression: the natural history of 
advanced fibrosis and cirrhosis caused by NASH.  Hepatology 70:1885–1888. https://doi.
org/10.1002/HEP.30946

118. Caldwell S, Argo C (2010) The natural history of non-alcoholic fatty liver disease. Dig Dis 
28:162–168. https://doi.org/10.1159/000282081

Gut Microbiome and Liver Diseases from the Perspective of 3PM: The Predictive…

https://doi.org/10.1136/GUTJNL-2015-310585
https://doi.org/10.1016/J.CHOM.2020.07.007
https://doi.org/10.1038/s41586-019-1742-x
https://doi.org/10.1038/s41586-019-1742-x
https://doi.org/10.1002/HEP.31178
https://doi.org/10.1016/J.JHEP.2018.10.019
https://doi.org/10.1016/J.JHEP.2016.11.008
https://doi.org/10.1016/J.CGH.2016.10.029
https://doi.org/10.1056/NEJMoa1910437
https://www.fda.gov/vaccines-blood-biologics/safety-availability-biologics/safety-alert-regarding-use-fecal-microbiota-transplantation-and-additional-safety-protections-0
https://www.fda.gov/vaccines-blood-biologics/safety-availability-biologics/safety-alert-regarding-use-fecal-microbiota-transplantation-and-additional-safety-protections-0
https://www.fda.gov/vaccines-blood-biologics/safety-availability-biologics/safety-alert-regarding-use-fecal-microbiota-transplantation-and-additional-safety-protections-0
https://doi.org/10.1136/gutjnl-2016-313432
https://doi.org/10.1002/hep.31459
https://doi.org/10.1172/JCI90562
https://doi.org/10.1172/JCI90562
https://doi.org/10.1016/j.jhep.2019.09.029
https://doi.org/10.1016/j.jhep.2019.09.029
https://doi.org/10.1002/HEP.30832
https://doi.org/10.1002/HEP.29306
https://doi.org/10.1053/J.GASTRO.2019.11.312
https://doi.org/10.1016/J.JHEP.2014.12.012
https://doi.org/10.1016/J.JHEP.2014.12.012
https://doi.org/10.1002/HEP.30946
https://doi.org/10.1002/HEP.30946
https://doi.org/10.1159/000282081


170

119. Boursier J, Mueller O, Barret M, Machado M, Fizanne L, Araujo-Perez F et al (2016) The 
severity of nonalcoholic fatty liver disease is associated with gut dysbiosis and shift in the 
metabolic function of the gut microbiota. Hepatology 63:764–775. https://doi.org/10.1002/
HEP.28356

120. Zhu L, Baker SS, Gill C, Liu W, Alkhouri R, Baker RD et al (2013) Characterization of gut 
microbiomes in nonalcoholic steatohepatitis (NASH) patients: a connection between endog-
enous alcohol and NASH. Hepatology 57:601–609. https://doi.org/10.1002/HEP.26093

121. Bäckhed F, Ding H, Wang T, Hooper LV, Gou YK, Nagy A et  al (2004) The gut micro-
biota as an environmental factor that regulates fat storage. Proc Natl Acad Sci U S A 
101:15718–15723. https://doi.org/10.1073/PNAS.0407076101

122. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI (2006) An 
obesity-associated gut microbiome with increased capacity for energy harvest. Nature 
444:1027–1031. https://doi.org/10.1038/NATURE05414

123. Wu GD, Chen J, Hoffmann C, Bittinger K, Chen YY, Keilbaugh SA et al (2011) Linking 
long-term dietary patterns with gut microbial enterotypes. Science 334:105–108. https://doi.
org/10.1126/SCIENCE.1208344

124. Buzzetti E, Pinzani M, Tsochatzis EA (2016) The multiple-hit pathogenesis of non- 
alcoholic fatty liver disease (NAFLD). Metabolism 65:1038–1048. https://doi.org/10.1016/J.
METABOL.2015.12.012

125. Mehal WZ (2013) The Gordian Knot of dysbiosis, obesity and NAFLD. Nat Rev Gastroenterol 
Hepatol 10:637–644. https://doi.org/10.1038/NRGASTRO.2013.146

126. Aron-Wisnewsky J, Vigliotti C, Witjes J, Le P, Holleboom AG, Verheij J et al (2020) Gut 
microbiota and human NAFLD: disentangling microbial signatures from metabolic disorders. 
Nat Rev Gastroenterol Hepatol 17:279–297. https://doi.org/10.1038/s41575- 020- 0269- 9

127. Lee G, You HJ, Bajaj JS, Joo SK, Yu J, Park S et al (2020) Distinct signatures of gut microbi-
ome and metabolites associated with significant fibrosis in non-obese NAFLD. Nat Commun 
11:1–13. https://doi.org/10.1038/s41467- 020- 18754- 5

128. Caesar R, Reigstad CS, Bäckhed HK, Reinhardt C, Ketonen M, Lundén GÖ et al (2012) Gut- 
derived lipopolysaccharide augments adipose macrophage accumulation but is not essential 
for impaired glucose or insulin tolerance in mice. Gut 61:1701–1707. https://doi.org/10.1136/
GUTJNL- 2011- 301689

129. Wree A, McGeough MD, Peña CA, Schlattjan M, Li H, Inzaugarat ME et al (2014) NLRP3 
inflammasome activation is required for fibrosis development in NAFLD. J Mol Med (Berl) 
92:1069–1082. https://doi.org/10.1007/S00109- 014- 1170- 1

130. Mouzaki M, Wang AY, Bandsma R, Comelli EM, Arendt BM, Zhang L et  al (2016) Bile 
acids and dysbiosis in non-alcoholic fatty liver disease. PloS One 11:e0151829. https://doi.
org/10.1371/JOURNAL.PONE.0151829

131. Zhang C-X, Hu J, Hu K-W, Zhang C, Wang L, Xu J-M (2011) Noninvasive analysis of por-
tal pressure by contrast-enhanced sonography in patients with cirrhosis. J Ultrasound Med 
30:205–211

132. Jiao N, Baker SS, Chapa-Rodriguez A, Liu W, Nugent CA, Tsompana M et  al (2018) 
Suppressed hepatic bile acid signalling despite elevated production of primary and secondary 
bile acids in NAFLD. Gut 67:1881. https://doi.org/10.1136/GUTJNL- 2017- 314307

133. Schwenger KJP, Bolzon CM, Li C, Allard JP (2019) Non-alcoholic fatty liver disease and 
obesity: the role of the gut bacteria. Eur J Nutr 58:1771–1784. https://doi.org/10.1007/
S00394- 018- 1844- 5

134. Schwiertz A, Taras D, Schäfer K, Beijer S, Bos NA, Donus C et al (2010) Microbiota and 
SCFA in lean and overweight healthy subjects. Obesity 18:190–195. https://doi.org/10.1038/
OBY.2009.167

135. Zeevi D, Korem T, Zmora N, Israeli D, Rothschild D, Weinberger A et al (2015) Personalized 
nutrition by prediction of glycemic responses. Cell 163:1079–1094. https://doi.org/10.1016/J.
CELL.2015.11.001

136. Cuevas-Sierra A, Milagro FI, Guruceaga E, Cuervo M, Goni L, García-Granero M et  al 
(2022) A weight-loss model based on baseline microbiota and genetic scores for selection 

L. Skladany et al.

https://doi.org/10.1002/HEP.28356
https://doi.org/10.1002/HEP.28356
https://doi.org/10.1002/HEP.26093
https://doi.org/10.1073/PNAS.0407076101
https://doi.org/10.1038/NATURE05414
https://doi.org/10.1126/SCIENCE.1208344
https://doi.org/10.1126/SCIENCE.1208344
https://doi.org/10.1016/J.METABOL.2015.12.012
https://doi.org/10.1016/J.METABOL.2015.12.012
https://doi.org/10.1038/NRGASTRO.2013.146
https://doi.org/10.1038/s41575-020-0269-9
https://doi.org/10.1038/s41467-020-18754-5
https://doi.org/10.1136/GUTJNL-2011-301689
https://doi.org/10.1136/GUTJNL-2011-301689
https://doi.org/10.1007/S00109-014-1170-1
https://doi.org/10.1371/JOURNAL.PONE.0151829
https://doi.org/10.1371/JOURNAL.PONE.0151829
https://doi.org/10.1136/GUTJNL-2017-314307
https://doi.org/10.1007/S00394-018-1844-5
https://doi.org/10.1007/S00394-018-1844-5
https://doi.org/10.1038/OBY.2009.167
https://doi.org/10.1038/OBY.2009.167
https://doi.org/10.1016/J.CELL.2015.11.001
https://doi.org/10.1016/J.CELL.2015.11.001


171

of dietary treatments in overweight and obese population. Clin Nutr 41:1712. https://doi.
org/10.1016/J.CLNU.2022.06.008

137. Qiu X, Wu Q, Li W, Tang K, Zhang J (2022) Effects of Lactobacillus supplementation on gly-
cemic and lipid indices in overweight or obese adults: a systematic review and meta-analysis. 
Clin Nutr 41:1787–1797. https://doi.org/10.1016/J.CLNU.2022.06.030

138. Sharpton SR, Maraj B, Harding-Theobald E, Vittinghoff E, Terrault NA (2019) Gut 
microbiome- targeted therapies in nonalcoholic fatty liver disease: a systematic review, 
meta-analysis, and meta-regression. Am J Clin Nutr 110:139–149. https://doi.org/10.1093/
AJCN/NQZ042

139. Hu W, Gao W, Liu Z, Fang Z, Wang H, Zhao J et al (2022) Specific strains of Faecalibacterium 
prausnitzii Ameliorate nonalcoholic fatty liver disease in mice in association with gut micro-
biota regulation. Nutrients 14:2945. https://doi.org/10.3390/NU14142945

140. Craven L, Rahman A, Nair Parvathy S, Beaton M, Silverman J, Qumosani K et al (2020) 
Allogenic fecal microbiota transplantation in patients with nonalcoholic fatty liver dis-
ease improves abnormal small intestinal permeability: a randomized control trial. Am J 
Gastroenterol 115:1055–1065. https://doi.org/10.14309/AJG.0000000000000661

141. Witjes JJ, Smits LP, Pekmez CT, Prodan A, Meijnikman AS, Troelstra MA et al (2020) Donor 
fecal microbiota transplantation alters gut microbiota and metabolites in obese individuals 
with steatohepatitis. Hepatol Commun 4:1578–1590. https://doi.org/10.1002/HEP4.1601

142. Manns MP, Lohse AW, Vergani D (2015) Autoimmune hepatitis—update 2015. J Hepatol 
62:S100–S111. https://doi.org/10.1016/j.jhep.2015.03.005

143. Boonstra K, Beuers U, Ponsioen CY (2012) Epidemiology of primary sclerosing cholangi-
tis and primary biliary cirrhosis: a systematic review. J Hepatol 56:1181–1188. https://doi.
org/10.1016/j.jhep.2011.10.025

144. Zheng Y, Ran Y, Zhang H, Wang B, Zhou L (2021) The microbiome in autoimmune liver 
diseases: metagenomic and metabolomic changes. Front Physiol 12:715852. https://doi.
org/10.3389/FPHYS.2021.715852

145. Li B, Selmi C, Tang R, Gershwin ME, Ma X (2018) The microbiome and autoimmunity: a 
paradigm from the gut-liver axis. Cell Mol Immunol 15:595–609. https://doi.org/10.1038/
CMI.2018.7

146. Volk M, Reau N (2021) Diagnosis and management of autoimmune hepatitis in adults 
and children: a patient-friendly summary of the 2019 AASLD guidelines. Clin Liver Dis 
17:85–89. https://doi.org/10.1002/CLD.1080

147. Wei Y, Li Y, Yan L, Sun C, Miao Q, Wang Q et al (2020) Alterations of gut microbiome in 
autoimmune hepatitis. Gut 69:569–577. https://doi.org/10.1136/GUTJNL- 2018- 317836

148. Liwinski T, Casar C, Ruehlemann MC, Bang C, Sebode M, Hohenester S et  al (2020) A 
disease-specific decline of the relative abundance of Bifidobacterium in patients with autoim-
mune hepatitis. Aliment Pharmacol Ther 51:1417–1428. https://doi.org/10.1111/APT.15754

149. Wu JL, Zou JY, de Hu E, Chen DZ, Chen L, Lu F et al (2017) Sodium butyrate ameliorates 
S100/FCA-induced autoimmune hepatitis through regulation of intestinal tight junction and 
toll-like receptor 4 signaling pathway. Immunol Lett 190:169–176. https://doi.org/10.1016/J.
IMLET.2017.08.005

150. Zhang H, Liu M, Liu X, Zhong W, Li Y, Ran Y et al (2020) Bifidobacterium animalis ssp. 
Lactis 420 mitigates autoimmune hepatitis through regulating intestinal barrier and liver 
immune cells. Front Immunol 11:569104. https://doi.org/10.3389/fimmu.2020.569104

151. Zhang H, Liu M, Zhong W, Zheng Y, Li Y, Guo L et al (2021) Leaky gut driven by dys-
biosis augments activation and accumulation of liver macrophages via RIP3 signaling 
pathway in autoimmune hepatitis. Front Immunol 12:624360. https://doi.org/10.3389/
FIMMU.2021.624360

152. Liu Q, Tian H, Kang Y, Tian Y, Li L, Kang X et al (2021) Probiotics alleviate autoimmune 
hepatitis in mice through modulation of gut microbiota and intestinal permeability. J Nutr 
Biochem 98:108863. https://doi.org/10.1016/J.JNUTBIO.2021.108863

153. de Hu E, Chen DZ, Wu JL, Lu F, Chen L, Zheng MH et al (2018) High fiber dietary and 
sodium butyrate attenuate experimental autoimmune hepatitis through regulation of immune 

Gut Microbiome and Liver Diseases from the Perspective of 3PM: The Predictive…

https://doi.org/10.1016/J.CLNU.2022.06.008
https://doi.org/10.1016/J.CLNU.2022.06.008
https://doi.org/10.1016/J.CLNU.2022.06.030
https://doi.org/10.1093/AJCN/NQZ042
https://doi.org/10.1093/AJCN/NQZ042
https://doi.org/10.3390/NU14142945
https://doi.org/10.14309/AJG.0000000000000661
https://doi.org/10.1002/HEP4.1601
https://doi.org/10.1016/j.jhep.2015.03.005
https://doi.org/10.1016/j.jhep.2011.10.025
https://doi.org/10.1016/j.jhep.2011.10.025
https://doi.org/10.3389/FPHYS.2021.715852
https://doi.org/10.3389/FPHYS.2021.715852
https://doi.org/10.1038/CMI.2018.7
https://doi.org/10.1038/CMI.2018.7
https://doi.org/10.1002/CLD.1080
https://doi.org/10.1136/GUTJNL-2018-317836
https://doi.org/10.1111/APT.15754
https://doi.org/10.1016/J.IMLET.2017.08.005
https://doi.org/10.1016/J.IMLET.2017.08.005
https://doi.org/10.3389/fimmu.2020.569104
https://doi.org/10.3389/FIMMU.2021.624360
https://doi.org/10.3389/FIMMU.2021.624360
https://doi.org/10.1016/J.JNUTBIO.2021.108863


172

regulatory cells and intestinal barrier. Cell Immunol 328:24–32. https://doi.org/10.1016/J.
CELLIMM.2018.03.003

154. Liang M, Liwen Z, Jianguo S, Juan D, Fei D, Yin Z et  al (2021) Fecal microbiota trans-
plantation controls progression of experimental autoimmune hepatitis in mice by modulat-
ing the TFR/TFH immune imbalance and intestinal microbiota composition. Front Immunol 
12:728723. https://doi.org/10.3389/FIMMU.2021.728723

155. Chapman MH, Thorburn D, Hirschfield GM, Webster GGJ, Rushbrook SM, Alexander G 
et al (2019) British Society of Gastroenterology and UK-PSC guidelines for the diagnosis and 
management of primary sclerosing cholangitis. Gut 68:1356–1378. https://doi.org/10.1136/
GUTJNL- 2018- 317993

156. Poupon RE, Balkau B, Eschwege E, Poupon R (1991) A multicenter, controlled trial of urso-
diol for the treatment of primary biliary cirrhosis. UDCA-PBC Study Group. N Engl J Med 
324:1548–1554. https://doi.org/10.1056/NEJM199105303242204

157. Gazda J, Janicko M, Drazilova S, Grgurevic I, Kanizaj TF, Koller T et al (2021) External vali-
dation of UDCA response score in Slovak and Croatian patients with primary biliary chol-
angitis. Can J Gastroenterol Hepatol 2021:9928065. https://doi.org/10.1155/2021/9928065

158. Beuers U, Trauner M, Jansen P, Poupon R (2015) New paradigms in the treatment of hepatic 
cholestasis: from UDCA to FXR, PXR and beyond. J Hepatol 62:S25–S37. https://doi.
org/10.1016/j.jhep.2015.02.023

159. Hirschfield GM, Chazouillères O, Cortez-Pinto H, Macedo G, de Lédinghen V, Adekunle F 
et al (2021) A consensus integrated care pathway for patients with primary biliary cholangi-
tis: a guideline-based approach to clinical care of patients. Expert Rev Gastroenterol Hepatol 
15:929–939. https://doi.org/10.1080/17474124.2021.1945919

160. Huang MX, Yang SY, Luo PY, Long J, Liu QZ, Wang J et al (2021) Gut microbiota contrib-
utes to sexual dimorphism in murine autoimmune cholangitis. J Leukoc Biol 110:1121–1130. 
https://doi.org/10.1002/JLB.3MA0321- 037R

161. Shah A, MacDonald GA, Morrison M, Holtmann G (2020) Targeting the gut microbiome as a 
treatment for primary sclerosing cholangitis: a conceptional framework. Am J Gastroenterol 
115:814–822. https://doi.org/10.14309/AJG.0000000000000604

162. Kummen M, Holm K, Anmarkrud JA, Nygård S, Vesterhus M, Høivik ML et al (2017) The 
gut microbial profile in patients with primary sclerosing cholangitis is distinct from patients 
with ulcerative colitis without biliary disease and healthy controls. Gut 66:611–619. https://
doi.org/10.1136/GUTJNL- 2015- 310500

163. Bajer L, Kverka M, Kostovcik M, Macinga P, Dvorak J, Stehlikova Z et al (2017) Distinct 
gut microbiota profiles in patients with primary sclerosing cholangitis and ulcerative colitis. 
World J Gastroenterol 23:4548–4558. https://doi.org/10.3748/WJG.V23.I25.4548

164. Lemoinne S, Kemgang A, Ben Belkacem K, Straube M, Jegou S, Corpechot C et al (2020) 
Fungi participate in the dysbiosis of gut microbiota in patients with primary sclerosing chol-
angitis. Gut 69:92–102. https://doi.org/10.1136/GUTJNL- 2018- 317791

165. Lapidot Y, Amir A, Ben-Simon S, Veitsman E, Cohen-Ezra O, Davidov Y et  al (2020) 
Alterations of the salivary and fecal microbiome in patients with primary sclerosing cholan-
gitis. Hepatol Int 15:191–201. https://doi.org/10.1007/S12072- 020- 10089- Z

166. Torres J, Palmela C, Brito H, Bao X, Ruiqi H, Moura-Santos P et  al (2018) The gut 
microbiota, bile acids and their correlation in primary sclerosing cholangitis associ-
ated with inflammatory bowel disease. United Eur Gastroenterol J 6:112–122. https://doi.
org/10.1177/2050640617708953

167. Vrieze A, Out C, Fuentes S, Jonker L, Reuling I, Kootte RS et al (2014) Impact of oral vanco-
mycin on gut microbiota, bile acid metabolism, and insulin sensitivity. J Hepatol 60:824–831. 
https://doi.org/10.1016/J.JHEP.2013.11.034

168. Tan LZ, Reilly CR, Steward-Harrison LC, Balouch F, Muir R, Lewindon PJ (2019) Oral van-
comycin induces clinical and mucosal remission of colitis in children with primary sclerosing 
cholangitis-ulcerative colitis. Gut 68:1533–1535. https://doi.org/10.1136/gutjnl- 2018- 316599

169. Ali AH, Damman J, Shah SB, Davies Y, Hurwitz M, Stephen M et  al (2020) Open-label 
prospective therapeutic clinical trials: oral vancomycin in children and adults with primary 

L. Skladany et al.

https://doi.org/10.1016/J.CELLIMM.2018.03.003
https://doi.org/10.1016/J.CELLIMM.2018.03.003
https://doi.org/10.3389/FIMMU.2021.728723
https://doi.org/10.1136/GUTJNL-2018-317993
https://doi.org/10.1136/GUTJNL-2018-317993
https://doi.org/10.1056/NEJM199105303242204
https://doi.org/10.1155/2021/9928065
https://doi.org/10.1016/j.jhep.2015.02.023
https://doi.org/10.1016/j.jhep.2015.02.023
https://doi.org/10.1080/17474124.2021.1945919
https://doi.org/10.1002/JLB.3MA0321-037R
https://doi.org/10.14309/AJG.0000000000000604
https://doi.org/10.1136/GUTJNL-2015-310500
https://doi.org/10.1136/GUTJNL-2015-310500
https://doi.org/10.3748/WJG.V23.I25.4548
https://doi.org/10.1136/GUTJNL-2018-317791
https://doi.org/10.1007/S12072-020-10089-Z
https://doi.org/10.1177/2050640617708953
https://doi.org/10.1177/2050640617708953
https://doi.org/10.1016/J.JHEP.2013.11.034
https://doi.org/10.1136/gutjnl-2018-316599


173

sclerosing cholangitis. Scand J Gastroenterol 55:1–10. https://doi.org/10.1080/0036552
1.2020.1787501

170. Dao A, Abidian M, Lestrange A, Mattar M, Rangnekar A, Charabaty A (2019) Oral 
Vancomycin induces and maintains remission of ulcerative colitis in the subset of patients 
with associated primary sclerosing cholangitis. Inflamm Bowel Dis 25:E90–E91. https://doi.
org/10.1093/IBD/IZZ027

171. Allegretti JR, Kassam Z, Carrellas M, Mullish BH, Marchesi JR, Pechlivanis A et al (2019) 
Fecal microbiota transplantation in patients with primary sclerosing cholangitis: a pilot clinical 
trial. Am J Gastroenterol 114:1071–1079. https://doi.org/10.14309/AJG.0000000000000115

172. Kummen M, Thingholm LB, Rühlemann MC, Holm K, Hansen SH, Moitinho-Silva 
L et  al (2021) Altered gut microbial metabolism of essential nutrients in primary scle-
rosing cholangitis. Gastroenterology 160:1784–1798.e0. https://doi.org/10.1053/J.
GASTRO.2020.12.058

173. Ginès P, Krag A, Abraldes JG, Solà E, Fabrellas N, Kamath PS (2021) Liver cirrhosis. Lancet 
398:1359–1376. https://doi.org/10.1016/S0140- 6736(21)01374- X

174. Health Statistics Yearbook of the Slovak Republic (2020) Národné centrum zdravotníck-
ych infromácií. https://www.nczisk.sk/en/Publications/Health_Statistics_Yearbooks/Pages/
default.aspx. Accessed 1 Sep 2022

175. Tilg H, Cani PD, Mayer EA (2016) Gut microbiome and liver diseases. Gut 65:2035–2044. 
https://doi.org/10.1136/GUTJNL- 2016- 312729

176. Oh TG, Kim SM, Caussy C, Fu T, Guo J, Bassirian S et al (2020) A universal gut-microbiome- 
derived signature predicts cirrhosis. Cell Metab 32:878–888.e6. https://doi.org/10.1016/J.
CMET.2020.06.005

177. Ginès P, Graupera I, Lammert F, Angeli P, Caballeria L, Krag A et  al (2016) Screening 
for liver fibrosis in the general population: a call for action. Lancet Gastroenterol Hepatol 
1:256–260. https://doi.org/10.1016/S2468- 1253(16)30081- 4

178. Pasolli E, Truong DT, Malik F, Waldron L, Segata N (2016) Machine learning meta-analysis of 
large metagenomic datasets: tools and biological insights. PLoS Comput Biol 12:e1004977. 
https://doi.org/10.1371/JOURNAL.PCBI.1004977

179. Chen Y, Yang F, Lu H, Wang B, Chen Y, Lei D et al (2011) Characterization of fecal micro-
bial communities in patients with liver cirrhosis. Hepatology 54:562–572. https://doi.
org/10.1002/HEP.24423

180. Bajaj JS, Betrapally NS, Hylemon PB, Heuman DM, Daita K, White MB et  al (2015) 
Salivary microbiota reflects changes in gut microbiota in cirrhosis with hepatic encephalopa-
thy. Hepatology 62:1260–1271. https://doi.org/10.1002/HEP.27819

181. Bajaj JS, Hylemon PB, Ridlon JM, Heuman DM, Daita K, White MB et al (2012) Colonic 
mucosal microbiome differs from stool microbiome in cirrhosis and hepatic encephalopa-
thy and is linked to cognition and inflammation. Am J Physiol Gastrointest Liver Physiol 
303:G675. https://doi.org/10.1152/AJPGI.00152.2012

182. Holte K, Krag A, Gluud LL (2012) Systematic review and meta-analysis of randomized 
trials on probiotics for hepatic encephalopathy. Hepatol Res 42:1008–1015. https://doi.
org/10.1111/J.1872- 034X.2012.01015.X

183. Dhiman RK, Rana B, Agrawal S, Garg A, Chopra M, Thumburu KK et al (2014) Probiotic 
VSL#3 reduces liver disease severity and hospitalization in patients with cirrhosis: a ran-
domized, controlled trial. Gastroenterology 147:1327–1337.e3. https://doi.org/10.1053/J.
GASTRO.2014.08.031

184. Bajaj JS, Fagan A, Gavis EA, Kassam Z, Sikaroodi M, Gillevet PM (2019) Long-term 
outcomes of fecal microbiota transplantation in patients with cirrhosis. Gastroenterology 
156:1921–1923.e3. https://doi.org/10.1053/J.GASTRO.2019.01.033

185. Kao D, Roach B, Park H, Hotte N, Madsen K, Bain V et al (2016) Fecal microbiota trans-
plantation in the management of hepatic encephalopathy. Hepatology 63:339–340. https://
doi.org/10.1002/HEP.28121

186. Shasthry SM (2020) Fecal microbiota transplantation in alcohol related liver diseases. Clin 
Mol Hepatol 26:294–301. https://doi.org/10.3350/CMH.2020.0057

Gut Microbiome and Liver Diseases from the Perspective of 3PM: The Predictive…

https://doi.org/10.1080/00365521.2020.1787501
https://doi.org/10.1080/00365521.2020.1787501
https://doi.org/10.1093/IBD/IZZ027
https://doi.org/10.1093/IBD/IZZ027
https://doi.org/10.14309/AJG.0000000000000115
https://doi.org/10.1053/J.GASTRO.2020.12.058
https://doi.org/10.1053/J.GASTRO.2020.12.058
https://doi.org/10.1016/S0140-6736(21)01374-X
https://www.nczisk.sk/en/Publications/Health_Statistics_Yearbooks/Pages/default.aspx
https://www.nczisk.sk/en/Publications/Health_Statistics_Yearbooks/Pages/default.aspx
https://doi.org/10.1136/GUTJNL-2016-312729
https://doi.org/10.1016/J.CMET.2020.06.005
https://doi.org/10.1016/J.CMET.2020.06.005
https://doi.org/10.1016/S2468-1253(16)30081-4
https://doi.org/10.1371/JOURNAL.PCBI.1004977
https://doi.org/10.1002/HEP.24423
https://doi.org/10.1002/HEP.24423
https://doi.org/10.1002/HEP.27819
https://doi.org/10.1152/AJPGI.00152.2012
https://doi.org/10.1111/J.1872-034X.2012.01015.X
https://doi.org/10.1111/J.1872-034X.2012.01015.X
https://doi.org/10.1053/J.GASTRO.2014.08.031
https://doi.org/10.1053/J.GASTRO.2014.08.031
https://doi.org/10.1053/J.GASTRO.2019.01.033
https://doi.org/10.1002/HEP.28121
https://doi.org/10.1002/HEP.28121
https://doi.org/10.3350/CMH.2020.0057


174

187. Bajaj JS, Salzman NH, Acharya C, Sterling RK, White MB, Gavis EA et al (2019) Fecal 
microbial transplant capsules are safe in hepatic encephalopathy: a phase 1, randomized, 
placebo-controlled trial. Hepatology 70:1690–1703. https://doi.org/10.1002/HEP.30690

188. Dapito DH, Mencin A, Gwak GY, Pradere JP, Jang MK, Mederacke I et al (2012) Promotion 
of hepatocellular carcinoma by the intestinal microbiota and TLR4. Cancer Cell 21:504–516. 
https://doi.org/10.1016/J.CCR.2012.02.007

189. Yoshimoto S, Loo TM, Atarashi K, Kanda H, Sato S, Oyadomari S et al (2013) Obesity- 
induced gut microbial metabolite promotes liver cancer through senescence secretome. 
Nature 499:97–101. https://doi.org/10.1038/NATURE12347

190. Schwabe RF, Greten TF (2020) Gut microbiome in HCC—mechanisms, diagnosis and ther-
apy. J Hepatol 72:230–238. https://doi.org/10.1016/J.JHEP.2019.08.016

191. Toffanin S, Cornella H, Harrington A, Llovet JM (2012) HCC is promoted by bacterial 
translocation and TLR-4 signaling: a new paradigm for chemoprevention and management. 
Hepatology 56:1998–2000. https://doi.org/10.1002/HEP.26080

192. Darnaud M, Faivre J, Moniaux N (2013) Targeting gut flora to prevent progression of hepato-
cellular carcinoma. J Hepatol 58:385–387. https://doi.org/10.1016/J.JHEP.2012.08.019

193. Ponziani FR, Bhoori S, Castelli C, Putignani L, Rivoltini L, del Chierico F et  al (2019) 
Hepatocellular carcinoma is associated with gut microbiota profile and inflammation in non-
alcoholic fatty liver disease. Hepatology 69:107–120. https://doi.org/10.1002/HEP.30036

194. Ren Z, Li A, Jiang J, Zhou L, Yu Z, Lu H et al (2019) Gut microbiome analysis as a tool towards 
targeted non-invasive biomarkers for early hepatocellular carcinoma. Gut 68:1014–1023. 
https://doi.org/10.1136/gutjnl- 2017- 315084

195. Liu Y, Li S, Li W, Wang P, Ding P, Li L et al (2019) RstA, a two-component response regula-
tor, plays important roles in multiple virulence-associated processes in enterohemorrhagic 
Escherichia coli O157:H7. Gut Pathog 11:53

196. Behary J, Amorim N, Jiang XT, Raposo A, Gong L, McGovern E et al (2021) Gut microbiota 
impact on the peripheral immune response in non-alcoholic fatty liver disease related hepato-
cellular carcinoma. Nat Commun 12:187. https://doi.org/10.1038/S41467- 020- 20422- 7

197. Chakladar J, Wong LM, Kuo SZ, Li WT, Yu MA, Chang EY et al (2020) The liver microbi-
ome is implicated in cancer prognosis and modulated by alcohol and Hepatitis B. Cancers 
(Basel) 12:1–16. https://doi.org/10.3390/CANCERS12061642

198. Komiyama S, Yamada T, Takemura N, Kokudo N, Hase K, Kawamura YI (2021) Profiling of 
tumour-associated microbiota in human hepatocellular carcinoma. Sci Rep 11:10589. https://
doi.org/10.1038/S41598- 021- 89963- 1

199. Routy B, le Chatelier E, Derosa L, Duong CPM, Alou MT, Daillère R et al (2018) Gut micro-
biome influences efficacy of PD-1-based immunotherapy against epithelial tumors. Science 
359:91–97. https://doi.org/10.1126/SCIENCE.AAN3706

200. Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews MC, Karpinets TV et al (2018) 
Gut microbiome modulates response to anti-PD-1 immunotherapy in melanoma patients. 
Science 359:97–103. https://doi.org/10.1126/SCIENCE.AAN4236

201. Matson V, Fessler J, Bao R, Chongsuwat T, Zha Y, Alegre ML et al (2018) The commensal 
microbiome is associated with anti-PD-1 efficacy in metastatic melanoma patients. Science 
359:104–108. https://doi.org/10.1126/SCIENCE.AAO3290

202. Hamady M, Walker JJ, Harris JK, Gold NJ, Knight R (2008) Error-correcting barcoded prim-
ers for pyrosequencing hundreds of samples in multiplex. Nat Methods 5:235–237. https://
doi.org/10.1038/NMETH.1184

203. Navas-Molina JA, Peralta-Sánchez JM, González A, McMurdie PJ, Vázquez-Baeza Y, Xu Z 
et al (2013) Advancing our understanding of the human microbiome using QIIME. Methods 
Enzymol 531:371–444. https://doi.org/10.1016/B978- 0- 12- 407863- 5.00019- 8

204. Lozupone CA, Hamady M, Kelley ST, Knight R (2007) Quantitative and qualitative beta 
diversity measures lead to different insights into factors that structure microbial communities. 
Appl Environ Microbiol 73:1576–1585. https://doi.org/10.1128/AEM.01996- 06

L. Skladany et al.

https://doi.org/10.1002/HEP.30690
https://doi.org/10.1016/J.CCR.2012.02.007
https://doi.org/10.1038/NATURE12347
https://doi.org/10.1016/J.JHEP.2019.08.016
https://doi.org/10.1002/HEP.26080
https://doi.org/10.1016/J.JHEP.2012.08.019
https://doi.org/10.1002/HEP.30036
https://doi.org/10.1136/gutjnl-2017-315084
https://doi.org/10.1038/S41467-020-20422-7
https://doi.org/10.3390/CANCERS12061642
https://doi.org/10.1038/S41598-021-89963-1
https://doi.org/10.1038/S41598-021-89963-1
https://doi.org/10.1126/SCIENCE.AAN3706
https://doi.org/10.1126/SCIENCE.AAN4236
https://doi.org/10.1126/SCIENCE.AAO3290
https://doi.org/10.1038/NMETH.1184
https://doi.org/10.1038/NMETH.1184
https://doi.org/10.1016/B978-0-12-407863-5.00019-8
https://doi.org/10.1128/AEM.01996-06


175

205. Thompson SK, Hoye TR (2017) Organic chemistry: molecular structure assignment simpli-
fied. Nature 547:410–411. https://doi.org/10.1038/547410A

206. Microb-Predict - MICROB-PREDICT. https://microb- predict.eu/. Accessed 1 Sep 2022
207. Gligorijević V, Renfrew PD, Kosciolek T, Leman JK, Berenberg D, Vatanen T et al (2021) 

Structure-based protein function prediction using graph convolutional networks. Nat 
Commun 12:1–14. https://doi.org/10.1038/s41467- 021- 23303- 9

208. Greener JG, Kandathil SM, Jones DT (2019) Deep learning extends de novo protein model-
ling coverage of genomes using iteratively predicted structural constraints. Nat Commun 
10:1–13. https://doi.org/10.1038/s41467- 019- 11994- 0

209. Loos RJF (2012) Genetic determinants of common obesity and their value in prediction. Best 
Pract Res Clin Endocrinol Metab 26:211–226. https://doi.org/10.1016/J.BEEM.2011.11.003

210. Knights D, Parfrey LW, Zaneveld J, Lozupone C, Knight R (2011) Human-associated micro-
bial signatures: examining their predictive value. Cell Host Microbe 10:292–296. https://doi.
org/10.1016/J.CHOM.2011.09.003

211. Why Professor Larry Smarr freezes his own faeces - BBC News. https://www.bbc.com/news/
av/health- 23621357. Accessed 1 Sep 2022

212. Huang S, Haiminen N, Carrieri A-P, Hu R, Jiang L, Parida L et al (2020) Human skin, oral, 
and gut microbiomes predict chronological age. mSystems 5:e00630. https://doi.org/10.1128/
MSYSTEMS.00630- 19

213. Oh J, Conlan S, Polley EC, Segre JA, Kong HH (2012) Shifts in human skin and nares micro-
biota of healthy children and adults. Genome Med 4:1–11. https://doi.org/10.1186/GM378/
FIGURES/4

214. Koutnikova H, Genser B, Monteiro-Sepulveda M, Faurie JM, Rizkalla S, Schrezenmeir J et al 
(2019) Impact of bacterial probiotics on obesity, diabetes and non-alcoholic fatty liver dis-
ease related variables: a systematic review and meta-analysis of randomised controlled trials. 
BMJ Open 9:e017995. https://doi.org/10.1136/BMJOPEN- 2017- 017995

215. Sáez-Lara MJ, Robles-Sanchez C, Ruiz-Ojeda FJ, Plaza-Diaz J, Gil A (2016) Effects of 
probiotics and synbiotics on obesity, insulin resistance syndrome, type 2 diabetes and non- 
alcoholic fatty liver disease: a review of human clinical trials. Int J Mol Sci 17:928. https://
doi.org/10.3390/IJMS17060928

216. Sharpton SR, Schnabl B, Knight R, Loomba R (2021) Current concepts, opportunities, and 
challenges of gut microbiome-based personalized medicine in nonalcoholic fatty liver dis-
ease. Cell Metab 33:21–32. https://doi.org/10.1016/J.CMET.2020.11.010

217. Acharya C, Bajaj JS (2020) Transmitting diet-related microbial benefit through fecal microbi-
ota transplant in NASH: can microbiota cut through the fat? Hepatol Commun 4:1559–1561. 
https://doi.org/10.1002/HEP4.1596

218. Long-Smith C, O’Riordan KJ, Clarke G, Stanton C, Dinan TG, Cryan JF (2020) Microbiota- 
gut- brain axis: new therapeutic opportunities. Annu Rev Pharmacol Toxicol 60:477–502. 
https://doi.org/10.1146/ANNUREV- PHARMTOX- 010919- 023628

Gut Microbiome and Liver Diseases from the Perspective of 3PM: The Predictive…

https://doi.org/10.1038/547410A
https://microb-predict.eu/
https://doi.org/10.1038/s41467-021-23303-9
https://doi.org/10.1038/s41467-019-11994-0
https://doi.org/10.1016/J.BEEM.2011.11.003
https://doi.org/10.1016/J.CHOM.2011.09.003
https://doi.org/10.1016/J.CHOM.2011.09.003
https://www.bbc.com/news/av/health-23621357
https://www.bbc.com/news/av/health-23621357
https://doi.org/10.1128/MSYSTEMS.00630-19
https://doi.org/10.1128/MSYSTEMS.00630-19
https://doi.org/10.1186/GM378/FIGURES/4
https://doi.org/10.1186/GM378/FIGURES/4
https://doi.org/10.1136/BMJOPEN-2017-017995
https://doi.org/10.3390/IJMS17060928
https://doi.org/10.3390/IJMS17060928
https://doi.org/10.1016/J.CMET.2020.11.010
https://doi.org/10.1002/HEP4.1596
https://doi.org/10.1146/ANNUREV-PHARMTOX-010919-023628


177

Computer-Aided Breast Cancer 
Classification Framework for Predictive, 
Preventive, and Personalized Medicine

Łukasz Jeleń and Michał Jeleń

Abbreviations

3P Medicine 3P
BR Bloom–Richardson
CAD Computer-Aided Diagnosis
CNN Convolutional Neural Network(s)
DPI Dots per inch
F1 Performance measure of a classification model
FCM Fuzzy c-means algorithm
FN False negative
FNA Fine needle aspiration biopsy
FP False positive
HE Hematoxylin and eosin
KNN K-nearest neighbor classifier
NN Neural network(s)
PPPM Predictive, preventive, personalized medicine
ReLu Rectified Linear function used in NN training
SVM Support Vector Machines
TN True negative
TP True positive

Ł. Jeleń (*) 
Department of Computer Engineering, Wroclaw University of Science and Technology, 
Wrocław, Poland
e-mail: lukasz.jelen@pwr.edu.pl 

M. Jeleń 
Department of Immunopathology and Molecular Biology, Medical University of Wroclaw, 
Wrocław, Poland
e-mail: michal.jelen@umw.edu.pl

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023
H. Podbielska, M. Kapalla (eds.), Predictive, Preventive, and Personalised 
Medicine: From Bench to Bedside, Advances in Predictive, Preventive and 
Personalised Medicine 17, https://doi.org/10.1007/978-3-031-34884-6_10

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-34884-6_10&domain=pdf
mailto:lukasz.jelen@pwr.edu.pl
mailto:michal.jelen@umw.edu.pl
https://doi.org/10.1007/978-3-031-34884-6_10


178

1  Introduction

World Health Organization reports that every year more than 11 million people are 
diagnosed with cancer [1]. In 2020 alone, ten million patients died from cancer, 
approximately 16.7% of deaths worldwide. These statistics place cancer as one of 
the leading causes of death. Additionally, breast cancer is the most frequently diag-
nosed caner, with 2.26 million new cases in 2020 [2] and is one of the leading 
causes of death among middle-aged women.

