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1 Personalized medicine

1.1 Introduction

Everyone is different. Each person represents a unique combination of genomic, 
demographic, developmental, occupational, and environmental factors. This also 
means that treatment challenges for every person are not the same.

Traditional medicine is based on the application of protocols. If a given therapy 
was observed to be successful for a group of people in a randomized controlled trial 
(RCT), then traditional medicine concludes that the treatment should work for all 
patients. Although this assumption works in general, with recent scientific advance-
ments, it has become clear that there are situations where the assumptions fail 
because of the following reasons.

First, traditional approaches do not account for the ethnic heterogeneity of 
patients. The risks for developing many diseases vary across ethnic groups. In addi-
tion to disparities in disease risk across races and ethnicities, there are also survival 
disparities across different racial groups (e.g., 5-year survival rates among those with 
breast cancer) [1–4].

Second, the one-protocol-to-heal-them-all approach does not necessarily 
account for confounding factors, such as race, age, gender, body mass index, socio-
economic status, or even birth month [5–8]. Protocols impose an “if-else” rule-
based approach, which usually depends on the observation of laboratory tests and 
the response of the patient to the treatment. In addition, most clinical protocols 
are based on initial RCTs. However, in order for an RCT to be adequate, all possi-
ble  confounders need to be identified a priori before the randomization occurs. 
If one confounder variable is missing during the randomization step, then the  
results of the RCT would not generalize to those groups.

Third, there is a diversity of patients’ responses to treatment. A higher response 
rate to the treatment for a group of people may also be associated with increased 
toxicity for the other. This basically means that even if a given treatment helps some 
people or subpopulation of the study, the treatment may be harmful to another 
 subpopulation. 

There is also the issue of adherence to the treatment regime. Certain patient 
populations do not believe in taking prescription medications because of ideologi-
cal reasons (e.g., those adhering to the scientology religion do not believe in taking 
prescription medications). Therefore, RCTs may exclude these individuals because 
they are not willing to cooperate with the treatment protocol. However, in some 
cases, these individuals still enter hospitals and seek medical care. If this patient  
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subpopulation has never participated in any clinical RCTs, it may be difficult to 
 determine whether the treatment would be effective among this patient popula-
tion. They are essentially an unstudied patient population. These constitute some of  
the very important and critical challenges faced by personalized and precision 
 medicine in the twenty-first century.

An important concern is that many clinical trials are not representative of  
the diversity that exists in human populations. For example, Kwiatkowski et al. [9] 
studied ethnic and gender diversity in 304 publications between 2001 and 2010 and 
found out that in 277 treatments and 27 prevention trials, over 80% of participants 
were white and nearly 60% were male. Another study by Chen et al. [10] pointed  
out that the percentage of reporting minorities from five major studies in litera-
ture varied between 1.5% and 58.0%, and only 20% of papers in high impact factor 
 oncology journals detailed the results broken down by each separate ethnic group. 
There is an ongoing effort to encourage minorities to participate in random  clinical 
trials [11]. However, this is a challenging area because researchers must overcome 
years of mistrust generated by a system that has often been discriminatory toward 
minority populations [12]. To conclude, efforts need to be made to redesign clini-
cal trials to reflect the diversity of the patient population treated in the clinic and 
to address issues pertaining to individuals themselves instead of populations  
as a whole.

The aforementioned challenges with traditional approaches in medicine show 
an emerging need for developing more customizable treatments based on the 
“true” patient [13], which would be more fit to a given patient, instead of focusing 
on general outcome statistics [14]. Schork [15] reported that somewhere between 
1 in 25 and 1 in 4 (25%) patients are actually receiving benefit from taking some 
of the most popular drugs in the United States. For example, statins, which are  
prescribed to lower cholesterol, were said to benefit only 1 in 50 patients. 

As in personalized medicine, there are no historical data for each of the  
patients; therefore, recent efforts focus on tailoring treatment to a given set of char-
acteristics of the patient rather than to the entire individual as a whole. Precision 
medicine is about giving the right patient the right drug in the right dosage at the 
right time [16]. Tailoring a therapy based on the observation of the context of the 
patient allows therapy adjustments down to a fine-grained level of detail. The hope  
is that this would improve the prognosis and reduce costs of the treatment. 