As mentioned by Barrett et al., to achieve better patient benefits from treatment, 
a paradigm change is needed [3]. A key element in prevention and personalized 
treatment is the precise diagnosis and estimation of predictive factors [4]. Correct 
treatment significantly reduces the high number of deaths caused by breast cancer 
and increases the probability of success in treatment. This typically means high 
diagnosis and stage estimation accuracy. Precise and early diagnosis has a signifi-
cant influence on the survival rate, indicating how many patients will live after 
treatment.

Cancer treatment and diagnosis are an active field among researchers in the 
fields of medicine and computer science. The aim of this research is to find the 
approach for a precise diagnosis. Here, a precise diagnosis means finding a can-
cer as early as possible by developing computer-aided diagnostic tools that use 
computer vision and neural network algorithms to estimate the predictive fac-
tors of the chosen predictive factors of breast cancer. The choice of artificial 
intelligence tools differs depending on the type of cancer and the type of exami-
nation used for diagnosis. This work focuses on cytological images of breast 
cancer that are produced during a fine needle aspiration biopsy examination. 
This kind of examination allows pathologists to estimate the malignancy of the 
cancer with very high accuracy. Malignancy estimation is very important when 
evaluating the survival rate of patients and the type of treatment [5]. Artificial 
intelligence was originally defined to describe the computer’s ability to make 
human-like decisions. Today, with the development of other fields such as image 
processing, pattern recognition, or neural networks, its definition is much more 
complex. In this work, we describe a computer vision framework that incorpo-
rates all of these fields to build a computerized system for automated breast 
cancer diagnosis. This framework is capable of analyzing image information 
from fine needle aspirates and classifying breast cancer malignancy into three 
malignancy classes based on characteristics calculated according to the Bloom–
Richardson grading scheme (see Sect. 2.1) [6]. Estimation of tumor grade is 
closely related to cancer prognosis and is considered part of breast cancer stag-
ing. During breast cancer staging, the patomorphologist determines the extent 
of the cancerous tissue in the body. Both tumor grade and cancer staging, along 
with the mitotic activity index, are treated as prognostic factors for breast can-
cer. According to the literature, prognostic factors are crucial in increasing the 
survival rate. Furthermore, we can observe that tumors detected at an early stage 
and patients with identified slowly growing tumors show a much better 
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prognosis [4]. Cancers in their early stages are vulnerable to treatment, while 
cancers in their most advanced stages are usually almost impossible to treat. 
Therefore, early cancer detection greatly increases the probability of successful 
treatment. In addition to a precise diagnosis, it is necessary to foresee the course 
of the cancer, and being able to predict how the cancer can develop is very 
important for further treatment. Computer-assisted diagnosis systems based on 
visual interpretation of biopsy slides with neural networks and machine learning 
algorithms are an important step toward prevention and personalized treatment 
in breast cancer therapy.

2  Computer-Aided Breast Cancer Diagnosis

Computer-assisted breast cancer diagnosis has been a rapidly growing area of 
research for several decades. Computer-aided diagnosis (CAD) systems are used to 
assist in the detection and diagnosis of cancerous tissue changes. These systems are 
designed to operate independently of the physician. They can be used to supplement 
or assist in the interpretation of diagnostic images, such as mammograms, sono-
grams, magnetic resonance images, biopsies, or histological slides [7–9]. CAD sys-
tems are designed to identify potential lesions or other abnormalities in images that 
may require further evaluation or treatment. In the literature, a description of several 
types of CAD systems can be found that vary in the way they analyze images, the 
types of data they use, and the types of output they generate [10, 11]. These systems 
typically use image processing techniques to analyze images and extract features [8, 
12], a convolutional neural network (CNN), support vector machines (SVM), or a 
combination of all to analyze the data.

Here, we examine the potential of CAD systems that are designed to be used as 
a tool to aid in determining prognostic factors in the diagnosis of breast cancer. We 
also discuss how applying this artificial intelligence-driven approach can help 
achieve PPPM therapy. Studies show that early detection and better screening have 
enabled earlier and better identification of breast cancer. The detection mode could 
be considered a prognostic factor and therefore taken into account in the manage-
ment of patients, as it can affect their survival [4].

Studies have shown that CAD systems can improve the accuracy of lesion detec-
tion and diagnosis, as well as reduce the time it takes to interpret the visual image 
[10, 13, 14]. In addition, CAD systems can be used to reduce the number of false 
negative diagnoses, which can lead to a reduction in missed diagnoses and delayed 
treatment [15–17].

Despite the potential benefits of CAD systems, the technology is still relatively 
new and research is still ongoing [18–21]. There are several potential issues that 
may arise when using CAD systems, including false positives, false negatives, and 
overreliance on technology. Furthermore, more research is still needed to determine 
the most effective and reliable ways to use CAD systems in the prevention and per-
sonalized treatment of breast cancer.
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2.1  Breast Cancer in the Context of 3P Medicine

A healthy woman’s breast anatomy contains lobules connected to a nipple by ducts. 
These structures are supported by fat tissue. Breast cancer is abnormal cell growth 
that originates in the ducts and lobules.

Breast cancer is not only one of the most commonly diagnosed cancers, but also 
one of the most common cancers in middle-aged women. It is also one of the most 
deadly cancers. Screening examinations are critically necessary to reduce the high 
mortality rate. Regular screening can significantly reduce the death rate. Early 
detection and effective treatment can reduce mortality by up to 30%. A screening 
examination consists of mammography, ultrasound, and palpatic examination. The 
last can be performed at home by the patient herself or by a doctor. During a mam-
mographic examination, doctors can detect very small lesions that cannot be distin-
guished during self-examination. During an ultrasound examination, we can detect 
the same lesions as in mammography without the risk of excessive radiation, mak-
ing it safer for the patient. Unfortunately, it cannot be used for regular screening due 
to the fact that microcalcifications are not as clearly visible as in mammography, 
which can lead to misclassification of lesions [22]. Both of these methods are said 
to have about 25% false positive diagnoses. Furthermore, its interpretation can vary 
depending on the radiologist [23].

To establish a precise diagnosis, a biopsy examination is required. There are dif-
ferent types of biopsies, but for the purpose of this study, we will focus only on the 
fine needle aspiration biopsy (FNA). During this examination, a part of the abnor-
mal tissue is collected, placed on the glass slide, and stained (see Fig. 1). When the 
specimen is stained, a microscopic examination is performed, during which the type 
of cancer is recognized, as well as its malignancy grade and prognostic and predic-
tive factors [24]. These factors allow pathologists to foresee overall survival and 
disease-free survival rates, while predictive factors allow them to foresee reaction to 
the treatment undertaken [25].

Today, we are looking for a more holistic approach to breast cancer treatment 
that focuses on prevention, prediction, and personalized treatment. In the context of 
3P medicine, a physician looks at the breast cancer patient as a whole and focuses 
on creating a customized treatment plan that meets the individual needs of the 

a b

Fig. 1 Fine Needle Aspirate of a breast recorded with different magnifications. (a) 100×, (b) 400×

Ł. Jeleń and M. Jeleń



181

patient. Typically, this approach emphasizes lifestyle modifications to reduce the 
risk of cancer while also providing treatments to manage symptoms and improve 
quality of life. According to Koklesova et al., a large percentage of malignancies can 
be prevented with the unique properties of plant bioactive compounds [26].

When cancer is diagnosed, it is important to diagnose it quickly and accurately. 
As mentioned earlier, computer-aided screening and diagnosis can significantly 
speed up the procedure and reduce the number of false negative diagnoses, and 
therefore reduce missed diagnoses and delayed treatment. Here, we describe a 
computer- aided breast cancer classification framework that allows for the estima-
tion of a Bloom–Richardson malignancy grade described in detail in Sect. 2.3).

Evaluation of the malignancy indicates the likelihood that the case may undergo 
metastasis at the time or after treatment. Personalized breast cancer treatment can 
include a variety of approaches depending on the type and stage of cancer and the 
individual’s health history and preferences [27]. Surgery, radiation therapy, chemo-
therapy, hormone therapy, targeted therapy, and immunotherapy are some of the 
options offered. Target therapy is a drug specifically designed to target cancer cells. 
The treatment approach is typically determined by a physician based on the medical 
history of the individual. This path allows for the determination of the most effective 
and personalized treatment plan. As cancer research advances, this type of treatment 
is becoming increasingly popular because it can help maximize patient success [28, 
29]. In the case of breast cancer, as mentioned above, the determination of cancer 
malignancy influences the patient’s type of treatment and therefore it not only has a 
prognostic, but also a predictive value.

2.2  Machine Learning in Breast Cancer Diagnosis

Recent advances in imaging technology have made it possible to diagnose breast 
cancer more accurately. In particular, mammograms and ultrasound can be used to 
diagnose and identify the location, size, and shape of a tumor [9, 14]. Furthermore, 
magnetic resonance imaging and positron emission tomography scans can be used 
to identify the presence of hormone receptors in the tumor [30, 31]. Furthermore, to 
obtain a precise diagnosis of breast cancer, various machine learning techniques 
have been used to improve classification accuracy [11, 32]. In particular, supervised 
learning techniques, such as support vector machines (SVMs) and k-nearest neigh-
bor (KNN), have been used to classify breast cancer tumors [12, 17, 31, 33]. These 
techniques have been shown to be effective in identifying the type of tumor, as well 
as its malignancy [8].

Here, we discuss a computerized breast cytology classification problem. It was 
first investigated by Wolberg et al. in 1990 [34]. The authors described an applica-
tion of a multisurface pattern separation method to cancer diagnosis achieving an 
error rate as low as 4.1% on a fine needle aspiration biopsy database of 169 malig-
nant cases and 201 benign. This data set was later publicly released as the Wisconsin 
Breast Cancer Database and is widely used by researchers to date [35]. This study 
was later expanded by Street et al. to describe ten nuclear features that were used for 
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the classification and prognosis of breast cancer [36]. In 2000, Street introduced a 
system called XCyt, the first Remote Cytological Diagnosis and Prognosis of Breast 
Cancer [37]. Other approaches include more recent work of Filipczuk et al., Jeleń 
et al. and Kowal et al. [8, 15, 38]. All of these approaches provided different ways 
for image segmentation. In Jeleń et al. we can find attempts to evaluate breast cancer 
malignancy, while in other works a discrimination between benign and malignant 
cases is described. Recently, with the introduction of Le Cun’s convolutional neural 
networks [39], we can see more studies on breast cancer classification and interpre-
tation of visual information. Deep learning algorithms have been used for the clas-
sification and identification of subtle features in mammograms, ultrasound images, 
and histological slides [14, 18, 19, 40]. From the above review, it is easy to see that 
the use of machine learning techniques has recently improved and all the authors 
report high accuracy in breast cancer classification. However, there is still room for 
improvement, particularly in the use of deep learning techniques to identify subtle 
features in the imaging data. There is also a great opportunity to use the potential of 
artificial intelligence in the design of personalized treatment.

2.3  Bloom–Richardson Grading Scheme

In Sect. 2.1 we mentioned that prognostic and predictive factors allow pathologists 
to foresee the course of cancer. In the case of breast cancer, the most important 
prognostic factors are histological grade and mitotic count. These factors are 
described by the Bloom–Richardson (BR) grading scheme grading system, which is 
the most common malignancy grading scale used by pathologists. The system was 
originally introduced by Bloom and Richardson in 1957 for grading histological 
slides [6]. In 1989, the originally proposed scheme was modified by Scarff and is 
now recognized as a modified Scarff–Bloom–Richardson scheme. For the diagnosis 
of breast cancer, this scheme is one of the best-known prognostic factors [41]. In our 
studies, we use this scale to assess malignancy for cytological smears. Based on this 
system, three factors are considered in grading cancerous tissue, each evaluated on 
a three-point scale according to the following description:

 1. Degree of structural differentiation—describes the degree of tubule formation in 
histological slides. In cytology, tubules are not retained, the scoring is based on 
the determination of cell groupings (see Fig. 2—Grade 1). For this factor, we 
will grant one point if cells are grouped regularly, two points are given when 
grouped and single cells are visible, and three points are awarded when cells are 
irregularly spread.

 2. Pleomorphism (P)—This factor takes into account the differences in the size, 
shape, and staining of the nuclei. This scoring is fairly straightforward, since as 
the nuclei irregularities increase, the prognosis worsens. Here, nuclei with uni-
form size, shape, and staining will receive one point, while those with moderate 
variations will receive two points. Three points are given to the nuclei with sig-
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nificant variations. These deviations are depicted in Fig. 2—Grade 2. It can be 
seen that G2 ductal carcinoma has more uniform nuclei and less staining varia-
tions than G3 ductal carcinoma (Fig. 2—Grade 3).

 3. Frequency of Hyperchromatic and Mitotic Figures—this factor is used to assess 
the number of mitoses one can find in the image. The more mitoses are present 
in the image, the worse the prognosis. If occasional mitotic figures are found, 
then one point is awarded. Two points are given for the slides with two or three 
figures, and for more than three figures, we will grant three points.

The final BR grade is assigned depending on the sum of the quantitative values 
of the above factors. According to Bloom and Richardson, the grade distribution is 
as described below [6]:

 

where:

• Grade I—Low malignancy,
• Grade II—Intermediate malignancy,
• Grade III—High malignancy.

In the literature, other malignancy classification schemes can be found that 
are used for other types of cancer. The basis for all of them is similar to that of 
the Bloom–Richardson scheme. All assess cell pleomorphism, tubules, and 
mitosis. Variations usually consist of additional features that are taken into 
account. For histological slide grading, the most common variation of the 
Scraff–Bloom–Richardson scheme is the Elston and Ellis modification known 
as the Nottingham–Bloom–Richardson scheme. In this scoring system, the 
amount of gland formation or cell differentiation, nuclear features, and mitotic 
activity are assessed.

a b c

Fig. 2 Illustration of Malignancy Grades; (a) Grade 1, (b) Grade 2, (c) Grade 3
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3  Material and Methods

In this section, a database of fine needle aspirates from breast cancer will be 
described, as well as the methodology of feature extraction. We will show classical 
features that can be calculated to resemble the Bloom–Richardson features. In addi-
tion, a set of features derived with convolutional neural networks is depicted. Based 
on these features, we show the classification methodology that allows for the esti-
mation of predictive factors for breast cancer, namely the malignancy grade.

3.1  Database of Breast Cancer Slides

In our study, we have used a collection of images recorded during breast cytological 
examinations (see Fig. 3). Images were collected in the Department of Pathology 
and Clinical Cytology of the Medical University of Wrocław, Poland. The prepara-
tion of the slides includes staining with hematoxylin and eosin, known as the HE 
technique. The choice of staining agents allows visualization of nuclei with purple 
and black dyes and cytoplasm with shades of pink and red blood cells with orange 
and red dyes. The slides were digitized with an Olympus BX 50 microscope with 
CCD-IRIS camera mounted on the head of the microscope. Using MultiScan Base 
08.98 software, we were able to record images with a resolution of 96 dots per inch 
(dpi) and a size of 764 × 572 pixels.

All images were recorded at two different magnifications of the same tissue 
region for each patient. On the low magnification images, we can see whether the 
cells are forming groups or are loosely spread in the image. These images were 
recorded with 100× magnification and comprise 50% of all images in the database. 
The low magnification images are used for the estimation of features based on the 
cells’ tendency to form groups. Healthy and low malignant cases tend to form one 
or two large groups in the image, while those cases with large malignancy are 
loosely spread and the groups usually consist of only a few cells.

Fig. 3 Breast Cancer Fine needle aspirates. Sample Database Images: left—Low magnification, 
right—high magnification
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The second subset of images was recorded with 400× magnification. This 
type of image allowed for the determination of features describing the pleomor-
phic cells’ features. These shape-based features provide important information 
about cell nuclei. Here, low malignancy cases have uniform size and staining, 
while in more malignant cases this tendency is disturbed, and the nuclei in the 
image will assume nonuniform sizes and will have stronger staining variations. 
Currently, the database consists of 480 FNA biopsy images (both 100× and 
400×) that were graded by an expert pathologist and will later be treated as the 
“gold standard” for malignancy classification. All images represent the three 
classes of cancer malignancy, namely low (G1), intermediate (G2), and high 
(G3) malignancy grades. There are 22 cases of low malignancy, 134 of interme-
diate and 84 of high malignancy. For all cases, a follow-up examination was 
performed. When a tissue was surgically removed, a histopathological examina-
tion was graded using the Bloom–Richardson [6] grading scale that confirmed 
the classification of FNA. Therefore, all the cases in our database were histo-
pathologically confirmed.

3.2  Breast Cancer Malignancy Classification Framework

The framework described in this study uses the bright-field light microscope with 
an additional mirror mounted behind the objective to split the image into two 
visible images. The first image is visible through the eyepiece, and the second 
image is projected to the camera and then recorded by the camera. The data 
obtained in this way is then processed by machine learning algorithms, and one 
of the three BR grades is assigned. In Fig. 4, we show a machine learning pipe-
line to estimate the grade of malignancy. This scheme can be divided into several 
stages and will depend on the approach taken. For the classical approach, where 
SVM and KNN classification is performed, we need to introduce image prepro-
cessing and segmentation (see Sect. 3.3). When deep learning is applied, we use 
convolutional neural networks to construct the feature vector; see Sect. 3.4 for 
more details.

Fig. 4 Machine learning framework for malignancy classification
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3.3  Preprocessing and Nuclei Segmentation

Preprocessing is a stage in which the image recorded during the acquisition step is 
usually modified in a way to remove unwanted noise that could have been intro-
duced by the imaging setup. Typically, these operations would include filtering to 
remove noise introduced during analog-to-digital conversion. In some applications, 
we also try to deconvolve the image with a so-called point spread function, which 
should remove the aberrations of the optics of the acquisition setup. In our study, we 
applied a median filter that allows for the removal of random noise. When this filter 
is applied, the value of the pixels is replaced by a median value of the 3 × 3 neigh-
borhood of the pixel. The main advantage of median filters is their ability to pre-
serve edges. This allowed us to prepare the images for image segmentation by 
smoothing the homogeneous regions, which in fact reduces the number of colors 
representing these areas. For this purpose we applied a well-known segmentation 
technique that uses a fuzzy version of a k-means clustering, called a Fuzzy c-means 
segmentation.

Fuzzy c-means is an approach proposed by Klir and Yuan [42] that can be used 
to divide image information and extract nuclei. Generally, a set of data of X = x1, 
x2, …, xn is divided into 𝑐 clusters. It is assumed that 𝑃 = 𝐴1, 𝐴2, ..., 𝐴𝑐 is a known 
pseudopartition and 𝐴𝑖 is a vector that fits all 𝑥𝑘 members to the 𝑖 cluster. Now, using 
the Eq. (1), one can calculate the center of the 𝑐 cluster [43].
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where 𝑚 > 1 is a weight that controls the fuzzy membership. Memberships are 
defined by Eq. 2 if ∥𝑥𝑘 − 𝑣𝑖∥2 > 0 for all 𝑖 ∈ {1, 2, ..., 𝑐} and if ∥𝑥𝑘 − 𝑣𝑖∥2 = 0 for 
some 𝑖 ∈ 𝐼 ⊆ {1, 2, ..., 𝑐} the memberships are defined as a non-negative real num-
ber that satisfies the Eq. (3) for 𝑖 ∈ 𝐼.
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The clustering algorithm looks for a set 𝑃 that minimizes the performance index 
𝐽𝑚(𝑃) defined by Eq. (4).
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In contrast to all other segmentation techniques, the fuzzy c-means algorithm 
(FCM) requires no additional processing and as such was applied to segment the 
color information in the image. In Fig.  5 an example of FCM segmentation is 
presented.
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Fig. 5 Nuclei segmentation with fuzzy c-means algorithm

3.4  Feature Extraction

Feature extraction in classification is the process of selecting and extracting mean-
ingful features from a data set to identify patterns, classify data, and make predic-
tions. It is a crucial step in machine learning and data mining. Feature extraction 
involves selecting a subset of the most important, meaningful, and useful features 
from a larger set of raw data, which can then be used to train a machine learning 
model. The goal is to reduce the dimensionality of the data set while preserving 
important information and patterns. This helps to reduce the complexity of the 
model and improve its accuracy. Feature extraction can be performed manually, 
using domain knowledge and prior experience, or automated, using algorithms.

For the classification of the breast cancer malignancy data, two types of feature 
vectors were created. One used classical image processing methods and the second 
created with a convolutional neural network.

3.4.1  Classical Feature Extraction
The calculation of these features depended on the magnification of the image. For 
100× magnification, we calculated the average area of the visible groups in the 
image, the number of groups, and the dispersion defined with Eq. (5).
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For the 400× magnification images, we calculated features that resembled 
nuclear features. All features were described in detail by Jeleń et al. [8] and include:

• Area that was calculated as the sum of all nuclei pixels of the nucleus [37].
• Perimeter defined as the length of the nuclear boundary of a nucleus that is 

approximated by a length of the polygonal approximation of the boundary.
• Convexity determined as the ratio of the nucleus area and the area of the minimal 

convex polygon that contains the nucleus, called a convex hull.
• Eccentricity described the circularity of the nucleus taking into account the fact 

that healthy nuclei will assume circular shapes, while cancerous nuclei can have 
arbitrary shapes. Eccentricity is calculated as a ratio of the distance between 
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focal points of an ellipse matched with a nucleus having the same second 
moments as the segmented nuclei, and its major axis length. It will assume val-
ues between 0 and 1, where 0 corresponds to a circle and 1 to a line segment.

• Centroid—For each nucleus, the centroid is a point (x yi i, ) called a center of 
mass of the extracted nucleus along each row (𝑋) and column (𝑌). It is calculated 
as follows:
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where 𝑁𝑖(𝑗, 𝑘) equals 1 if the pixel 𝑗, 𝑘 is in the nucleus 𝑁𝑖, and 0 otherwise.

• Orientation is also called an axis of the least second moment and contains infor-
mation on the orientation of the nucleus. For the coordinate system placed at the 
centroid (x yi i, ) of the nucleus, we can define the orientation as follows:

 Ori � � �tan ,2�
i

 (8)

where the angle 𝜃𝑖 is measured counterclockwise from the x-axis.

• Projections are calculated along rows and columns.
• Moment-based features—here we use seven normalized central moments to cal-

culate the rotation, scaling, and translation invariant features.
• Histogram-based features are statistical features calculated based on the image 

histogram and included five features: mean, standard deviation, skew, energy, 
and width.

• Textural features—These features require a determination of the gray-level co- 
occurrence matrix that describes the relationships between a pair of pixels and 
their gray levels. Assuming that the distance between the pixels and the direc-
tions are given, we can extract energy, homogeneity, inertia, and correlation 
features.

• Color-based features—for these features, we treated each color component as a 
separate intensity image. To calculate color features, we can use the same logic 
as for the Textural features and applied them to each color band.

3.4.2  Convolutional Neural Networks
Convolution neural networks (CNNs) are a type of deep neural networks that are the 
most commonly used computer vision applications. They became a popular artifi-
cial intelligence tool because they are capable of automatic extraction of valuable 
information from real-world images or video streams. Unlike fully connected layers 
in classical neural networks, the CNN model extracts simple features from input 
through a single or multiple convolution layer and executes convolution operations. 
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Each layer is a set of nonlinear functions that combine weights in different coordi-
nates and allow the weight to be reused from the spatial subsets of the previous 
layer output.

The first CNN model described by Yann LeCun in 1989 was a neural network 
that processed data with a known grid-like topology using at least one convolution 
operation instead of a matrix multiplication [39]. The convolution of two real func-
tions can be determined with Eq. (9).

 F t x tv � � � �� �� ��  (9)

where 𝑥 is an input, 𝜔 is the convolution kernel, and 𝐹𝑣 is a feature vector. Since the 
images are two dimensional, the convolution kernel (Ω) should also be two dimen-
sional. This leads to a definition of convolution with Eq. (10).
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To build a network capable of performing feature extraction, we build a network 
consisting of several convolution layers, where each layer performs several parallel 
convolutions that yield a set of linear activation values. Each value passes through 
the rectified linear function called ReLu that maintains the non-linearity of the 
resulting feature vector. Finally, we modify the output of the layer to reduce the 
output dimentionality. This is performed using a maximum output pool function 
(Eq. 11) and is called max-pooling.

 O x O x� � � � �max ,  (11)

In this study, we used one of the most popular CNN architectures, called VGG-16, 
which was introduced by Simonyan and Zisserman in 2014 [44]. This is a CNN 
model that is built from 16 convolutional layers and was pretrained on the ImageNet 
dataset. This data set consists of more than 14 million images categorized into 
almost 1000 classes.

Based on the output of the VGG-16 network, we constructed a feature vector that 
was then used in the classification of the malignancy.

3.5  Classification Scheme

Pattern classification deals with the issue of assigning a specific class to the given 
pattern. There are many methods that can be used to classify data. Here, we apply 
the K-nearest neighbor rule, support vector machines, random forests, and neural 
networks to classify the data sets prepared according to the description in 
Sect. 3.4.

3.5.1  K-Nearest Neighbor
K-nearest neighbor (KNN) is one of the simplest classification algorithms. It is 
based on the distance calculation between the pattern in question and its 𝑘 neigh-
bors. The decision is made based on the closest association between the pattern and 
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the neighbors. The pattern is classified into the closest class in terms of distance 
between its 𝑘 neighbors.

The training procedure is very simple and is based on recording the entire train-
ing set. Testing usually uses a Euclidean distance to calculate the distances between 
the training samples and the tested sample. The class assigned to the sample is the 
one for which the distance is the smallest. To be able to calculate the Euclidean 
norm, it is usually necessary to normalize the data to avoid any data inconsistency. 
To classify our data, a KNN was calculated for five neighbors.

3.5.2  Support Vector Machines
Support vector machines are used to separate two or more classes of patterns or data 
points by constructing a boundary between them. An unknown point will be classi-
fied according to its orientation with respect to that boundary. To estimate the 
boundary between classes, we use boundary points from each class. These points 
are called support vectors. This procedure is an iterative approach that minimizes 
some error function (Eq. 12),
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where 𝐶 and 𝑏 are constants, 𝑤 is the weight vector, 𝜀𝑖 is a bias value that deals with 
overlapping cases, and 𝜙 is a kernel function that transforms the input data into the 
feature space. The constant 𝐶 has a major influence on the error rate and has to be 
carefully estimated during the training process.

Depending on the error function, we can distinguish between different SVMs 
and different kernels. Here, we make use of the radial base function (RBF) kernel 
(Eq. 14).

 � �� � �� �exp x xi j
2  (14)

The learning process uses the Adatron algorithm [45] which guarantees the con-
vergence to the solution assuming that the solution exists.

3.5.3  Random Forests
Random forests, as their name suggests, are made up of a large number of individual 
decision trees that operate as a whole. Each tree in the random forest produces a 
class prediction and the class with the highest votes becomes our model prediction. 
Based on the training data, the trees are created from bootstrap data samples. During 
training, a random subset of attributes is drawn from which the best decision tree 
split is selected. The final decision is based on the majority of trees that have devel-
oped in the forest. In our case, ten trees were chosen.

3.5.4  Neural Networks
The idea of neural networks is based on the real interactions of human nerve system.
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The basic element of the neural network is the neuron, sometimes also called a 
perceptron. It is a mathematical model of a biological neuron. Combining a few 
neurons together in such a way that neurons can interact with each other makes a 
neural network that is capable of processing input data and providing us with a cer-
tain decision.

In neural networks, each neuron accepts an input signal of the form 𝑋 = [𝑥1, 𝑥2, 
..., 𝑥𝑛] and each of the subsignals is assigned a weight. 𝐹(𝑠𝑖) is called an activation 
function of the neuron and, depending on the type of neuron, activates its output. 
In our case, the activation function used is the rectifier linear unit function—
ReLu. The network architecture is based on 200 hidden layers and one input layer 
and one output layer. Before we can use our neural network, it is necessary to train 
it so that it can recognize the desired patterns. Training is based on weight adjust-
ment depending on the output value. Our network uses the Adam optimization 
algorithm that iteratively updates the weights of the network [46]. Training is 
performed on known patterns for which the output is known. Such a set of known 
patterns is called a training set. Analogously, a set of unknown patterns is called a 
testing set.

Training of the network was carried out in a maximum of 320 iterations and for 
validation we used a leave-one-out technique. This technique is often used for small 
data sets and involves leaving one data sample for validation and the remaining 
samples are used for training. The procedure is repeated for all the samples in 
the data.

3.6  Classification Performance

To be able to say how the proposed classifiers behave and to be able to evaluate their 
performance, we introduce quantitative criteria. The most popular and reliable eval-
uation method is based on the confusion matrix that contains information on actual 
and predicted classifications. The fields of the matrix are filled depending on the 
classification result of the tested samples. Based on these responses, we can deter-
mine the number of positive classifications correctly classified as positive, called 
true positives (TP), the number of negative classifications correctly classified as 
negative, called true negatives (TN), the number of negative classifications incor-
rectly classified as positive, called false positives (FP), and the number of positive 
classifications incorrectly classified as negative, called false negatives (FN). Based 
on these values, we can now define additional measures such as F1, precision, and 
recall. Precision is the model’s ability to avoid identifying irrelevant items as rele-
vant and is calculated as a ratio of TP and the total number of predicted positives. 
Recall, on the other hand, measures the model’s ability to identify all relevant items 
and is calculated as a ratio of TP to positives. F1 measure evaluates the overall per-
formance of a classification model. It is calculated as a ratio of the sum of precision 
and recall and their doubled multiplication. The F1 score ranges from 0 to 1, where 
1 is a perfect performance.
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4  Results and Discussion

The objective of this study was to investigate the achievability of the methods 
described in Sect. 3.5 to computerized breast cancer malignancy and therefore for 
the problem of automated predictive factor estimation. The results described in this 
section were obtained for experimental investigations that included a comparative 
study of classification performance in the feature vector extracted with conventional 
image processing techniques called FVC23 and the feature vector created with the 
convolutional neural network called FVDL23 (as described in Sect. 3.4). During 
these tests, we made decisions only between the G2 and G3 classes, as this was the 
setup commonly described in the literature. Additionally, we checked how the intro-
duction of the G1 class will influence the accuracy of the classification. These tests 
were performed only for the feature vector (FVDL123) extracted with the convolu-
tional neural networks.

In Table 1 classification results for the two-class classification problem are gath-
ered in the form of area under curve, classification accuracy, F1, precision, and 
recall measures. The corresponding confusion matrix is presented in Table 2. From 
the classification results, we can see that neural networks achieved the best classifi-
cation accuracy (84.6%), which is confirmed by the high F1 measure. It can also be 
noticed that the Precision and Recall measures are also highest for decisions made 
with a neural network. Of all, kNN was the classifier with the worst performance, 
for which the lowest accuracy of 59.4% was observed for the feature vector created 
with classical image processing methods. It should be noted that accuracy and qual-
ity measures increased significantly when convolutional neural networks were used 
as feature extractor. These rates show that convolutional neural networks allow for 
the determination of more meaningful features. The accuracy obtained in this study 
could possibly be much higher if the fine aspirate database contained more images 
and the balance between classes were preserved.

The second part of the experiments was to perform a classification of breast can-
cer malignancies in all three malignancy classes to resemble the Bloom–Richardson 
grading. The results of these analyzes are presented in Table 3 as a three-class prob-
lem, and the corresponding confusion matrix is presented in Table 4. For compari-
son purposes, we also put the results of a two-class problem discussed earlier. Here, 
we can see again that the neural network is the best performing classifier achieving 
78.7% accuracy with a similar 78.6% for F1 and precision measures. This means 

Table 1 Classification results for the two-class problem

FVC23 FVDL23
Model AUC Acc F1 Precision Recall AUC Acc F1 Precision Recall
kNN 0.651 0.594 0.594 0.595 0.594 0.866 0.782 0.779 0.779 0.782
SVM 0.785 0.752 0.752 0.751 0.752 0.884 0.796 0.797 0.799 0.795
Rand.
Forest

0.847 0.792 0.790 0.792 0.792 0.829 0.756 0.748 0.754 0.756

NN 0.821 0.792 0.791 0.791 0.792 0.919 0.846 0.846 0.846 0.846

Ł. Jeleń and M. Jeleń



193

Table 2 Confusion matrices for the two-class problem

Actual

Predicted
FVC23 FVD23
G2 G3 G2 G3

G2 81.0% 23.3% 87.9% 20.5%
G3 19.0% 76.7% 12.1% 79.5%

Table 3 Classification results for the three-class vs. two-class problem

Model
3-Class 2-Class
AUC Acc F1 Precision Recall AUC Acc F1 Precision Recall

kNN 0.833 0.717 0.706 0.709 0.717 0.866 0.782 0.779 0.779 0.782
SVM 0.866 0.723 0.688 0.656 0.723 0.884 0.796 0.797 0.799 0.795
Rand.
Forest

0.837 0.721 0.705 0.711 0.720 0.829 0.756 0.748 0.754 0.756

NN 0.897 0.787 0.786 0.786 0.787 0.919 0.846 0.846 0.846 0.846

Table 4 Confusion matrix for the three-class problem

Actual
Predicted
G1 G2 G3

G1 81.0% 18.2% 40.5%
G2 11.7% 81.2% 4.8%
G3 7.3% 0.6% 54.8%

that the introduction of an additional class did not significantly alter the results. As 
expected, the accuracy of the classification dropped, but for the size of the database, 
we can still treat it as a very good result. These additional experiments confirm that 
convolutional neural networks are a good choice for feature extraction. They pro-
vide accurate features that lead to good classification performance. The disadvan-
tage of the method is the time it takes to perform the calculations. For our setup, it 
took roughly 1.5 times longer to evaluate one image. CNNs also require databases 
at least ten times larger than those used in our study, and therefore the training pro-
cess tends to be time consuming. The results of this study suggest that the use of 
neural networks increases the precision of the classification of malignancy grade 
and therefore a better estimation of prognostic factors. Furthermore, the study 
showed that classical feature extraction methods based solely on image processing 
methods, such as filtering, segmentation, and geometric moments, resulted in less 
accurate classification.

5  Conclusions

In this chapter, a computerized framework for the estimation of breast cancer pre-
dictive factors was described. As mentioned in Sect. 2.1 Bloom–Richardson grade 
is one of the best prognostic and predictive factors for breast cancer [24, 25]. In this 
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context, our research on computer-aided malignancy grading shows that machine 
learning algorithms have a very large potential to estimate these factors. The results 
presented in Sect. 4 clearly show that it is possible to create a computer vision algo-
rithm that is capable of classifying fine needle aspiration biopsy slides and assign-
ing one of the three malignancy grades with high accuracy and precision. 
Additionally, we can also conclude that.

• Computer-aided diagnosis (CAD) is an important tool for the analysis of breast 
imaging data. They can not only detect breast cancer by analyzing digital cyto-
logical slides, but also provide prognostic and predictive factors. It could also be 
used to help assess personalized treatment plans. This needs further evaluation 
and research. It can be pointed out as an open problem.

• Artificial intelligence can be used to analyze fine needle aspiration biopsy slides, 
which can then be used to detect and classify breast cancer malignancy grade.

• Deep learning (DL) algorithms have been used to extract features from biopsy 
images and estimate predictive factors for breast cancer. These algorithms can be 
used to analyze this type of data with high precision.

• Image processing techniques can also be used to analyze biopsy images to clas-
sify breast cancer. These algorithms did not show as good accuracy as the DL 
algorithms, but can still be treated as a good alternative if the database is small.

• The fine needle aspirate database was collected and prepared for malignancy 
grade classification and is maintained continuously. To the best of our knowl-
edge, no other similar database is publicly available. To obtain better classifica-
tion rates, the database needs to be enlarged, which can also be pointed out as an 
open problem.

• 3P medicine can benefit from artificial intelligence that provides machine learn-
ing tools for personalized predictive and preventive treatment of breast cancer.

• CAD PPPM system can be created based on machine learning algorithms that 
are not only capable of estimating prognostic factors but also of analyzing medi-
cal history and other personalized profiles to create an individualized risk profile.

In breast cancer, 3P medicine can be used to identify and treat patients at risk of 
developing breast cancer, predict the likelihood of developing certain types of breast 
cancer, and prevent recurrence. In this study, we focus on predictive and prognostic 
factors for breast cancer. Other examples of 3P approaches to breast cancer would 
include genetic testing to identify high-risk patients, mammogram screening to 
detect early stage tumors, and personalized treatments such as targeted drugs and 
immunotherapies. Furthermore, lifestyle modifications, such as exercise, diet, and 
stress management, can be incorporated into 3P approaches to reduce the risk of 
developing breast cancer or reduce the risk of recurrence. All these areas can be 
addressed for artificial intelligence-driven systems. AI can be used to detect and 
diagnose the disease in its early stages, allowing for the estimation of fast personal-
ized therapy. In addition, it could also be used to analyze biopsy results to determine 
the best treatment options for each patient. Machine learning algorithms could also 
be used to analyze medical history, genetic profile, lifestyle, and environmental 
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factors to create an individualized risk profile. This profile can be used to identify 
individuals who are at an increased risk of developing breast cancer and to recom-
mend preventive measures to reduce their risk. In general, the results of this study 
demonstrate that the computerized malignancy grading framework will allow 
repeatability in the decision-making process, which is of great concern among the 
pathological community. The computerized scheme described in this investigation 
complies with this requirement, and the classification results obtained are very 
good. In our opinion, such a proposed solution could significantly affect physicians’ 
day-to-day work and help in the estimation of a personalized therapy and prediction 
of the disease depending on the treatment undertaken. Preventing breast cancer and 
estimating individual risk factors could also be possible when additional patient 
information would be available to train machine learning algorithms. In such a case, 
we would be able to build a CAD PPPM system that can fulfill the requirements of 
the 3P paradigm change of the future.
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AS Aortic stenosis
AV node Atrioventricular node
AVB Atrioventricular block
BIS Bispectral index scale
BMI Body mass index
CAN Cardioneuroablation
CDRIE Device-related infective endocarditis
CIED Cardiac implantable electronic devices
EACTS European Association for Cardio-Thoracic Surgery
ECG Electrocardiogram
ECVS Extracardiac vagal nerve stimulation
EP Electrophysiology
EPS Electrophysiological study
ESC European Society of Cardiology
IDE Investigational Device Exemption
ILR Implantable loop recorder
KCCQ Kansas City Cardiomyopathy Questionnaire
LBBB Left bundle branch block
LP Leadless pacemaker
MAV Micra AV (atrioventricular)
MPC Model predictive control
MVR Micra VR (one chamber/ventricular)
PM Pacemaker
PONV Postoperative nausea and vomiting
PPIPS Permanent pacemaker implantation preventive strategy
PPM Permanent pacemaker
PR, QRS Parts of ECG decryption
PVI Pulmonary vein isolation
RBBB Right bundle branch block
RFA Radiofrequency ablation
SAVR Surgical aortic valve replacement
TAVR Transcatheter aortic valve replacement
TIVA Total intravenous anesthesia
TLE Transvenous lead extraction
TV-PM Transvenous pacemaker
VVI, VDD Stimulation modes of pacemaker

1  Electrophysiology as a Success Story of the Intersection 
of Biomedicine and Engineering

Contemporary electrophysiology encompasses two main fields. One uses the elec-
trical activity of living cells to evaluate biological signaling processes for medical 
diagnosis; the other exploits various types of currents for treating numerous lesions, 
both in destructive and non-destructive manners. Both of these two aspects of 
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Fig. 1 3P Medicine 
principia in some aspects 
of cardiac 
electrophysiology

contemporary Electrophysiology require advanced technology equipment. That is 
why Electrophysiology is in the focus of many Biomedical Engineering education 
curricula worldwide (e.g. [1–4]).

Electrophysiology in medicine relates mostly to two main areas: neurology and 
cardiology. In neurology, it is focused on an examination of brain signals, neuroim-
aging and neurostimulation. There are a plethora of reports describing the diagnos-
tic and therapeutic potential of neurologic electrophysiology [5–7].

In modern cardiology, both diagnostics and therapeutic procedures benefit from 
the electrophysiology approach. In this chapter, we will discuss some of them in 
view of 3P Medicine.

The main idea is illustrated in Fig. 1.

2  Preventive and Personalized Aspects of Atrial 
Fibrillation Diagnostic and Treatment Strategies

Atrial fibrillation (AF) is the most common type of heart-treated arrhythmia. It pres-
ents a completely irregular heart rate and is accompanied by an increased risk of 
thromboembolic and cardiovascular complications, hospitalizations, and deaths. A 
few percent of patients in the course of AF suffer from a stroke, apart from approx. 
20% mortality rate carries complications in the form of chronic paresis, speech 
problems, and cognitive disorders. The above factors result in dramatic social con-
sequences related to the costs of treatments burdening health care systems, leaving 
the labor market, and is a huge load for the economic systems of individual coun-
tries and societies. According to the official data, approx. 50–60 million people 
worldwide experience AF in its paroxysmal, persistent or permanent form [8, 9]. 
There are many serious scientific reasons to talk about the plague of AF, and the 
total number of patients is repeatedly greater [10]. The need for developing rational 
predictive and prevention strategies are of paramount importance. Only in the US 
annual treatment costs of atrial fibrillation are nearing $26 billion [11].

Several modern monitoring technologies aim to diagnose various cardiac arrhyth-
mias as standard ECG and prolonged 24–48 h ECG Holter monitoring. Due to the 
fact that some episodes of AF appear relatively seldom (e.g., a few times a year), the 
critical issue is the recording duration. The application of a monitoring framework 
based on the concept of chronic registration 24 h/365 days is a gold standard of 

Preventive and Personalized Strategies in Ambulatory and Clinical Cardiac…



202

ECG registration in the shape of the implantable loop recorder (ILR) technique 
[12]. Unfortunately, this is an invasive procedure with obvious limitations. Numerous 
efforts have been taken to develop a system for continuous non-invasive long-term 
ECG monitoring [13, 14]. The projects concerning a variety of hardware, software, 
and algorithms as a part of artificial intelligence and machine learning processes are 
still under development. The continuous ECG monitoring is becoming not only a 
modern technological solution but also constitutes a necessity to broaden preven-
tive actions aiming to limit the enormous impact of AF on health, social, and eco-
nomic aspects of our life globally.

There are two main strategies to treat AF episodes, i.e., rate or rhythm control 
therapy [15]. With growing evidence supporting early rhythm control also for 
asymptomatic and new-onset AF patients, we observe a change in the paradigm of 
AF treatment. Nevertheless, many factors influence the final decision to undertake 
invasive activities, such as age, comorbidities, echocardiographic parameters, 
potential success rate, patient’s understanding of the clinical situation, etc. 
Because many factors influence the decision to finally undertake invasive activi-
ties like catheter ablation technologies, the effectiveness of chosen treatment 
method, age and category of patients, special personalized AF Heart Teams are 
established to discuss and decide about the selection decision criteria for the 
patients [16]. Sometimes they may range from specialist cardiologists (electro-
physiologist, heart failure specialist, echocardiographist, etc.) to multidisciplinary 
teams (cardiologist, cardiac surgeon, endocrinologist, hematologist, nephrologist, 
neurologist, and others) who plan AF treatments jointly depending on individual 
patient needs and availability of services. Considering the significant impact of 
AF on a variety of aspects of our health, social and economic milieu, there is sub-
stantial space for predictive, preventive, and personalized actions as described 
previously [17].

3  Preventive Leadless Pacemaker Implantation 
in Patients After Tavr Procedure

Aortic stenosis (AS) is the most common valve lesion, often requiring transcath-
eter aortic valve replacement (TAVR) or surgical aortic valve replacement (SAVR) 
due to the increased risk of sudden cardiac death [18]. The AS prevalence increases 
with the aging of the population. Till the TAVR era, the interventional approach of 
the elderly and frail patients was associated with high operational risk. It changed 
in 2002, with the proof-of-concept first TAVR procedure performed by Cribier, 
which created a new treatment approach for the highest-risk patients [19]. The 
indisputable safety profile of the procedure mentioned above led to creating TAVR 
strong recommendation (IA) in ESC/EACTS Guidelines for the management of 
valvular heart disease from 2021 for all patients above 75 years or those with high 
operational risk (STS-PROM/EuroSCORE II  >  8%) [18]. Since the first case, 
TAVR use in the elderly population has only risen. Moreover, the procedure’s 
indications are also spreading among the younger population. It results in increase 
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by 2.7 times the number of TAVR procedures in patients <65 years old between 
2015 and 2021. That said, the TAVR procedure count reached nearly equal vol-
ume as SAVR by 2021 [20].

The safety profile in patients with severe AS presenting low operation risk 
was recently evaluated in the PARTNER 3 trial. In the mentioned research, 
study participants were randomized into groups undergoing TAVR with 
SAPIEN 3 system and SAVR procedure. The primary composite endpoint was 
death, stroke or rehospitalization at 1 year. Both 30 days and 1 year after the 
procedure, SAPIEN 3 system proved the safety procedure profile and was 
superior to SAVR in the case of the primary endpoint. Moreover, the SAVR 
procedure was associated with a significantly higher rate of new-onset atrial 
fibrillation at 30 days, a more extended index hospitalization, and a higher risk 
of a poor treatment outcome (death or a low KCCQ score) at 30 days compared 
to TAVR [21]. Developing the newer TAVR systems significantly reduced com-
plications, which may explain the eagerness to involve younger and lower-risk 
patients in the TAVR procedure.

Nevertheless, new-onset or worsening conduction disturbances remain one of 
the most common complications after TAVR. They are found in 34.8% of patients 
at hospital discharge, with the Left Bundle Branch Block (LBBB) as the most com-
mon conduction disorder [22]. Randomized trials and registries show that such 
complications require pacemaker (PM) implantation in up to 25.9% of patients with 
consequent conduction disorders [23]. However, what needs to be emphasized is 
that AS per se increases the risk of conduction disturbances.

For example, the stenotic process of aortic valve severe calcification may involve 
a near-located heart conduction system. Such situation is usually observed in 
patients with low-flow, low-gradient AS with preserved ejection fraction. This is 
because the atrioventricular (AV) node is located in the triangle of Koch’s apex, near 
the aortic valve’s non-coronary cusp. Three positions of the AV node can be listed 
with the most common right-sided. However, the left-sided AV node, especially 
superficial to the endocardium, seems to be particularly vulnerable to calcification 
and TAVR post-procedure-related conduction disturbances.

Another heart conduction structure—the left bundle branch of the AV node—is a 
superficial structure positioned on the crest of the interventricular septum. It is 
located at the base of the interleaflet triangle, separating the aortic valve’s non- 
coronary and right-coronary leaflets, which the TAVR procedure can easily harm. 
Both situations can lead to PM implantation.

3.1  Permanent Pacemaker Implantation 
as a Preventive Strategy

ESC Guidelines on cardiac pacing and cardiac resynchronization therapy clearly 
recommend: asymptomatic patients or those who do not require pacemaker implan-
tation due to standard indications do not need a permanent pacemaker implantation 
preventive strategy (PPIPS) before the TAVR procedure [23].
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However, due to the post-TAVR risk of further conduction disturbances advanc-
ing in the future, early PPIPS after TAVR should be considered in several cases. 
With pre-existing right bundle branch block, developing any other conduction dis-
turbances during or after TAVR, even transient high-degree atrioventricular block 
(AVB), PR prolongation, or QRS axis change, is a clear indication of a PPIPS. Another 
case when PPIPS should be implemented for patients >48 h after TAVI are:

• New LBBB with QRS > 150 ms.
• Pre-existing conduction abnormality who develops prolongation of QRS or 

PR > 20 ms.
• PR > 240 ms.

Yet, before the PM implantation decision, one should have an electrophysiologi-
cal study (EPS) that measures the His bundle -Ventricular interval. The nominal 
value that justifies the implantation procedure should be at least 70 ms. Those who 
developed bifascicular block after TAVR and did not meet above mentioned criteria, 
yet have had syncope after the procedure, should also be considered for PPIPS. It 
has been proven that in elderly patients with unexplained, recurrent syncope and 
bifascicular block (for example, LBBB or RBBB with left anterior fascicular block), 
PPIPS significantly reduces the risk of symptoms recurrence [24]. However, one in 
eight patients with a transvenous pacemaker (TV-PM) may experience peri- and 
post-procedural complications [25]. The risk of complications rises with such bur-
dens as age, BMI, and frailty syndrome, which are all often in the characteristic 
spectrum for a patient after the TAVR procedure.

3.2  Leadless Pacemakers in TAVR Population

The arrival of leadless pacemakers (LPs) (Fig. 2) in 2012 became a cornerstone in 
the treatment of bradycardia and atrioventricular (AV) conduction disorders as an 
alternative to TV-PMs. Currently, the only available LPs on the market are Micra 
VR (MVR) and the newly developed Micra AV (MAV), which allows AV synchro-
nous ventricle pacing (VDD mode).

However, their external construction is similar. With a low mass of 1.75 g, dimen-
sions of 25.9 mm × 6.7 mm, and volume of 0.8 cc Micra occupies around 1% of the 
hearts’ right ventricle volume. MVR and MAV longevity is estimated between 8 
and 13 years, which depends on the pacing mode, ventricle pacing percentage, and 

Fig. 2 Leadless 
Pacemaker—Micra  
(own picture)
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implanted place’s electrical parameters. Even though Micra is considered an unre-
movable device after a couple of months since implantation due to encapsulation 
[26], another implantation of Micra in the same patient is feasible and safe. However, 
due to the expected limited lifespan in TAVR-related, elderly and frail populations, 
it seems to be a relatively rare need.

The most common conduction disturbance after TAVR—the newly developed 
LBBB—has a relatively high long-term recovery rate to normal conductive function 
(26.2% at long-term follow-up [27]). Thus, such situation allows LP to work often 
as a backup mode extending battery life.

One of the reasons behind LP technology development was the improvement of 
the safety profile in cardiac pacing. The pocket and leads account for two-thirds of 
transvenous PM complications, and their lack in LP technology is one of their most 
significant advantages. Reducing the risk of infective endocarditis is essential from 
the point of view of a person with an artificial aortic valve.

The first study exploring the MVR safety profile was Investigational Device 
Exemption (IDE). The IDE study showed 48% (HR 0.52; 95% CI 0.35–0.77;) fewer 
complications compared to TV-PMs, a high implant success rate (99.2%), and sta-
ble low pacing thresholds at 6 months in 98.3% of patients [28]. The second one—
The Post-Approval Registry—proved a low rate of major complications throughout 
12 months (2.7% CI:2.0–3.6%) with no device-related infections. Major complica-
tions were mainly reduced by a 47% relative risk reduction in hospitalizations and 
an 82% relative risk reduction in system revisions. The all-cause mortality does not 
differ at 2-year follow-up in groups of LPs and TV-PMs, even though patients 
obtaining LP are usually burdened with more comorbidities [29]. Micra’s implanta-
tion safety, performance, and post-procedural complications were also evaluated in 
patients who underwent MAV implantation after the TAVR procedure between 
November 2020 and June 2021. The short-term safety and performance of the LP 
were once again proved with a 1-month follow-up [30]. Most of LP’s indications are 
similar to the TAVR population. Thus, LP should be considered for patients with 
frailty syndrome and chronic kidney disease, especially those on dialysis, with less 
than 10 years of life span, hindered access to the TV-PM, but also with a history of 
cardiac device-related infective endocarditis (CDRIE). The MAV should be pre-
ferred over MVR in patients with AV block but without bradycardia or persistent 
supraventricular arrhythmia, due to the VDD pacing mode.

This demonstrates how important is a personalized approach before taking a 
decision about the procedure to be employed.

4  Prediction, Prevention, and Personalization: A Strategy 
for Managing Patients with Symptomatic Bradycardia

Management of sinus node dysfunction or atrioventricular conduction disorders 
leading to symptomatic bradycardia remains a diagnostic and therapeutic challenge. 
According to the guidelines of the European and American cardiological societies 
ESC/EHRA/ACC/AHA/HRS, if these disorders are of internal origin and are irre-
versible, the treatment of choice is PM implantation [23, 31]. The method has been 
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proven and improved for many years. However, it is burdened with significant limita-
tions and not without the risk of complications. The recent rapid development of 
technology has significantly increased diagnostic possibilities and expanded the 
number of therapeutic options, from optimizing the stimulation itself to techniques 
to avoid it. Such a variety of options create a possibility to personalize the therapy to 
reduce complication risk and improve the quality of life. Saving lives, although still 
a priority, is no longer the only goal, and a specific therapeutic option may be an 
optimal solution for one patient but a difficult or unacceptable compromise for others.

It becomes possible to:

• consider the patient’s individual preferences, plans, and professional and private 
activities.

• anticipate what limitations of potential solutions will be relevant in individ-
ual cases.

• prevent or minimize cumulative risk throughout chronic therapy.

Developing an optimal therapeutic strategy often requires a multidisciplinary 
approach and the inclusion of the patient in the decision-making process [32]. Both 
to know their preferences and share responsibility for decisions made.

Until recently, the only therapeutic option for a patient with symptomatic brady-
cardia, if it was not reversible, was PM implantation, a prosthesis of the heart’s phys-
iological pacemaker/conduction system. This method has been successfully used for 
many years. Subsequent PM generations are becoming more reliable and their capa-
bilities more excellent. With new implantation technics, cardiac pacing became more 
physiological, i.e., His-bundle pacing or its left branch [33, 34]. However, the main 
limitations of this method remain the same. The generator must be replaced every 
few years and systematically checked by professional medical personnel.

Moreover, one should remember the possible infectious complications of 
implanted PMs due to periprocedural and blood–borne origin or lead damage. The 
risk increases with the duration of therapy. No less crucial, the PM—by itself—lim-
its the quality of everyday life and physical activity and sometimes can force one to 
change a professional life. The risk of complications from PPM significantly 
increases in young patients with a long-life expectancy. On the other hand, often, it 
is the only available therapy form. Implantation procedures last shorter and shorter, 
and consequently, the periprocedural risk is significantly reduced. New pacing 
options, such as resynchronization with a left ventricle electrode, physiological pac-
ing in the region of the His-bundle or its left branch, or the recently introduced 
implantation of LP, enable an individualized approach to each patient.

Cardioneuroablation (CNA)—a new therapeutic option for patients with symp-
tomatic bradycardia—has been available for several years [35, 36]. A procedure 
involves modifying the heart’s parasympathetic part of the autonomic nervous sys-
tem of the heart’s physiological pacemaker/conducting system. The vagus nerve, 
which belongs to the parasympathetic nervous system, has an inhibitory effect on 
the sinus node responsible for generating the heart rhythm and the atrioventricular 
junction responsible for conduction. CNA is an invasive procedure involving 
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damage through radiofrequency electric energy to the ends of the vagal nerve (post-
ganglionic neurons and interneurons), located in the epicardium, in the left atrium 
in the vicinity of the pulmonary venous ostia, interatrial septum and the mitral annu-
lus, also in the area of the roof of the right atrium and the coronary sinus ostium. 
CNA is a beneficial method of bradycardia treatment caused by excessive vagal 
nerve tension-functional bradycardia. The rising evidence suggests that it should be 
a first-choice treatment in such cases [37]. It can be used in particular cases of struc-
tural damage to the heart’s physiological pacemaker/conduction system, releasing 
its functional reserves from the vagal nerve influence. This procedure is more com-
plicated than the implantation of a PM and, unlike it, requires general anesthesia.

Moreover, the periprocedural risk is higher, and the qualification process for 
CNA is more complex and time-consuming. In the short term, it requires more sig-
nificant commitment and acceptance of the risk of complications and possible fail-
ure of therapy by a patient. However, in many cases, it allows for avoiding or 
postponing the prosthesis of the heart’s physiological pacemaker/conduction sys-
tem, which is PM implantation, yet not excluding this option in the future [38, 39].

The abovementioned options allow physicians to offer a more personalized 
approach to bradycardia therapy. Knowing the advantages and limitations of indi-
vidual therapeutic strategies—the patient’s lifestyle and preferences, as well as the 
estimated lifespan—allows for risk complications prediction and estimation related 
to the considered therapies. Such awareness leads to preventing and minimizing 
adverse events. For example, the younger the patient, with a less incriminating med-
ical history, the longer lifespan, which entails a significant increase in the cumula-
tive risk of long-term complications of therapy with implantable devices. However, 
the increased short-term periprocedural risk is more acceptable. PM implantation at 
a young age presupposes more PM replacement procedures in the future. Each pro-
cedure is associated with an increased risk of infectious complications. Also, the 
lifetime of the electrodes in pacing systems is limited due to physical damage, 
which can come with patient activity. It is crucial to consider the patient’s lifestyle 
and occupational activity, i.e., transvenous pacemaker precludes some activities, 
such as sports involving the shoulder girdle. It also excludes the possibility of work-
ing with an electric arc and forces the avoidance of strong electromagnetic fields. It 
binds the patient to the center controlling the implanted device and makes him 
strictly, chronically dependent on the healthcare system. For this, the acceptance of 
an individually increased risk associated with a more complicated and arduous 
CNA procedure and a more complicated procedure qualification process may be 
accepted. The number of variables necessary to consider in this case requires a more 
detailed analysis of individual therapy options, optimally with the participation of a 
multidisciplinary team: electrophysiologists, other specialists in the case of comor-
bidities, a psychologist, or a career counselor (EP Heart Team) (Fig. 3).

Most importantly—the patient needs to be actively involved in this decision- 
making process, understanding and accepting both the short-term risk associated 
with the PM implantation or CNA procedure itself and the cumulative long-term 
risk and possible limitations resulting from such a choice. Even within the same age 
group, optimal therapy strategies may vary depending on other factors. The patient 
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Fig. 3 The decision-making process and a strategy for personalized management of patients with 
symptomatic bradycardia (own scheme)

may ultimately prefer the well-established medical procedure – the PM, with all its 
limitations.

A more considerable challenge is the 3P Medicine approach to optimize the 
already implemented pacing system. An individual-personalized approach to each 
patient requires a reassessment of indications for permanent cardiac pacing. The 
guidelines of European and American cardiological societies ESC/EHRA/ACC/
AHA/HRS [23, 31] reassures with such a procedure, requiring a reassessment of 
indications for continued PM therapy with PPM before each pacemaker replace-
ment, electrode extraction and replacement and during the entire long-term 
follow-up.

Patients who had a conventional cardiac PM implanted a few years ago might 
now be qualified for physiological pacing or can avoid PPM by CNA procedure. In 
a study of a Danish population of patients who had a pacemaker implanted before 
the age of 50, it was shown that vasovagal syncope, resulting from an exaggerated 
reflex, the efferent arm of which is the vagus nerve, was in 5% of cases. If it is a 
cardioinhibitory type of reflex, i.e., when it results in bradycardia or even a pause in 
the heart rhythm, CNA would be a causal treatment and would avoid PM implanta-
tion. In the same population, it was shown that in 50% of patients qualified for PPM, 
the cause of atrioventricular node dysfunction could not be determined [40]. 
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Continuous development of diagnostic tools, the autonomic nervous system tests 
improvement, or the use of implanted loop recorders undoubtedly expand the pos-
sible medical solutions for patients whose diagnostics were completed several years 
ago. This group would include patients who could benefit from a different therapy. 
Reassessment of indications for continuing PPM therapy or its possible optimiza-
tion to physiological is not burdensome and should be performed in each case. 
However, changing the current therapy is a much more complex issue. There are 
various options: continuation of the current PPM, replacing it with more physiologi-
cal pacing of the His-bundle or its left branch, or CNA, and discontinuation of PM 
therapy (Fig. 4).

Changing the current therapy, i.e., cardiac pacing to a different mode or stopping 
it, is not easy, even when the new method seems to be better. Personalization of the 
approach to this problem is inevitable in this case. The potential risk is no longer 
only due to implementing a new treatment method but also possible complications 
resulting from abandoning the current treatment method. Changing the pacing 
method to physiological or its complete cessation after a successful CNA procedure 
is associated with an additional risk of removal of the existing pacing system. 
Treatment by transvenous lead extraction (TLE) carries a 2–3% risk of severe peri-
procedural complications. This risk can be minimized by performing TLE in 

Fig. 4 Reassessment processes for permanent pacing, cardioneuroablation, and transvenous lead 
extraction (own scheme)
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hi- volume centers [41, 42]. However, there are only a few, and they often require 
transporting a patient to a different center in another city for the procedure. It is an 
additional difficulty and stress during the treatment process. Abandonment of an 
inactive pacing system is not a good solution. It is associated with a long-term risk 
of infective endocarditis. Such a solution can be accepted only in the case of the 
patient’s refusal to undergo the TLE procedure or a very high risk associated with 
this procedure.

The consideration of the potential benefits and risks of changing treatment should 
also be based on a multi-professional assessment by EP Heart Team and the patient. 
Patients who have already received PPM are more aware of its limitations and 
potential risks. Estimating and anticipating the risks resulting from individual 
options, preventing, and eliminating already existing limitations, such as impair-
ment of physical activity, professional activity or social exclusion, is 
indispensable.

5  Automatic Control of Anesthesia for Pulmonary Vein 
Isolation and Cardioneuroablation Procedures

Pulmonary vein isolation (PVI) is a technique of catheter ablation of atrial fibrilla-
tion, the most often diagnosed arrhythmia worldwide and, as such, an important 
treatment option in modern cardiologist’s armamentarium. The concept of PVI 
emerged after the publication of a landmark paper by Haïssaguerre et  al. [43]. 
Nowadays, it is an established AF treatment modality, both as the first-line therapy 
and as a bail-out after failed drug therapy [16]. It can be performed using two energy 
sources: cryoballoon and catheter ablation with radiofrequency (RFA) current. The 
efficacy of both techniques is comparable, at least as a first procedure in the parox-
ysmal form of AF [44]. Cryoballoon PVI, compared to RFA, results in shorter pro-
cedure time and seems to be better tolerated by patients [45]. As a result, lower 
levels of anesthesia during cryoballoon PVI can be safely used. However, a few 
patient’s and procedural characteristics, such as redo procedure or left atrial enlarge-
ment, favor RFA over cryoballoon [46, 47]. As RFA PVI results in longer proce-
dural time, which is invariably associated with patient spending prolonged time 
motionless in a recumbent position, it is less well tolerated. Movement of patients 
during the procedure can result in disturbance of the electroanatomical mapping 
system and inadvertent damage of the cardiac tissue, even leading to cardiac tam-
ponade. The aforementioned obstacles favor deeper levels of anesthesia during RFA 
PVI. Findings from 2010 randomized clinical trial support the use of general anes-
thesia over conscious sedation during RFA PVI [48]. Unfortunately, performing 
PVI under general anesthesia is more challenging regarding electrophysiology lab 
workflow and the availability of anesthesiologists. In Japan, only 0.5% of patients 
undergo general anesthesia during RFA PVI [49]. To address these logistic obsta-
cles, a trial on total intravenous anesthesia (TIVA) provided by cardiologists with 
support from anesthesiologists was performed. TIVA using intravenous propofol 
and fentanyl was administered by cardiologists in the EP lab in 160 consecutive 
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patients. Airway support was provided via i-gel, and all patients were ventilated in 
synchronized intermittent mandatory ventilation mode provided by a standard res-
pirator. Doses of anesthetic were titrated to maintain a bispectral index (BIS) 
between 30 and 50. Only in 3% of cases the intervention of a supporting anesthesi-
ologist was needed, and in 2%, TIVA was abandoned. There were no anesthesia- 
related complications [50]. This study supports the feasibility of TIVA administered 
by a cardiologist during RFA PVI, which is especially important in the face of an 
anesthesiologists’ shortage.

In recent years, a novel therapy for bradyarrhythmias emerged  – endocardial 
ablation of the vagal nerve postsynaptic neurons, i.e., CNA. During the procedure, 
monitoring of residual vagal innervation is essential. The monitoring can be per-
formed by solely observing an increase in heart rate, evoking vagal reactions during 
high-frequency stimulation, or by direct transvenous stimulation of vagal nerve—
extracardiac vagal nerve stimulation (ECVS) [51]. Due to the proximity of the 
accessory nerve, ECVS leads to head rotation while performed without a neuromus-
cular blocking agent. This unpredictable movement can result in loss of efficient 
vagal stimulation and even vascular damage by pacing electrode, so ECVS is gener-
ally performed after the neuromuscular blockade. However, it complicates further 
course of CNA, as neuromuscular blockade decreases the excitability of the dia-
phragm and monitoring of the phrenic nerve cannot be reliably performed so long 
as effect of the neuromuscular blocking agent is sustained. The remarks mentioned 
above makes anesthesia of patients undergoing CNA especially challenging. 
Method for simplified, more reliable and reproducible general anesthesia to prevent 
complications and ease management of patients in EP lab is sorely needed. 
Considering the introduced procedure, the use of the automated control system for 
anesthesia can be seen as the supplementary tool for support medical staff in this 
challenging intervention.

Recently we have witnessed an unprecedented international effort to improve the 
quality and availability of medical care. In this regard, researchers in clinical auto-
mation have focused on novel solutions in the field of physiological closed-loop 
control systems. This scientific area requires a multidisciplinary approach combin-
ing specialist knowledge to tackle the problem in a holistic manner. In this context, 
automated control in personalized therapies is one of the most promising research 
areas, where the application of new research techniques and cutting-edge technolo-
gies, such as artificial intelligence (AI), can expand the frontiers of this challenging 
field [52, 53]. Automatic control engineering has become an important enabling 
technology in many areas of medicine and biomedical technology. Prominent exam-
ples include the artificial pancreas, closed-loop anesthesia, and personalized drug- 
dosing strategies in neurology, oncology, endocrinology, and psychiatry [52]. It is a 
testament to the power of control systems that allow individualizing treatment by 
providing mechanisms for linking treatment goals to treatment regimens, thus 
achieving the desired therapeutic effect. Consequently, the arrival of control sys-
tems engineering in the clinic makes the visionary concept of “treat the patient, not 
the disease” technologically and economically feasible. In this regard, it is desirable 
to develop automated drug-dosing techniques to prevent under or overdosing issues 
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and to provide a more personalized solution. Additionally, continuous advances in 
medical sensors, medical equipment and AI have created propitious conditions for 
incorporating closed-loop systems. For this, patient-dynamics models can be used 
to predict the patient’s pharmacological/biological response to the drug/substance 
administered, which can be incorporated into the individualized control system 
design and tuning [52–54]. This issue is one of the open research questions that can 
be explored to personalize the control system in the context of model 
individualization.

In the setting of previously described interventions, an important aspect is related 
to an anesthesia process required for the proper execution of the surgery. The total 
intravenous anesthesia (TIVA) process generally refers to the loss of sensation. It 
can be described as the absence of recall and response to a noxious stimulus as the 
effect of the used drugs. Usually, the medications applied during intravenous anes-
thesia can be split into three groups: analgesic, hypnotic and those providing a neu-
romuscular blockade. Those drugs have a physiological effect on the loss of 
sensitivity to pain and loss of consciousness, interpreted as the depth of hypnosis 
and caused paralysis of affected skeletal muscles, respectively [52–54]. The anes-
thesia process is usually divided into three stages, induction, maintenance, and 
emergence. The simplest TIVA considers only one hypnotic drug, propofol, and its 
effect is measured by the depth of the hypnosis level. This scheme can be extended 
to a multivariable case, where more than one drug is infused, having mutual interac-
tion between them. Nevertheless, here we will focus on the simplest case, where the 
potential benefits could be interpolated to even more complex control system con-
figurations. Figure 5 shows the closed-loop control system where the main compo-
nents of the analyzed scheme are indicated.

In the classical approach, the anesthesiologist observes the monitors represent-
ing patients’ vital signs and manually regulates the infusion pump’s rates based on 
their experience. While in automated control, the main idea consists of applying the 
control algorithm (designed software) that computes the required amount of the 
drug based on patient state measurements (obtained through clinical monitors 
equipped with specific sensors). Calculated infusion rates are applied using the 
computer-controlled infusion pump (actuator). Using an automated system can 
relieve a medical staff from continuously monitoring and modifying the drug dos-
age, which is a highly demanding task, especially during long interventions where 

Fig. 5 Automated drug administration in anesthesia—schematic closed-control-loop for depth of 
hypnosis (own scheme)
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it is challenging to maintain the necessary concentration for a long time. The pur-
pose of such an automated control system is to support the anesthesiologist in this 
difficult process and not to replace them [53, 54]. In this way, the anesthesiologist 
becomes a supervisor of the process, acting only in critical situations, which permits 
them to focus on high-level tasks.

Nowadays, many control techniques that have been proposed for depth of hypno-
sis control in anesthesia process have been widely proven, e.g., A Proportional- 
Integrative- Derivative (PID) controllers, regulators based on fuzzy logic as well as 
model predictive control (MPC) techniques, to name a few [52, 55–60]. However, 
in the context of personalized medicine in anesthesia process, the MPC techniques 
have the greatest potential since they could use an individualized patient’s model. 
As an example, a pharmacokinetic/pharmacodynamic (PK/PD) model for propofol 
could be indicated, which relates the drug infusing with its clinical effect repre-
sented by the bispectral index cale (BIS) [61]. This model is derived from the com-
partmental model, where some of its parameters are related to patients’ physical 
characteristics (like; age, height, weight and gender). Finally, it should be high-
lighted that the personalized model can be exploited to predict the effect of the drug 
on each individual resulting in a powerful and flexible toll. When combined with an 
appropriate control technique, like the MPC, the resulting control action takes into 
account the specific patient’s response to the infused drug provided by the personal-
ized model [56–61]. The control algorithm uses this predictive feature to compute 
the optimal drug dosage, considering limitations and constraints indicated by the 
type of intervention and clinical practice. As a consequence, the control algorithm 
is able to provide the right value of the drug dosage. Simultaneously, it reduces the 
possibility of the drug’s over/under dosage, where both could have a negative impact 
on the patient. The under dosage could result in the regaining consciousness and, 
consequently, provoking severe traumatic experiences. Whereas overdosage could 
result in postoperative complications such as postoperative nausea and vomiting 
(PONV), resulting in a longer recovery [62–65].

With these characteristics, a personalized control scheme assures the preventive 
measure to reduce postoperative complications and to limit the influence of a human 
factor [66–69]. Moreover, automated anesthesia is able to provide a more unified 
procedure due to the limited role of the subjective decision of the anesthesiologist 
[57–59].

6  Conclusions

Continuous ECG monitoring based on the 24 h/365 days concept could be extremely 
effective in clinical practice for diagnosing atrial fibrillation episodes and other 
arrhythmias. This might change the paradigm of recognizing not only supraven-
tricular arrhythmias but also brain infarcts sources, syncopal episodes and influence 
a strategy for anticoagulation therapy.

Dedicated personalized AF Heart Team is of crucial importance for decisions 
concerning diagnostic and therapeutic options in patients with AF and numerous 
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other arrhythmias. Such attitude will presumably influence health, social and eco-
nomic policies in different countries and systems. PPM implantation preventive 
strategy after transcatheter aortic valve replacement is emphasized by cardiology 
guidelines and should be widely used. Not yet registered device-related infective 
endocarditis in patients with leadless pacemakers, a significantly lower risk of peri-
procedural and post-procedural complications in LPs compared to the transvenous 
pacemaker—also proved in a TAVR population—seems to favor the LP in frail and 
elderly patients. Proceeding according to the idea of personalization, prediction, 
and prevention in treating symptomatic bradycardia and its optimization should no 
longer be an option but a common practice. Routine application of the guidelines 
recommendations facilitates everyday practice but often leads to difficulty accept-
ing and unnecessary compromises. The patient’s age, occupation, plans for the 
future, the cumulative risk of long-term complications and difficulty in estimating 
other preferences cannot be easily summarized in recommendations IA or IIIA arbi-
trarily presented in the guidelines of cardiological societies. Each patient should be 
considered individually, and the decision as to the therapy method in seemingly 
similar cases may vary. Automatic control of anesthesia process, as described above, 
fits into paradigms of 3P Medicine addressing personalized, predictive, and pre-
ventive aspects. These properties can be of added value in the context of cardiologic 
surgeries, improving the overall patient state after the intervention and thus reduc-
ing their postoperative recovery time. However, it must be highlighted that signifi-
cant effort must be dedicated to developing new technologies and techniques, 
making them reliable and widely accepted modalities that will be used in clinical 
practice.
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1  Introduction

1.1  Inflammation

Inflammation is known to correlate with the majority of maladies we are not yet able to 
cure, with particular emphasis on non-communicable diseases (NCDs), responsible, 
worldwide, for 44 million deaths per year [1], and in Europe for 80% of expenses asso-
ciated with disease [2]. The societal impact of this silent pandemic is so vast that the 
United Nations (UN) have recognized it as one of the 17 major obstacles to our sustain-
able development, and have proposed the Sustainable Development Goal (SGD) 3 to 
be specifically concerned in target 4 with NCDs and mental health (SGD3.4: “By 2030, 
reduce by one third premature mortality from non-communicable diseases through pre-
vention and treatment and promote mental health and well-being”).

In the past 10–15 years, numerous discoveries have contributed to enlighten our 
understanding of inflammation, including the activity of the autonomous nervous sys-
tem in the control of inflammation, namely the inflammatory reflex [3–5], the role of 
the gut intestinal (GI) [6, 7] and oral [8] microbiomes. PPPMs approaches have pro-
moted the relevance of assessing chronic inflammation and wound healing gone awry 
[9], two accompanying phenomena to the development of NCDs, with a long pro-
dromic phase where subclinical inflammation plays a silent yet fundamental role [10].

It descends from these considerations that a better understanding and, impor-
tantly, a better control of inflammation must consider as many factors impinging on 
inflammation as possible. Our theoretical pioneering effort in this direction presents 
the Greater inflammatory pathway (GIP) [11] as the summa of such influences, and 
updates the definition of the pathway(s) whose alterations should be studied to con-
trol inflammation, including namely: the autonomous nervous system, the host–
microbiome interface, and wound healing. In this frame and further [12], we have 
already observed that, while the recent attention on the GI microbiota and the inflam-
matory reflex have promoted experimental therapies ranging from fecal transplant 
[13] to vagal nerve stimulation (VNS) in bioelectronic medicine [14], respectively, 
therapeutic physical stimuli (i.e., exploiting electric, optic, magnetic or mechanic 
stimuli), which directly elicit WH, remain among the most neglected research areas.

Wound Healing (WH)-also known as epithelial-mesenchymal transition (EMT) 
type 2- progresses from a transient inflammatory phase, through regeneration to 
remodeling [15]. Its known paracrine effects are also accompanied by long distance 
consequences, as shown by our original work [16] and few others [17, 18], but 
poorly, if at all, translated into medical practice.

1.2  Recollecting a Compartmentalized and Scattered 
Knowledge Related to Physical Stimuli on Inflammation 
and Wound Healing

Indeed, research on the effects of physical stimuli on inflammation is very uneven, 
depending mostly on the nature of the stimulus. In fact, ample disparities exist in 
terms of quality and quantity of the basic biological knowledge available. 
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Recognizing and recollecting this scattered scientific background is the first neces-
sary step to promote additional access to anti-inflammatory therapies, and complete 
the bench step.

1.2.1  Mechanical Stimuli
Mechanical stimuli (such as, but not limited to, vibrational therapy [17], manual 
acupuncture [16], massage [19, 20]) are well known to elicit all stages of WH, indeed, 
“injuries” are mostly thought of as mechanic. Mechanosensing and mechanostrans-
duction are the cellular phenomena at the basis of this effect, and all cell types are 
known to present both these features. There exists extensive knowledge on their tem-
poral and biochemical functional activation, including the complex transcriptional 
and phenotypic changes supported at the cellular level [21–23], recapitulating the 
inflammatory, remodeling and regenerative phases of WH.  Generally, however, 
despite good to excellent biological knowledge of EMT type2, mechanical stimuli 
quantification for WH therapeutic elicitation remains empirical and translation has 
not proceeded to the clinics, despite relevant potential application in oncology [24] 
and results in muscle regeneration [25] for instance, and with the exception of the 
exploitation of the events occurring in the regeneration and remodeling phases 
(regenerative medicine), but very seldom in relation to the inflammatory phase, 
despite few exceptions [16–18].

1.2.2  Electric Stimuli
Electric stimuli have also received ample attention, owing to different theories that 
imply the usage of electricity to restore a variety of physiological features. The 
sensitivity to electricity of neural cells is likely the best assessed, from L. Galvani 
[26] onwards. Recently, as briefly introduced above, this knowledge has been 
expanded with a novel understanding of the effects of electrical stimulations dur-
ing inflammatory episodes i.e. by bioelectronic medicine, where the inflammatory 
reflex [3, 5] has recently been uncovered and describes the negative feedback loop 
that is activated by the autonomous nervous system (ANS) in case of acute [27] 
and chronic [28] inflammation to control cytokines production and dampen inflam-
mation. Electricity is also important in a different context, relevant to our purposes, 
as it is known to interfere with superficial wound healing. This is based on the 
“skin battery” concept [29–31], i.e., the difference of potential that exists in healthy 
and integer skin, and that is disrupted in case of physical injuries, braking the skin 
barrier and hence compromising the organized electrical charges that exist inside, 
differentially from outside, this barrier. In this case, appropriate electrostimulation 
(i.e., direct and of the magnitude of the skin battery) is experimentally proven to 
restore physiological conditions, and is known to be accompanied by improved 
WH (skin regeneration and remodeling), with explicit usage in dermatology and 
orthopedics. At the cellular level electrosensing and electrotransduction are embod-
ied by lipid rafts [32], whose mobility within the cells’ surface polarizes the mem-
brane, deforming it with consequences that are likely to mimic 
mechanotransduction ones.
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1.2.3  Optical Stimuli
Optosensitivity and optotransduction at the molecular and cellular level, originally 
emerged, similarly to electrostimulation, in a specialized context, i.e., associated to 
the photoreceptor cells of the retina. Nevertheless, the actuator proteins, optins, 
have also been found in fibroblasts and keratinocytes, leading the way to the exploi-
tation of optical stimuli on the largest of our organs: skin (dermal photoreception) 
[33, 34]. Photobiomodulation (PBMT) is the corresponding therapeutic approach, 
i.e., the effect of optical signals at the organ(ism) level, generally offered as low- 
level laser therapy (LLLT). Despite abundant work on the application of such stim-
uli [35, 36], there exists very limited available literature on the explicit 
anti-inflammatory outcome of LLLT, reported as secondary effects (i.e., secondary 
to the light transduction) in the form of small molecules flux changes that do overlap 
exactly the non-transcriptional phase of mechanostranduction [37] (but not made 
explicit nor recognized as such), and as tertiary effects in terms of remodeling and 
regeneration. Very recently the relation between the aryl hydrocarbon receptor and 
optical stimuli has been uncovered, hopefully opening to a deeper and broader 
understanding of the connection with inflammation [38]. Laser applications are bet-
ter known for their applications in surgery, with the majority of other types of appli-
cation left to unstandardized approaches, mostly in the realm of complementary 
alternative medicine. Overall, at all scale levels (molecules, cells, tissues, organism) 
rigorous effects of optical stimuli are poorly represented.

1.2.4  Magnetic Stimuli
Magnetic stimuli are by far the most neglected in biomedicine. The usage of magnetic 
fields in relation to biology is in fact more commonly focused on the growth of organic 
crystals, using high levels of energy. Robustness of the available information is weak-
ened by the variability of the magnetic field parameters adopted. Recent detailed work 
refers to mechanomagnetic [39] effects, directly indicating that the cascade of events 
following this type of stimulation replicates WH, other less recent results clarify the 
effect of static magnetic field, highly cell-dependent [40], overlooking mechanical 
aspects and their effects on channels, membrane, as well as Ca2+ fluxes change, over-
lapping, although generally unrecognized, with the progression of WH.

All the above information is the result of the careful collection from a large vari-
ety of publications in different research areas that remain strongly compartmental-
ized and rarely speak to each other (from engineering to physics to biology and 
biomedicine). In addition to this “horizontal” compartmentalization (related mostly 
to the different nature of the stimulus) there exists also a striking “vertical” compart-
mentalization, i.e., there is limited to no connection among the findings at the cel-
lular level and their impact on higher scale complexes like tissues, organs and finally 
the human body. This vertical compartmentalization holds independently of the bio-
logical background: therapeutic dose is fully empirical based solely on the do not 
harm principle and, importantly, only rarely the medical rationale builds on the 
biological work, despite a large variety of attempts to exploit -in a mostly unstruc-
tured manner- physical stimuli.
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2  Working Hypothesis

To move beyond this fragmentation, we hypothesize that WH can be the target phe-
nomenon and function able to recollect under one common and complex concept the 
effects of therapeutic physical stimulations. In particular, knowing that WH is a 
highly conserved function elicited by physical stimuli and that under physiological 
conditions the early inflammatory phase has a transient nature, we hypothesize that 
purposedly eliciting this inflammatory phase by controlled physical stimuli may first 
elicit and then force the extinction of inflammation, not only in physiologic but also 
in inflamed contexts. To test our hypothesis we chose rheumatoid arthritis (RA) a 
model NCD whose impact on health and societal expenditure is recognized as dra-
matic [41]. The international organisms promoting guidelines for the control of RA 
(American College of Rheumatology, ACR, and the European Alliance of 
Associations for Rheumatology, EULAR), recommend to maximally anticipate the 
diagnosis of the disease [42, 43], in line with the paradigm of predictive, preventive, 
and personalized medicine (PPPM) [44] that promotes the identification and treat-
ment of ALL inflammatory symptoms as early as possible, to minimize the devastat-
ing progression of NCDs. Moreover, International recommendations envision the 
use of classic and biologic disease modifying anti-rheumatic drugs (c- and bDMARD, 
respectively) until clinical remission (i.e., stabilization of the symptoms) with the 
possibility of subsequent DMARDs tapering and discontinuation [43].

3  Methods

We tested this hypothesis in a multiscale context, with animal model studies [16, 45] 
and a human pilot clinical trial [46] (NCT01619176, https://clinicaltrials.gov/ct2/
show/NCT01619176) with the aim to assess the extent of our results’ 
translatability.