In recent years, there has been a noticeable increase in interest on the imple-
mentation of precision medicine programs. The “All of Us” initiative was launched 
in the United States in 2015 with the aim to recruit at least one million individuals 
with diverse lifestyles, environments, and biology to create a database for scientific 
 analysis that is open to researchers around the world. Similar programs, but on a 
smaller scale, were also launched across the globe: Australia, Belgium, Canada, 
Estonia, France, Israel, Japan, Korea, Luxembourg, Singapore, Thailand, and 
the United Kingdom [17]. Much of the effort is taken to create as accurate data as  
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possible, including multiomic data, i.e., genomic, proteomic, transcriptomic, epig-
enomic, microbiomic, and other information. The combined data could be analyzed 
to search for patterns for common diseases. By combining knowledge about the 
patient, not only disease prognosis could be predicted, but also its susceptibility of 
the disease and the patient’s response to certain treatments. This research could lead 
to an improvement in the health and outcome of the patient. 

Similarly, an individualized approach can support better understanding of 
genetic factors for rare diseases. A rare disease is defined by the Food and Drug 
Administration (FDA) as a disease, affecting fewer than 200,000 people in the United 
States (≥0.06%). The FDA has identified a total of 7,000 diseases meeting these rare 
disease criteria, many of which have no known treatment.1 Understanding molecular 
mechanisms in different diseases could create a better classification of diseases. This 
can allow researchers to repurpose existing drugs used for treating one disease for 
treatment in another [18].

The volume of health care-specific data is increasing. The number and amount 
of publicly available data sets is rapidly growing. The Database of Genotypes and 
 Phenotypes offers access to both publicly available and restricted individual level 
data [19, 20]. The Gene Expression Omnibus created in 2000 stores more than 40,000 
data sets with 1,200,000 of samples by 2018 [21–23]. Creating repositories with  
collected biological samples (biobanking) as well as the integration of multiple types 
of data (multiomics) has provided different sources of information. This multiview 
approach could allow better understanding of mechanisms of diseases.

With a growing number of publicly available patient data, there is an emerg-
ing need to implement novel techniques for data analysis. With recent advances in 
machine learning, deep learning becomes widely used in biomedical sciences [24]. 
Another technique that has become more popularly applied to bioinformatics is 
biclustering [25]. This data mining technique can be used to identify subgroups of 
patients with specific characteristics [26, 27]. With the recent progress in the field 
and development of sophisticated and accurate methods that can extract informative  
patterns, a step was made toward finding explanation for diseases [28–31].

In the subsequent parts of this chapter, we provide a very brief introduction into 
different techniques and their applications to personalized medicine. 

1.2 Three-dimensional printing

Printing in 3D, which is a process of building a 3D object layer by layer based on a 
computer model [32], has already allowed rapid prototyping and customization in 
manufacturing, designing, and production of parts for automation or components 

1 www.fda.gov/industry/developing-products-rare-diseases-conditions/rare-disease-day-2019.
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for construction. This technique was invented in the early 1980s by Charles Hull and 
called “stereolithography.” The exact processes of 3D printing differ and depend on 
the material used, device, speed, or resolution [33]. 

One of the first reported applications of 3D printing in medical domain was the 
development of prosthetics and dental implants [34]. Since then, 3D printing has 
made a great impact on medicine by allowing the development of customized bones, 
ears, cells, blood vessels, tissues, or even organs. This area of application is called 
bioprinting. Three-dimensional printing has also allowed the emergence of multiple 
personalized medical devices as well as drug development.

In this part, we overview the recent applications of 3D printing technology in 
medicine.

1.2.1 Medical 3D bioprinting

Enabling 3D printing of biocompatible materials could be considered a recent 
 breakthrough in regenerative medicine. The integration of multiple technologies 
from  biomaterial sciences, engineering, cell biology, medicine, and physics has 
allowed to deliver synthetic cells or tissues, including a multilayered skin, bone, 
or even heart [35, 36]. This provides a technique for the creation and development 
of cells or even organs in biosynthetic materials, which could be later transplanted 
to patients. With high need for tissues and organs for transplantation, biocompat-
ible materials could be used as a potential alternative. The implantation of cells 
or organs that would mimic the native ones in both geometry and cell distribu-
tion has been sought for over a decade. The rejection rate might be minimized by 
using cells from the donor’s own body, which could serve to create a replacement  
organ [33, 37].

A typical process of 3D bioprinting begins with imaging of the damaged tissue, 
choosing the design (biomimicry, self-assembly, or minitissue building blocks), select-
ing the material (the most popularly used materials are synthetic or natural polymers 
or decellularized Extracellular matrix (ECM)) and cells, bioprinting, and application, 
which either could be in vitro or may require some maturation in a bioreactor before 
it could be transplanted [36].