3.1  Animal Studies

Collagen induced arthritis (CIA) [47] is a known model of RA induced in animals, 
recapitulating the majority of immunological and phenotypic alterations of RA. Our 
two studies, on Wistar rats, include control and active arms, where methotrexate 
(MTX), the gold standard DMARD therapy, is adopted, and mechanical stimulation 
[48] is performed by insertion and rotation of thin needles (acupuncture -AP) alone 
or in combination with MTX (MTX + AP). Phenotypic assessment of the disease 
was done with standard approaches (paws thickness by qualitative visual scale and 
quantitative with a gauge). Multiple samples from different tissues (blood periph-
eral blood mononuclear cells -PBMCs-, stool, subcutaneous tissue and rheumatoid 
arthritis fibroblast like cells -RAFLs-) and at various time points (before, at 1 h, 
14  days and 32  days from the beginning of the therapy) were collected and 
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processed with omics (miRNA, mRNA for blood and subcutaneous tissue sample, 
16S-rRNA-seq for GI microbiota analysis), with all details, including therapeutic 
release and raw data availability, being reported in [16, 45] and summarized to 
explore translatability in Fig. 1.

a

b

c

Fig. 1 Translational results, continuum between animal models (rats) and humans. Analyses were 
run using R version 3.6.2 or later. Panel a: Statistical analysis of clinical standard data, P indicates 
p-values based on the F-distribution. Panel b: blood functional results (Gene Ontology Enrichment) 
across batches and species including animal studies (batch1 and batch2) and the pilot human clini-
cal trial ID: NCT01619176A, https://clinicaltrials.gov/ct2/show/NCT01619176. Blue and red bars 
across enriched functions indicate the associated (corrected) p-values for up- and down-regulated 
expression, respectively. Summary enriched functions are reported for enhanced clarity (handwrit-
ten style). All animal results were published in [16, 45]. Human data were aggregated to compen-
sate for the small samples size. Namely: 18 blood samples from 9 RA patients in total, 8 before any 
therapy (RA), 2 AP after 2 week (AP), 5 AP + MTX after 3 months (MTXAP), 3 MTX (MTX) 
after 3 months. NA stands for “not available,” i.e., this branch of the study was not performed. 
Panel C: Independent qRT-PCR analysis s.e.m. = standard error of mean. The genes studied were: 
Purinergic Receptor P2Y12 (P2ry12), C-X-C Motif Chemokine Receptor 3 (Cxcr3) and Interleukin 
2 Receptor Subunit Beta (Il2rb) for batch 1; P2ry12, Purinergic Receptor P2Y1 (P2ry1), Superoxide 
Dismutase 2 (Sod2), Plekstrin (Pleck) and Microtubule Associated Protein 1B (Map1b) for batch 
2; C-X-C Motif Chemokine Ligand 10 (CXCL10) and Interleukin 1 Receptor Type 1 (IL1R1) for 
the huma pilot trial. Rat and human icons by Freepik from www.flaticon.com

Wound Healing from Bench to Bedside: A PPPM Bridge Between Physical Therapies…

https://clinicaltrials.gov/ct2/show/NCT01619176
http://www.flaticon.com


228

3.2  Pilot Clinical Trial

We designed a pilot study, approved by the ethical committee of Shanghai GuangHua 
Hospital, designed as a non-inferiority trial where 10 RA patients were enrolled, 
balanced by age, uniformly treated with leflunomide and non-steroidal anti- 
inflammatory drug and randomly assigned to MTX or AP only for the first 2 weeks 
and to a combination of the two (MTX-AP) or continuation of MTX alone, for 
3 months in total. Details on both therapy dose and stimulation points can be found 
on clinicaltrials.gov, ID: NCT01619176, https://clinicaltrials.gov/ct2/show/
NCT01619176. Clinical parameters for enrollment and monitoring were collected 
according to the American College of Rheumatology (ACR) guidelines and include 
Rheumatoid Factor (RF), patients and clinicians Health Assessment Questionnaire 
(HAQ) and DAS28 scores. Statistical phenotypic data analysis for ACR recom-
mended parameters [49] (RF, HAQ and DAS28) was done modeling the parameters 
as functions of treatment and time (beginning of therapy, 3 weeks, 3 months), with 
fitted generalized linear models and analyzed by ANOVA (RF, DAS28) and 
MANOVA (HAQ). Omics were collected for assessment of the systemic effects of 
the therapy via blood samples (peripheral blood mononuclear cells, PBMC) pro-
cessed by transcriptomics. PBMCs were analyzed via Affymetrix U133 plus 2.0 
array (Gene Expression Omnibus repository, ID GSE59526, https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE59526) with the following specifics: expres-
sion intensities and calls detection filtered for the removal of probes with less than 
10% of all samples, log-2 transformed and selected as differential (end of therapy 
samples versus all before therapy samples) with limma [50] for p-value <0.05 and 
fold-change >1.8. Further candidates for which 30% of expression intensity across 
all samples was absent for detection call were also removed. Functional enrichment 
analysis was run with DAVID functional cluster analysis [51].

For all organisms’ studies, validation with an independent technology was run by 
qRT-PCR (Fig. 1c).

4  Results

The continuum of phenotypic and molecular data analysis results are shown in 
Fig.  1, where side-by-side comparison of PBMC transcriptomics highlights the 
translatability of the findings and the crucial involvement of WH as statistically 
significantly enriched function across the two organisms and the three studies, when 
comparing the role of the mechanical stimulation on (model) arthritis.

In particular, with respect to the human data, the phenotypic statistical analysis 
returned significant treatment and timepoint effects for DAS28 and qualitative 
results (HAQ pooled with clinicians’ evaluation) – (values for MTX lower than for 
MTX-AP). Despite RF factor reducing over time and values for MTX being higher 
than for MTX-AP, due to a lack of power (missing data at multiple timepoints), the 
RF analyses did not return significant results (Fig. 1a). Phenotypic results are backed 
by the search for molecular surrogates via PBMC differential and functional 
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analyses (Fig. 1b). The only enriched cluster (enrichment score > 1) is shown for 
human MTXAP2RA (MTX + AP versus baseline) comparison and all top terms 
(GO hierarchy) from the MTX2RA (MTX versus baseline) seven enriched clusters 
are shown. A similar analysis was run on animal models with detailed adaptation of 
the protocol and analysis reported in [16, 45]. This highlights overall the relevance 
of wound healing as the distinctive function elicited in the presence of the mechani-
cal stimulation (AP), alone or in conjunction with the gold standard treatment.

5  Conclusion and Recommendations

We present, for the first time, two fundamental steps in the advancement of our 
knowledge on the therapeutic potential of physical stimuli. First, the introductory 
overview and revisitation on the shared biological functions activated by physical 
stimuli, independently of their nature, in an anti-inflammatory context, is to the best 
of our knowledge a première in this direction. Second, the continuum of systemic 
(PBMC) molecular effects descending from a therapeutic mechanical stimulus in a 
chronic inflammatory context represented by (model) arthritis, shows how this 
function is conserved.

The first step serves the second not only in the progression from bench (basic 
science) to bed (animal/clinical studies), but also from a theoretical perspective 
given the fact that all stimuli appear to proceed by the activation of mechanotrans-
duction typical markers (see above, under Sect. 1.2): in this sense the loss of gener-
ality in our experiments using mechanical stimuli (i.e., manual AP) could be 
minimal, considering also that RA is a model NCD.

Globally, our results show that the proposed therapy progresses (also) via the 
elicitation of the function of wound healing, a transversal phenomenon, crucially 
impacting on the control of inflammation as we recently discussed within the trans-
versal basic science frame of the Greater Inflammatory Pathway [52]. Such findings 
are relevant in the context of the ERAS ecosystem, whose evidence-based guide-
lines/protocols (see https://erassociety.org) are crucial for PPPM, and with particu-
lar emphasis on generally neglected clinical matters like prehabilitation, pain 
chronification prediction, mitochondrial health and suboptimal health, to name 
the major.

6  Expected PPPM Impacts

Our results, although plagued in the human study by the small sample size, repre-
sent nevertheless a fundamental starting point to explore the rationale (fundamental 
biology, bench), reproducibility (clinics, bed), and reimboursability (health policy, 
PPPM) of physical therapies. This tangible expression of the anti-inflammatory 
potential of the elicitation of wound healing can offer a biomedical rationale to 
exploit a variety of physical therapies, rapidly expanding the arsenal of approaches 
available to control overt and pre-clinical chronic inflammation, at the base of all 
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NCDs [9]. This is in line with the aforementioned ERAS initiative, which aims at 
promoting evidence-based best-practices for effective personalized approaches. As 
a consequence, conclusions for experts including all stakeholders in the rich PPPM 
ecosystem include two major recommendations:

The first is to take maximum advantage of existing basic biological (molecular 
and cellular) knowledge when it comes to physical stimuli transduction. Referring 
exclusively to previous, or historical, clinical practice may not be the only or best 
way to justify or take advantage of the therapeutic cascade of molecular events that 
descends from a savvy elicitation of wound healing [12].

Second, there is a great lack of standardization in the stimuli release, more 
clinical studies certainly is needed but also more basic science research is needed 
to guarantee robustness first, and appropriateness of dosage, i.e., effective-
ness, then.

As an overall conclusion, it is to be expected that the rigorous and system-
atic exploration of these approaches open to a whole new area of medicine, 
which we call Physicine, with the potential to be frugal [53] both for the nature 
of some of the stimuli (mechanical in particular) and for the opening to bio-
medical devices repurposing, along the lines of drug repurposing, once dosages 
of stimulations can be released in well informed manners.
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1  Diabetes Mellitus Complications in Focus 
of 3P Medicine

1.1  Diabetes Mellitus Complications

According to the National Diabetes Statistics Report only in the USA in 2022 more 
than 130 million adults were suffering from diabetes or prediabetes [1]. European 
chapter of the International Diabetes Federation claims that in 2021 there were 61 
million adults in Europe diagnosed with diabetes, whereas the type 1 diabetes was 
stated in 295,000 children and adolescents [2]. DM is not more the disease of the 
societies living prevalently in high-income countries, but also affects poorer regions, 
whereas the low- and middle-income countries show the highest growth rate [3]. 
Moreover, there is also high incidence rate of diabetes comorbidities in low- and 
middle-income countries, including heart disease, kidney failure, vision impair-
ment, and DFU [4]. DM is a global problem, affecting more and more people world-
wide and resulting in several complications. DM should be treated holistically and 
PPPM approach seems to be the most optimal way [5].

Poorly controlled hyperglycemia affects blood vessels and peripheral nerves 
(Fig. 1). Recently, molecular mechanisms are studied in order to explain endothelial 
dysfunctions and diabetic vascular complications [6]. Genetic mechanisms are also 
in research focus aimed in prediction the development of vascular and neural com-
plications [7]. Some reports also show the dependency from gender [8, 9]. Various 
biomarkers are examined on order to find the proper tool for predicting DM onset 
[10–13]. Another important aspect to be considered, is the quality of life of diabetes 
suffering patients, which depends often from glycaemia control and can influence 
also the proper treatment [14–16].

Diabetic derived neuropathies and vasculopathies result in dysfunctions of many 
organs of human body (Fig. 2). There is an increased risk of nephropathy, coronary 
heart disease and heart failure, stroke, retinopathy, glaucoma, periodontal inflam-
mation and foot lesions and ulceration.

DM not only causes pathologic organ changes leading to dysfunctionality, but in 
long term also increases the risk of other pathologies such as cancer, liver diseases, 
cognitive and affective disorders and increases the general incidence of inflamma-
tion [17]. All these factors are a challenge for the health care system and proper care 
of a diabetic patient. Only an integrated approach, based on 3P Medicine, can 
provide a holistic method, ensuring proper therapy and preventing complications by 
detecting them as early as possible.

Diabetes mellitus complica�ons 

Neuropathies
Vasculopathies

(micro and macro)

Fig. 1 Neuropathies and 
vasculopathies as 
fundamental pathologies 
causing DM complications
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Organs suffering from Diabetes 
mellitus complica�ons 

Kidney Heart Eye
Brain and 

neural
system

Periodon�um Lower 
limbs/foots

Fig. 2 Organs mostly suffering from DM complications. One has to notice that ulceration in the 
distal part of lower extremities and probability of amputation in diabetic patients are much higher 
than in non-diabetic persons

Cheap Non-contact

May be frequently 
performed

Self diagnos�c for 
telecare approach 

possible

Op�mal diagnos�c method for DF

Fig. 3 Characteristics of 
optimal diagnostic method 
for prediction of diabetic 
foot ulcer

1.2  Diabetic Foot Syndrome

Diabetic foot ulcer (DFU) is a serious complication, resulted from many factors, 
as, e.g., not well controlled glycaemia, not promptly diagnosed neuropathy and 
vasculopathy, not proper foot care, etc. [18]. Usually, the mixture of all the 
abovementioned factors causes the development of ulceration on the foot. Nerves 
function impairment diminishes proper sensation what promotes injuries. From 
the other hand, vascular impairment in lower extremities causes reduced blood 
flow followed by hindered healing. Prediction of possible DFU leading risk fac-
tors is extremely important in view of complications prevention and introducing 
personalized treatment. Optimally, such diagnosis should be safe, reliable, non-
contact, suitable for telecare and frequent use. This is schematically depicted 
by Fig. 3.

2  Imaging Technologies in Diagnosis of Diabetic 
Foot Syndrome

Diabetic foot syndrome may include soft-tissue infection and neuropathic osteoar-
thropathy, and may result even in osteomyelitis. Various imaging based diagnostic 
modalities are proposed for examination of DFS. Most of the reports relate to the 
advanced complications, including ulcerations and bones damage. There exists an 
extended report summarizing the criteria for use of separate imaging techniques 
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Fig. 4 Recommendations for using some of the imaging technologies in DFS diagnosis for osteo-
myelitis, according to [19]

[19]. The experts panel recommends to use some techniques, depending on the 
advancement of lesion. Here, we show this graphically on Fig. 4.

The usefulness of these techniques in advanced stages of DF complications were 
documented in number of reports, however, they are not suitable in prediction of 
DFS onset. That is why other imaging modalities should be considered for early 
prediction of possible complications.

Some researchers demonstrate the role of ultrasound imaging of diabetic patients’ 
feet [20]. Especially elastography, allowing to assess mechanical tissue properties 
may be valuable diagnostic tool [21–23]. Mechanical properties of foot tissue may 
be a prognostic factor in development of DFU [24–26]. Early diagnosis of diabetic 
peripheral neuropathy is also important in prediction of further complications [27]. 
Elastography results can be a good biomarker of diabetes related peripheral neu-
ropathy, however due to the nature of this method, non-contact measurement is not 
possible.

Non-contact monitoring seems to be a better option, especially in case of already 
existing maceration or ulceration. According to Fig. 3 imaging diagnostic should be 
easily adopted for telecare and telemonitoring. Some modalities were already tested 
as hyperspectral imaging and digital photography [28–32].

3  Thermography for Diabetic Foot Diagnosis

In recent years, thermographic recording monitoring of the diabetic foot syndrome 
has been examined. This method is non-invasive and non-contact, may be used mul-
tiple times, even in case of ulceration. It seems that it suits remarkably to the criteria 
depicted by Fig. 3. Various systems may be used for monitoring of foot temperature, 
including infrared thermometry, liquid crystal thermography, various temperature 
sensors, and thermovision [33].

The current thermovision devices became cheaper and more accurate, offering 
easy recording of infrared radiation emitted from leaving body. The superficial tem-
perature distribution reflects, among others, the state of the microcirculation in the 
examined area. It enables to visualize and monitor, e.g., inflammation or ischemia, 
what is important in case of suspected DFS.  One has to remember that before 
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developing full symptoms of DFU, the first signs of damage are very rarely noticed 
by the patient. Occasional pain or numbness in lower extremities, is often ignored.

Some researchers noticed elevated skin temperature in DF [34], what is ques-
tioned in some other reports [35]. Yavuz et al. [34] observed higher plantar tempera-
ture in patients with the history of DFU or diabetic neuropathy. However, Stegge 
et al. [35] stated that the foot temperature increase before an ulcer appears, is not 
observed. It seems to be logic, as impairment of microcirculation and nerves func-
tioning cause rather temperature decrease, not the opposite. From the other hand, 
increased local skin temperature on a callus site is regarded as precursor of diabetic 
foot ulcers [36]. This increase may be caused by starting inflammation process and 
may be deepened be by unproper footwear. Such predictor will be useful to instruct 
the patient how to avoid possible complications. One of the good predicting factors 
of foot lesion is asymmetry in superficial temperature distribution. Thermal images 
asymmetry may be exploited for the assessment of overall foot health in diabetic 
patients [37]. Anyway, more further research is required to establish proper bio-
marker based on temperature distribution as predictor of DHU onset.

Recently, many AI based methods are exploited for image analysis, including 
thermographic recordings. Machine learning methods were used for features extrac-
tion from thermal images of patients with DFU [38]. Convolutional neural networks 
for discrimination between non-DM and DM severity grades based plantar thermal 
images, were successfully exploited [39]. Such systems may be also used for auto-
matic diagnosis of possible bacterial infection in already developed DFU [40]. 
Machine learning approach for classification of DFU to predict complications is 
prosed as well [41]. Some systems are working, using segmentation methods and 
prior information set [42]. Thermal imaging has the advantage that with the devel-
oping of technology and smartphone application, self-diagnostic will be possi-
ble [43].

Anyway, it does not exist a definitive biomarker based on temperature evaluation 
in foot region that could be exploited in prediction of DFU. In the group from the 
Wrocław University of Health and Sport Sciences some other approach was recently 
examined, namely the temperature difference between plantar and dorsal foot site 
[44]. This study was performed on a group of 52 patients from Provincial Specialist 
Healthcare Center in Wrocław, suffered from diabetes type 2 diabetes. As a control, 
the non-diabetes 33 persons with no feet lesions that on rehabilitation stay in SPA 
Center in Janské Lázně, Czech Republic. Corresponding permission from the 
Senate Committee on Ethics of Scientific Research at the Wrocław University of 
Health and Sport Sciences was obtained to perform thermographic recording in 
these two groups.

The thermal images were recorded from plantar and dorsal site of both feet were 
recorded by means of thermal imaging camera (FLIR T335) and then analyzed. 
Exemplary thermal images are depicted by Fig. 5. Visual inspection allows to state 
that there are visible differences in temperature distribution between DM patient 
and non-DM subject. In DM elevated temperature is observed around the toes and 
heels regions.
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Fig. 5 Exemplary thermal images of DM patient (left) and non-diabetic persons (right). (Non- 
published pictures recorded by Dębiec-Bąk)

This preliminary study revealed that generally the dorsal average temperature is 
higher than the plantar one and the temperature differences dorsal vs. plantar were 
significantly greater in DM patients than in non-DM subjects. Controlling these dif-
ferences may be a good predictor of developing DFU thus allowing to perform cor-
responding preventive and personalized curative actions.

4  Conclusion and Recommendations

As the number of DM suffering patients will be still growing, in spite of new phar-
macological approaches, the health care systems may expect the growing number of 
DM associated complications. Regardless of the wealth of a country, health systems 
tend to be overburdened, understaffed, and often unable to respond quickly. Patients 
often receive care and treatment only when complications are advanced. This 
increases healthcare costs, overall social costs and can have serious consequences in 
the case of diabetes. Modern technologies offer the opportunity to change this para-
digm and move from delayed reactive medical services to evidence-based 3P 
Medicine, thus fulfilling EPMA mission [45].

A. Dębiec-Bąk et al.
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Table 1 PPPM recommendation to control DFU complications

PPPM steps PPPM measures
General population Education, screening towards DM, promotion of 

preventive measures
Prevention of complications in DM 
or prediabetes population

Education, screening
In case of diagnosed DM: Thermal imaging for personal 
use smartphone based, telemonitoring, telecare

Prediction of DFU risk Outpatient examination, advanced thermal imaging, AI 
methods for evaluation, prevention measures

Prevention of developing DFU Thermal telemonitoring, outpatients care to prevent 
further complications

DFU complications prevention and 
personalized treatment

Thermal telemonitoring, personalized home care via 
dedicated specialized medical personnel

In case of developed DFU the medical care is expensive and in spite of treatment 
may end with an amputation, again generating huge medical and social costs 
[46, 47].

We propose to use thermal imaging with personal smartphone-based IR camera, 
followed by telemonitoring and telecare as a prevention of complications in DM or 
prediabetes population. If the thermal image of the feet will be remotely diagnosed 
as a suspicious lesion, more advanced diagnosis in medical center should be applied 
to predict the risk of DFU development. Further telemonitoring is advised. In case 
of DFU complications the measures should be undertaken towards prevention of 
further deterioration and personalized treatment should be introduced. These rec-
ommendations are depicted in Table 1.
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PCR Polymerase chain reaction
PER Period
PTBS Post-traumatic stress disorder
QIDS Quick Inventory of Depressive Symptomatology QIDS
SA Suicide attempts
SI Suicidal ideation
TIM Timeless

1  Introduction to Sleep and Health

Sleep quality and quantity plays very important role for the maintaining of the phys-
ical and mental health. There is not any organ, hormone, vessel or neurotransmitter 
in the human body out of the influence of the sleep process. The most prominent 
part of the human brain that is essential for the regulation of the sleep and also 
sleep-wake activity is the suprachiasmatic nucleus located in the middle of hypo-
thalamus. This nucleus is the inner pacemaker setting the rhythm of the rest-activity 
cycles of all cells of the body, including the regeneration, inactivity, and multiplica-
tion of the cells.

There is intrinsic rhythm not only of the body cells, but also of the proteins syn-
thesis done by the cells. The Nobel Prize winner Jeffrey C. Hall, Michael Rosbash 
and Michael W. Young who won the Nobel Prize for chronobiology in Year 2017 for 
very important discovery, has investigated this intrinsic rhythm on the cellular level.

The story about the rest-activity cycle is much older: Jean Jaques d’Ortous de 
Mairan was French astronomer –he discovered that mimosa leaflets opened at day and 
closed at night. In addition, even when Mimosas were kept in artificial light, they were 
able to express the identical rest-activity rhythm. So-what was the answer? It was 
found in the protein PER as a product of the Gen Period which accumulate and breaks 
down in oscillations within the period of 24 h. PER reaches the maximal concentra-
tion at midnight. TIM (Timeless) is second identified gene that express a synchronized 
switch-on and switch-off activity with PER. In the following years, new genes were 
explored: clock and cycle. PER and TIM support the production of CLOCK and 
CYCLE, while CLOCK and CYCLE inhibit the production of PER and TIM.

This is very important explanation of the science of chronobiology describing 
the genetic and molecular origin of the circadian rhythm of the human body cells, 
organs, metabolism immune answer, and cognition. However, the most prominent 
role in the maintaining of the physical and mental health plays the sleep-wake 
rhythm [1–4].

1.1  Sleep and Suboptimal Health Conditions

Many non-communicable diseases as cardiovascular diseases, the type 2 diabetes 
mellitus, breast, lung, liver and prostate malignancies, neurological, sleep, mood, 
and eye disorders, are rapidly increasing in the last 20 years. Most of them become 
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chronic character progressing from suboptimal health conditions to irreversible 
severe illnesses with many comorbidities and clinical complications. The period 
between the occurring of sleep disorders as a part of Suboptimal Health Condition 
and the clinical onset of the Illness should be used for prediction, prevention, and 
personalized approach with the aim to reduce the risk factors and the chronification, 
reduced work ability, and increasing costs for treatment. Suboptimal health condi-
tion is characterized by declines in vitality, reduced physiological function includ-
ing sleep, but does not meet the defined criteria of diseases [5].

People with beginning sleep disturbances as a sign of suboptimal health condi-
tion suffer from the perception of health complaints, general weakness, and low 
energy and have predispositions to physical or mental diseases, especially non- 
communicable diseases. This complains can progress over many years from a 
reversible suboptimal health condition to irreversible pathology with corresponding 
complications.

1.2  Sleep and Mental Health

Prediction, prevention, and personalized approach to insomnia is important for the 
prevention of mood disorders because of the role of sleep disturbance in the devel-
opment of depression. Data from large longitudinal studies suggest that insomnia 
and evening circadian preference are risk factors for depression. Patients with 
depression and comorbid sleep disturbances show poorer outcomes compared with 
patients without sleep disorder. It means that sleep disturbances are modifiable risk 
factors as well in the development as also in the maintenance of depression. There 
is some evidence suggesting that the treatment of the sleep disturbance can improve 
overall outcomes of depression and may prevent the future depressive episodes [6].

Newer research papers have reported insomnia symptoms as a risk factor for sui-
cidal ideation (SI), suicide attempts (SA), and suicide death, [3] indicating that the 
treatment of insomnia symptoms may help to reduce the risk of suicide. The Study 
of Kambach et al. analyses the results of 658 Participants with insomnia in a RCT 
Study including insomnia treatment with digital CBT-I (dCBT-I) versus a sleep edu-
cation control group. The dCBT-I was fully automated and self-paced with six ses-
sions to be completed one-per-week. Depressive symptoms were measured with the 
self-rated Quick Inventory of Depressive Symptomatology (QIDS). The QIDS SI 
item was scored from zero to three, with a score of “3” defined as “thinks of suicide/
death several times a day in depth or has made specific plans to commit or attempted 
suicide” and insomnia was measured with the Insomnia Severity Index. Remission of 
insomnia after treatment with CBT-I was associated with lower odds of incident 
Suicidal Ideation at post-treatment (OR = 0.18). A mediation analysis supported the 
role of dCBT-I as a driver of the remission of insomnia, which in turn was associated 
with a reduction in Suicidal Ideation [7]. Suicide death is on the 10-th place as death 
cause, and from the PPP View, it is important to use approved tools for Prediction of 
Insomnia (female sex, adolescence, high level of stress), Prevention using Sleep 
Education in the Companies, Schools, Universities, and personalized Treatment with 
cognitive behavioural Therapies for Insomnia (CBT-I) as face to face, or, as digital 
treatment [8].
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Burnout syndrome, anxiety, and insomnia can affect the healthcare workers, who 
mostly work in shifts. The cross-sectional study including 1011 Health care workers 
and 679 (67.2%) of the study respondents were women, with a mean age of 
35.67 ± 8.61 years. Fifty-eight percent (n = 589) of the participants were rotating 
shift workers. Age and on-call duty led to a significant difference in the severity of 
insomnia (p = 0.028, p < 0.001, respectively) and Insomnia was found to be statisti-
cally significant positively correlated with the Burnout-Score [9]. An increased 
awareness of the impact of sleep deprivation, burnout and anxiety among Health 
care Workers and Preventing interventions on the Topics Sleep and Mental Health 
are needed in every health care facility.

1.3  Sleep in Adolescents

Some previous studies have found associations between sleep disturbances and 
health related quality of life in children with other health disturbances as ADHD or 
PTBS [10, 11].

These findings implicate the importance and need for prevention strategy for 
sleep disorders in the childhood and adolescence. The strategy should consist of 
sleep health promotion in kindergarten and schools, as well as sleep education for 
the caregivers and parents. The sleep primary prevention should be part of the 
health policy similar as already known healthy food promotion or promotion of 
physical activity in young person’s [12]. Adolescence is a critical life period asso-
ciated with finally maturation of the physical and mental habitus. Life stress, 
insomnia, and ADS (attention deficit syndrome) in the adolescence are bidirec-
tional related to one another, whereas insomnia was found to be a mediator of life 
stress and subsequent ADS in the adolescent age. These findings underline the 
importance of sleep and mental health assessment and intervention in adolescents 
following life stress [13].

There is a bidirectional relationship between daily stress and night sleep, with 
daily stress negatively affecting sleep, which can lead to more stress in adolescents. 
Insomnia in adolescence can be complex and the core clinical features (perceived 
sleep difficulties) and the critical factors (stress/worry) not necessarily reflected in 
objective sleep indicators.

The study of Menghini et  al. present the results of 93 adolescents (59 girls; 
16–19 years old) with (N = 47; 26 with clinical and 21 with sub-clinical) and with-
out (N  =  46; control) DSM-5 insomnia symptomatology, being measured by 
2 months of continuous wearable tracking and daily diary ratings in free-living con-
ditions using Fitbit Charge 3 tracked sleep, heart rate, and steps. Evening electronic 
diaries collected ratings of daily stress, pre sleep worry, and mood.

Participants with insomnia reported higher levels of stress and worry, being 
mainly related to “school.” Stress and worry predicted shorter sleep duration and 
earlier wake up times, which, in turn, predicted higher stress the following day. 
Moreover, higher-than-usual stress predicted higher sleep time heart rate, with a 
more prominent effect in adolescents with insomnia [14].
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1.4  Shift Work, Sleep, and Cancer

Night work is necessity in many sectors of the 24-h society. The exposure to light- 
at- night suppresses the nocturnal hormone melatonin that shows oncostatic proper-
ties and causes circadian misalignment between cells and organs, which has been 
examined as important pathogenetic mechanisms involved in carcinogenesis [15]. 
In 2007, the International Agency for Research on Cancer (IARC) classified shift 
work as probably carcinogenic to humans based on limited evidence from eight 
epidemiologic studies on breast cancer, in addition to sufficient evidence from ani-
mal experiments. The review of Hansen et al. is a critical update of the IARC evalu-
ation, including the epidemiologic evidence on breast cancer risk after shift and 
night work [16, 17].

Nine new case-control studies, one case-cohort study, and eight cohort studies 
have been analysed: There is some evidence that high number of consecutive night 
shifts has impact on the extent of circadian disruption, and thereby increased breast 
cancer risk, but this information is missing in almost all cohort studies. The hetero-
geneity of the study methods and definitions of outcomes makes the overall inter-
pretation difficult, especially the question concerning the association between night 
work and breast cancer, but overall there is tendency in the direction of an increased 
breast cancer risk, in particular after over 20 years of night shifts or after shorter 
periods with many consecutive shifts. Beside the need of more studies, there is a 
need for evidence-based preventive interventions [16]. One prevention method 
could be the implementation of Sleep Education and Sleep Prevention implement-
ing the digital CBT-I on Companies employing Shift Worker as Hospital Facilities, 
Industry, Police, and many others [17, 18].

2  Sleep Quality and Immune Defence

Sleep could play very important role for the immune defence of the human body. 
The newest scientific research data show up that the sleep deprivation can severely 
impair the immune system functionality either caused by Insomnia, Circadian dis-
ruption, Shift Work or induced by sleep deprivation because people are over busy.

[Richter et al]. During the sleep there is higher activity of two subtypes of lym-
phocyte that play pivotal role for the immune response and general disease preven-
tion, called CD4+ “helper” T cells and cytotoxic CD8+ “killer” T cells [12, 19–24]. 
Night-time sleep enables the synchronization between the pro-inflammatory hor-
mones and cytokines and can facilitate the onset of an adaptive immune response, 
because increased production of pro-inflammatory cytokines and decreased activity 
of natural killer cells are important for the immune defence of the host against dif-
ferent pathogens including viral and also bacterial infections. The cytokines TNF-α 
and IL-12 and the antigen-presenting dendritic cells (DCs) express their highest 
activity during the night. Second important information is that the peak time of the 
circadian rhythms of cortisol, epinephrine, norepinephrine, and the cytokine IL-10 
occurs in the early morning hours around the physiological; time of awakening. It 
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indicates that we have to re-think the effect of forced awakening in the morning for 
the health, instead of awakening in the natural way. Cortisol and norepinephrine 
show peak value rhythms similar to sleep values, which Nadir values, for both, are 
higher under conditions of constant wakefulness, which indicates higher activity of 
the stress axis [20]. In sleep deprived subjects reduced activities of natural killer cell 
activity and T cell cytokine production have been found compared with subjects 
with a full undisturbed night of sleep [22, 23].

Fatigue and tiredness are common symptoms of COVID-19 infection, vaccina-
tion, and of long COVID symptoms lasting up to 6 months after infection. In some 
cases, disturbed sleep quality could explain at least one part of fatigue. That is the 
reason to indicate examination of the sleep quality in affected persons. Huang et al. 
examined a sample of N = 1655 participants and found that 437 individuals (26%) 
showed sleep problems and fatigue associated with COVID-19 [24].

Another important reason to investigate the sleep quality is the fact that sleep 
regulates glucose metabolism and weight gain, which are risk factors of diabetes, 
obesity, and sleep apnoea, and both of them are associated with a higher risk for 
disease on viral infections and for COVID-19 disease progression [25–27].

In a previous study, we found that insomnia symptoms persist in 36–88% of all 
COVID-19 patients and that this level is significantly higher compared to the preva-
lence in the general population, which has been estimated, with 10–40% [24].

3  Sleep and Cardiovascular Health

Despite the high prevalence of Obstructive Sleep Apnoea, which varies between 40 
and 80% in patients with hypertension, heart failure, coronary artery disease, pul-
monary hypertension, atrial fibrillation, stroke, OSA is often under recognized and 
undertreated in cardiovascular practice. The American Heart Association recom-
mends regular screening for OSA in patients with hypertension, pulmonary hyper-
tension, and recurrent atrial fibrillation after either cardioversion or ablation. Also, 
in patients with New York Heart Association class II to IV heart failure and suspi-
cion of sleep-disordered breathing or excessive daytime sleepiness, a formal sleep 
assessment can be reasonable. Further recommendation for Apnoea Screening are 
patients with tachy-brady syndrome, ventricular tachycardia, survivors of sudden 
cardiac death, patients with nocturnally occurring angina, myocardial infarction, 
arrhythmias, and patients with appropriate shocks from implanted cardioverter- 
defibrillators. The early recognition of predictive factors as hypertension and car-
diovascular symptoms can lead to early recognition of OSAS and prevention of 
severe cardiovascular events and complications through personalized treatment 
including behavioural modifications, weight loss, continuous positive airway pres-
sure or oral appliances [28].

Although sufficient and healthy sleep is inversely associated with cardiovascular 
disease (CVD) and its risk factors, the American Heart Association’s Life’s Simple 
7 (LS7), as a measure of cardiovascular health (CVH), did not include sleep. 
Makarem et al. evaluated in their study an expanded measure of CVH that includes 
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sleep as an eighth metric in relation to CVD risk. The analytic sample consisted of 
1920 participants (mean age: 69 ± 9 years; 54% female) of MESA (Multi-Ethnic 
Study of Atherosclerosis) Sleep Study who had completed overnight polysomnog-
raphy, 7-day wrist actigraphy, and validated questionnaires. The Life’s Simple 7 
LS7 score was extended for four iterations of a new CVH score: score 1 included 
sleep duration, score 2 included sleep characteristics linked to CVD in the literature 
(sleep duration, insomnia, daytime sleepiness, and obstructive sleep apnoea), scores 
3 and 4 included sleep characteristics associated with CVD in MESA (score 3: sleep 
duration and efficiency, daytime sleepiness, and obstructive sleep apnoea; score 4: 
score 3 +  sleep regularity). Among there were 95 prevalent CVD events and 93 
incident cases (mean follow-up, 4.4 years). Participants in the highest versus lowest 
tertile of CVH score 1, which included sleep duration, and CVH score 4, which 
included multidimensional sleep health, had 43% and 47% lower incident CVD risk 
(hazard ratio, 0.57 [95% CI, 0.33–0.97]; and hazard ratio, 0.53 [95% CI, 0.32–0.89]), 
respectively. CVH scores that include sleep health predicted CVD risk in older US 
adults. The authors recommend incorporation of sleep as a CVH metric, akin to 
other health behaviours, may enhance CVD primordial and primary prevention 
efforts [29].

4  Obstructive Sleep Apnoea in Patients with COVID-19

Some form of coronavirus infections has continuously been present throughout our 
history. The current coronavirus infection first appeared in China in 2019 and due to 
the high transmission rate of this disease it quickly spread worldwide [30, 31]. 
Based on phylogenic analysis of the virus, initially the infection was named Severe 
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) by the International 
Committee on Taxonomy of Viruses. As the infection evolved and progressed into 
pandemic it was renamed as Coronavirus Disease of 2019 (COVID-19). This 
Coronavirus is highly contagious, spreads rapidly and continuously evolve and 
mutates in the human population.

COVID-19 infection often presents with variable symptoms, which frequently 
include fever cough, headache, fatigue, breathing difficulties, loss of smell, and loss 
of taste [32–34]. Symptoms usually appear after one and up to 14 days following 
exposure to the virus. A sizable proportion (up to 33%) of those exposed to the virus 
do not develop symptoms [35]. In majority of patients (81%) that develop symp-
toms, the symptoms are mild to moderate, while in 14% severe symptoms such as 
dyspnoea, and hypoxia develop. When imaged (CXR or CT scan) these patients 
with severe symptoms present with >50% lung involvement. Of these patients, 5% 
develop critical symptoms such as respiratory failure, shock, or multiorgan failure 
[36]. The clinical data has shown that older people are at a higher risk of developing 
these severe symptoms. As of September 19, 2022, there are reported over 617 mil-
lion patients with COVID-19 with over six, five million total reported deaths [37]. 
Most of the patients who developed severe symptoms, with accompanying clini-
cally significant hypoxia, were subsequently put on ventilation. Initially during the 
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COVID-19, pandemic most of the clinically severe patients who were unable to 
breathe on their own were placed on invasive ventilation with endotracheal intuba-
tion. As the pandemic progressed Non-invasive ventilation, (NIV) was used in 
greater amount for respiratory support. To maintain blood oxygen saturation at 
acceptable levels NIV is administered through a tight-fitting facemask with supple-
mented oxygen depending on the clinical presentation of the patient.

One group of patients considered to pose with increased risk from COVID-19 are 
those suffering from Sleep Apnoea. Even though this cohort of patients are not 
prone to a higher risk for contracting the Coronavirus, they tend to develop more 
severe outcomes, including a 31% higher rate of hospitalization and mortality [38]. 
It is not clear why these patients developed more severe outcomes even though they 
were using a continuous positive air pressure (CPAP) machine prior to contracting 
COVID-19.

4.1  Case Report of Patient with OSA Enduring COVID-19

Patients with Obstructive sleep apnoea (OSA) dread the notion of going through a 
respiratory illness. Reporting on a patient with obstructive sleep apnoea (OSA) with 
daily CPAP use who had been twice vaccinated for COVID-19 and twice boosted 
with Pfizer’s COVID-19 vaccine but in constant contact with potential COVID-19 
patients.

Initially our patient presented with low-grade fever of 37.6 °C and a headache. 
These were his only symptoms, and when they first appeared, three initial rapid tests 
(from various manufactures) were performed and all results came back negative. 
The next day the PCR test for SARS-CoV-2 came back positive.

The patient expressed concerns regarding the upcoming managements of 
COVID-19 since he is a long-time user of CPAP.  Initial fears of undesirable 
disease outcome presented, but his knowledge of the current illness seemed to 
bring confidence that he could manage this upcoming event. He was reminded 
that he had previously endured respiratory infections with no serious conse-
quences, and that his experience would help him get through this respiratory 
infection.

Following current worldwide medical recommendations, the patient was iso-
lated in separate quarters in his household. The new area of accommodations and 
confinement were comfortable, and in the upcoming days, he would need to 
establish regular sleeping routine. The patient’s greatest concern was that he 
would not be able to continue using his CPAP machine, due to circumstance that 
he only used nasal mask. His chief concern was that most of COVID-19 patients 
presented with nasal congestion, while stuffy and runny nose would make breath-
ing through the nose difficult if not impossible. Reflecting on experience with 
nasal congestion, our patient devised a plan how to overcome the nasal conges-
tion. Thoroughly blowing his nose and immediately starting the use of the CPAP 
machine can achieve drying up of the nasal cavity. In the next 10–15 min before 
falling asleep, he would be breathing positive air pressure, which in most 
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instances dried up the nasal cavity and made it possible to sleep with the CPAP 
machine over night without any difficulty. This manoeuvre would be attempted 
each night, as he did not have a full-face mask at his disposal, and immediate 
procurement of full-face mask was not possible. In order to achieve maximal 
dryness of the nasal cavity at bedtime, if needed, the patient would also take 
over-the-counter nasal decongestant and antihistamine (either Bilastine or 
Pseudoephedrine + Triprolidine).

Initial night passed without any difficulty, but the COVID-19 infection was 
not yet in full swing. Sleeping alone did not require the need for night-time 
ventilation, but in the morning and much throughout the day his quarters was 
aired as to clean the room as much as possible from the presence of ambient 
coronavirus. Initially no concern was placed on cleaning the CPAP machine as 
the patient had previously used a cleaner and sanitizer device that automatically 
cleaned and dried the CPAP machine with the use of activated oxygen. The next 
day the patient called and informed us that he had previously discontinued the 
use of this cleaning device as it had destroyed the CPAP machine and had to pay 
a sizable repair bill to get the CPAP machine fixed. He did not want to damage 
his new machine while waiting for replacement of the CPAP machine. He opted 
to manually parts of the CPAP apparatus. With regular medical grade liquid 
soap, he cleaned the mask and hose each morning following instruction from 
established routine surgical scrubbing. A minimum of 3 min of washing would 
be enough for the facemask, but what about the hose? The same medical grade 
liquid soap was poured into the hose and repeatedly ran from one to another end 
in the hose for 3 min. Afterwards one end of the shower hose was hooked up to 
the rubbery end of the hose and lukewarm water was allowed to run and rinse 
the hose for 3–5 min. The distal end of the hose was elevated above the shower 
hose entrance point as to thoroughly rinse the hose. In order to prevent further 
reinfection from the Coronavirus, and prevention of new infection from either 
bacteria or fungi, this daily cleaning of the facemask and hose would prove 
acceptable. With proper care given to hygiene of the CPAP equipment, attention 
was shifted to managing the clinical symptoms that regularly accompany 
COVID-19 (Figs. 1 and 2).