1.2.2 Medical devices

The personalization of the medical devices has played a great role especially in cases 
where the patient is expected to be wearing a device for an extended period. One of 
the success stories of the application of 3D printing in health care is manufacturing 
hearing aids. The process of fitting the right hearing aids used to be handcrafted and 
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was very lengthy. In the situation where a millimeter of difference in the design of a 
device could cause discomfort to the patient, 3D printing comes with the perfect aid. 
By imaging, a device could be perfectly fitted to the patient, which greatly shortens 
the process and improves the comfort [33].

Another example of using a personalized device for improving health care is the 
Invisalign® aligner [38]. The set of orthodontic devices allowing a gentle adjustment 
of teeth location has proven to successfully help thousands of patients without the 
necessity to wear visible braces.

The development of personalized masks for acne treatment is another interest-
ing application of 3D printing. By taking a digital image of a patient’s face, a mask 
is manufactured, which allows to dissipate the solution evenly on the skin of the 
patient [39].

1.2.3 Anatomical models for surgery planning

What is even more promising is that computer models can be printed using 3D 
 printers, which could increase the success rate of very complex surgeries. In this 
way, the surgical removal of tumor from involved organs could be practiced in a  
simulator as needed before the actual procedure, without any harm to the patient. 
Similarly, vascular modeling may enable cardiac surgeons to implant stents custom-
ized to the patient. A digital model of the blood vessels can serve to design the stents 
of the proper construction: size, shape, and bendability. The stent could be later 
printed and implanted to the patient with greater success rate than the conventional 
ones and decrease rejection rate [31].

1.2.4 Medication manufacturing

One of the latest trends in using 3D printing for biomedicine is the development of 
targeted drugs or those with different release times. The first 3D-printed drug called 
Spritam® was approved by the FDA in 2015. The drug offers treatment for seizures in 
epilepsy [39]. 

A 3D-printed drug has been successfully used as a patch for the prolonged 
release of anticancer drug in pancreatic cancer treatment [40]. This allows the 
drug to reach desirable concentration at the tumor sites, in contrast to traditional  
chemotherapeutic drugs, which are poorly soluble in aqueous media.

There is ongoing research on creating multidrug pills. Those personalized pills 
would substitute multiple pills administered to a patient with a single personalized 
pill. Patients would no longer need to remember the dosages of different drugs, e.g., 
two pills of one drug three times per day and one pill of another drug twice a day. 
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Instead, a simplified pill would be administered, and all the required doses would 
be released automatically. This should improve the car by minimizing the mistakes 
of the patients, such as taking too much pills of a first drug or missing another [33].

1.3 Holography and personalized medicine

Holograms have been popularized in science fiction and often consist of a 3D image 
that interacts with a user when triggered (e.g., when an individual walks up to a 
kiosk). But what are holograms, and how can they be used to advance personal-
ized medicine? Holograms are 3D images that are formed by the interference of light 
beams from a laser or other coherent light source [41]. Holography is the science and 
study of making holograms.

So how can holograms be used in personalized or precision medicine? By 
 definition, holograms are made through the interference of light beams that produces 
an image. Holographic sensors are sensors that change color based on the angle 
of light that refracts from the structure. They consist of 3D analyte nanostructures. 
When the light diffracts from these nanostructures, one can learn something informa-
tive about what is taking place [41].

1.3.1 Holographic sensors and point-of-care testing

For example, there are colorimetric urine tests that measure pH, protein, and glucose 
in patients’ urine. A smartphone algorithm was also developed to quickly read the 
results of these colorimetric tests and to detect important color changes in the urine in 
response to the test [42]. This would be especially useful for those that are color blind 
and unable to read the color change results themselves. 

Colorimetric tests are an emerging area of point-of-care medicine [43]. These 
tests have been suggested as proof of concepts for blood-based biomarker tests for 
 psychiatric diseases [44]. They could be used to detect if a patient is having a chemi-
cal imbalance crisis event, which is important in psychiatric disease  treatment. 
These point-of-case colorimetric tests could also be used to detect if patients are 
taking their prescription medications (drug adherence) or using illicit substances 
[45]. Biometric holography can also be used to detect chemoresistance among  
patients [46].

Environmental exposures, such as exposure to DDT (an insecticide used to  
reduce the mosquito population), could also be monitored via colorimetric tests, 
which have been described as early as the 1940s [47] but are gaining more traction 
recently [48]. These colorimetric methods would be very useful in the future to help 
quantify the number and kinds of environmental exposures. A recent study on pre-
natal exposures found that at least 219 distinct environmental exposures have been 
studied in the literature with regard to their prenatal effects [6]. Therefore, methods 
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are needed to easily identify if individuals have been exposed to these various expo-
sures, and if so, to what extent.