Regular measurement of fever was easy to resolve with infrared thermometer. 
Portable pulse oximeter is sufficient to follow the all-important oxygen saturation 
changes. Changes in heart activity was followed with Kardia AliveCor ECG [39]. 
The CPAP machine provided recorded information on sleeping patterns. An open- 
source application was used to review data provided by the CPAP machine [40]. 
During nights, commercially available devices such as I Watch provided measure-
ment of blood oxygen saturation. Although not 100% accurate it was, close enough 
[41]. This night-time data also provided accurate heart rate measurements through-
out the night. These were simple yet powerful tools for home patient management. 
To our patients fortune the next 10 days were uneventful. Everyday routine involved 
regular cleaning of the CPAP facemask and hose, and review of symptoms obtained 
by the commercially available apps. We are happy to report that our patient made 
full recovery with no lasting complications.
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Fig. 1 Continuous 
positive air pressure 
(CPAP) machine, hose, and 
nasal mask

Fig. 2 Typical position of 
the nasal mask
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5  AI and Big Data in Sleep Research

There is growing scientific evidence exploring big data in the field of sleep 
medicine. Big data have been collected from polysomnography and are used for 
stratification und subtyping of the different types of sleep apnoea. The data from 
wrist wearables that have been used for collection of hand movements can cal-
culate the activity-inactivity cycles based solely on the measuring of the accel-
eration of the hand movement. Implementing a specific algorithm, the hand 
movement activity can be transformed into activity –rest cycle and can be visu-
ally presented as time periods of wake and sleep status. Sigga et al. examined 
how sleep duration, timing, misalignment, and variability develop with age and 
vary by gender and BMI collecting the data of 11.14 million nights from 69,650 
adult non-shift workers aged 19–67 from 47 countries from wearable activity 
trackers.

The results of this study show that with growing age, the sleep duration 
decreases, while the frequency of awakenings at night increases, and also that 
sleep onset and offset advance become earlier with age. Generally, men tend to 
sleep less than women do across the lifespan; yet, night-time awakenings are 
more frequently for women, with the peak in the life stage associated with child 
rearing. This dataset was collected by consumer wearable devices from different 
companies and confirmed age-related and gender-related changes in sleep pat-
terns. The results indicate a big potential for the implementation of the data of 
the wearables in the field of sleep medicine with the goal to improve the diag-
nosis and the treatment of sleep disorders. Still, it is too early to implement this 
data in the medical services because to do that, validations studied are needed 
for different manufacturer [42, 43]. Insomnia and the mental health status should 
be evaluated with wearables measuring the sleep quality, rest-activity cycle, 
heart rate variability, and the mood via digital questionnaires. There is a need of 
validation of the wearables that can be used for health tracking and medical use. 
In the actual market, there is a big number of wearables from different manufac-
turers using not approved algorithm for the measuring of the data. The reason 
for the lack of validated wearables for measuring of sleep-wake rhythm is that 
the most manufacturer do not allow the export of the raw data so that it is still 
not possible to prove if the used algorithm are the same algorithm used in the 
medical devices as actography [44].

In the future, the big sleep data from validated wearables should be collected 
enabling the early recognition of disturbed sleep quality. The prediction of pro-
longed sleep latency, interruption of the night sleep, early awakening, and reduced 
daily motor activity could be used to predict insomnia, to prevent it by sleep educa-
tion and for personalized treatment using the digital cognitive – behavioural Therapy 
for Insomnia- CBT-I [8, 44].
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6  Expert Recommendation in Sleep and Preventive, 
Predictive, and Personalized Medicine -PPP

6.1  How Much Sleep Is Healthy?

Answer on this question according to PPPM Strategy:
Getting the individual amount of sleep to load the own “battery” can improve the 
optimal physical and mental health. The individual amount of sleep can be recog-
nized by following outcomes: 1. sleep duration- Totals Sleep time, 2. time needed to 
get asleep-Sleep Latency, 3. frequency of the awakening after getting asleep, 4. 
awakening in the early morning time (waking up too early), and the 5. Amount of 
deep sleep. Because these outcomes can vary according to the age, occupation, and 
the general health condition, every person should learn to find the own outcomes for 
perfect sleep.

Knowing the facts how long how deep the person should sleep, and also how 
long time showed it take to get asleep, can be helpful indicator to set some condi-
tions in personal and professional life how to get enough sleep.

These five sleep outcomes can be seen as predictors for many known health 
conditions:

 – Deficiency of deep sleep can lead immune deficiency.
 – Sleep deprivation caused by insomnia can induce depression.
 – Sleep deprivation in childhood and adolescence can induce emotional instability 

and school failure.
 – Sleep deprivation in the adolescence can be associated to internet addiction.
 – Fifth predictor if the third predictor does not count for two predictors.

Knowing the possible predictors, according prevention measures can be 
implemented:

Prevention of insomnia, sleep-wake disorders and any kind of sleep deprivation 
using the Sleep Education and Elements of evidence-based strategy of CBT-I (cog-
nitive behavioural therapy for insomnia) [44, 45]. The Sleep Education should be 
implemented in schools, faculties, military, small and big companies, police, health 
sector, and other person centered activities. This can be made by online platforms 
[8, 17, 18].

Personalization of Sleep Education:
Finding the perfect quality of sleep for every person can be achieved by acquisi-

tion of personal data using the wearables collecting the data on individual sleep 
habits. In the second step, the individual habits can be analysed by sleep specialist, 
sleep online platforms, or sleep apps. Sleep apps connected with wearables are on 
the public market, but most of them have not be validated. The reason is the luck of 
transparency considering in used algorithm and amount of “dirty data.” Now, the 
only validated wearable for monitoring of the sleep-wake rhythm according to the 
measuring of the movement acceleration of the hand is actometry [43].
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It means, that actualla only small number of persons has a chance (possibiliity) 
to recieve a sleep education which is esentialy important for the humant health.

To improve this problem in the future, the artificial intelligence methods could 
help to collect a big amount of sleep data collected by wearables and collected by 
online- sleep – platforms via digital questionnaires. Second, using the methods of 
machine learning, automatically generated recommendation can be developed for 
the different phenotypes of sleep disturbances.

Sleep omics should be further defined collected and shared in a way of open- 
source data [46].

6.2  Predicting, Preventing, and Personalizing Treatment 
of Patients with OSA

Early recognition of Risk Factors as arterial Hypertension, Obesity, Screening of 
Cardiovascular Health by validated digital devices and wearables could spread the 
possibility for health monitoring of big number of people and van also reduce the 
costs for the treatment of cardiovascular diseases if they are wide implemented in 
the health systems in many countries [47]. The importance of predicting and prop-
erly identifying risk factors in OSA patient will provide for appropriate manage-
ment and most importantly prevent mortality. The early detection of Risk Factors 
will enable preventive measures using digital screening of digital ECG, oxygen 
saturation, ambulatory polygraphy, and others risk factors as glycose level control, 
education measures for reduction of obesity. For the personalized Treatment of 
OSAS the new Methods of Tele monitoring including CPAP Control at home will 
be expanding in the future.

6.3  Recommendation for Management COVID-19 Patients 
with OSA

Thinking of the illness in a time of COVID-19 pandemic will provide for timely 
diagnosis, as most patients will present with varying symptoms. The timely diagno-
sis provided with time to reflect on the health condition and develop a plan for 
management of the infection. The previous vaccinations and subsequent booster 
doses certainly help to keep the infection under control, but this did not happen in 
all COVID-19 patients with OSA. In a publication by Strausz et al., it was reported 
the presence of OSA is associated with COVID-19 severity in a way that OSA was 
associated with higher risk for hospitalization [48].

In a study by JP Ho, it was shown that the degree of OSA was not significantly 
associated with the rate of hospitalization, but that it was the low oxyhaemoglobin 
desaturation (LSAT) that was associated with COVID-19 severity. Furthermore, 
higher LSAT values represented lower risk for hospitalization while lower LSAT 
values were associated with higher ICU admission or death [49].
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As the pandemic continues on, more and more patients are still being infected. 
Many of them are with OSA and although the severity of COVID-19 can vary 
among individuals, COVID-19 still has a detrimental outcome in most with OSA. To 
optimize patient care in these patients, physicians need to understand and quickly 
identify patient risk factors and threat these patients appropriately (Fig. 3).

In order to believe that we can predict outcome from illness, we have to under-
stand the pathophysiology that defines Obstructive Sleep Apnoea. Although we still 
do not fully understand the mechanism of COVID-19 infection, we can reflect on 
our past actions for our future guidelines by analysing what we did and did not do 
correctly.

In patients with uncomplicated course of COVID-19 illness that did not need 
hospitalization, we can safely conclude that the outcome of OSA patients using a 
CPAP machine do not differ from those that do not have OSA.  In patients that 
required hospitalization and subsequently needed ventilator support due to low oxy-
gen saturation, the outcome was poorer for OSA patients on CPAP. Not all of the 
negative outcomes could be solely prescribed to the OSA. Many of these patients 
are diabetic, hypertensive and with other metabolic conditions that contribute to the 
severity of COVID-19 [38]. Data suggest that in patients with OSA who are not 
fully compliant with the use of their CPAP machine, the resultant sleep-related 
hypoxia is associated with progression of hypoxic insult and hypoxia-related injury 

Fig. 3 Principles of PPP in Sleep Medicine
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during COVID-19 infection [50]. Even though it is shown that hypoxia potentiates 
both viral replication [51, 52] and inflammation [53] data from research suggest that 
sleep-related hypoxia is not associated with increased likelihood of contracting 
SARS-CoV-2. However, hypoxia may play a role in worsening outcomes as the ill-
ness evolves. Hypoxia contribution in COVID-19 lung injury is likely multifacto-
rial, including micro-infarctions, pulmonary parenchymal inflammation, hypoxic 
pulmonary vasoconstriction [54, 55], which in turn influence future treatment direc-
tion [56]. Many studies are consistent with the observation that hypoxemia below 
90% (despite oxygen supplementation) is associated with increased mortality in 
critically ill patients with COVID-19 [57].

This important hypoxic event present during COVID-19 infection is most likely 
the principal predicting factor for higher mortality in countries with low awareness 
for use of CPAP therapy in patients with OSA. Perhaps the greatest measures that 
can be undertaken in reduction of mortality in OSA patients is education of medical 
providers for the presence of OSA, and the benefits from use of personalized CPAP 
therapy. Besides correctly diagnosing patients, various cultural beliefs will also 
have to be overcome which in some places might be a bigger hurdle to overcome.
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1  Introduction

The brain is a fascinating organ of our human body. Its complexity is captivating, 
however, our knowledge of how it works is still significantly limited. One of the 
effects of this sophisticated organ is the human mind, encompassing thoughts and 
emotions, ongoing comprehensive mental processes. Disturbances in the function-
ing of the central nervous system can generate psychopathological symptoms and 
syndromes such as depressive, anxiety, psychotic, obsessive-compulsive episodes.

Whole generations of scientists, including psychiatrists, neurologists, psycho-
therapists from the clinical background, are working on the achievements of psy-
chiatry and neuroscience. Among them are a group of distinguished and outstanding 
ones, as well as those whose work and contributions inspire and become the begin-
ning for further scientific achievements. One of the great authorities is Eric Kandel, 
the Nobel prize winner 2000, shared with Arvid Carlsson and Paul Greengard, for 
his research on the physiological basis of memory storage in neurons. Despite the 
fact that he was working on the snail’s nervous system, has contributed so much to 
the field of human neuroscience.

Kandel formulated five basic principles of neuroscience that directly apply to 
psychiatry and point the way for current research and those planned for the future. 
In a nutshell they sound as follows [1]:

• Principle 1. All mental processes, even the most complex psychological pro-
cesses, derive from operations of the brain.

• Principle 2. Genes and their protein products are important determinants of the 
pattern of interconnections between neurons in the brain and the details of their 
functioning.

• Principle 3. Altered genes do not, by themselves, explain all of the variance of a 
given major mental illness. Social or developmental factors also contribute very 
importantly.

• Principle 4. Alterations in gene expression induced by learning give rise to 
changes in patterns of neuronal connections.

• Principle 5. Insofar as psychotherapy or counseling is effective and produces 
long-term changes in behavior, it presumably does so through learning, by pro-
ducing changes in gene expression that alter the strength of synaptic connections 
and structural changes that alter the anatomical pattern of interconnections 
between nerve cells of the brain.

2  Severity of the Problem: Prevalence and Burden

The scale of the problem is very large. The data shows a very high prevalence of 
mental disorders. Long-term prospective studies indicate that with each decade the 
number of mental disorders is increasing. These are, of course, indicators based on 
recorded and recognized clinical cases.
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According to the WHO data, in 2019, 1 in every 8 people, or 970 million people 
around the world were living with a mental disorder, with anxiety disorders (301 
million people including 58 million children and adolescents) and depressive disor-
ders the most common (280 million people living with depression, including 23 
million children and adolescents). Additionally, 40 million people experienced 
bipolar disorder, schizophrenia affects approximately 24 million people or 1 in 300 
people worldwide, 14 million people experienced eating disorders including almost 
three million children and adolescents [2].

Researchers from the Global Burden of Diseases 2019 group studied a range of 
important mental health indicators worldwide (204 countries), including the global, 
regional, and national prevalence, disability-adjusted life-years (DALYS), years 
lived with disability (YLDs), and years of life lost (YLLs) for mental disorders from 
1990 to 2019 [3]. They found that between 1990 and 2019, the proportion of global 
DALYs attributed to mental disorders increased from 3.1% (95% UI 2.4–3.9) to 
4.9% (3.9–6.1), while age-standardized DALY rates remained largely consistent. 
Mental disorders increased 48.1%, from 654.8 million estimated cases in 1990 and 
970.1 million in 2019. It is important to mentioned that about 14.6% of global YLDs 
in 2019 was attributable to mental disorders, which means they remained among the 
top ten leading causes of burden worldwide. Moreover, mental disorders jumped 
from the 13th leading cause of DALYs in 1990 to the seventh position in 2019, and 
were the second most common cause of YLDs in both years. The largest burdens, 
based on the proportion of DALYs, due to mental disorders were depressive disor-
ders (37.3%), anxiety disorders (22.9%), and schizophrenia (12.2%), across age 
groups. At least four groups of mental disorders that are highly challenging in psy-
chiatry were not included in these analyses - dementias, including neurodegenera-
tive diseases, addictions to alcohol and other substances, behavioral addictions, and 
personality disorders.

It is common for mental disorders to have high comorbidity. In big cohort 
study Lamers et al. found 67% of those with a depressive disorder also had a 
comorbid anxiety current problem, and 75% had one at some point in their lives. 
And vice versa, 63% of people with a current anxiety problem also had a current 
depressive condition, and 81% experienced one over their lifetime [4]. In 
patients with major depressive disorder (MDD) and comorbid anxiety disorders, 
increased rates of functional impairment and suicidality were confirmed [5]. 
Patients with MDD who also have concomitant anxiety disorders had greater 
rates of early treatment termination when receiving psychotherapy, antidepres-
sant resistance, and poorer outcomes [6, 7]. Given the results of lower treatment 
effectiveness in the case of co-occurrence of two disorders, it can be concluded 
that the reason is not only the number of symptoms and their severity, but also 
perhaps the greater complexity of the causes of their origin. Thus, clinical 
symptoms and their composition and severity, as well as their duration, is cer-
tainly the tip of the iceberg.

Psychiatric comorbidities are frequent in patients with schizophrenia [8]. 
Approximately 23%–55% of patients with first episode psychosis had high rates 
of depressed symptoms, whereas anxiety prevalence rates in schizophrenia have 
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been estimated to range between 35% and 65%. A study of a large cohort of 
patients with lifetime MDD in the US found that 40% had an alcohol use disorder 
and 17% had a drug use disorder. When two or more psychiatric conditions are 
present at the same time, the intensity of the combined condition is higher, the 
pharmaceutical treatment is less effective, and the risk of suicide is higher than 
with just one disorder. Moreover, psychiatric disorders influence on the course 
and prognosis of many common somatic disorders, including ischemic heart dis-
ease, obesity,and diabetes [9].

The above data clearly indicate that not only the number of people suffering from 
various mental disorders is increasing, but also indicates that available treatment 
methods are insufficiently effective.

3  Diagnostic Methods in Psychiatry

In medicine, we try to diagnose each patient’s condition, its symptoms and their 
severity, and determine what kind of illness we are dealing with. We confirm or rule 
out the suspected diagnosis by performing a number of diagnostic tests (blood tests, 
urine tests, saliva samples, fecal samples, cerebrospinal fluid, even hair), electrocar-
diogram, ultrasound, and radiological studies.

In psychiatry, diagnosis is based almost exclusively on phenomenology, that 
is, based on psychopathological symptoms. Instead of measuring the direct link 
to brain function and illness, the diagnosis is dependent on descriptive data 
gleaned from clinical observation [10]. This is due to the fact that we understand 
the brain less thoroughly than we do many other aspects of medicine, where 
naturally, much simpler organs are the main object of study. Laboratory and neu-
roimaging studies are used for the most part to exclude other causes of the 
observed symptoms, such as endocrine disorders in the course of hypothyroidism 
with such patient complaints as drowsiness, lack of energy, etc. As Craddock 
mentioned, it is crucial to consider factors other than the diagnosis when making 
assessments of etiology, symptom severity and pattern, and functioning impair-
ment (also known as the “domains of psychopathology”). The identification of 
biomarkers has long-term potential to improve the diagnosis and treatment of 
mental disorders, and diagnosis will certainly be supported by unbiased labora-
tory tests.

For conditions related to the central nervous system, which also include mental 
disorders, direct access to research material is limited. With few exceptions (such 
as biomarkers of Alzheimer’s disease), even cerebrospinal fluid (CSF) testing does 
not currently offer clinically relevant markers and its collection is somewhat of a 
barrier in daily practice. Fortunately, it turns out that there is a close two-way inter-
action between the CNS and the immune system, and that link is lymphocytes. By 
taking blood samples from patients with mental disorders, we can study certain 
genes on lymphocytes, such as c-Fos protein, interleukins (IL-2, IL-4, IL-6, IL-10), 
nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), cannabi-
noid receptors, acetylcholine, GABAA receptors, B2-adrenergic receptors, 
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glucocorticoid receptors, mineralocorticoid receptors, dopaminergic D3 receptors, 
and serotonin receptors. It can be said that they are peripheral biomarkers [11]. To 
date, inadequate knowledge of the etiopathogenesis of mental disorders, signifi-
cant heterogeneity of disorders, widespread comorbidities, and low specificity of 
biomarkers limit research in this area and do not function as yet in everyday clini-
cal practice [12].

Functional neuroimaging techniques have played a major role in the develop-
ment of knowledge about mental disorders, making it possible to observe 
changes in local cerebral flow, energy metabolism, and the density and occupa-
tion of neurotransmitter receptors in the course of disorders. They are an impor-
tant element in research, but nevertheless do not reach the level of nerve cell 
biochemistry. Functional magnetic resonance imaging (fMRI) of the brain has 
made it possible to understand the functional architecture, including determin-
ing in which areas of the brain functions are located. Thanks to fMRI, we know 
how complex the processes are in a healthy mind and to some extent in a dis-
turbed one. Functional neuroimaging beautifully shows network connections 
and makes it clear that individual thought and emotional processes are not 
located in one specific place but are extremely complex neuronal networks. It 
allows a more accurate understanding of the functioning of an individual 
patient’s brain structures in planning advanced therapies such as deep brain 
stimulation for treatment-resistant disorders (Fig. 1).

Fig. 1 Key elements of contemporary neuroscience research in the diagnosis and treatment of 
mental disorders
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3.1  Usefulness of Biomarkers in Psychiatry

The definition of the Food and Drug Administration (FDA) in collaboration with the 
NIH Joint Leadership Council convened the FDA-NIH Biomarker Working Group 
from 2016 defined biomarker clearly: a characteristic that is measured as an indica-
tor of normal biological processes, pathogenic processes or responses to an expo-
sure or intervention [13]. A good biomarker should be useful in clinical practice, 
and therefore have such characteristics as: be detectable and measurable, has high 
reproducibility, and meet the criterion of dynamic and reliable modification as the 
clinical condition progresses. Thus, the biomarker should be available for testing, 
for example, as a parameter from blood plasma, genetic testing or be detectable 
through histological, or neuroimaging techniques. Based on their primary clinical 
use, this group classified various types of biomarkers into diagnostic, monitoring, 
pharmacodynamic/response, predictive, prognostic, safety, and susceptibility/risk 
biomarkers. Diagnostic biomarkers would enable the development of personalized 
psychiatry, increasing the effectiveness of therapeutic response. Biomarkers at the 
individual patient level could also play a predictive role for the outcome of a specific 
treatment. Studied previously, in healthy individuals they provide information about 
the risk of developing any disease among the population in the area of public health.

3.1.1  Diagnostic Biomarkers
Research on biomarkers in psychiatric disorders is being intensively conducted, 
nevertheless, it has not yet entered everyday clinical practice and are not included in 
international classifications of diseases. One example is the lack of use of biomark-
ers in the diagnosis of dementia such as the levels of A42 and total tau (T-tau) in the 
CSF fluid of these group of patients in a diagnostic process for Alzheimer’s disease, 
that are still not recommended in everyday practice.

3.1.2  Monitoring Biomarkers
The increase in serum creatinine and/or potassium concentrations following a phar-
macologic intervention is an illustration of a general monitoring biomarker. These 
values are frequently employed as indicators of the likelihood to experience side 
effects. A clinical intervention, such as pharmacological therapies, modifies a phar-
macodynamic biomarker, which then determines the progression of treatment. It is 
possible to determine which patient or group of patients is more likely to have an 
impact as a result of a therapeutic intervention or exposure to an environmental 
chemical based on the presence or alteration of a predictive biomarker. This effect 
may manifest as a symptomatic improvement or remission, a rise in survival, or a 
negative occurrence. In randomized, controlled clinical trials of new medicines, pre-
dictive biomarkers are investigated. The existence of 12 single nucleotide polymor-
phisms (SNPs) in a Chinese community of schizophrenia patients, which were 
associated with increased olanzapine efficacy, is an example of a predictive bio-
marker. When a patient is diagnosed with an illness, a prognostic biomarker is used 
to determine the likelihood that a clinical event (death, disease progression, recur-
rence, or formation of a new disease) will occur. Prognostic biomarkers are utilized 
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as inclusion or exclusion criteria in clinical trials. If known, can be helpful for treat-
ment selections in therapeutic work.

For many therapies, monitoring hepatic, renal, and cardiovascular functions 
(safety biomarkers) have ability to detect or predict toxicity prior to initiation of 
therapy; onset of clinical signs and before irreversible damage. They can detect 
toxicity ensuring the safety of the therapy under study or identify patients in which 
particular therapies should not be initiated because of significant safety risks. For 
instance, genetic changes in CYP2D6 enzymes alter how some medications, such 
approximately 50% of antipsychotics, react with the body. There is a connection 
between the cardiac toxicity of the antipsychotic risperidone and the quantity of 
CYP2D6 genes that are activated. Subjects with one active CYP2D6 gene have a 
longer QTc interval in electrocardiography than individuals with two active genes. 
The research found a correlation between the number of CYP2D6 active genes and 
the risperidone plasma concentration when adjusted [14].

3.1.3  Risk Biomarkers
A susceptibility or risk biomarker can be used to assess the likelihood of developing 
a disease, such as a genetic biomarker that can be found years or even decades 
before the beginning of the clinical symptoms. Accordingly, Hartwig and al. found 
that twofold increments in circulating levels of C-reactive protein and soluble inter-
leukin- 1 receptor levels were associated with a 10% reduction and a 6% increase in 
the lifetime odds of developing schizophrenia respectively, possibly due to increased 
susceptibility to early life infection [15].

3.2  “Omics” Technologies in Psychiatry

“Omics” technologies are a relatively new field of research such as genomics, pro-
teomics or metabolomics where information technology (IT) is at the heart of 
“omics” research used to analyze large amounts of data. For example, genomics as 
the branch of biology that studies an organism’s entire genome by sequencing, com-
bining, and analyzing the function and structure of its DNA may contribute great 
progress in understanding various diseases, also psychiatric. The new field of 
research can become the fundament for the development of more effective treatment 
strategies and the selection of better tools to facilitate decision-making in the per-
sonalized medicine.

“Omics” technologies are also being used in the search for biomarkers to assess 
risk, diagnose, monitor progression, and predict response to treatment in mental 
disorders. The European Medicines Agency (EMEA) defined a genomic biomarker 
as “a measurable deoxyribonucleic acid (DNA) and/or ribonucleic acid (RNA) 
characteristic that is an indicator of normal biologic processes, pathogenic pro-
cesses, and/or response to therapeutic or other interventions” [16]. For example, a 
large study conducted in Europe, North America, and Australia identified 30 
genomic loci relevant to Bipolar Disorder in European participants. Among those 
30 loci eight have also been described in patients with schizophrenia. They stated 
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that type I of bipolar disorder is strongly genetically correlated with schizophrenia, 
driven by psychosis, whereas type II of bipolar disorder  - with major depressive 
disorder [17].

The studies on transcriptome defined as the complete set of all RNA molecules 
in one cell or a population of cells at a specific developmental stage or physiological 
condition, are also conducted in the field of neuroscience. As an example, we can 
cite Chimienti et al., who establish a direct relationship between A-to-I RNA modi-
fications of peripheral markers and A-to-I RNA editing-related modifications in 
brain [18]. The researchers presented the first immune response-related brain marker 
for suicide. The next step will be to identify a blood-based biomarker that predicts 
suicidal behavior, and then the transcriptomic biomarkers can be used in prevention 
efforts.

As a result, blood, plasma, or serum are biological materials frequently employed 
for routine diagnostic analyses in clinical practice, making sample collection easier, 
proteomics techniques using these samples represent a highly wanted tool for bio-
marker profiling of mental disorders. Additionally, because of its proximity to the 
brain, cerebrospinal fluid (CSF) is a sample of particular interest in neuropsychiatry 
for the discovery of putative proteomic biomarkers.

As an illustration, a study by Rodrigues-Amorim et al. found that potential bio-
markers in schizophrenia could be the glia maturation factor beta (GMF-β), the 
brain-derived neurotrophic factor (BDNF), and the 115-kDa isoform of the Rab3 
GTPase-activating protein catalytic subunit RAB3GAP1, which showed signifi-
cantly reduced levels in plasma of patients with schizophrenia [19].

The study of metabolites, or tiny molecules such as drugs, in complex matrices 
such as blood, urine, saliva, cerebrospinal fluid is the focus of metabolomics. The 
metabolome offers a direct functional measure of cellular activity and physiological 
condition since it is naturally more dynamic and time-sensitive than the proteome 
and genome. The dynamic combination of environmental, genetic, pathological, 
developmental, and lifestyle factors results in changes in the metabolome - a set of 
metabolomic biomarkers.

Recently, a study of Czysz et al. among depressive patients attempted to identify 
a biological predictor of recovery after escitalopram monotherapy, bupropion- 
escitalopram combination, or venlafaxine-mirtazapine combination. Patients’ out-
comes were worse when their baseline plasma concentrations of phosphatidylcholine 
C38:1 were higher. However, after 8 weeks of therapy, an increased ratio of hydrox-
ylated sphingomyelins relative to non-hydroxylated sphingomyelins at baseline was 
associated with symptom improvement. All metabolite-based models performed 
superior to treatment as usual and models only using clinical and sociodemographic 
variables [20]. However, metabolomics biomarkers have not met the regulatory 
requirements for their use in clinical practice due to the lack of reliable assays for 
routinely quantifying putative biomarkers and because studies are heterogeneous.

3.2.1  Epigenetic in Psychiatry
Different forms of epigenetic regulation (changes of chromatin structure, without 
changes in sequence of DNA itself but modified the expression of genes) may 
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provide a functional interface between genotype, environmental exposure, and 
phenotype.

García-Giménez et al. defined very aptly an epigenetic biomarker as “any epigen-
etic mark or altered epigenetic mechanism that can be measured in the body fluids or 
tissues defining a disease (detection); predicts the outcome of disease (prognostic), 
responds to therapy (predictive); monitors responses to therapy or medication (ther-
apy monitoring) and predicts risk of future disease development (risk)” [11].

Numerous of the scientific advances so far are positive, showing important cor-
relations between epigenetic modifications of genes controlling neurotransmission, 
neurodevelopment, and immunological function in mental illnesses. Returning to 
the extremely important phenomenon, the hypothalamus-pituitary-adrenal axis 
(HPA-axis), neurotrophic factors, serotoninergic, and GABAergic systems have 
been proposed as epigenetic biomarkers for suicide, suicide ideation, and suicide 
attempt.

Despite progress in neuroscience, there is still a long way to go before there is a 
clear biological basis underlying mental disorders and appropriate treatment 
choices. García-Gutiérrez et al. stressed that the clinical use of epigenetic biomark-
ers has been hampered by the heterogeneity of the techniques and methods 
employed, with a range in sensitivity for detecting effects; the absence of adjusting 
the genome-wide outcome to account for cell specificity; confounding variables 
such as patient treatment, population origin, and included phenotypes; and the 
absence of additional studies to demonstrate the concordance between brain–
blood data.

With advances in neuroscience and other areas of research, including “omics” 
related to mental disorders, objectified diagnostic protocols will be established in 
the future. The search for biomarkers that would facilitate a more accurate diagnosis 
or diagnoses, allow to predict or even prevent from onset of mental disorders is 
ongoing. Nevertheless, there is currently a lack of indicators that would accurately 
pinpoint the causes of mental disorders and then more precisely treat them.

4  Treatment of Mental Disorders

Psychiatry owes its heyday to coincidence, when in the 1950s the anti-allergic drug, 
chlorpromazine, showed sedative effects and began to be used in patients with psy-
chosis. However, the first modern drug in psychiatry is considered lithium carbonate 
(1949), which is still used today for bipolar affective disorder. Shortly thereafter, 
haloperidol, an antipsychotic drug, and imipramine, the first modern antidepressant, 
entered treatment. Parallel to the discovery of more drugs and pharmacology, psy-
chotherapy with its various strands developed in the twentieth century. Today, we 
have a number of medications available that are effective in treating the symptoms 
of various mental disorders.

In recent years, new pharmacological solutions for treating depression have been 
emerging, based on long-known compounds. Among them are ketamine and com-
pounds known as psychedelics. Since its creation in the 1960s, ketamine has been 
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utilized as a surgical anesthetic. It has been used as a recreational drug that has the 
potential to have dissociative side effects, including hallucinations. Currently a 
novel oral or nasal formulation of ketamine seems to be promising as add-on ther-
apy for patients with treatment-resistant depression, the same with synthetic formu-
lation of psilocybin.

However, due to the complex causality of mental disorders and the pathomecha-
nisms of their onset, which are not fully understood, many patients cannot currently 
be helped. More than 30% of patients do not respond to standard treatment, and 
10% are completely resistant to conventional therapies. Resistance to treatment 
results in patients with a markedly reduced quality of life, a high risk of suicide, 
personal distress and a high likelihood of relapse. These are the most important 
reasons for exploring new methods of prevention and treatment of mental disorders.

Pharmacological treatment is aimed at eliminating the symptoms of disorders. 
The effectiveness of psychotherapeutic techniques depends largely on the basis of 
the disorder. Very good and good results are achieved in many anxiety disorders, 
some depressive disorders and sometimes personality disorders. In many cases, psy-
chotherapy is an adjunctive therapy.

Studies demonstrate that psychotherapy can lead to structural and functional 
changes in the brain. Obsessive-compulsive disorder has proven to be one of the 
better models to provide evidence for the Kendel’s 4 and 5 principles. Research 
findings using functional magnetic resonance imaging have consistently demon-
strated lower metabolism in the right caudate nucleus as a result of cognitive behav-
ioral therapy (CBT) for obsessive-compulsive disorder (OCD), where there is 
hyperactivity producing symptoms. On the same basis of suppressing overactive 
neurons there was less activity in the limbic and paralimbic regions after CBT for 
phobia. After effective treatment with antidepressants, as selective serotonin reup-
take inhibitors for OCD and phobia, similar effects were seen, pointing to shared 
biological pathways between psychotherapy and medication [21]. Unfortunately, 
explanations may not be so obvious and well localized functionally and structurally 
in every disease entity. In the case of major depressive disorder (MDD) there are 
heterogeneous results across studies and also across treatment approaches. This pro-
vides further evidence of the complexity of the brain’s workings and the necessity 
for more advanced techniques to more accurately monitor the emergence and evolu-
tion of mental disorders as they are treated.

Achievements in anatomical and functional neuroimaging studies have allowed 
us to take a few steps backward to move forward in psychiatry. We have seemingly 
moved backwards from the end level of disease expression, i.e., psychopathological 
symptoms, on which the diagnostic criteria for mental illnesses are still based today, 
to the pathomechanisms of their formation. Today, research in psychiatry is at a 
fascinating juncture, when from bedside to bench we are trying to figure out the 
causes and structural and functional errors at a very subtle and complex level of the 
formation of mental disorders. Thanks to modern neuroimaging research, we know 
that the brain functions as an extremely complex network of neuronal circuits. 
Thanks to a new scientific discipline, imaging genetics, it is being studied how 
genes affect information processing in specific brain circuits.
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4.1  Development of Brain Stimulation Methods

Continuing progress in the field of neurophysiology, radiology, psychiatry, neurol-
ogy, neurosurgery and biomedical engineering, which has been progressing for sev-
eral decades, results in the creation of new ways of neurons stimulation. These 
methods significantly enrich the range of therapeutic interventions used in psychia-
try, finding, apart from pharmacotherapy and psychotherapy, an increasingly wider 
application in the treatment of mental disorders.

The use of electricity in psychiatry stemmed from the helplessness and lack of 
effective treatments for patients. Electroshock was first used by Ugo Cerletti and 
Lucio Bini in 1938 on a patient with paranoid schizophrenia, achieving a cessation 
of manufacturing symptoms after several applications. The aim was not to stimulate 
but to induce epileptic seizures. Much earlier, in 1891, Klemens Maleszewski, a 
Polish physician in Vilnius, used an electric current from a galvanic cell to success-
fully treat a patient with catatonia [22]. Today, electroconvulsive therapy (ECT), 
thanks to the use of anesthesia (since 1951), is used painlessly mainly in patients 
with depression and schizophrenia, especially catatonic patients resistant to treat-
ment. Its efficacy is high [23], trials among patients with treatment-resistant depres-
sion have shown pooled response rates of 60–80% and pooled remission rates of 
50–60%, whereas among patients with treatment-resistant schizophrenia, ECT effi-
cacy rates ranged from 40 to 70%. The incompletely understood mechanism of 
action of electroconvulsive therapy exemplifies the complexity of brain function. In 
depressed patients treated with ECT, structural changes were found (increased gray 
matter volume in frontal-limbic areas, including the hippocampus and amygdala). 
In turn, diffusion tensor studies showed increased integrity of white matter path-
ways in frontal and temporal areas [23]. Increased neurogenesis, synaptogenesis, 
and BDNF factor have been shown in animal models. More advanced studies are 
currently underway with the analysis of gene expression, use of multimodal neuro-
imaging, and “omics” studies [24]. The pathogenesis of mental disorders, including 
depression or schizophrenia, are still being investigated, and the mechanism of 
action of ECT, which has shown great clinical effectiveness is still not fully explored.

Nevertheless, more subtle or more precise methods of biologically affecting 
brain tissue have emerged in parallel. Modern psychoneuromodulation is quite a 
young method, when in 1995 M. George described the changes in mood after using 
transcranial magnetic stimulation (TMS) [25]. TMS was approved for the treatment 
of depression in 2008. The first deep brain stimulation (DBS) treatments of the 
Anterior Limb of Internal Capsule (ALIC) area were performed by Bart Nuttin in 
1999 on patients with obsessive-compulsive disorder. In 2009, DBS of the ALIC 
area in the treatment of OCD was found to be effective [26].

4.2  Transcranial Magnetic Stimulation

The transcranial magnetic stimulation is a process in which the device creates an inter-
action of neurons with a strong magnetic field (with a local intensity of up to 3 tesla), 
generated by the magnetic coil applied to the head. The depth of such an interaction is 
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limited (up to 4 cm), therefore, TMS can stimulate the cerebral cortex and the spinal 
cord only. The magnetic field induces changes in the electric field in the brain, which 
significantly affects the polarity and excitability of neurons. Exposure to low-frequency 
pulses (1–5 Hz) has an inhibitory effect on neurons, while high frequency (≥5 Hz) 
stimulates neurons. The studies on mechanism of magnetic stimulation showed 
changes at the level of individual neurons as well as on whole neural circuity. The 
diversity of TMS protocols are currently being tested, in which repetitive pulses of the 
same frequency (repetitive TMS, rTMS) or a series of high-frequency pulses and a 
relatively small amplitude are used (theta burst stimulation, TBS). The protocols also 
differ in the frequency of stimulation sessions - the accelerated TMS (aTMS) is cur-
rently investigated, in which up to four sessions per day are performed in order to 
obtain a rapid clinical response. Another approach is to carry out high-frequency stimu-
lations first, before low-frequency sessions - the priming TMS (pTMS). Thanks to the 
progress in the reduction of artefacts in the electroencephalographic record (EEG) dur-
ing TMS, the possibility of pulse synchronization with the patient’s alpha rhythm syn-
chronized TMS (sTMS) was also created [25]. Different designs of coil shape allow an 
influence on larger group of neurons or the inclusion of deeper brain structures into the 
magnetic field. The H-coil in the shape of a helmet, which allows a stimulation of up to 
approximately 5  cm deep into the brain tissue, the deep TMS (dTMS). Recurrent 
depression and schizophrenia are the primary psychiatric indications for TMS use, 
although the range of uses is expanding as new TMS protocols are developed and 
research into the pathophysiology of mental diseases advances.

TMS, on the other hand, is a non-invasive method of brain stimulation that is 
very well tolerated, with few transient side effects like headache and very rare com-
plications. Thanks to advances in the development of new therapeutic protocols, 
TMS is finding clinical application in an ever-widening spectrum of psychiatric 
disorders such as recurrent depression, bipolar affective disorder, schizophrenia, 
cognitive dysfunction, and post-traumatic stress disorder.

Last meta-analyses proved that patients with different mental disorders may ben-
efit from non-invasive brain stimulation (NIBS), which includes transcranial mag-
netic stimulation (TMS) and transcranial direct current stimulation (tDCS). Based 
on 208 RCTs, Hyde et al. conducted a number of random effects meta-analyses to 
evaluate the effectiveness of NIBS in comparison to sham. In generalized anxiety 
disorder, obsessive-compulsive disorder, and unipolar depressive symptoms, they 
confirmed significant favorable effects of TMS; in substance use disorder, they con-
firmed significant positive effects of tDCS. There was only conclusive evidence for 
tDCS to enhance attention and working memory in schizophrenia patients in terms 
of neurocognitive outcomes [26].

4.3  Deep Brain Stimulation

Deep brain stimulation (DBS), unlike various methods of transcranial stimulation, 
requires a high degree of individualization. DBS involves using a pacemaker-like 
device to deliver constant electrical stimulation by electrodes to problematic areas 
within the brain.
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Nowadays treatment-resistant obsessive-compulsive disorder (OCD) remains a 
main psychiatric indication for DBS. Many studies focus on the assessment of effi-
cacy and safety of this method in different mental disorders, including depressive 
disorders, Alzheimer’s disease, anorexia nervosa, Tourette syndrome, substance 
addiction or aggressive behaviors. Single cases of successful treatment in bipolar dis-
order, schizophrenia, and post-traumatic stress disorder also emerged in recent years. 
During recent years, many different brain regions have been suggested as possible 
targets for stimulation. In OCD striatal targets consist of ALIC, nucleus accumbens 
(NAc) [28], ventral capsule/ventral striatum (VC/VS), and ventral area of caudate 
nucleus. Another possible target is subthalamic nucleus (STN). Recent years brought 
proposition of new targets: bed nucleus of stria terminalis (BNST), inferior thalamic 
peduncle (ITP), and supero-lateral branch of the medial forebrain bundle (MFB) [27].

Personalized management at the preoperative stage of DBS involves, for exam-
ple, the use of preoperative diffusion tensor imaging (DTI) within the structures 
planning to be stimulating, due to the considerable individual variability of particu-
lar brain areas (Fig.  2). Personalization of every combined therapy with DBS is 
necessary with exploration of individual factors as past traumas and personality 
traits and comorbidity [29].

Recently, it was suggested that the implementation of an adaptive DBS (aDBS) 
system should be taken into consideration. A prototype of such a system is currently 
being developed and tested; it is able to monitor local field potentials during DBS 
treatment and adjust stimulation parameters to further reduce obsessive ideations 

Fig. 2 Planning of deep brain stimulation in obsessive-compulsive disorder (OCD) using neuro-
imaging technics, structures of the basal nuclei, the Neurosurgery Clinic of the Wroclaw University 
Clinical Hospital (Fiber bundles of MFB in blue, optic chiasm in yellow, red sphere – activation 
field from the electrode)
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and compulsive behaviors, as well as to lower the risk of adverse effects in the form 
of acute mood changes, including hypomania. Utilizing an automated facial recog-
nition tool will help quickly identify mood swings. Whereas the dynamic nature of 
mental disorders is not adequately addressed by tonic continuous stimulation; 
symptoms may change over the course of minutes to days.

There has also been some focus on improving DBS treatment through the addi-
tion of postoperative cognitive behavioral therapy (CBT). Many patients claim that 
during stimulation they are able to engage in CBT exercises, which have an even 
greater impact in terms of OCD symptom reduction, even though the majority of 
patients are either unable to get CBT before DBS therapy or it is unsuccessful.

We know that most of the neuroanatomical centers regulating mood, affect, and 
motivation are interconnected. Neuromodulatory methods, even as seemingly 
locally acting as DBS, can affect, regardless of the immediate target, distant centers 
thanks to the interconnections of neuronal networks. On the one hand, this is an 
advantage, and on the other hand, a great difficulty in the unambiguous assessment 
of the mechanisms of action. This represents one of the most important research 
challenges in neuromodulation. The exact mechanism of stimulation’s effect on 
neurons is still under investigation. Changes occur at the level of individual neurons, 
as well as within the entire neuronal network, and involve neurotransmitters as well 
as neuroplasticity. In addition, effects occurring immediately after stimulation, as 
well as deferred in time, are observed. Both of these facts testify to the high com-
plexity of the effects of these methods as well as the pathomechanisms of mental 
disorders. Despite much research and initial enthusiasm, to date DBS in depression 
is not a method recognized as fully effective, and the most appropriate stimulation 
areas and their parameters are still being sought. Tractography and functional neu-
roimaging techniques can provide valuable information for treatment planning and 
monitoring during the stimulation period. Identification of individual clinical char-
acteristics and biomarkers of treatment response requires research.

Considering that mental disorders are neural network disorders of brain function 
with very complex causes, research is being conducted on stimulation involving 
more and more new hypotheses and solutions, including machine learning (ML). 
These may in time not only lead to greater effectiveness of the stimulations used, 
but also uncover pathomechanisms of disorders. Evidence from studies of DBS for 
treatment-resistant depression shows that antidepressant effects happen in two 
stages: a rapid shift in depressive mood and psychomotor retardation with initial 
bilateral stimulation at the optimized target within the white matter, and a slower, 
more gradual improvement in symptom ratings over weeks to months that, if 
achieved, is usually maintained long-term.

Changes in the severity of depressive symptoms and their significant periodic 
dynamics are typical of the natural course of this disorder. High variability in recov-
ery trajectories is also frequently observed in DBS patients [29]. Neuman et  al. 
evaluated usefulness of patterns of local field potential (LFP) activity in the limbic 
system of MDD and OCD patients with DBS. They found that α-activity in the 
limbic system may serve as a potential state biomarker for closed-loop DBS in 
MDD but not in OCD [30].
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Through the combination of recording behavioral changes (self-report scales), 
imaging and electrophysiological techniques (e.g., intracranial electrophysiology 
data) that record daily or weekly online psychopathological symptoms of the 
patient, it will be possible in the future to adjust stimulation parameters in a more 
precise way.

The physiological or behavioral markers to monitor this variation in recovery 
trajectories by understanding the changes in brain activity that underlie sustained 
recovery will be very useful [31]. Additionally, the markers will be very important 
in relation to adaptive neurotechnologies for closed-loop (CL) stimulation.

Large volumes of multimodal data have been gathered due to the growing inter-
est in adaptive neuromodulation, and machine learning approaches have been used 
to provide insight [32]. During annual DBS Think Tank in 2022 researchers dis-
cussed about the “explainable artificial intelligence (xAI)” approaches, which can 
be introduced to analyze the complex data to identify potential biomarkers in com-
plex neuromodulation therapies [31].

In addition to engaging machine learning and artificial intelligence to analyze 
big data, researchers are looking for single markers to implement adaptive BS using 
close-loop stimulation. Clark et al. [33] pointed out to a unique role for beta rhythms 
in the subgenual anterior cingulate cortex (sgACC), which is central to emotion 
processing circuits and exhibits hyperactivity in treatment-resistant depression 
(TRD). However, it is currently unknown how the spectrum pattern found relates to 
the high-frequency stimulation used to treat TRD and whether abnormal beta oscil-
lations would return to normal following a successful DBS of the sgACC. Large- 
scale longitudinal studies are necessary to confirm if beta rhythms may eventually 
become a biomarker for regional hyperactivity and for responsive closed-loop neu-
romodulation systems.

The research group of Mayberg et al. presented the first longitudinal observa-
tions of local field potentials (LFP) from the subcallosal cingulate region outside the 
postoperative period. Their findings specifically showed that right hemisphere 
recordings appear sensitive to mood state. The frequency-domain 1/f activity is 
measurable in a combined DBS-LFP recording system, it can be potential bio-
marker considered in ongoing efforts to develop adaptive DBS delivery systems in 
mental disorders [34].

Attempts to implement DBS as a treatment for psychiatric disorders show the 
extraordinary complexity of the brain’s functioning and the long road ahead leading 
to knowledge of this complexity. A sample of illustrating this complexity can be a 
clinical case study at the same meeting of researchers. A specific cortico-striato- 
thalamo-cortical (CSTC) circuit, which includes the orbitofrontal cortex (OFC), 
head of the caudate, and dorsomedial nucleus of the thalamus, is linked to obsessive- 
compulsive disorder and hyperconnectivity. This hyperconnectivity is thought to be 
disrupted by traditional DBS at the FDA-approved ventral capsule/ventral striatum 
(VC/VS) target for treatment-resistant OCD. Using bilateral cortical leads at the 
supplementary motor area (SMA) and the standard VC/VS target, researchers 
attempted to desynchronize this CSTC circuit. The results showed an immediate 
improvement in subjects’ perceptions of their ability to focus away from 
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obsessions. DBS for treatment-resistant OCD may be successful with multi-site 
stimulation with rather hypo-functioning CSTC loops augmented, than a disruption 
of a hyper-connected loop [31].

One of the authorities and leading DBS researchers, Prof. Helen Meyberg and 
colleagues recently published an article with the much-talked-about title: From bed 
to bench side: Reverse translation to optimize neuromodulation for mood disorders 
[35]. They stated that although DBS and other new neuromodulation techniques 
have showed a lot of promise, they have been slow to develop and there are still 
many unanswered concerns regarding how they work. They even content that 
reverse translation to nonhuman primates, which have a high degree of similarity to 
humans, is necessary for their continuous evolution. Using an animal model, spe-
cifically intracerebral microinfusions with cardiovascular and behavioral monitor-
ing in marmoset monkeys Aleksander et al. demonstrated a causal role for primate 
sgACC/ area 25 over-activity in selective aspects of impaired reward processing 
translationally relevant to anhedonia, a core symptom of depression [36]. It is still 
unknown how chronically induced hyper- or hypo-activity of subcallosal ACC 
alters activity in related brain regions, but doing so may disclose biomarkers that 
could be utilized to regulate DBS stimulation adaptively. Neurostimulation 
methods represent a promising therapeutic approach related to intervention at the 
neuronal level of generating mental disorders. Perhaps they will become an alterna-
tive form of treatment, a therapy for treatment-resistant patients, and possibly a 
form of prevention. Given the 3 PM (predictive, preventive, and personalized medi-
cine) concept, bench-to-bedside research in psychiatry should also focus on predict-
ing individual predisposition to disorders, response to treatment, and relapse. The 
wide variation in the level of effectiveness of neuromodulation methods in psychi-
atric disorders indicates the need for a personalized approach to method selection 
and personalized treatment algorithms tailored to the individual. The effectiveness 
of neuromodulation methods will certainly depend on the identification of an indi-
vidualized patient profile. Neuromodulation can also become one of the methods to 
protect the patient from another episode in the future. However, in order to fully 
realize the potential of neuromodulatory methods in the prevention and personal-
ized treatment of mental disorders, close cooperation between researchers in the 
clinical and basic sciences is essential.

5  Current and Future Perspectives in Neuropsychiatry

In psychiatry, we have a rather unique situation where, based on clinical symptoms 
and medical history, we diagnose mental disorders without a clear and full under-
standing of the pathomechanism and the cause. Then we implement treatment—
mainly psychotherapy or/and pharmacotherapy, and those therapeutic methods are 
often effective, but to varying degrees. We do not fully know the mechanisms of 
action of these methods, or know only partially. It is not always possible to link the 
mechanism of action of the applied therapy with the pathomechanism of the dis-
ease, or they overlap only partially. Pharmacotherapy in mental disorders is also a 
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kind of neuromodulation method. After several decades of development of psycho-
pharmacotherapy, we have a number of doubts that need to be resolved in further 
scientific research.

In recent years, there has been considerable debate about antidepressant drugs 
summarized by Prof. Fava. According to him, antidepressant therapy can activate 
processes that are in opposition to the drug’s initial, health impacts. In some cases, 
important clinical reactions can be observed during or after antidepressant treatment 
such as 1) early phase of treatment up to 6 weeks - paradoxical effects, switching to 
bipolar course, 2) during long-term treatment phase  - same as in short term and 
additionally loss of antidepressant efficacy, delayed side effects, refractoriness) and 
in post-treatment phase - new withdrawal reactions, switching and persistent post- 
withdrawal disorder, resistance [37]. The oppositional model of tolerance proposed 
by Fava still awaits adequate pre-clinical and clinical research testing. This model 
provides a conceptual framework for unifying adverse clinical phenomena that may 
occur in some, not all, patients. Investigating the variables that are associated with 
the occurrence of adverse consequences of pharmacotherapy in certain patients will 
allow the implementation of predictive factors in the selection of the appropriate 
treatment method. According to Fava, it can be one of the most important tasks of 
current therapeutic research.

The reasons for the incomplete effectiveness of the therapies used are increas-
ingly being sought. While constructing studies of the effectiveness of therapeutic 
methods, at the same time, individualized characteristics or factors are sought to 
predict a better or worse response to a particular treatment method.

One of the challenges in psychiatry is the different background of the same 
symptoms. Again, depression is a good example. The heterogeneity of the cause and 
course of depressive disorders clearly suggests different etiology and pathogenesis 
of these disorders. At the same time, this variation complicates therapeutic decision- 
making. Attempts have been made to use symptom profiles and look for biomarkers 
to develop clinically useful prognostic factors. So far, not enough have been clearly 
defined to enter the standards of practice [38]. Kessler et al. used ML models devel-
oped from self-reports of disease episode characteristics and comorbidities among 
respondents with major depressive disorder (MDD) over a lifetime. The authors 
claim that they predicted the persistence, chronicity, and severity of MDD with 
good accuracy and are superior to conventional methods.

According to Menke and many other previously mentioned researchers, machine 
learning or artificial intelligence could be a helpful solution for psychiatry [39]. The 
development of mental disorders is probably determined by combined effects of 
genetic predisposition and environmental adversity, which can alter gene regulation. 
These effects can lead to changes in functioning of cells and organs, including brain.

The idea of using artificial intelligence methods is to incorporate genetic variants 
contributing to the mental disorder, drug response, gene–environment interactions, 
biomarkers from blood, results of neuropsychological tests, and data from elec-
tronic health records. Important factors include also early life adversity and stressful 
life events as well as factors based on lifestyle, nutrition, and sport activity.
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There are also proposals to use data from social media and smartphones (such as 
language, face reactions, monitoring behavior) to predict people at high risk of 
depression, suicide or psychosis, monitor well-being, etc. [39].

Social networking, virtual reality, digitally-delivered psychological therapies, 
chatbots, and other new technological advancements are already reshaping mental 
health services in unexpected ways [40]. Efforts should be directed toward the 
necessity for stronger evidence base of digital health technologies (DHTs) for pri-
vacy and security rules and for DHT efficacy and effectiveness in RCT studies 
toward proper validation, implementation, and clinical integration.

6  Conclusion and Recommendations

At this stage of knowledge we have, we can speak of psychiatry entering a new era 
of research. Neuroscience studies in psychiatry have brought it into the field of 
translational medicine [40]. Dealing with mankind mental problems, social rela-
tionship dysfunctions, and disturbances in the control emotions and behavior, psy-
chiatry, and psychology has come a long way. This path has led from psychoanalysis 
and dissociation from medicine, through becoming enthralled with the first possi-
bilities of pharmacotherapy, experiencing disappointment with the lack of suffi-
ciently satisfying efficacy of drugs, psychotherapy, and new neuromodulatory 
methods to opening up to numerous fields of knowledge seemingly distant from 
psychiatry.

Research in the area of etiopathogenesis and pathomechanisms of mental disor-
ders should and must open up to collaboration with basic science researchers. 
Large-scale research is needed that, relying on new technologies of machine count-
ing and AI, will be able to make appropriate use of large databases. Otherwise, it 
will not be possible to accurately predict the onset and monitor the course of mental 
disorders and also to introduce effective prevention plans.

For a better understanding of the functioning of the mind, it is necessary to 
develop neuroimaging techniques and make them more widely available for clinical 
research.

The rapid development of new technological solutions based on digital health 
technologies and their rapid, widespread availability, in turn, may lead to haphazard 
and unsupported clinical research use in therapy and self-therapy. It can result in a 
delay in receiving the correct diagnosis and treatment for a person with a mental 
disorder.

Reaching again to a psychiatry that is personalized and oriented to the unique 
complexity of the human mind, recognizing its individuality, psychiatry with psy-
chology draw from various fields related to neuroscience. We look forward to fur-
ther scientific evidence allowing psychiatry to insert itself more boldly and fully 
into the modern therapy of accurately diagnosed mental problems, psychiatry hav-
ing greater certainty of predictive, preventive, and personalized management of 
mental disorders.
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1  Introduction

Human life and health are undoubtedly the two most important values in the modern 
world. In order to provide better and better means of protecting them, medicine 
must constantly develop. It is, therefore, not surprising that modern research meth-
ods are increasingly being used to understand the functioning of the human body 
better. Neural networks have turned out to be one of the most effective tools to sup-
port decision-making regarding human health, as their operation is similar to the 
reasoning of doctors making a diagnosis. As a result of the rapid development of 
artificial intelligence algorithms over the last decade, the application of artificial 
intelligence-based medical systems in practice is constantly growing and bringing 
more and more benefits to humanity.

In the practice of medical doctors dealing with the treatment of vascular diseases 
analysed in this work, i.e., cardiologists, neurologists, neurosurgeons, angiologists, 
vascular surgeons, there is a belief that some cases co-occur with weather condi-
tions. Higher than usual incidence rates are sometimes observed during the passage 
of a weather front, yet the association of an increased incidence of vascular events 
with the passage of a weather front has never been scientifically fully established. 
This study is one of the first in the literature to demonstrate weather parameter cor-
relations with cerebrovascular accidents. To date, there is a limited number of pub-
lications where machine learning is used to analyse weather conditions in predicting 
cerebrovascular accidents—the recent works of Wlodaczyk and Molek et al. shall 
be acknowledged [1, 2].

1.1  Artificial Intelligence in Medicine

Despite the fact that artificial intelligence algorithms have been known since the 
1950s, machine learning methods became popular in medicine only a dozen years 
ago. The limits imposed by early models made them useless in medicine, because 
the degree of complexity of phenomena occurring in living organisms was too 
high for them. Only the development of algorithms allowing for self-learning net-
works and the concept of deep neural networks in the early twenty-first century 
caused the abolition of these limits, allowing artificial intelligence algorithms to 
be widely used in medicine, also in the context of predictive, preventive, and per-
sonalised medicine (PPPM/3PM) [3, 4]. Methods from the field of artificial intel-
ligence AI pose a great opportunity to drive the transition toward the PPPM 
paradigm [5]. Another factor driving research in this area of knowledge was the 
increase in computing power and memory in computers used for calculations, in 
accordance with Moore’s law, as well as the exponential growth of statistical data 
collected by various authorities, serving as input data sets for model training.
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Artificial intelligence in medicine (AIM) has evolved significantly over the last 
50 years. Thanks to the advent of deep learning (DL) algorithms, the current field of 
AIM applications has greatly expanded, allowing the creation of personalised and 
dynamically responsive therapies instead of universal and static, based on rigid 
treatment algorithms used so far. Another application of AIM is the creation of pre-
dictive models used to diagnose diseases, predict treatment effects, and estimate the 
chances of occurrence of a given disease entity. Artificial intelligence can also con-
tribute to improving the accuracy of diagnoses, increase the efficiency of clinical 
trials of drugs, as well as provide better monitoring of the course of diseases and the 
general health of patients. This paper addresses an important and timely topic of 
using artificial intelligence to create a predictive model that will be able to assess the 
risk of vascular incidents based on the collected environmental data.

1.2  The History of the Development of Artificial Intelligence 
in Medicine

The very idea of using computers to simulate intelligent life appeared in the 1950s, 
thanks to Alan Turing. In the book “Computing machinery and intelligence,” he 
tried to answer the question “can machines think?” thus developing the assumptions 
for the famous “Turing test” [6]. This test, called by the author himself “the game of 
imitation,” consists in asking questions by the interrogator to two individuals—
another human and a machine. The machine passes the test, and therefore “has 
human intelligence,” if the interrogator is unable to determine with certainty which 
of the interrogated persons is human. Unquestionably, at that time, there were no 
machines or algorithms that could even take part in such a test, but the interesting 
fact is that even today no artificial intelligence algorithm has fully passed the Turing 
test. This may suggest that the creation of “real” intelligence is still a distant task for 
humanity.

Among researchers, it is generally accepted that artificial intelligence was born 
together with the first robots [7]. In fact, to this day, artificial intelligence is insepa-
rably associated with robotics for most people, mainly due to popular science- fiction 
movies and books. Of course, this assumption is not unfounded, because early dis-
coveries in the field of AI were focused precisely on the development of machines 
with the ability to make decisions that previously only humans could make.

The first industrial robot, “Unimate,” began working on the General Motors pro-
duction line in 1961, where it was used to automate the die-casting process. Just 
3  years later, in 1964, Joseph Weizenbaum created the first social robot named 
Eliza. Eliza was able to communicate using pattern matching and substitution algo-
rithms to mimic human conversations. This way of superficial communication is at 
the heart of today’s chatterbots [8].

Development of Artificial Intelligence Algorithms to Analyse Weather Conditions…



286

In 1966, “Shakey” was created, often referred to as “the first electronic person.” 
Unlike Unimate, this mobile robot was able to interpret complex commands and 
create an algorithm from simple instructions that must be performed to fulfill the 
given command. It was a milestone in both robotics and artificial intelligence [9].

Unfortunately, it was also the beginning of the almost two-decade “AI Winter.” 
At that time, AI lost interest in most of the scientific community due to the lack of 
development of solutions to the limitations and problems of neural networks dis-
covered in the late 1960s—mainly the lack of self-learning capabilities—and later 
due to the high cost of maintaining huge databases needed to effectively 
train models.

However, the development of AI did not stop completely, and it was then that the 
idea of using its methods in medicine was born. In 1976, a consultation program for 
patients with glaucoma was created using the CASNET (Casual-Associative 
Network) model. This program was able to analyse the data from the patient’s 
observations and link them with the information stored in the database regarding the 
patient’s disease, and then advise the doctor on the next steps to be taken with the 
patient [10].

In a similar period, the expert artificial intelligence system with backward chain-
ing MYCIN was developed. Backward reasoning is similar in concept to the tech-
nique people use to solve problems by testing hypotheses [11]. An example is a 
doctor who, suspecting certain problems in a patient, makes hypotheses about his 
disease and tries to prove them by looking for specific symptoms. The MYCIN 
system worked in the same way—using information about the patient from the pre-
liminary research and a knowledge base of around 600 rules, the algorithm could 
generate a list of potential bacterial pathogens and recommend an appropriate 
course of antibiotics based on the patient’s age and weight. This system operated on 
a similar level of competence as human blood infection specialists and was usually 
even better than general practitioners. The MYCIN systems and their successor 
EMYCIN had a significant impact on the development of artificial intelligence, 
because they were the pioneer structures of the rule-based expert system, which is 
still widely used in various industries today [12].

In 1986, the DXplain decision support system was developed at the University 
of Massachusetts. This program is an excellent learning tool for internists, 
because it is able to generate a differential diagnosis based on the symptoms 
observed in the patient, and at the same time it acts as an electronic encyclopae-
dia of diseases. At the time of its launch, the system contained information on 
about 500 diseases, and today the database has been extended to over 2400 dif-
ferent diseases [8].

The next 20 years did not bring any significant applications for artificial intel-
ligence in medicine. However, in 2007 IBM created a question-answering system 
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called Watson, and interest in using AI in the medical community increased again 
[13]. The breakthrough of the Watson system was moving away from the idea of 
backward reasoning and abandoning the rule-based system, and adopting the new, 
rapidly developing DeepQA technology. This technology uses Natural Language 
Processing (NLP) methods and various search algorithms to analyse unstructured 
data to generate likely answers. It was quickly noticed that DeepQA technology 
could be used to process information contained in electronic health records of 
patients and obtain evidence-based conclusions (Evidence-Based Medicine–
EBM). This paved the way for evidence-based clinical decision support systems. 
Such systems quickly became popular, and one of their greatest successes was the 
identification of new RNA-binding proteins found in amyotrophic lateral sclero-
sis (ALS).

Taking advantage of the success of new artificial intelligence technologies, as 
well as modern and very fast computer equipment, digital medicine has become 
much more accessible, and artificial intelligence systems in medicine have started 
to develop rapidly. As a result, recent years have brought many medical applications 
for artificial intelligence methods. The trend of using CNNs (convolutional neural 
networks) to analyse images in order to report the health of patients and detect signs 
of disease is particularly noticeable. Practically implemented algorithms have 
improved the accuracy, consistency, and efficiency of X-ray and MRI image analy-
sis. An example of this type of system is CardioAI, the first product of the American 
company Arterys and at the same time the first DL system supporting clinical 
decision- making approved by the US Food and Drug Administration. CardioAI 
analyses magnetic resonance spectroscopy images of the heart in seconds, almost 
instantly providing the cardiologist with all the information necessary to make a 
diagnosis.

Artificial intelligence has come a very long way since its inception, and its 
incredibly dynamic development in recent years offers an exciting vision of auto-
mating many areas of life that previously seemed impossible to automate. Such as 
area is medicine—replacing a doctor with a robotic assistant is an idea straight 
from a science-fiction book, and the current trend of AIM development shows 
more and more that it can come true. Figure 1 depicts the timeline of the develop-
ment of artificial intelligence in medicine. A slightly more mundane and realistic 
vision is to use AI to facilitate the work of doctors, especially in tasks involving 
data analysis and drawing conclusions based on them. The prediction model cre-
ated as part of this diploma thesis is part of both of these ideas to some extent—
linking environmental data with the occurrence of a given disease entity can help 
doctors assess the number of patients, allowing them to prepare for their admis-
sion, and at the same time helps patients from the risk group to take appropriate 
health decisions.
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2  Pathophysiology of Vascular Diseases

The main aim of the work is to determine the strength of the influence of environ-
mental conditions on the occurrence of vascular diseases. In order to properly under-
stand this impact and the implications of the predictive model, it is first necessary to 
understand the mechanisms behind these diseases and their consequences. In the 
human body, blood circulation in two independent circuits is forced by the work of 
the heart. The heart cycle consists of a synchronised contraction of the atria, which 
pumps blood into the ventricles, followed by a contraction of the ventricles 
120–220 ms later, which pumps blood to the pulmonary arteries and aorta. Backflow 
of blood is prevented by valves between the atria and the ventricles and between the 
main ventricles by the arteries coming from the heart. The small blood circulation 
begins in the right ventricle, from which blood is pumped through the pulmonary 
arteries to the capillaries of the lungs. There, it is oxygenated, releases carbon diox-
ide previously collected from the tissues, and then returns through the pulmonary 
veins to the heart, to the left atrium. The large circulation of blood begins in the left 
ventricle, from which the aorta pumps blood to the peripheral arteries of all the 
organs of the body. After flowing through the capillary network and other specialised 
arteriovenous connections, it returns through the veins to the right atrium of the heart.

The rate of blood circulation is reflexively regulated by modifying the frequency 
of heart contractions and the tension of the elastic walls of arterial and venous ves-
sels. The heart rate, depending on the body’s energy needs, ranges from 50 to over 
200  beats/min. The arterial blood pressure in adults at rest is between 90 and 
140 mmHg during systole and between 60 and 90 mmHg during diastole. The dif-
ference between the systolic and diastolic pressures creates a pulse wave traveling 
from the heart along the arteries and creates positive pressure in the veins. Due to 
the fact that the heart as a pump does not have a suction phase, but only fills under 
the influence of the pressure prevailing in the venous system, the veins below the 
level of the right atrium are equipped with valves that prevent the backflow of blood 
under the influence of gravity [15].

2.1  The Structure of Arterial and Venous Walls and Normal 
Blood Pressure in Arteries and Veins

Due to the large differences between the pressure values prevailing in various seg-
ments of the circulatory system, the structure of the vessel walls and their mechani-
cal properties correspond to the performed functions. A section through the arterial 
wall reveals its layered structure. From the outside, this wall consists of:

 1. Adventitia—collagen tissue surrounding the arteries, which performs supporting 
functions, and in larger arteries, also nourishing functions.

 2. The middle layer—smooth muscle fibres arranged circularly, which, under the 
influence of nerve and hormonal impulses, allow you to change the diameter of 

Development of Artificial Intelligence Algorithms to Analyse Weather Conditions…



290

the vessel, as well as the susceptibility of the wall to pulse waves—blood pres-
sure regulation.

 3. The inner layer, which is made of endothelial cells that ensure proper conditions 
for laminar blood flow in the vessel. Under normal conditions, this layer pre-
vents blood coagulation by constantly secreting substances that inhibit thrombo-
cyte aggregation and fibrinogen. When the endothelium is damaged, an 
enzymatic cascade reaction and blood coagulation occurs.

Apart from the essential cells of each layer, the vessel wall is reinforced with lay-
ers of elastic membrane. Compared to arteries, venous vessels have a much smaller 
layer of smooth muscles, their lumen is more susceptible to deformation caused by 
pressure from the outside, they can collapse under conditions of low pressure inside 
and expand under the influence of greater blood inflow. This construction enables a 
large range of regulation of the volume of blood returning to the heart during the 
work cycle (the so-called venous return), it is one of the mechanisms regulating the 
efficiency (amount of blood flow) in the circulatory system per unit of time.

Small arterial and venous vessels, as well as the smallest capillaries, consisting 
only of the endothelial layer, form an extensive network supplying blood to the tis-
sues, where they form extensive surfaces for the exchange of gases and other sub-
stances [16, 17].

2.2  Pathophysiology of Atherosclerotic Plaque

The atherosclerotic process is a slow, multi-stage disease affecting the entire vascu-
lar system, but atherosclerosis of the aorta, coronary vessels, cerebral arteries, and 
arteries of the extremities has the greatest clinical significance. Damage to these 
vessels most often cannot be compensated by collateral circulation and leads to 
hypoxia and tissue necrosis of the corresponding organs.

The initiation of the atherosclerotic process is most often caused by local damage to 
the vessels caused by prolonged increased blood pressure, the presence of free radicals, 
and other toxic substances. Leukocytes, inflammatory mediators, and lipid compounds 
accumulate at the site of injury. The pathological inflammatory reaction causes muscle 
hypertrophy, aggregation of proteoglycans, and lipids. The inflammatory process leads 
to the death of the cells of the vascular wall, and their remnants form a necrotic core, 
which in a stable atherosclerotic plaque is covered with a layer of endothelium. As a 
result of the formation of atherosclerotic plaque, the lumen of the vessel is narrowed 
(internal remodelling) or the external perimeter is enlarged with relative preservation of 
the lumen (external remodelling) [18]. Often both processes run in parallel.

The narrowing of the lumen of the vessel causes an increase in blood flow veloc-
ity, turbulence, and also an increase in pressure in the part in front of the atheroscle-
rotic plaque. The formation of vessel thickening, even without narrowing its lumen, 
has a negative impact on mechanical parameters. In the advanced stage, often under 
the influence of an internal impulse (e.g., a spike in blood pressure) or an external 
stimulus (e.g., mechanical trauma), plaque ruptures damaging the inner layer of the 
vessel. This leads to the formation of a blood clot, and then either a local narrowing 
of the lumen or detachment of the embolic material and further blockage of the 
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vessel. If the plaque is stiff, its cracking may cause tearing of the entire vessel wall 
and cause massive haemorrhage. Such an event lead to an organ stroke, ischemic 
(aka infarction) or haemorrhagic, respectively [19].

3  Analysed Vascular Diseases

3.1  Myocardial Infarction, Heart Attack

In developed societies, vascular diseases, including coronary atherosclerosis and myo-
cardial infarction, are the most common cause of death. Medical classifications distin-
guish different clinical forms: transmural infarction and subendocardial infarction. The 
most dangerous and at the same time the most associated with atherosclerotic plaque 
rupture is transmural infarction, which occurs as a result of occlusion of a large coro-
nary vessel. Due to the heart’s high demand for oxygen, the closure of the blood supply 
quickly leads to damage to the heart’s muscle cells (cardiomyocytes). The optimal 
method of treatment is to unblock the vessel as soon as possible, most often by balloon 
angioplasty in the haemodynamic laboratory of the hospital. The time of performing 
this procedure is a critical parameter of treatment success and in medical analyses it is 
measured in minutes that elapsed between the arrival of the patient in the hospital and 
the expansion of the balloon in the vessel and the restoration of blood flow (door-to-
balloon time). Proper preparation of the hospital and emergency teams, and earlier 
allocation of additional resources in situations of an increased number of myocardial 
infarctions, are of key importance for survival and avoiding disability in patients.

3.2  Cerebral Infarction, Ischemic Stroke

Ischemic stroke occurs both as a result of rupture of the atherosclerotic plaque, in a 
mechanism similar to myocardial infarction, and as a result of the ingress of embolic 
material from other parts of the vascular system. Closing a large vessel within a few 
minutes leads to irreversible hypoxia of the neurons. The areas of cerebral vascu-
larisation partially overlap in such a way that in the event of a stroke, around the 
irreversibly damaged focus, there is an oxygen-depleted area, which, due to the 
proper blood flow in the adjacent vessels, is possible to save (so-called penumbra). 
Proper diagnosis and prompt treatment can save patients from death and severe 
neurological complications.

3.3  Haemorrhagic Stroke

The rupture of the vessel together with the plaque and haemorrhage into the brain 
tissues leads to the formation of an intracerebral hematoma. Extravasated blood 
damages the brain tissue both directly at the site of bleeding and in more distant 
areas as a result of compression and pressure increase in the closed space of the 
cranial cavity. Extensive bleeding is most often associated with irreversible 
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disability and can lead to brain swelling and death of the patient. If treated promptly, 
the secondary effects of bleeding are somewhat alleviated.

3.4  Aortic and Peripheral Vascular Aneurysms

Disturbances in the structure of collagen, aging of collagen fibres in the vascular 
wall and high blood pressure that persists for years can lead to pathological vasodi-
latation, usually most visible in the area of the aorta and its largest branches. Uneven 
distribution of stress and different susceptibility of individual vessel layers, com-
bined with locally very stiff, calcified atherosclerotic plaques, create conditions for 
vessel rupture—aneurysm rupture or internal damage to individual layers, their dis-
section and formation of an abnormal channel within the wall.

3.5  Pathophysiology of Intracranial Aneurysms

At rest, about 20% of the blood leaving the left ventricle is directed to the cerebral 
vessel. Due to the high flow through the cerebral vessels, their structure and func-
tioning is slightly different than that of other peripheral arteries peripheral [20]. Two 
main pairs of vessels nourishing the brain: the internal carotid arteries and the ver-
tebral arteries, have a sigmoid section at the entrance to the cranial cavity, and their 
internal structure differs from that of the other vessels, mainly in terms of the elastic 
and muscular layers. Aneurysms arising on cerebral vessels are mainly caused by 
genetic abnormalities in the synthesis of elastic fibres [21]. Then the weakened ves-
sel wall bulges locally and an aneurysm sac is formed. In addition to genetic factors, 
the formation and enlargement of aneurysms is also influenced by environmental 
conditions, such as smoking, high blood pressure or amphetamine use [22]. As the 
aneurysm expands, its wall becomes thinner and more prone to rupture. This is usu-
ally triggered by an abrupt rise in the pressure gradient over the weakest point. 
Bleeding from a ruptured cerebral aneurysm is often a catastrophic event and leads 
to death or permanent disability.

All the described events have a well-known correlation with the arterial blood 
pressure. Any significant rise of this pressure may lead to the failure of the arteries 
previously damaged by chronic diseases. Arterial pressure is mostly related to the 
internal factors of the human body but there is also a possibility that external pres-
sure changes may be the trigger, especially near the threshold levels.

4  Artificial Neural Networks

Artificial neural networks are the quintessence of deep learning models. To illus-
trate the difference between machine learning models and deep learning models, it 
is best to use the diagram shown in Fig. 2. It shows that the basic difference is the 
presence of additional layers of the model, whose task is to automatically detect 
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Fig. 2 Diagram showing 
the interrelationships 
between different concepts 
related to Artificial 
Intelligence. Deep learning 
is a subset of feature 
learning, which in turn is a 
subset of machine learning, 
which is used for many, but 
not all, approaches to 
implementing artificial 
intelligence

simple features and build on their basis more complex abstract features in subse-
quent layers. The number of parameters that need to be trained in a deep learning 
model is therefore much greater than in the case of a classic machine learning model.

The most basic model of neural networks are feedforward neural networks, spe-
cifically multilayer perceptrons (MLP). They are one-way because the flow of infor-
mation is one-way—the function fis defined on the basis of data xwhose output is y. 
In such a model, there is no feedback loop by which the output is fed back into the 
algorithm. Models that have feedback are called recurrent neural networks.

One-way neural networks are networks because they are represented as a net-
work of interconnected functions. Their model is related to a directed acyclic graph 
describing the mutual relations of given functions. For example, the three functions 
f(1), f(2), and f(3)are chained together to form the function f(x) = f(3)(f(2)(f(1)(x))). The 
chain structure is the most commonly used neural network structure - in this case, 
the function f(1)is the first layer of the network, the functionf(2) the second layer of the 
neural network, and the functionf(3) third layer. The total number of features (string 
length) is called the depth of the model. The last layer of the neural network is the 
output layer of the model. The main task of the neural network is to approximate a 
certain function f∗, which is a real function describing the object. For this purpose, 
when training the model, it has the task of matching its function fto the function as 
much as possible f∗. Each training example xhas a label yfor which y ≈ f∗(x). Thanks 
to this relationship, the network knows what the expected value yof the output layer 
is for each training example. The behavior of all other layers is not directly related 
to the training data—the model must independently use individual layers to create 
the best possible representation of the function f∗. Since the training data has an 
expected value only for the output layer, all other layers whose desired output val-
ues are unknown are called hidden layers.

Neural networks are called neural networks because they are loosely related to 
the neurological workings of the brain. Each hidden layer is typically a function 
vector. The dimensions of the hidden layers indicate the width of the model. Each 
element of the hidden layer vector can be interpreted as a single neuron, analogous 
to a biological neuron. These elements of the layer vector are simple functions and 
are called units. The units work in a similar way to neurons in the sense that they 
receive inputs from many other units of the previous layer and calculate their 
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activation value based on them. Each unit in the layer runs in parallel and represents 
a function whose input is a vector of the previous layer’s output and whose output 
is a single scalar. The values calculated in each unit are then placed in the output 
vector (feature vector) of the layer, which is then passed to each unit of the next 
layer in the chain, where the whole procedure is repeated.

5  Methodology

The research carried out as part of this engineering thesis was carried out in coop-
eration with the aHEAD team, operating at Wrocław University of Science and 
Technology [23]. Their main goal was to link environmental data, and more pre-
cisely, meteorological data, with the occurrence of vascular diseases. For this pur-
pose, the appropriate data for the analysis was obtained, a machine learning model 
was designed and a neural network was trained. The obtained results were then 
analysed with statistical tools in order to calculate model quality indicators. The 
individual steps will be described in detail later in this chapter, yet the vision of data 
management utilised for the study is depicted in Fig. 3.

5.1  Data Acquisition

Designing any machine learning model starts with data acquisition. It was no differ-
ent in this case. The data acquisition process began in June 2021 and took a few 
months. Gaining access to medical data has proven to be the most challenging task, 
as medical data is confidential. In order to obtain them, a method of providing them 
in an anonymous form had to be developed - this method will be described below.

5.2  Meteorological Data

The weather data were obtained from the Institute of Meteorology and Water 
Management and contain detailed weather data on environmental conditions over the 
years 2018–2019 for all weather stations in Poland (Fig. 4). The data was made available 

Fig. 3 The vision of data management utilised for the study
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Fig. 4 Visualisation of the location of weather stations (blue) and hospitals (red) from which the 
data was obtained in Poland

in the form of CSV files that were imported into the SQLite database for easier process-
ing and access. Each record in the created database contains 109 columns, namely:

 1. Measurement index
 2. Station code
 3. Station name
 4. Year of measurement
 5. Month of measurement
 6. Measurement day
 7. Time of measurement
 8. Detailed weather data

The weather database contains 84,814 records from the regions which are 
depicted in Fig. 4. Below is an array of the first five records (Table 1):
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Table 1 A table of the first five records from shared weather data

# Station code Name of station Year Month Day Time
1 351,190,469 SULEJÓW 2018 1 1 0
2 351,190,469 SULEJÓW 2018 1 1 1
3 351,190,469 SULEJÓW 2018 1 1 2
4 351,190,469 SULEJÓW 2018 1 1 3
5 351,190,469 SULEJÓW 2018 1 1 4

5.3  Medical Data

Medical data was made available by the National Health Fund and it contains the 
daily number of cases for each of the seven diagnosis groups for each hospital in 
Poland over the years 2018–2019. The data were made available after anonymisa-
tion. For this purpose, it was required to prevent the possibility of unambiguously 
linking a specific person with a case of a disease entity.

For this reason, if the number of cases of a given diagnosis group on a given day 
for a given hospital was less than 5, the information about the exact number of cases 
was not disclose in the data—there is only information that there were more than 0 
cases, but less than 5. For a number of cases greater than 5, the exact number of 
cases is given, and for a number of cases equal to 0, the record does not appear in 
the database. In order to reduce the uncertainty introduced by the days with the 
unknown number of cases, additional information about the weekly number of 
cases appears for each record. Based on this information, it was possible to estimate 
and complete the data for use in the machine learning model. The data was provided 
in the form of a CSV file, which was imported into the SQLite database for easier 
processing and access. Each record contains seven columns:

 1. Adoption date in the format dd/mm/yyyy.
 2. Group of diagnoses from 1 to 7—compare Fig. 5.
 3. Hospital location: TERYT code (National Official Register of the Territorial 

Division of Poland)
 4. Daily number of cases
 5. Weekly number of cases
 6. Week
 7. Year

In total, the database contains 405,853 records. Table 2 shows the view of the 
first five records:

5.4  Initial Analysis of the Input Data

In order to use the acquired data as input to a machine learning model, it needs to be 
properly processed. The initial analysis of the data to be used in the neural network 
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Table 2 A table of the first five records from shared medical data

Group Location D note week note week Year
2 0604011_1 <5 16 01 2018
2 0663011_4 <5 16 01 2018
2 2861011_1 <5 6 01 2018
2 0606011_1 <5 12 01 2018
2 0607011_1 <5 14 01 2018

Fig. 5 Histogram with the number of record occurrences for each recognition group. Group 1: 
Full-thickness myocardial infarction and other heart attacks; Group 2: Pulmonary oedema; Group 
3: Cerebral aneurysm haemorrhage; Group 4: Spontaneous brain haemorrhage (rupture of a ves-
sel); Group 5: Ischemic stroke (rupture of the atherosclerotic plaque, blockage of the vessel); 
Group 6: Vascular events involving the aorta; Group 7: Vascular events involving peripheral 
arteries

allows making decisions related to its architecture, which is why it is an essential 
element of the machine learning algorithm creation process.