1.3.2 Holographic sensors and surgery

Microsoft has developed a new HoloLens in which researchers are developing  
methods in the surgical context. Holographic methods can be used to detect and 
clearly delineated cancerous from noncancerous tissue. However, it is often difficult 
to implement these methods in the surgical context because of surgeons’ reliance on 
their natural eyesight to make important delineations that may not be captured by 
current digital methods. Therefore, rather than fully replacing a surgeon’s  eyesight 
with a digital headset, researchers are beginning to use Microsoft’s HoloLens to 
augment the surgeons natural eyesight without fully replacing their eyes to help in 
delineating cancerous from noncancerous tissue [49]. These methods are still in their 
nascent stages, and much work is required in this area to make these methods appli-
cable and usable in the clinical setting.

1.4 Robotics

One of the areas used to be thought of as science fiction and has now become a reality 
is robot-assisted surgery. Over 1.75 million robotic procedures have been performed in 
the last 14 years in the United States only [50].

Robotics can improve health care by supporting aid at minimal invasive surger-
ies. Robotic arm could be much more precise than a human hand and better control 
surgery instruments. It also does not transmit tremors manned surgeries. This allows 
for more precise operations, smaller incisions, and decreased loss of blood. As the 
results of postsurgery complications risks are usually decreased, hospitalization 
shortened and recovery process speeded up.

One of the robotic devices that have already become established is the da Vinci 
robot by Intuitive Surgical. The robot, operated from the console, was approved by the 
U.S. FDA for performing different complex medical surgeries that support gynecology, 
urology, and other disciplines. It is commonly used worldwide for prostatectomies 
and gynecologic surgeries. Similar devices are also developed by other companies.

Intensive work is also being done on remote surgeries, which could be performed 
by a skilled specialist from any place in the world. According to PC Magazine, the first 
successful remote operation on a human using 5G network was performed in China.2 
The surgeon who was located over 1,800 miles from the operating room implanted 

2 https://www.dailymail.co.uk/health/article-6821613/Surgeon-performs-world-remote-brain- 
surgery-patient-1-800-MILES-AWAY.html.



8   1 Personalized medicine

deep brain stimulation device to a patient suffering from Parkinson’s disease. With 
the rapid development of 5G mobile network, such surgeries may become more 
popular and improve local health care, especially in cases when transportation of the 
patients is unsafe or expensive.

Although the progress in robotics is clearly visible, multiple challenges still 
remain. A nonnegligible number of surgical complications were observed. Among 
over 1.75 million of robotic-assisted surgeries performed between 2000 and 2013, 
among 10,624 reported adverse events, 144 deaths, 1,391 patient injuries, and 8,061 
device malfunctions were reported [50].

1.5 Computer modeling

One of the ways how recent technologies change reality is computer modeling. In the 
recent years, simulation has moved far beyond classic approaches for visualizing large 
data sets [51]. Digital models of certain organs or tissues acquired using visualization 
techniques, such as CT, MRI, X-ray, or ultrasound, could be used as simulators, which 
can be used to train future generation of surgeons. Similarly, performing a procedure on 
a real patient is no longer the only way that surgeons may learn their profession. The 3D- 
printed physical models of real organs may serve as a great educational tool for surgeons. 

Visualization technologies bring also a deeper insight into the actual nature of 
a particular disorder. Creating a digital model of an actual organ of a patient may 
allow to better understand the nature of a particular disorder. Different reparative 
procedures could be compared, and thus the optimal procedure or treatment could be 
adjusted to the patient. Digital copies of the organ may also be shared and discussed 
by a group of physicians. 

Another area of interest is modeling a patient within the health system. With 
digitalization, electronic health records were introduced in multiple providers across 
Europe and the United States. The major aim of the systems was storing patients’ 
data in digital forms, which included all procedures, physicians’ notes, and labora-
tory results. With the expansion of data mining and machine learning, electronic 
systems became invaluable sources of information. Unfortunately, the systems were 
not designed for this purpose, and the extraction of data is sometimes challenging. 
Different approaches are made to better understand the interaction of patients with 
the health care. For example, by modeling trajectories of patients for different dis-
eases, groups with different survival chances may be extracted, which could be later 
used for targeting similar patients with different treatments [52].

1.6 Hybrid operating room

The way that surgeries are performed has significantly changed over the last few 
years. With access to more advanced technologies, diagnostics, and imaging,  
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increasingly complex procedures are performed and—what is even more  spectacular—
are successful in delivering the proper care to the patient. 

In this section, we start with a short overview of a modern surgical theater,  
which is called a hybrid operating room (OR). We also highlight some of the recent 
advances in techniques of extended reality and the ways that it has started to be 
adapted in operating theaters. A more thorough information on hybrid OR could be 
found in Chapter 7 of this book.