5.5  Combining Medical Data with Weather Data

The model data is divided into two separate databases, so it was important to find 
the right key and combine them together to get a pair of input x vector and output 
vector y. Each element x was to be an example containing data on the weather con-
ditions at the hospital location on a given day, and each element a y label containing 
data on the number of cases for a given group of diagnoses for a given example. 
Based on the columns described in the previous section, it was known that in the 
medical database there is a location column containing the TERYT code of a given 
hospital, and in the weather database there is a station code that uniquely defines the 
city in which it is located. These locations could not be directly connected because 
the station code and the TERYT code are not dependent on each other.
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In order to obtain the geographical location of each hospital, appropriate queries 
had to be made to the database of the General Statistical Office, which, based on the 
TERYT code sent, returned the geographical location and name of the commune in 
which the given hospital was located. If there was more than one hospital in the 
commune, each of them contained an additional index after the TERYT code, e.g., 
351190469 _ 1. The longitude and latitude were obtained from the query to the 
Google Maps API. The location of each hospital along with its name and TERYT 
code, was added as a new table to the SQLite database for easy access in later cal-
culations. The geographical location of each weather station was provided by the 
Meteorology and Water Management office. Station data with the completed loca-
tion has also been added to the SQLite database as a new table. Afterwards, to con-
nect each hospital to the nearest station, a distance measurement script using the 
haversine algorithm was utilised.

5.6  Data Analysis Using the pandas_profiling Library

Initial data analysis was performed using Python 3 and the pandas_profiling library. 
The combined input and output data were retrieved from the SQLite database by 
executing the appropriate query combining the previously created tables. This data 
was then placed in a DataFrame provided by the pandas library. This structure rep-
resents a two-dimensional array and provides the ability to perform operations on 
cells, rows, and columns. The DataFrame created in this way was passed to the 
ProfileReport function from the pandas_profiling library for preliminary statistical 
analysis of the data. Figure  5 presents the histogram with the number of record 
occurrences for each recognition group, which are explained below the figure. There 
is a noticeable difference between the number of cases in each group which is 
expected due to differences in morbidities.

Analysing the received report, the following conclusions were drawn:

• The daily number of cases correlation with any other column is always very 
close to 0. This means that there is no direct relationship between any component 
of weather data (e.g., pressure, temperature) and the number of cases.

• Most records have a case count of “<5” (depicted in Fig. 5). In order to obtain 
valuable results, the daily data should be supplemented as much as possible 
based on the weekly number of cases.

• Individual groups of recognition may have a different relationship to environ-
mental data. In order to obtain unambiguous results, the model must be trained 
separately for each of the seven recognition groups.

• The number of cases varies from hospital to hospital, for example, due to popula-
tion density. Therefore, the number of cases should be averaged for each hospital 
to make the data independent of external factors such as hospital size and popula-
tion density.
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5.7  Data Preprocessing

Preprocessing was carried out in the Python 3 programming language with the use 
of tools included in the pandas, numpy, and sklearn libraries. Again, the combined 
inputs and outputs were taken from an SQLite database and placed in a DataFrame.

5.8  Binarisation of Output Data

Finally, it was decided that the model would solve the problem of anomaly detec-
tion. This means that the task of the neural network will be able to identify examples 
for which the daily number of examples is unusually high. To do this, you need to 
create two categories of labels. Category “0” means no anomaly and category “1” 
means detected anomaly. Since the vast majority of examples are characterised by a 
number of cases equal to 0, it was assumed that an anomaly means a record in which 
the number of cases is higher than the average value.

5.9  Standardisation of Input Data

The weather data, which is the input to the model, is presented in ambiguous scales. 
Pressure, represented by numerical values in the thousands, and temperature, repre-
sented by numerical values in the tens, must be brought to a common scale. Otherwise, 
features expressed in larger numbers will be much more important for the machine 
learning model than features represented by fractional values. It is also important that 
the mean of each feature in the input data set is 0, and the standard deviation is 1. To 
do this, standardise the input data. Standardisation was carried out using the 
StandardScaler tool from the sklearn library, which greatly facilitated this procedure.

5.10  Creating a Sequence for a Recursive Network

The final network architecture is a recursive network - this means that instead of a 
single data vector, each example must contain a sequence of weather data vectors 
from several days. In other words, each example, x(i)in addition to the weather data 
vector for the day it originally described, also contains vectors of the t − 1 days 
before it, where t is the length of the sequence.

5.11  Data Division into Training and Test Sets and Selection 
of the Model Architecture

The last stage of data processing is their division into training and test sets. In this 
case, a 7:3 division was adopted. It should be remembered that a set of validation 
data was separated from the training data.
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Initially, it was assumed that the task of the neural network model would be to 
determine the predicted number of cases based on weather data - so it was supposed 
to be a regression problem. For this purpose, a sequential model of a multilayer 
perceptron was constructed, but the results were not satisfactory. It was quickly 
noticed that it would be most valuable for the network to indicate the days for which 
the risk of a case would be the highest. The risk in this case can be approximated by 
the daily number of cases - if there were a relatively large number of cases, the risk 
is high. Due to the fact that for the vast majority of examples the daily number of 
cases is 0, detecting high-risk days is an anomaly detection problem. Based on the 
existing network models used in the industry, it is known that the best network 
architecture for this task are recursive networks. For this reason, the classic MLP 
architecture was abandoned and a recursive network architecture was used instead.

5.12  Model Training

The cross-entropy loss function was used to train the model. The adaptive algorithm of 
stochastic gradient descent ADAM (adaptive moment estimation) was used as the teach-
ing method, which is the best SGD optimisation for a large amount of data. Accuracy, 
precision, and recall were used as indicators of model quality, which will be presented 
in the next section. The series size is 128 and the number of epochs is 10. These hyper-
parameters were determined on the basis of repeated training of the network.

The learning process for recognition group 1 and sequence length will be shown 
below t = 11. Then the phenomenon of overfitting begins to occur in the model. In 
order to assess the quality of the model, appropriate metrics must be defined. Before 
doing so, however, it is necessary to introduce the concepts of errors that are used in 
the definition of metrics for the binary categorisation problem:

• False positive (FP), i.e., an example classified by the network as an anomaly 
(cat. 1) when its true label is no anomaly (cat. 0).

• False negative (FN), i.e., an example classified by the network as no anomaly 
(cat. 0) when its true label is an anomaly (cat. 1).

• True positive (TP), i.e., an example classified by the network as an anomaly (cat. 
1) when its true label is an anomaly (cat. 1).

• True negative (TN), i.e., an example classified by the network as no anomaly 
(cat. 0) when its true label is no anomaly (cat. 0).

In the previous section, it was noted that the metrics used to evaluate the designed 
neural network model are as follows:

Accuracy, i.e., the ratio of well-classified examples to all examples. Thus, it 
answers the question of what percentage of examples have been correctly classified. 
Accuracy can be determined by the formula:

 
Accuracy

TP TN

TP FP TN FN
=

+
+ + +  
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Precision, i.e., the ratio of well-classified anomalies to all examples classified as 
anomalies. Thus, it answers the question of what percentage of anomalies identified 
by the network were well classified. Precision is expressed by the formula:

 
Precision

TP

TP FP
=

+  

Recall, which is the ratio of well-classified anomalies to all real examples of 
anomalies. Thus, it answers the question of what percentage of all anomalies were 
well classified. Precision is expressed by the formula:

 
Recall

TP

TP FN
=

+  

Accuracy and recall are important metrics for this machine learning model, as 
cases classified as anomaly tend to be far fewer. In the case where 10% of the real 
cases are anomalies, it would be enough to classify each test example as category 0 
to get 90% accuracy. Watching at least two of these metrics at the same time ensures 
that the network is functioning properly. In the same case as above, if the network 
achieves an accuracy of 90% and a recall of 80%, it means that it is doing very 
well—out of 100 test examples, 82/90 examples of category 0 and 8/10 cases of 
category 1 were indicated correctly. In the problem of anomaly detection, the most 
important metric is recall—the most important thing is to detect all anomalies.

6  Results and Implementation in 3P-Medicine

Table 3 presents a summary of model quality metrics for all seven recognition 
groups and three different sequence length values t, determined on the basis of 
examples from the test set. The column “Actual % of anomalies” indicates the 

Table 3 Obtained results of the designed machine learning model

Group Group description Accuracy Recall Precision
Actual % of 
anomalies

1 Group 1: Full-thickness myocardial 
infarction and other heart attacks

88.6% 76.7% 73.5% 22.7%

2 Group 2: Pulmonary oedema 86.2% 76.7% 73.3% 27.1%
3 Group 3: Cerebral aneurysm 

haemorrhage
98.4% 68.1% 84.0% 3.4%

4 Group 4: Spontaneous haemorrhage 
(rupture of a vessel)

98.0% 80.5% 92.3% 7.3%

5 Group 5: Ischemic stroke (rupture of 
the atherosclerotic plaque, blockage 
of the vessel)

89.3% 75.0% 68.6% 17.9%

6 Group 6: Vascular events involving 
the aorta

98.9% 65.0% 82.3% 2.3%

7 Group 7: Vascular events involving 
peripheral arteries

98.1% 75.1% 92.2% 6.1%
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number of examples with the actual label category “1,” out of all examples. For all 
recognition groups, the model performed best with sequence length t  =  11. The 
diagnosis group for which the model works best is group 4, i.e., spontaneous haem-
orrhages. This means that the diseases associated with this group of diagnoses are 
most dependent on weather conditions, and the designed model reflects this rela-
tionship very well.

Prevention is the most efficient way of dealing with vascular incidents [24]. 
Obesity, smoking, uncontrolled hypertension, untreated diabetes and mental stress 
are the most common risk factors of atherosclerosis [25]. Despite the fact that risk 
factors are identified, and methods of elimination are straightforward, the applica-
tion of preventive measures is still not easy. Levels of inadequate blood pressure 
control in the hypertensive population are high despite the availability of good and 
affordable medications [26, 27].

One of the possible applications of our work aims to aid with fighting harmful 
habits of the people at risk of atherosclerosis. Personalised web and mobile applica-
tions warning patients at risk about perilous environmental conditions in real time 
may help with better control of taken medications, closely following the doctor’s 
advice and avoiding risky behaviour in harsh weather conditions. Such software 
may be of help, especially in groups averting ordinary medical check-ups and over-
estimating their health fitness.

7  Conclusion and Recommendations

The main objective of the study was to determine the impact of environmental con-
ditions on the occurrence of vascular incidents and to develop a mathematical model 
capable of detecting atmospheric conditions that increase the risk of vascular inci-
dents. To this end, the authors reviewed the literature sources, on the basis of which 
we developed an approach to machine learning algorithms and diseases of the vas-
cular system. Furthermore, we obtained the required weather and medical data from 
the relevant institutions. These data were statistically analysed and supplemented to 
best prepare them for use in the machine learning model. Based on the accumulated 
theoretical knowledge, the architecture of a recursive neural network was devel-
oped, and its hyperparameters were determined experimentally. The designed net-
work was finally trained separately for each of the seven reconnaissance groups.

The results obtained by the authors give reason to believe that there is indeed a 
relationship between environmental conditions and the occurrence of vascular 
events. The recall values obtained for most diagnosis groups reach 75%, which is 
enough to confirm this hypothesis. It is probably impossible to obtain better quality 
metrics because more external factors than the weather alone can influence the 
occurrence of vascular events. Such factors may be, for example, the day of the 
week or the holiday season. The model itself also needs some improvements, for 
example, a better definition of anomaly categories. The model achieved the best 
results for group 4, i.e., spontaneous haemorrhages. This means that the diseases 
associated with this group of diagnoses are most dependent on weather conditions, 
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and the designed model reflects this relationship very well. The presented techno-
logical solutions play a great role in prediction, prevention, and a personalised 
approach to a patient.

The biggest problem encountered in the implementation of the work was incom-
plete medical data provided by the National Health Fund. However, this data had to 
be incomplete in order to ensure their anonymity. In the future, steps will be taken 
to obtain more complete data, at the cost of extending the area of aggregation of the 
daily number of cases to the entire commune or even the powiat/county.

It is interesting that the results obtained by the model become much better with 
the length of the sequence. It would be a natural guess that the occurrence of vascu-
lar events is most influenced by a sharp change in weather from day to day. Based 
on the fact that the model obtained the best results for 11 days in sequence, it can be 
concluded that in fact the general weather has the greatest impact on the occurrence 
of the above-mentioned incidents. It is also surprising that the recall and precision 
values obtained are very similar for all recognition groups. This would mean that all 
vascular incidents are similarly dependent on meteorological conditions. The con-
firmation of the existence of a connection between specific weather conditions and 
vascular incidents can help not only medical facilities but also patients. Thanks to 
such forecasting methods, hospitals could prepare for periods of an expected 
increased number of patients requiring urgent help.

References

1. Wlodarczyk A, Molek P, Bochenek B, Wypych A, Nessler J, Zalewski J (2022) Machine learn-
ing analyzed weather conditions as an effective means in the predicting of acute coronary 
syndrome prevalence. Front Cardiovasc Med 9:830823

2. Molek P, Wlodarczyk A, Bochenek B, Wypych A, Nessler J, Zalewski J (2020) The artificial 
intelligence system in prediction of the prevalence of acute coronary syndromes based on 
weather conditions. Eur Heart J 41:3456

3. Zheng Y, Guo Z, Zhang Y, Shang J, Yu L, Fu P et al (2022) Rapid triage for ischemic stroke: 
a machine learning-driven approach in the context of predictive, preventive and personalised 
medicine. EPMA J 13:285–298

4. Bauer J, Hoq MN, Mulcahy J, Tofail SAM, Gulshan F, Silien C et al (2020) Implementation of 
artificial intelligence and non-contact infrared thermography for prediction and personalized 
automatic identification of different stages of cellulite. EPMA J 11:17–29

5. Birkenbihl C, Emon MA, Vrooman H, Westwood S, Lovestone S, Hofmann-Apitius M et al 
(2020) Differences in cohort study data affect external validation of artificial intelligence mod-
els for predictive diagnostics of dementia—lessons for translation into clinical practice. EPMA 
J 11:367–376

6. Turing AM (2012) Computing machinery and intelligence. Mach Intell Perspect Comput 
Model 49:1–28

7. Hamet P, Tremblay J (2017) Artificial intelligence in medicine. Metabolism 69:S36–S40
8. Kaul V, Enslin S, Gross SA (2020) History of artificial intelligence in medicine. Gastrointest 

Endosc 92:807–812
9. Muthukrishnan N, Maleki F, Ovens K, Reinhold C, Forghani B, Forghani R (2020) Brief his-

tory of artificial intelligence. Neuroimaging Clin N Am 30:393–399
10. Weiss SM, Kulikowski CA, Amarel S, Safir A (1978) A model-based method for computer- 

aided medical decision making, vol 11, p 145

Development of Artificial Intelligence Algorithms to Analyse Weather Conditions…



304

11. Al-Ajlan A (2015) The comparison between forward and backward chaining. Int J Mach Learn 
Comput 5:106

12. Daniel M, Hajek P, Nguyenb PH (1997) Artificial intelligence in medicine CADIAG-2 and 
MYCIN-like systems. Artif Intell Med 9:241

13. Marshall TE, Lambert SL (2018) Cloud-based intelligent accounting applications: account-
ing task automation using IBM Watson cognitive computing. J Emerging Technol Account 
15:199–215

14. Kurzweil R (1985) What is artificial intelligence anyway. Am Sci 73:258
15. Bott R (2014) Guyton and hall textbook of medical physiology, 13th edn. W. B. Saunders, 

Philadelphia
16. Mescher AL (2019) Junqueira’s basic histology: text atlas, 15th edn. McGraw Hill, New York
17. Putz R, Sobotta J, Pabst R (2008) Sobotta atlas of human anatomy: head, neck, upper limb, 

thorax, abdomen, pelvis, lower limb. Elsevier, Amsterdam
18. Bodle JD, Feldmann E, Swartz RH, Rumboldt Z, Brown T, Turan TN (2013) High-resolution 

magnetic resonance imaging: an emerging tool for evaluating intracranial arterial disease. 
Stroke 44:287–292

19. Seidman MA, Mitchell RN, Stone JR (2014) Pathophysiology of atherosclerosis. In: Cellular 
and molecular pathobiology of cardiovascular disease, pp 221–237

20. Faraci FM, Heistad DD (1990) Regulation of large cerebral arteries and cerebral microsvascu-
lar pressure. Circ Res 66:8–17

21. Brega KE, Seltzer WK, Munro LG, Breeze RE (1996) Genotypic variations of type III col-
lagen in patients with cerebral aneurysms. Surg Neurol 46:253

22. Connolly ES, Poisik A, Winfree CJ, Kim LJ, Huang J, McMahon DJ et al (1999) Cigarette 
smoking and the development and rupture of cerebral aneurysms in a mixed race population: 
implications for population screening and smoking cessation. J Stroke Cerebrovasc Dis 8:248

23. Ptak M et al (2022) aHEAD Project. www.aheadproject.org. Accessed 15 Oct 2022
24. Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD, Hahn EJ et al (2019) 

2019 ACC/AHA guideline on the primary prevention of cardiovascular disease: executive 
summary. J Am Coll Cardiol 74:1376–1414

25. Knoflach M, Kiechl S, Kind M, Said M, Sief R, Gisinger M et al (2003) Cardiovascular risk 
factors and atherosclerosis in young males. Circulation 108:1064–1069

26. Banegas JR, Segura J, Sobrino J, Rodríguez-Artalejo F, de la Sierra A, de la Cruz JJ et al (2007) 
Effectiveness of blood pressure control outside the medical setting. Hypertension 49:62–68

27. Mancia G, Sega R, Milesi C, Cessna G, Zanchetti A (1997) Blood-pressure control in the 
hypertensive population. Lancet 349:454–457

A. Kwiatkowski et al.

http://www.aheadproject.org


305

Periodontal Health Status Is Pivotal 
for an Effective Disease Prediction, 
Targeted Prevention and Personalised 
Treatments of Associated Pathologies

Vadim V. Tachalov, Tatyana V. Kudryavtseva, 
Irina V. Berezkina, Maka G. Pachkoriia, Ekaterina S. Loboda, 
Liudmila Yu. Orekhova, and Olga Golubnitschaja

1  Why Predictive, Preventive and Personalised Medicine 
Is Considered an Optimal Approach in Oral 
Cavity Healthcare?

Oral cavity health plays a key role in predicting and preventing periodontal and 
dental diseases which frequently cascade systemic effects such as chronic inflam-
mation and associated pathologies [1–6]. Individualised patient profiling is instru-
mental for implementing 3PM strategies in periodontology and dentistry [7–9]. To 
this end, suboptimal health conditions demonstrating a reversible damage to health 
are in focus of primary healthcare promoting targeted prevention against health-to- 
disease transition that is pivotal for the cost-effective healthcare meeting needs of 
the society at large [5, 7, 10, 11].
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2  Periodontal Diseases Affect Majority 
of Adult Populations

Periodontal diseases (PDs) affects up to over 50% of populations in developed and 
developing countries worldwide. The entire age spectrum from adolescence to 
elderly is affected that makes PDs to a global challenge [12]. An extensive destruc-
tion of connective tissues of the periodontium and alveolar bone is characteristic for 
PDs and has been associated in a reciprocal manner with cascading systemic dis-
eases including cardiovascular diseases, diabetes mellitus type 2 with complica-
tions, liver and chronic obstructive pulmonary diseases as well as several types of 
malignancies [13–15].

3  Risk Factors, Pathomechanisms and Systemic Effects 
of the Chronic Periodontitis

Chronic periodontitis (CP) is a bacterial inflammatory disease damaging oral cavity 
health and teeth structures [16, 17]. CP creates tremendous socio-economic burden 
to populations and requires in-depth understanding of risk factors and treatments 
tailored to the person [18]. Most prominent risk factors comprise both non- 
modifiable such as ageing and medication, and modifiable, i.e., preventable ones 
such diabetes mellitus type 2, inadequate oral hygiene and dental care, smoking, 
and stress overload [8]. Individually and synergistically the risks promote CP devel-
opment [12]. Proposed pathmechanisms are based on bacteraemia and systemic 
inflammation indicated by elevated C-reactive protein patterns and highly increased 
oxidative stress [3, 15]. Despite local symptoms of the CP, inflammatory mediators 
produced as well as subgingival species and shifted microbiome become spread 
systemically leading to cascading extra-oral pathological changes at molecular, cel-
lular, and organ levels [19]. To this end, CP associated carcinogenesis is relevant for 
both  – the oral cavity and extra-oral sites typical for the orodigestive cancers 
extended to the oral, oesophageal, gastric, colorectal, and pancreatic malignancies 
[19]. There is an evident reciprocal relationship between CP development and 
severe systemic diseases which an altered microbiome and chronic inflammation 
are relevant for [3, 8, 15, 20]. For example, CP significantly increases risks of car-
diovascular complications and concomitant mortality in the diabetic patient cohort, 
while diabetic history is in turn a well-acknowledged risk factor of CP [19]. 
Clinically established CP has been, further, associated with maternal infections, 
foetal growth restriction, preterm birth, and strong predisposition to preeclampsia—
all demonstrated as life-long health risks of mother and offspring [11].

4  Patient Stratification Is a Multi-Factorial Approach 
in Periodontology

Our recent study performed at the Periodontology Department, Pavlov First Saint 
Petersburg State Medical University, has analysed prevalence of chronic disorders 
in the age-stratified patient groups such as diabetes mellitus type 2, cardiovascular 
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and gastrointestinal diseases, chronic kidney and liver diseases, amongst others. 
High prevalence of collateral pathologies has been demonstrated for patients diag-
nosed with periodontitis: 87.5% in the age group between 61 and 75 years old fol-
lowed by 75.8% in the age group between 45 and 60 years old.

Age is a multi-faceted determinant for the patient stratification and tailored 3 PM 
strategies.

An important aspect is the age-specific behavioural patterns towards healthcare 
measures, offered services, their duration, quality, and costs. From this point of view, 
elderly is associated with challenging care and strong socio-economical limitations. 
Contextually, highly specific medical, mental, social, and financial aspects should be 
carefully considered for this sub-population optimally meeting its needs [21–26]. 
Essential expertise carries a multi-professional character including geriatrics and ger-
ontology preventing oral dryness / dry mouth syndrome, tongue-lip motor, mastica-
tory and swallowing dysfunction – all together leading to the oral hypofunction which 
is characteristic for elderly and other vulnerable groups in the population [27–29].

5  Challenges of Participatory Medicine

Inadequate periodontal health services provided to the population may be caused by 
several deficits such as insufficient awareness of corresponding impacts in affected 
subpopulations and subpopulations in suboptimal health conditions, low educa-
tional level with consequent ignorance towards the periodontal health, low socio- 
economic status of affected individuals, lack of the relevant insurance, insufficient 
density of specialised medical units, amongst others [8, 30, 31]. Contextually, to 
raise awareness towards periodontal health and corresponding services is pivotal to 
advance health quality in the population [8, 32, 33]. This is the task for participatory 
medicine focused on the active participation of populations in maintaining satisfac-
tory health status. Promoting participatory medicine in the population, generally it 
should be kept in mind that healthcare remains unsatisfactory as long as the patient 
does not feel responsible for their health condition [34]. This conclusion can be well 
exemplified by chronically diseased patients observed in periodontology [8].

6  Virome–Microbiome Axis: A Vicious Circle 
in Disease Promotion

An association between periodontal diseases, viral and bacterial overload with poor 
outcomes is clearly demonstrated in several studies [27, 35]. The human body hosts 
vast microbial and viral communities collectively termed “microbiome” and 
“virome,” respectively. The human virome is complex consisting of about 1013 par-
ticles per individual [36]. Both human virome and microbiome are highly heteroge-
neous. Depending on individual profiles of microbial and viral communities, they 
can be associated with adverse outcomes for the human host, whereas other states 
are characteristic of health. Furthermore, there are evident synergies in the host–
virome–microbiome interactions in health and disease. To this end, during the past 
influenza outbreaks, such as influenza in 1918, H1N1 influenza in 2009 these 
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interactions have been demonstrated for the respiratory viruses, in turn associated 
with bacterial superinfections as the main risk of a severe disease course and death 
[37]. Periodontopathic microfora is implicated in systemic microbiome composi-
tion alterations promoting chronic inflammation, systemic health-to-disease transi-
tion leading to sepsis, pneumonia development, and death. The dual antiviral and 
antibiotic medication is considered optimal to protect human body against patho-
logic shift in the virome–microbiome axis leading to the vicious circle in disease 
promotion.

7  Periodontal Disease as the Clue to the COVID-19- 
Associated Poor Outcomes

Clear association has been demonstrated between clinically manifested periodonti-
tis in COVID-19 infected patients and high risk of their admission to intensive care 
units and related death [28]. The absolute majority of the affected patients exhibited 
bacterial superinfections and severe disease course as demonstrated in the UK study 
of COVID-19-infected individuals [27]. Patients with poor COVID-19 outcomes 
demonstrated high levels of periodontopathic bacteria communities comprising 
Prevotella, Staphylococcus, and Fusobacterium. For 80% of patients treated at 
intensive care units, a particularly high periodontal bacterial was characteristic. 
Noteworthy, advanced age, diabetes mellitus, and cardiovascular diseases are fre-
quently associated with both poor periodontal health and poor outcomes of the 
COVID-19 infection. In common are significantly shifted virome–microbiome pro-
files and systemic inflammation [29]. Suggested pathomechanisms include virome–
microbiome–host interactions in the respiratory and gastrointestinal tracts [37]. On 
the molecular level, the overexpression of angiotensin-converting enzyme 2—the 
receptor for SARS-CoV-2—and production of inflammatory cytokines in the lower 
respiratory tract are characteristic for poor outcomes in COVID-19 infected indi-
viduals. To this end, an aspiration of periodontopathic bacteria induces the 
angiotensin- converting enzyme 2 actively contributing therefore to the cytokine 
storm typical for the COVID-19 aggravation and associated severe disease course 
[38]. Contextually, periodontal health is crucial for the cost-effective primary pre-
vention, improved individual outcomes, and reduced morbidity under pandemic 
conditions [27, 39]. Application of oral probiotics is strongly recommended to sta-
bilise the gut–lung axis and health microflora [40].

8  Individualised Patient Profiling: Risk Factors and Big 
Data Analyses Exemplified by “Dry Mouth” 
Syndrome Phenotype

Implementation of individualised patient profiles (IPP) is strongly recommended 
for protective periodontal care. Phenotyping and genotyping are instrumental for 
IPP and demand big data analysis comprising non-modifiable (e.g., genetic 
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predisposition) and modifiable risk factors such as behavioural and dietary habits. 
Relevant surveys have been developed, for example, to identify individuals with the 
dry mouth syndrome phenotype. To this end, dry mouth syndrome is highly relevant 
for xerostomia-associated disorders such as periodontitis and systemic inflamma-
tion predisposition to which can be detected early in life [4]. Predisposition to xero-
stomia in otherwise healthy young individuals can be further associated with the 
stress overload that is well detectable using non-sophisticated health risk assess-
ment tools [5] followed by the targeted primary prevention [5, 41–44]. Health risk 
assessment under stress condition is further discussed by Golubnitschaja O. in the 
book chapter dedicated to the mitochondrial health.
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LF Low-frequency range
MD Mean deviation
MOPP Mean ocular perfusion pressure
MvD Microvasculature dropout
NFI Nerve fiber indicator
NTG Normal tension glaucoma
OCTA Optic coherence tomography angiography
ONH Optic nerve head
OPP Ocular perfusion pressure
PACG Primary angle closure glaucoma
PERG Pattern electroretinogram
pfVD Perifoveal vessel density
POAG Primary open-angle glaucoma
PPPM Predictive preventive personalized medicine
PVD Primary vascular dysregulation
PVEP Pattern visual evoked potential
RGC Retinal ganglion cells
RI Resistivity index
RMSSD Parameter of parasympathetic autonomic regulation activity
RNFL Retinal nerve fiber layer
ROP Rate of progression
SAP Standard automated perimetry
SDNN Standard deviation of NN-interval
SD-OCT Spectral-domain optic coherence tomography
SNA Sympathetic neural activity
SPCA Short posterior ciliary artery
SSADA Split-spectrum amplitude-decorrelation angiography
TP Total spectral power
VD Vessel density
VF Visual fields
VFI Visual field index
wiVD Whole image vessel density

1  Introduction

Primary open-angle glaucoma (POAG) is a neurodegenerative disease characterized 
by a progressive course and an irreversible blindness worldwide.

Accurate prediction of optimal treatment beneficial and adverse effects could 
improve the results of therapy. The early detection of the specific features of the 
patient is a key point of the personalized approach in glaucoma treatment. 
Individualized patient profiling is an instrumental for implementing 3PM strategies 
in glaucoma management [1, 2].
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It is believed that there are two groups of factors responsible for the development 
of glaucomatous optic neuropathy (GON): (1) vascular dysregulation associated 
with the decrease of ocular blood flow of the optic nerve disc [3] and (2) mechanical 
dysregulation associated with the scleral membrane damage and infringement of the 
optic nerve axons. According to well-known Flammer syndrome, patients with an 
instable ocular blood flow respond stronger to psychological stress as it has been 
described in patients with primary vascular dysregulation (PVD) [4, 5]. It has also 
been emphasized that any psychological stress leads to vascular dysfunction [6]. 
PVD is believed to be a main cause of local vasospasm and impaired autoregulation 
as well as a possible contributing factor in glaucoma pathogenesis [7, 8]. It has been 
shown that PVD patients have stronger reaction to psychological stress than non- 
PVD subjects. It is known that any psychological stress leads to vascular dysfunc-
tion and may become a risk factor of glaucoma development and progression.

The small branches of the central retinal artery provide the blood supply of the 
superficial ONH layer. The prelaminar region (a small area anterior to the lamina 
cribrosa), however, is mainly supplied by branches from the choroidal arteries and 
directly from the short posterior ciliary arteries [9]. As the choroidal microcircula-
tion is regulated by the autonomic nervous system (ANS), the ANS dysfunction is 
involved in glaucoma pathogenesis.

Indeed, there is a growing body of evidence suggesting that glaucoma pathogen-
esis is related to vascular dysfunction [10–16]. The consensus on this issue, how-
ever, still has not been found due to the lack of adequate techniques for the study of 
ocular blood flow despite of different measurement tools [17–20]. Therefore, it 
highly recommended to search for new visualization methods of the vascular bed 
for early diagnosis and monitoring of glaucoma. Optical coherence tomography 
(OCT) is a common tool for diagnosis and treatment of glaucoma disease. Doppler 
OCT has been used to obtain precise measurements of total retinal blood flow [21]. 
Although Doppler OCT may be effectively used to detect blood flow in the large 
vessels around the optic disc, it is not sensitive enough for the accurate measure-
ment of low velocities in the small vessels forming the disc microcirculation. The 
same refers to the most widely used method—color Doppler imaging (CDI). A new 
method—OCT angiography (OCT-A)—has been recently introduced. This method 
allows measuring vessel density in the retina and choroid in the peripapillary and 
macular areas using high-speed OCT to perform quantitative angiography.

This book chapter will primarily discuss a role of heart rate variability (HRV) 
assessment and OCTA in glaucoma diagnostics and monitoring.

2  Heart Rate Variability in Glaucoma Patients

According to the literature sources, patients with cardiovascular diseases have 2.33 
times more rapid glaucoma progression despite significantly lower intraocular pres-
sure (IOP) values [22]. Moreover, the concept that vascular changes in the eye may 
be an early indicator of heart diseases is also discussed in literature [23].
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Recent studies have shown the role of vascular disturbances and vascular dys-
regulation in glaucoma [24–29]. This makes glaucoma common with such forms 
of pathology as arterial hypertension/hypotension, migraine, and vascular 
spasm [29].

According to the existing literature, POAG patients have significantly smaller 
diameter of the arterial and venous retinal vessels compared to the control subjects. 
Nevertheless, both venous and arterial dilatation was normal during the activation 
of neurons, despite their smaller diameter. The dilatation varied among patients and 
did not depend on the visual field deterioration. This fact was explained by chronic 
vasoconstriction leading to the limited energy flow to the retinal and brain neurons, 
followed by hypometabolism (so-called, silent neurons) and, finally, by the death of 
neurons [30].

Excessive activity of the sympathetic ANS is among the possible causes of ONH 
blood supply violation and decreased ocular perfusion pressure (OPP) in the optic 
nerve and choroidal vessels. Moreover, it has been demonstrated that excessive 
activity of the sympathetic link of the ANS is associated with glaucoma progression 
due to instability of the ocular blood flow [26].

Cold stimulation, or cold provocation test (CPT) is a well-established provoca-
tion test used for detecting abnormal vascular reactivity in patients with auto-
nomic failures [31]. The testing procedure is rather simple: a patient’s hand is 
dipped into cold water (+4 ° C) with small pieces of ice for 30 seconds and the 
cardiovascular response is registered (Fig. 1). It has been revealed that the cold 
provocation test (CPT) may increase the ET-1 level in plasma in glaucoma patients 
reflected their vascular dysregulation [22]. This phenomenon may also indicate 
the imbalance of ANS that is manifested mostly during provocation tests, includ-
ing CPT [33].

Altered ocular blood flow or reduced visual field sensitivity during sympathetic 
provocation tests has been demonstrated in POAG patients [34–36].

Fig. 1 Cold provocation test (CPT). Photoplethysmography with infrared sensor records from a 
phalanx with an infrared sensor, located in the microprocessor module of data on HRV and periph-
eral blood flow [32]
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2.1  HRV Assessment

HRV assessment is a standard method to evaluate ANS function. The lower the 
HRV, the more severe the ANS dysfunction with sympathetic predominance [37].

Compared with other methods of assessing autonomic dysfunction, which 
include cardiovascular reflex tests, sudomotor tests, Valsalva maneuver, the tilting 
test, HRV assessment is simpler and non-invasive. Numerous studies have validated 
HRV as a reliable measure of ANS function in cardiac and non-cardiac diseases. 
The studies showed that POAG patients had autonomic dysfunction characterized 
by a HRV drop [32, 38].

We have introduced a special hardware–software complex Rhythm-MET that is 
based on a comprehensive analysis of HRV, systemic hemodynamics, and vegeta-
tive regulation [32].

Photoplethysmograms showing the blood flow measurements in a phalanx were 
recorded using an infrared detector, located in the microprocessor module of data 
input and processing, and served as the source of HRV and supplemental blood 
inflow data. Cardiointervals obtained from photoplethysmograms is processed in 
accordance with the recommendations for the assessment of HRV parameters and 
their subsequent generalization, including hemodynamics parameters, and for 
assessment of the functional status (FS) and functional reserves (FR) of the cardio-
vascular system according to the results of the examination at rest and after CPT in 
order to form groups homogeneous in both FS and FR.

The ensuing characteristics should be considered in agreement with the transna-
tional standard:

• Standard divagation of NN-interval (SDNN) is the HRV parameter characteriz-
ing the total effect of autonomic blood circulation regulation. A reduction in 
SDNN reflects low HRV indicating a high tone of heart sympathetic exertion. 
The drop in SDNN reflects a drop in HRV, which indicates an increase in the 
heart sympathetic exertion tone.

• The parameter of parasympathetic autonomic regulation exertion (RMSSD).
• Total spectral power (TP) is the parameter of absolute exertion level of non- 

supervisory systems.
• Power in the high-frequency range (HF) is the parameter of the spectral power of 

heart rate respiratory undulations reflecting the exertion position of respiratory 
center. The high-frequency band reflects rapid changes in beat-to-beat variability 
due to parasympathetic exertion.

• Power in the low-frequency range (LF). The low-frequency band is considered to 
be a fair approximation of sympathetic exertion. The low-frequency band reflects 
substantially sympathetic stimulation.

• The low/high-frequency rate is a rate of low-frequency to high- frequency power 
(LF/HF). An advanced rate indicates increased sympathetic exertion or reduced 
parasympathetic exertion.

• The number of pairs of successive NN-intervals is the parameter of ascendance 
degree of parasympathetic regulation over sympathetic one (pNN50).
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• Autonomic regulation indicator (ARI) is the parameter for assessment and 
exertion of ANS. The increased ARI shows the activation of sympathetic regu-
lation, but the decreased ARI shows the activation of parasympathetic 
regulation.

• Variation range characterizing the degree of HRV (TINN).

SDNN is a representative parameter of HRV. The lower HRV is associated with 
enhanced SNS exertion, which may be characterized by ANS dysfunction [37].

2.2  The Results of HRV Assessment in High Tension Glaucoma 
(HTG) and Normal Tension (NTG) Glaucoma

The strict definition of POAG includes HTG and NTG. As far as HTG and NTG are 
concerned, they appear to be a continuum of glaucomatous process, in which the 
underlying mechanisms shifts from predominantly elevated IOP in HTG to hemo-
dynamic change in NTG. In other words, both HTG and NTG are related to hemo-
dynamics, but it was hypothesized that the evidence of vascular dysfunction would 
be more pronounced in NTG patients. One of the possible reasons for this is auto-
nomic dysfunction that may contribute to unstable or fluctuating blood pressure and 
thereby may induce the dysfunction of autoregulation leading to glaucoma develop-
ment and progression [3].

Some authors report on autonomic dysfunction in HTG with short term and daily 
analysis of heart rate variability [26, 34, 38–40]. However, the existing data on auto-
nomic dysfunction in HTG and HTG are contradictory. According to Riccadonna 
M. et al., HRV and nocturnal diastolic BP variability were reduced in NTG com-
pared to HTG [39]. Furthermore, these differences were more prominent in more 
severe clinical forms of NTG.  The authors suggested a correlation between the 
extent of autonomic dis-order and severity of glaucoma.

Brown et al. assessed the baroreflective control of the blood and heart vessels 
using sinusoidal cervical aspiration and showed that the ANS response in healthy 
subjects was significantly higher than in glaucoma patients. However, they did not 
detect any difference between NTG and HTG. According to their data, the decreased 
sympathetic and parasympathetic modulation during baroreceptor stimulation in the 
patients with HTG and NTG suggested that autonomic dysfunction that may con-
tribute to the pathogenesis of both diseases [40].

Mroczkowska et al. compared NTG and HTG patients with early glaucoma using 
24-h outpatient blood pressure monitoring and measurement of peripheral pulse- 
wave analysis and thickness of the intima-media complex of the carotid arteries. 
The authors also evaluated reactivity of retinal vessels to flickering of light. Similar 
changes in systemic and ocular circulation were observed in glaucoma patients of 
both groups compared to healthy subjects, but no significant differences were 
revealed in nocturnal blood pressure, arterial or venous retinal atrial fibrillation, 
systemic arterial stiffness, and intima-media thickness between patients with NTG 
and HTG [41].
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Bossuyt et al. reported on significantly reduced OPP in patients with HTG and 
NTG compared to the control healthy subjects. They suggested that perfusion- 
associated vascular changes play an important role in the pathogenesis of both con-
ditions [42].

On the other hand, there are some important differences between HTG and 
NTG. The nature of VF progression in HTG differs from other types of glaucoma 
[43]. It is worth noting that NTG of the eye usually progressed in the central region 
of the VF, and this response was associated with unstable or strong fluctuations in 
the average 24-h ocular perfusion pressure and excessive nocturnal drops in sys-
temic arterial blood pressure [26, 44]. Consequently, the division into NTG and 
HTG in clinical practice is still accepted [45].

A significant decrease in retrobulbar blood flow in HTG is described in the litera-
ture [46, 47]. Furthermore, Kaiser et  al. revealed that ocular blood flow was 
decreased both in patients with NTG and HTG who progressed despite normal IOP 
values [46].

Vascular risk factors varied in HTG and NTG [7, 23, 25]. It was hypothesized in 
the literature that the vascular dysfunction would be more pronounced in NTG 
patients compared to HTG [7, 31, 48]. However, some authors reported on similar 
changes in systemic and ocular circulation in the early stages of the disease in 
patients with HTG and NTG [41].

The decrease in arterial ocular blood flow was more significant in HTG than in 
NTG, while lower venous blood flow was detected in patients with NTG [47]. It was 
emphasized in the literature that decreased blood flow rates in the central retinal 
artery and central retinal vein were significantly associated with the glaucoma pro-
gression both in patients with NTG and HTG with well-controlled IOP (21 mmHg 
or less) [46]. Circulatory disorders can occur in both NTG and HTG, regardless of 
the IOP level. One of the reasons is increased sympathetic nervous activity (SNA). 
This leads to increased vascular resistance and, especially in conditions of endothe-
lial dysfunction, may have consequences for blood circulation related to the patho-
genesis of glaucoma. The SNA activation causes an increase in stroke volume, heart 
rate, and vasoconstriction, as well as regulates circadian blood pressure fluctuations, 
and it is closely related to night dives.

Recently, we compared the shift in HRV indicators in patients with NTG and 
HTG after a cold provocation test (CPT). MOPP, 24-h blood pressure and HRV 
were studied in 30 NTG, 30 patients with HTG and 28 healthy individuals. The 
cardiovascular system condition was assessed before and after CPT. We applied a 
method of comparing regression lines to identify the differences between groups. 
Minimum daily diastolic blood pressure and MOPP were reduced in patients with 
HTG and NTG in comparison with healthy subjects. There were no differences in 
MOPP between HTG and NTG before CPT.  However, all HRV parameters 
reflected the predominance of sympathetic innervation in glaucoma patients com-
pared to healthy subjects (p < 0.05). Up to CPT standard deviation of NN intervals 
(SDNN) HRV was lower at HTG compared to NTG, 27.2  ±  4.1  ms and 
35.33 ± 2.43 ms (P = 0.02), respectively. After CBT, SDNN decreased in NTG by 
1.7  ms and increased in HTG and healthy individuals by 5.0  ms and 7.09  ms, 
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respectively (P < 0.05). Analysis of the relative shift of other HRV parameters 
after CPT also revealed a significant difference between NTG and HTG in relation 
to the predominance of sympathetic innervation in NTG compared to HTG. The 
conclusion was made that NTG patients had a more pronounced violation of ANS 
than HTG patients, which was manifested by sympathetic nervous system activa-
tion in response to CPT. This discovery relates to the pathogenesis of NTG and 
suggests the use of HRV assessment in the diagnosis and monitoring of glau-
coma [32].

Besides, we observed a significant dipping of diastolic BP both in NTG and HTG 
patients compared to healthy subjects. Probably, this was a consequence of the sym-
pathetic innervation activation. There is evidence of the presence of a choroidal 
nerve plexus, represented by numerous internal autonomic ganglia forming an 
autonomous perivascular network around choroidal vessels [49]. It is considered 
that it plays a vasodilating function aimed at increasing ocular blood flow. 
Apparently, vascular mechanisms of optic nerve and retinal trophic disorders and 
their autonomic regulation play an important role in the ocular pathophysiology and 
physiology in general and in glaucoma. Vasoconstriction occurs against the back-
ground of the predominance of sympathoadrenal effects on arterioles and capillar-
ies, as well as due to a decrease in the activity of parasympathetic effects on retinal 
vessels.

The abovementioned study contained the evidence of altered MOPP both in 
HTG and NTG patients compared to healthy subjects. However, there were no dif-
ference in the MOPP between HTG and NTG that is consistent with the results of 
previous studies [35, 39, 41]. The obtained results demonstrate that there may be a 
significant overlap in the development of NTG and HTG, especially at early glau-
coma stage [41, 50]. From this point of view, it has been assumed that provocation 
tests may be used to reveal alterations in cardiovascular function in NTG patients 
[42]. Prior to CPT, there was a significant difference in all HRV parameters at rest 
both between glaucoma patient’s groups and between HTG patients and control 
subjects. CPT confirmed a significant difference between the control group and 
glaucoma patients. In the present study we described a significant increase in the 
activity of the sympathetic ANS in NTG patients in response to CPT. Changes in the 
main HRV parameters (SDNN, HF, LF, S, and ARI) after CPT emphasize a signifi-
cant difference between HTG and NTG patients. It is a well-known fact that PVD 
people have an increase in sympathetic ANS as a response to provocation tests. The 
NTG development is associated with the presence of PVD [7, 23]. But currently, 
this fact is not absolutely reliable, and therefore NTG is considered to be a form of 
open-angle glaucoma. Although the role of PVD in the pathogenesis of GON has 
been discussed for many years, only recent studies due to the use of modern tech-
nologies could prove that patients with NTG, but not healthy individuals, suffer 
from the retinal blood flow autoregulation failure in the conditions of provocation 
tests [51]. From this point of view, the dysfunction of the autonomic blood flow 
regulation seems to be of high importance and its study attracts attention of the 
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researches. Wierzbowska et al. revealed that the sympathovagal balance of ANS in 
NTG patients shifted towards sympathetic exertion with no change of 24-h pattern 
of BP variability as compared to the control healthy group [34]. Na et al. demon-
strated significantly reduced SDNN values in NTG [38].

There are new highly relevant data indicating the influence of vascular factors on 
the NTG development. It can be concluded that the disorders of autonomic innerva-
tion underlying PVD lead to the development of NTG, but not its specific feature. 
The presence of ANS imbalance in POAG patients, including HTG, can also be 
considered as a risk factor for an unfavorable course of GON.  In any case, the 
obtained results demonstrate the significant role of PVD in the pathogenesis of 
NTG. The results of our study demonstrating the ascendance of SNA in NTG can 
be useful for distinguishing HTG and NTG.

This conclusion has an important practical implication for detecting NTG (or if 
it is suspected), determining the prognosis and choosing more appropriate therapy, 
as well as making recommendations to patients concerning the proper lifestyle. 
Further studies are needed to verify our findings as well as studies on any therapies 
that favorably influence ANS activity in patients with glaucoma.

2.3  The Effect of Autonomic Nervous System Dysfunction 
on the Progression of Primary Open-Angle Glaucoma

Patients with systemic autonomic dysfunction might be at higher risk for glaucoma 
progression due to higher susceptibility of the optic nerve to fluctuations of IOP 
or MOPP.

Park et al. in their study described NTG patients with different types of HRV and 
reported on the fact that the VF progression in patients with sympathetic predomi-
nance occurs faster than in patients with higher HRV. The authors concluded that 
autonomic dysfunction, especially a decrease in SDNN, is a predictor of the pro-
gression of central VF in NTG [26]. This study concluded that IOP-independent risk 
factors, such as orthostatic hypotension, migraine, and autonomic dysfunction, are 
associated with the progression of central VF.

In another retrospective study of 40 cases of POAG patients who underwent 
regular reexamination with heart rate variability (HRV) assessment for more than 
3 years Liu and co-authors revealed that patients with POAG in the lowest HRV 
group showed a faster thinning rate of RNFL than those in the highest HRV 
group. The progression was accompanied by greater fluctuation of intraocular 
pressure and a decrease of blood pressure and ocular perfusion pressure. 
Moreover, thinning rate of RNLF was negatively correlated with SDNN values: 
the more severe the ANS dysfunction is, characterized, the faster the glaucoma 
progression in POAG patients. The authors explained this by the enhanced activ-
ity of the sympathetic tone and concluded that the treatment of ANS may be 
useful in glaucoma [37].
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3  Vascular, Structural, and Functional Deterioration 
in Glaucoma

3.1  The Association of Vascular, Structural, and Functional 
Parameters in Glaucoma

For many years, there has been a debate concerning the issue which parameters—
structural or functional—have the greatest diagnostic value in glaucoma [52]. 
Perimetry was considered a golden standard for the diagnosis of primary open-
angle glaucoma (POAG) for a long time. The peripapillary retinal nerve fiber layer 
(RNFL) and the layer of macular ganglion cells are described in the existing litera-
ture as the most significant structural markers for the glaucoma diagnosis [53]. 
Some authors also reported that the molecular parameters have a high discriminat-
ing ability and high reproducibility for the early detection of glaucoma compared to 
the parameters of the peripapillary RNFL [54].

According to our recent studies, the circulatory parameters serve as diagnostic 
glaucoma markers [55]. Reduction of retinal hemoperfusion in glaucoma has been 
repeatedly mentioned in the literature [10, 11]. Nowadays, there is much data on 
hemodynamic disorders in retina, ONH, and retrobulbar circulation in glaucoma 
[49, 56–58]. Moreover, several authors have concluded that color Doppler imaging 
is associated with a prognostic value for damage to visual function in glaucoma 
patients [59, 60].

However, it is not clear yet if reduced blood flow is the cause or the consequence 
of glaucoma damage secondary to retinal ganglion cell (RGC) death. This issue can 
be solved only due to long-term observation of patients by using available methods 
of clinical examination of retinal vessels, optic nerve, and choriocapillaris. One of 
the candidates for this method is optical coherence tomography angiography.

3.2  Optical Coherence Tomography Angiography in Glaucoma 
Diagnostics and Monitoring

Optical coherence tomographic angiography (OCTA) is a new non-invasive diag-
nostic technique to study the microcirculation in optic nerve, retina, and choroid. 
OCTA opens up new prospects for examining the blood supply to main structures 
usually affected by glaucoma (peripapillary retina, optic disc, and internal macular 
layers) [61]. The studies have consistently demonstrated reduced ONH [61, 62], 
peripapillary [63], and macular [63–67] perfusion in glaucoma patients using OCTA.

The cross coefficients of variation (CV) range from 3.2% to 9.0% for the global 
OCT-A parameters of the macular and peripapillary regions [62] and from 5.0% to 
6.9% for the peripapillary region [68]. According to the results of some studies, 
OCTA measurements of vascular density may complement the existing structural 
parameters for glaucoma detection and its progression by detecting changes in the 
microcirculatory bed supplying ganglion cells and axons before changes in struc-
tural thickness measurements [12, 65–67, 69–71]. OCTA has opened the prospects 
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for novel imaging of retinal and ONH microcirculation [72]. OCTA is based on a 
new three-dimensional angiography algorithm called amplitude-decorrelation angi-
ography with a split spectrum (SSADA), comparing successive B-scans at the same 
location to detect blood flow using motion contrast. The reproducibility of OCTA 
has been reported in several studies [61, 73, 74].

Reduced ONH and peripapillary perfusion parameters have been reported by 
different authors in subjects with glaucoma measured by OCTA [61, 64, 72–75]. 
The decreased vessel density (VD) was significantly associated with the severity of 
visual field damage independent of the structural loss [76, 77].

Different authors have found a significant decrease in IOP in patients with glau-
coma compared with healthy people. Wang et al. reported reduced blood flow index 
in the entire optic disc and inferotemporal segment of the optic disc [73]. The study 
by Chichara et al. demonstrated the priority of detecting superficial peripapillary 
retinal VD to differentiate between glaucoma and ophthalmic hypertension and 
healthy eyes [78]. Liu et  al. in their study revealed that there was a significant 
decrease in peripapillary VD in glaucoma patients compared to healthy subjects of 
the same age [74]. According to the authors, this indicator had a high diagnostic 
value for the early detection of glaucoma. Some other studies reported that quantita-
tive OCT-A analysis made it possible to distinguish eyes with glaucoma from 
healthy eyes by evaluating the entire peripapillary vascular network, from the ILM 
to the Bruch membrane [76]. According to Yarmohammadi et al., the decreased VD 
was significantly associated with the severity of visual field damage independent of 
the structural loss, and whole image vessel density (wiVD) of the disc scan showed 
the best AUC in their study (AUC: 0.94) [77].

Previously, we have reported better diagnostic accuracy by using capillary den-
sity in the macular area over the peripapillary area and the optic disc in the early 
glaucoma detection [64]. These data are consistent with the literature data on early 
macular lesions with a high concentration of RGC in glaucoma and explain the 
localization of the vulnerable area of the retina affected at the very beginning of 
glaucoma [79, 80].

The functional activity of retinal ganglion cells can be measured using a pattern 
electroretinogram (PERG). The other objective method of checking visual function 
is the pattern of visual evoked potentials (PVEP). Glaucomatous changes in PVEP 
and PERG were reported before the appearance of anomalies in the peripapillary 
retina and ONH [80–86]. Moreover, PVEPs were used to assess reversible ganglion 
cell damage in the studies of neuroprotective agents for glaucoma treatment [87, 88].

Having compared the diagnostic ability of the vascular, structural, and functional 
parameters in differentiation between the normal eyes, early glaucoma, and moder-
ate to severe glaucoma, we have revealed that the results of the electrophysiological 
testing along with the retinal microcirculation measured by OCTA demonstrated 
superiority over the structural variables in early glaucoma detection (Fig. 2) [89].

According to our study, a strong correlation between the amplitude of the P100 
PVVP and the density of vessels in the ZEN and peripapillary retina, on the one 
hand, and a correlation between the density of vessels in the superficial macular 
plexus and the GCC thickness in inferior hemisphere, on the other hand, were 
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Fig. 2 Clinical examples of the normal controls, early glaucoma, and severe glaucoma. GCC map 
and RNFL thickness map (a), SAP visual field results showing corresponding visual field defects 
(c), PVEP-protocols (d), PERG-protocols (e). Figure b show a stepwise decrease of vessel density 
both in the circumpapillary VD map and Fovea and circum parafovea VD map (wiVD Disc is 
reduced from 54.25% (normal eye) to 52.26% (early glaucoma) to 42.17% (severe glaucoma); 
wiVD Macula Superficial is reduced from 52.56% (normal eye) to 41.95% (early glaucoma) to 
41.29% (severe glaucoma). Figure d show a stepwise decrease of the amplitude and prolonged 
latency of P100 component of PVEP and e show a decrease of the amplitude and prolonged latency 
of N95 component of PERG in glaucoma eyes compared to normal eye. (Modified from the 
National Journal of Glaucoma (RUS), 2019 with permission)

revealed. It can be concluded that the damage of ganglion cells may be associated 
with decreased blood supply to the retina. It was shown that the macular capillary 
vessel area density strongly correlated with inferior hemimacula or structural dam-
age [65]. Inferior hemimacular retinal structure is subject to a decrease in the area 
of the capillary vessels of the retina in eyes with glaucoma. Moreover, the blood 
flow parameters in ophthalmic artery, central retinal artery, and short posterior cili-
ary arteries in early glaucoma significantly correlate with the retinal thickness in the 
inferior hemisphere [90].
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The existing results of studies demonstrate the importance of microcirculation 
parameters of the peripapillary retinal and macular region, PERGs and PVEPs, for 
early detection and monitoring of glaucoma.

3.3  The Detection of Glaucoma Progression Using OCTA

Successful monitoring of POAG depends on early detection of the disease progres-
sion. An individual treatment plan should be based on the risk factors and specific 
clinical markers that allow predicting the rate of disease progression and avoiding 
unreasonable prescriptions.

Increased intraocular pressure (IOP) [91–95] and its fluctuations [96] are com-
monly considered to be the main recognized factors for POAG progression. 
However, there is an increasing interest in the influence of other factors as it is 
known that the disease can progress at normal IOP [27, 97, 98]. These factors 
include a thin cornea [93, 99], low corneal hysteresis [100], optic disc hemorrhages 
[95, 101], peripapillary atrophy of the choroid [91, 100], age of patients [91, 95, 
102], female sex [95, 103], presence of pseudoexfoliation [92], late detection of 
glaucoma [93], and arterial hypotension [104, 105] or/and hypertension [103, 106]. 
Nevertheless, researchers disagree on many issues regarding progression risk fac-
tors and recommend to take into account only highly reliable results concerning 
significant parameters [95, 107].

A number of studies demonstrate the importance of using OCT angiography for 
the detection of glaucoma progression. Moghimi S et al. showed that a higher rate 
of RNFL thinning was associated with an initially reduced density of macular and 
peripapillary vessels in glaucoma patients [70]. An increase in the area of depletion 
of vascular macular blood flow, according to the literature, significantly correlates 
with the presence of structural and functional markers of glaucoma progression, 
such as the appearance of visual field defects and thinning of the RNFL [69]. 
According to literature, there is a direct relationship between the vascular, struc-
tural, and functional changes in patients with advanced glaucoma [108]. Figure 3 
demonstrates a clinical example of the structural and vascular loss that is accompa-
nied by the functional deterioration.

Retinal microvascular loss may be detected more often than structural ones due 
to the presence of the so-called floor effect in the late stages of the disease, which 
certainly puts the use of OCT angiography in the forefront in assessing progression 
of glaucomatous optic neuropathy [109]. Thus, in advanced glaucoma, the measure-
ment of parameters of the microvascular superficial parafoveal vessel density is 
more prognostic due to the lack of “floor effect” [110].

According to Kwon and co-authors, the visual field progression rate was signifi-
cantly faster in eyes with parapapillary deep layer microvasculature dropout detected 
by OCT-A than in those without dropout, and the location of dropout and VF pro-
gression was spatially correlated. These findings implicate dropout as a structural 
parameter suggestive of past glaucomatous VF progression [111].
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a b c

d e
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Fig. 3 Association of structural, functional progression with the decrease of microvascularity in 
the patient with early glaucoma. (a) Progressive RNFL and GCC loss; (b, c) A decrease of vessel 
density in the circumpapillary VD map; (d) A decrease of thickness of GCC and ONH correspond-
ing to the loss of vessel density; (e) Fundus visualization of ONH; (f, g) SAP visual field results

An analysis of FAZ in glaucoma monitoring revealed that, as it manifested, there 
was a significant thinning of the RNFL and GC-IPL, while no changes in perimetric 
data were observed [112].

3.4  Role of the Peripapillary Choriocapillaris Loss in Glaucoma 
Development and Progression

Choroid is another important structure for OCTA assessment. It has the highest 
blood flow compared to any other tissue in the body [113]. The choriocapillary layer 
is formed from small arteries and veins, which then break up into many capillaries, 
passing several red blood cells in one row, which allows more oxygen to enter the 
retina. The choriocapillary layer of the choroid plays a crucial role in supplying 
oxygen and nutrition to the outer cells of the retina, especially the retinal pigment 
epithelium [114]. It should be emphasized that a lesion of blood flow in the chorio-
capillary layer in the area of the peripapillary retina leads to damage to the lamina 
cribrosa of sclerae, resulting in a weakening of the structures of the latter.

Optical coherence tomography and angiography mode have opened up new pros-
pects in the study of choriocapillaris blood flow, or rather, the loss of choriocapil-
laris of the peripapillary retina in glaucoma (Fig. 4).

According to literature, more than the half of patients with primary open-angle 
glaucoma have a choriocapillary dropout in the beta zone of the ONH [115].

Also, during the examination of 118 patients, scientists revealed that with pri-
mary open-angle glaucoma and the presence of defects in the lamina cribrosa 
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a b c

Fig. 4 (a, b, c). Determination of the area and localization of choriocapillary dropout within the 
beta zone on the density map using RTVue XR Avanti («Optovue», USA). On scans of 4.5 × 4.5 mm 
of ONH (a) at the level of the choroid inside the beta zone, the total dropout of choriocapillaris is 
determined (b: red arrows), with the help of ImageJ program, the area of choriocapillaris dropout 
in mm2 inside the beta zone is calculated by pixels (c: red areas)
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Fig. 5 Peripapillary microvasculature dropout area as a reflection of glaucoma severity

sclerae (59 patients), the frequency of detection of choriocapillary dropout was 
more frequent than in patients with glaucoma without defects in the lamina cribrosa 
sclerae (59 patients) [116].

The study by Eun Ji Lee et al. found out that larger lamina cribrosa curvature 
index (LCCI), disc hemorrhage, and the presence of cMvD were associated with 
faster global RNFL thinning in multivariate regression analysis. The regression tree 
analysis revealed three stratified groups based on the RNFL thinning rate divided 
into LCCI and the presence of cMvD. Eyes with LCCI ≥11.87 had the fastest RNFL 
thinning (−2.4 ± 0.8 microns/year). Among the eyes with LCCI <11.87, the pres-
ence of cMvD was the strongest factor influencing the faster thinning of RNFL 
(−1.5 ± 0.8 microns/year). Eyes with LCCI <11.87 and without cMvD showed the 
lowest RNFL thinning (−0.8 ± 0.9 μm/year) [117].

In a recent study, we also showed that the higher the stage of glaucoma, the larger 
the area of loss of choriocapillaris measured in mm2 (Fig. 5).

Youn Hye Jo in their study showed that the initial parameters of choroidal micro-
vasculature dropout (CMvD) can be predictors of the rapid development of visual 
field defects [118].
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We have been obtaining glaucoma patients with the fast thinning of choroid that 
was associated with the rapid visual field deterioration despite the normal IOP 
(Fig. 6).

A thin peripapillary choroid is also considered a predictor of glaucoma progres-
sion [119]. The study by Kim et al. reported that the eyes with the loss of capillaries 
in the lower temporal quadrant of the peripapillary vasculature have more pro-
nounced visual field damage compared to the eyes with preserved peripapillary cho-
roidal microcirculation. Kim et al. noted an inverse relation between the VD in the 
peripapillary vasculature and the SNVS thickness [120]. The data of the present 
study on the prognostic role of the thickness of the peripapillary vasculature are 
consistent with these results.

Two-year observational study by Park H. et al. revealed the prolapse of peripapil-
lary choroidal microvessels (MvD) in glaucomatous eyes with or without disc hem-
orrhage (DH). The authors demonstrated that MvD was significantly higher in 
patients with progressive glaucoma than in stable patients in both the DH and 
no-DH groups. Park H. et al. concluded that MvD is associated with progressive 
RNFL thinning. They suggested that OCTA was a new biological marker for glau-
coma progression, and this biomarker is a peripapillary choroidal microvascular 
system [69]. The authors explained this phenomenon is caused by choroidal vascu-
lar insufficiency, which may play a significant role in the lack of prelaminar nutri-
tion of the optic nerve during the progression of glaucoma.
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Fig. 6 Clinical example of the choroidal thinning in correspondence with structural, functional 
and vascular deterioration. (a) A decrease of thickness of RNFL and GCC; (b) A decrease of 
amplitude of PVEP; (c) A decrease of end-diastolic velocity in the short posterior artery; (d) A 
deep layer microvasculature dropout; (e) Decrease of the peripapillary choroidal thickness
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3.5  The Prognosis of Glaucoma Progression on the Basis 
of Functional, Structural, and Circulatory Data

It is rather complicated to define glaucoma progression, since many various factors 
influence the course of glaucoma [92, 103]. The study by De Moraes reported on the 
fact that combining data can be useful when discussing risks and treatment options 
with individual patients, as well as when standardizing the quantitative assessment 
of the risk of progression in treated patients with glaucoma [100]. From this point 
of view, the application of new biomarkers as the vessel density, measured by 
OCTA, may improve the prediction of glaucoma progression.

We conducted a comparative study of microcirculation parameters, predictors of 
glaucoma progression, and other clinical data [121]. The following results were 
obtained: decreased blood circulation, including regional microcirculation and ret-
robulbar blood flow, is associated with the progression of glaucoma. According to 
the multilevel analysis of models of mixed effects, four predictors were revealed: 
parafoveal superficial plexus vessel density, the end-diastolic velocity of the central 
retinal artery, the volume of focal loss of the ganglion cell complex and the peak 
follow-up IOP. The rate of disease progression expressed as a change of perimetric 
index MD of visual field and RNFL thinning correlated with the peak follow-up 
IOP and the end-diastolic velocity in posterior ciliary arteries. A positive correlation 
was also observed between the thickness of the retinal inner layers in parafovea and 
the parafovea vessel density in superficial layer. Mean ocular perfusion pressure 
(MOPP) correlated with the average ganglion cells complex thickness and its focal 
loss volume [121].

The present study concluded that only a decrease in parafoveal VD in the 
superficial layer was associated with the glaucoma progression, which was con-
firmed by both functional and structural disorders in all statistical models. Several 
existing studies have shown that OCTA makes it possible to detect the disease at 
the preperimetric stage, and OCTA parameters correlate better with functional 
parameters, including electrophysiological parameters, than with structural ones 
[61, 77, 89].

Some authors have reviled that the disease progression is mainly associated with 
low end-diastolic velocity in short posterior ciliary arteries [59] and the high resis-
tive index in central retinal artery [122].

A decrease in OCTA VD may actually precede both structural and functional 
losses and, therefore, may be useful in the diagnosis and monitoring of glaucoma at 
the earliest stages [123, 124]. This decrease detected at early glaucoma stages may 
be used as a glaucoma progression predictor.

Generally speaking, the role of OCTA in identifying glaucoma progression pre-
dictors and the dynamic range of vascular density is insignificant. Moreover, the 
study conducted by Moghimi and co-authors also has underlined that the correlation 
between the rate of RNFL loss and VD measurements was not strong. However, 
Moghimi et al. concluded that the OCTA parameters can predict RNFL loss during 
the long-term follow-up. The authors reported that OCTA may provide the data 
concerning early RGCs dysfunction with lower metabolic needs.
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According to our study, a decrease in parafoveal vessel density can serve as a 
predictor of death of cells and subsequent tissue thinning with functional loss. The 
inferior sector of the macula as a vulnerable region for glaucoma damage makes 
sense, since most of the nerve fibers of the lower macula are projected into the lower 
quadrant of the optic disc, an area that is particularly susceptible to glaucomatous 
damage. Hood et al. described that thinning of RGC and the nerve fiber layer is 
already present in preperimetric glaucoma patients and progresses with increasing 
loss of mean deviation (MD) [79]. Lommatzsch et al. confirmed first that the VD of 
the inferior perimacular sector is lower than in all other sectors, and that this value 
decreases in early forms of glaucoma with progressive losses with worsening of 
progressive losses with deteriorating MD [125]. The recent study showed that a 
decrease in VF MD for every 1 dB was associated with a decrease in macular wiVD 
by 0.43% and pfVD by 0.46%. According to their study, the correlation between 
macular vessel density and MD of the visual field in the whole image was stronger 
than ONH whole image capillary density and GCC and RNFL thicknesses [108]. 
However, the authors did not sufficiently study the reasons for early macula damage 
in glaucoma. This fact is probably due to retinal ischemia with increased metabolic 
needs of the area with the highest concentration of RGC. According to the results of 
our study, the thickness of the RGC and its characteristics (GLV and FLV) corre-
lated with the average ocular perfusion pressure.

The assessment of macular VD in glaucoma monitoring also makes it possible to 
determine the disease progression in such cases when structural parameters are 
unacceptable due to the presence of floor effect. According to Moghimi, even a 
pronounced loss of visual function (MD reached −19 dB) did not result in the “floor 
effect” of VD [126]. Similar results were obtained by Rao [127] who demonstrated 
that the floor effect for the specified parameter did not occur at MD -15 dB. Other 
authors reported that the floor effect in the peripapillary retinal VD occurs some-
what earlier, which is observed at MP < −14.0 dB, but at the same time later than 
for such morphometric parameters as RGC thickness and RNFL [79, 128]. 
According to Hood et al., this effect for RNFL is already visible at MD of −10 dB 
[79]. Other authors have also noted the advantages of studying GCC thickness com-
pared to RNFL [129]. Furthermore, the importance of assessing peripapillary VD in 
the late glaucoma stages has been described in the recent studies [130]. It has been 
revealed that the detection of glaucoma progression at early stages is more reliable 
with the use of SD-OCT, while functional deterioration is more visible in the middle 
and late stages. In our previous studies we reported that the structural parameters (in 
particular, retinal GCС) have priority over functional ones in early glaucoma com-
pared to advanced stage of the disease [89]. However, peripapillary VD had the 
highest diagnostic accuracy to distinguish between early, middle and late stages, 
while parafoveal VD in the surface layer had the highest diagnostic accuracy to 
distinguish between early glaucoma and healthy eyes. In general, the diagnostic 
ability of the OCTA parameters in early glaucoma was higher compared to GCC 
and RNFL thickness.

According to some studies, a decrease in macula VD, OHN, and the peripapillary 
retina is associated with a higher rate of progression of RNFL loss in mild and 
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moderate glaucoma, suggesting that a VD decrease may be a predictor of progres-
sion risk [126]. Their results have shown that vessel density measures tend to be 
more strongly associated with severity of visual field damage than thickness mea-
sures and may be an additional tool to monitor progression in advanced disease. 
These data are consistent with our results, according to which OCTA parameters 
serve as predictors of glaucoma progression [121].

There is a lack of information on the influence of lowering IOP on retinal micro-
circulation. The experimental studies have reported that microcirculation in the 
retina, choriocapillaris, sclera, and lattice plate remains unchanged even with sig-
nificant IOP fluctuations [91]. On the other hand, according to some clinical studies, 
OCTA vessel density strongly correlates with IOP [131–133].

In conclusion, OCTA may significantly improve the early detection of glaucoma 
progression, as formerly OCT has provided more precise diagnostics in regard to 
this detection.
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1  Introduction

Revolutions are common. At present electric and self-driving vehicles are revolu-
tionizing personal transportation. Less than two decades ago the iPhone revolution-
ized personal communication: audio, video, texting. Four to five decades ago 
computerized tomography (CT), then magnetic resonance imaging (MRI), revolu-
tionized personal medical imaging. The 2020 decade is the wearable revolu-
tion decade.

This brief chapter has two goals:

 1. Provide representative examples of wearables for predictive, preventive, person-
alized medicine (PPPM) diagnosis and treatment.

 2. Provide representative examples of the techniques and technologies involved so 
the creative reader may conceive and implement innovative wearable applications.

2  What Are “Wearables”?

“Wearables” can be defined in either a limited or an inclusive manner. A limited 
definition would be wearables as devices such as smart wrist watches, wrist and 
ankle bracelets, and smart rings (Fig.  1). A somewhat more inclusive definition 
would include smart clothing. More inclusive still would be smart skin patches. 
Temporarily worn devices such as smart masks (e.g., breathalyzers) can be included. 
Broader still would be including smart ingestibles—devices that are swallowed and 
collect information as they transit the gastrointestinal (GI) tract or attach to the wall 
of the GI tract for longer term monitoring or treatment. The broadest definition 
includes implantable devices—under the skin, in the bloodstream, or in specific 
organs (e.g., joints, heart, brain).

Since this review is primarily concerned with the gamut of current and prospec-
tive personalized diagnostic and therapeutic devices as well as the technologies 
involved, we will consider “wearables” as follows:

“Wearables” are devices, in close contact with the individual, that provide personalized 
information to guide and optimize prediction, prevention, diagnosis, and treatment of con-
ditions affecting the individual’s healthcare and quality of life.

R. J. Andrews



341

Fig. 1 Multisensory sleep 
and activity tracker by 
Oura Health, Oulu, 
Finland. (The image was 
taken from the open access 
article in [13])

3  Wearables Are Becoming an Essential 
Component of PPPM

Wearables have become a major factor in the evolution of digital clinical trials 
(DCTs) [1]. DCTs offer the advantages of (1) large numbers of participants, (2) pas-
sive data collection (reducing the need/personnel for in-person follow-up assess-
ments), (3) voluminous longitudinal data collection [2]. The design and 
implementation of DCTs has become formalized thanks to the Clinical Trials 
Transformation Initiative (CTTI), an organization composed of academia, govern-
ment, industry, and patient advocate representatives [3]. The development of mobile 
health applications (apps) for smartphones has made DCTs practical for large num-
bers of study participants over the past 7 years [4].

4  Examples of Wearables for PPPM

One traditional “wearable device” would be the thermometer; another would be the 
sphygmomanometer (blood pressure cuff). However, we are interested in devices 
with more autonomous and continuous capabilities: both the thermometer and 
the sphygmomanometer provide only an instant “snapshot” and lack the intercon-
nectivity attributed to “smart” devices.

Some of the earliest wearables include wristband physical monitors (e.g., 
Fitbit) and smart watches (e.g., Apple Watch—AW). One of the early large studies 
of a wearable device (and an example of industry-academic partnership) was the 
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Apple Heart Study (AHS), a collaboration between Apple Inc. and Stanford 
University [2]. The AHS built upon CTTI’s recommendations for a DCT to collect 
data regarding atrial fibrillation (AF) digitally from over 400,000 participants. The 
AW uses an optical sensor to detect the pulse waveform to measure heart rate, thus 
enabling detection of AF. Participants who demonstrated (through the AW) proba-
ble AF were then provided an electrocardiogram (ECG) patch to confirm the pres-
ence of AF. In essence, one fulltime wearable (the AW) provided continuous data 
that was validated by another temporary wearable (the ECG patch). All participants 
with suspected AF were followed by a telehealth doctor, i.e., the AHS DCT was 
“site-less” and used smart devices and telemedicine for continuous PPPM.

Diabetes, a disorder of global proportion, has been a topic of personalized diag-
nosis and treatment for over 60 years [5]. The term “artificial pancreas” has been 
used to describe personalized closed-loop systems to monitor the need for, and pro-
vide the delivery of, insulin. Commercially available systems for diabetes at present 
are limited to hybrid closed-loop systems: although automated for the most part, one 
needs to program additional insulin for meals. Conditions requiring manual input 
include those that are temporary (meals, exercise) as well as those that are longer 
term (pregnancy). The era of completely closed-loop diabetes systems will soon be 
upon us, thanks in large part to artificial intelligence (AI). Algorithms following the 
rate of change of blood glucose levels can detect the effect of meals; coordination 
with another “wearable” such as a smart watch can provide heart rate data essential 
for quantifying exercise. An additional refinement is a system that incorporates not 
only insulin but also glucagon to counteract hypoglycemic episodes. Such a system 
is complicated by issues such as (1) the need for a form of glucagon that is biochemi-
cally stable for an implanted system and (2) the differing pharmacokinetics of insulin 
and glucagon (the latter being much more rapid in onset of its effect).

Parkinson’s disease (PD) is another disorder amenable to wearables for 
PPPM. The smartphone itself can collect much of the relevant individual informa-
tion in this disorder of movement, thanks to the smartphone’s accelerometer and 
other sensing capabilities. One early pilot study of 20 individuals (10 PD patients 
and 10 controls) demonstrated that five smartphone tests (voice, gait, posture, finger 
tapping, response time) could distinguish those with PD from controls [6]. More 
recently, findings from the mPower observational study of PD (using smartphone 
data from tests of voice, gait, balance, finger tapping, memory) have been reported 
[7]. This report is notable for the thoughtful, detailed discussion of the potential 
limitations of smartphone collection of study data. A particular benefit of the smart-
phone technology for PPPM is the ability for the PD patient to assess the effects of 
medication changes on objective performance measures.

Early diagnosis of the more than one in ten infants who have neurodevelopmen-
tal abnormalities is a universal healthcare challenge: assessment by trained profes-
sionals who administer standardized neurodevelopmental tests in an office or clinic 
setting is impractical for many reasons. Objective measurement of spontaneous 
infant motor behavior at home is a practical alternative [8]. An infant jumpsuit 
incorporating a sensor (linear acceleration and angular velocity) for each of the 
infant’s four limbs allows Bluetooth streaming of data (Fig. 2); video recordings of 

R. J. Andrews



343

Fig. 2 A 10-month-old 
subject crawling at home 
with the MAIJU (Motor 
ability Assessment of 
Infants with a Jumpsuit) 
jumpsuit, equipped with 
movement sensors in the 
proximal pockets of each 
limb. (The image was 
taken from the open access 
article in [8])

infant activity scored by independent annotators and sensor data were mapped by 
convolutional neural network techniques. The very detailed description of the meth-
odology and the challenges faced by the group in Finland is informative; the poten-
tial for wearable sensor-based technology to advance the diagnosis and treatment of 
disorders of motor function (e.g., neurodevelopmental, PD, stroke) personally, 
cost-effectively, and globally is demonstrated.

The potential of wearables to enhance PPPM for more population-wide condi-
tions is just beginning to be appreciated:

 1. Weight management is becoming a universal concern, particularly in coun-
tries where obesity rates are increasing rapidly, and pharmaceutical compa-
nies are developing “blockbuster” drugs to combat this global epidemic [9]. 
Wearables for weight management are going beyond activity monitors (e.g., 
Fitbit) and smartphone apps to bite counters as another approach to weight 
reduction [10];

 2. For women planning to become pregnant, the Ava bracelet (Ava AG, Zurich) 
has been used to measure seven parameters (including wrist skin temperature, 
heart rate, heart rate variability, respiratory rate, skin perfusion) plus machine 
learning to develop an algorithm to predict the “fertile window” [11];

 3. A nametag-like device that records both face-to-face interactions (infrared 
sensor) and body activity (accelerometer) has been used to correlate the group 
interaction and individual body activity data with the results of the Center for 
Epidemiologic Studies Depression Scale (CES-D). Data were gathered from 449 
employees at ten companies in Japan. Evidence of depression on the CES-D was 
negatively correlated with more robust interactions as well as more animated 
body activity (more individual body movements, e.g., gesticulations) [12].
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 4. A minimally-invasive biometric ring allows lifestyle modification through feed-
back of sleep and exercise behaviors [13]. The Oura ring (Fig. 1) supplied data 
on pulse rate, amplitude and variability, motion, and skin temperature that under-
went extensive machine learning-based analyses to yield information on sleep 
status and physical activity. This information was in turn provided to each sub-
ject as text messages providing information (e.g., number of steps the previous 
day) as well as encouraging suggestions on how to improve sleep and activity 
going forward.

COVID-19 has fostered wearables for diagnosis (ideally in the pre-symptomatic 
stage), with the advantages of (1) privacy (home-based), (2) logistics (no need for 
the individual or the sample to travel to the lab), (3) cost. Several techniques have 
been proposed:

 1. Using a smartwatch or fitness tracker to follow resting heart rate plus deep learn-
ing to develop an algorithm (PCovNet) to identify COVID-19 patients in the 
pre-symptomatic stage [14];

 2. Using the Ava bracelet (Ava AG, Zurich)—parameters measured given in the 
previous paragraph—worn at night plus a machine learning algorithm to identify 
68% of COVID-19 patients up to 2 days before symptom onset [15];

 3. Using breath analysis with a mask and mass spectroscopy for COVID-19 diag-
nosis [16].

5  Examples of Wearables Technology

A primary advance in wearables technology is making the wearable as unobtrusive 
as possible. Possibilities are (1) miniaturization and (2) incorporation of the wear-
able sensors into existing customs (watches, bracelets, clothing). One example of 
miniaturization and incorporation into existing customs—a step beyond smart 
watches—is the Oura ring (Fig. 1) [17, 18]. The Oura ring, monitoring heart rate, 
blood oxygenation, temperature using LED sensors, temperature sensors, a 3D 
accelerometer, and a gyroscope, has been used by professional sports organizations 
such as the National Basketball Association (NBA) in the USA for, e.g., optimizing 
sleep to enhance athletic performance [17, 18].

A crucial issue for wearable sensors is durability matching that of the clothes 
harboring the sensor, one major aspect being the ability to communicate the data 
acquired with an external device (typically a smartphone). Traditional electronics—
even at the micro-scale—are inflexible. One proposed solution is a liquid metal 
fiber: perfluoroalkoxy alkane (PFA) tubing infused with galinstan (a liquid metal) 
[19]. The liquid metal fiber is digitally embroidered onto the existing fabric/garment 
(Fig. 3); an axillary temperature monitoring garment has been illustrated (Fig. 4).

A very different approach to wearable sensors—an approach appropriate for 
detecting small molecules (e.g., environmental toxins) as well as bacteria and viruses 
(e.g., COVID-19)—involves freeze-dried cell-free genetic detectors and 
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Fig. 3 Illustration of the digital embroidery process. Liquid metal fibers consist of perfluoroalk-
oxy alkane tubing infiltrated with galinstan. (The image was taken from the open access article 
in [19])

Fig. 4 Textile thermal monitoring system comprising a sensor node connected with a smart-phone 
reader via a near-field relay integrated on a shirt. The top row shows images of the system compo-
nents; the bottom row shows the block diagram. The distance between the reader and sensor node 
is more than 10 cm apart. (The image was taken from the open access article in [19])

Wearable Revolution: Predictive, Preventive, Personalized Medicine (PPPM) Par…



346

colorimetric or fluorescent outputs (much like current COVID-19 tests for home 
use) [20, 21]. Cell-free genetic templates are freeze-dried for long-term storage, 
embedded in textiles or masks, then rehydrated immediately prior to use; colorimetric 
response occurs within an hour or so. For many applications, the simplicity of not 
requiring electronics outweighs the limitation of single use. A face mask for COVID-19 
detection has been demonstrated with a detection rate similar to RT-PCR assays [20].

Another technique—suitable for blood pressure (BP) monitoring–utilizes bio-
impedance and a graphene patch or tattoo placed over the radial and ulnar arteries 
at the distal forearm/wrist area [22]. Major advantages of graphene patch bio-
impedance monitoring of BP are (1) deep penetration of tissue (20 mm or more); 
(2) ultrathin (down to 200 nm); (3) continuous (over 5 h in prototype, potentially 
much longer). Such a BP patch has been shown effective through strenuous exercise 
(e.g., push-ups) and sweating; a machine learning algorithm for a specific individual 
allows accurate BP data to be acquired from the same individual days later. An 
additional advantage is that by post-processing (including fast Fourier transform) 
the individual’s respiration rate can be extracted from the BP data acquired [22].

Microneedle (MN) patches are being 3D fabricated to allow transdermal deliv-
ery for therapeutic purposes. One example is a patch made of biodegradable poly 
(d,l-lactide-co-glycolide) (PGLA) 1 × 1 cm in size with approximately 200 MNs 
[23]. Each MN consists of a PGLA shell with a core or payload of drug or vaccine. 
The PGLA can be formulated to release at a specific time (from a few days up to 
48 days); patches with differing release times can be applied to the skin to provide 
multiple release times (mimicking multiple drug or vaccine injections over time). 
The role of 3D printing technology in the fabrication of MNs has recently been 
reviewed [24]. A variation on the theme of MNs for transdermal delivery—a tech-
nique capable of delivering viable cells—is the cryomicroneedle (cryoMN) [25]. 
The therapeutic cells are suspended in the cryogenic medium (phosphate-buffered 
saline plus 2.5% dimethyl sulfoxide and 100 mM sucrose) and cast into a mold. 
Over several hours the cyroMN patch is cooled from −20 °C to −196 °C. Although 
the cryoMNs are clearly biodegradable, they suffer the same limitation as COVID-19 
mRNA vaccines in that they require ultracold shipping and storage conditions—
plus very rapid application to the skin. However, the ability to deliver cells transder-
mally is a crucial advantage of cryoMNs.

6  Conclusions

One might consider the decade 2010–2020 the initial decade of PPPM—and the 
decade 2020–2030 the decade of wearables to implement PPPM from “Bench to 
bedside” and even beyond to be capable of early prediction, and very personalized 
prevention. Thanks to advances in data gathering technology such as patches down 
to the nano level, spectroscopy, and bioimpedance—and advances in data analytical 
technology such as AI—the health and wellbeing applications of wearables will 
increase exponentially in the years until 2030 thus increasing the potential for prac-
tical application of PPPM in the future healthcare.
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