1.6.1 Hybrid OR

The quality of surgeries is continuously increasing, thanks to the better  training 
of the surgeons, as well as the investments in facilities by hospital stakeholders. 
Combining a traditional OR with interventional suite with advanced imaging and 
visualization creates a space for more advanced surgeries. This facility, usually  
operated by an interdisciplinary team of clinicians, is also called a hybrid OR.

Hybrid ORs are modern spaces that facilitate state-of-the-art equipment, allow-
ing image-guided or minimal invasive procedures or even open procedures. Instant 
access to C-arms, CT, or MRI devices during the procedure allows constant moni-
toring of the state and instantaneous adjustment during the procedure. This is 
especially valuable for providing the best care for patients undergoing cardiac or  
neurovascular procedures.

The flexibility offered by hybrid ORs is not limited to cardiac or neurosurgeries. 
With access to such advanced facilities, the facilities can also provide support for ER, 
laparoscopic, orthopedic trauma surgeries, and many others. 

1.6.2 Augmented, virtual, and extended reality (AR/VR/XR)

Virtual reality (VR) and augmented reality (AR) technologies, collectively called 
extended reality (XR), have been in development and use since the 1990s but have 
recently become much more affordable and much easier to work with, and develop-
ing software for these applications has become easier as well. Because of this, there 
is a boom in new XR applications, and there is a fast growth in adoption across many 
fields, including health care, data visualization, gaming, architecture, and training 
and maintenance within many fields. Within health care, some applications fit within 
the broader topic of personalized medicine. 

The difference between VR and AR lies in the relationship between the com-
puter-generated virtual experiences and the real world. In VR, a user is completely 
immersed in a virtual world. Typically, this is achieved by wearing a head-mounted 
display capable of stereographic image projection that completely blocks out the 
user’s view of the real world. Two well-known systems of this type are the HTC Vive 
and the Oculus Rift. Interaction with the virtual world typically involves two  handheld 
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controllers that the user manipulates. The application can completely control the 
world that the user sees and interacts. In AR systems, the user wears a headset with a 
see-through projection screen, sometimes in the form of what looks like glasses. The 
computer-generated imagery is projected into the user’s eyes from this screen and 
overlaid on top of the user’s view of the real world. In contrast to VR, AR allows the 
user to navigate and interact with the real world while viewing computer-generated 
imagery. 

The following are some examples of surgical XR applications. Other examples of 
how personalized medicine could be used for a hybrid OR may be found in Chapter 7  
of the book.

1.6.3  VR for visualization and assessment of mitral valve geometry  
in structural heart disease

In this small study, the SyGlass3 VR application is evaluated as a tool to assist in 
the modeling and measurement of mitral valve (MV) geometry [53]. The long-term 
goal of the project is to develop an easier and faster method for evaluating the MV 
geometry of a patient with MV anomalies. There are two common MV anomalies, 
each addressed by a different surgical procedure. The geometry of the MV determines 
which  procedure should be used, and the echocardiogram that is used to image the 
valve is performed at the beginning of the patient’s time in the OR. Thus, there is a 
need for a quick and easily learned method to analyze the patient’s MV geometry in 
the OR.

Conventionally, interactive 3D modeling of the MV in echocardiography involves 
visualizing and interacting with the valve in a volume-rendered image and a series of 
cross-sectional planes on a standard 2D computer display. Although this is a state-of-
the-art method, it requires a sophisticated 2D-to-3D mental integration step to identify 
and measure individual components of the MV, it is time consuming, and it requires 
specialized training. By contrast, the SyGlass application presents a 3D volume of the 
MV in VR, which allows for much more natural perception of and interaction with 
the 3D structure. The user can look around naturally to get different views of the MV, 
yielding very rich depth and structural information. They can hold a virtual marker 
tool in their hand and reach out naturally to line it up precisely in space with the 
portion of the MV they intend to mark for specifying its geometry. 

This preliminary study suggests that the use of SyGlass for MV measurement has 
reproducible high accuracy, and it is quick. If further study confirms these findings, 
this method could be performed on site in the OR to help make a quick decision about 
which surgical procedure to implement for the patient.

3 syglass.io.
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1.6.4 3D-ARILE by the Fraunhofer Institute for Computer Graphics Research IGD

The 3D-ARILE system4 is an experimental AR system meant to assist in the surgi-
cal removal of a sentinel lymph node after the excision of a malignant melanoma 
tumor. A near infrared-activated dye is injected in the lymph node, and a custom  
3D NIR-sensitive camera tracks its location in space. The surgeon wears a custom 
AR headset that interacts with the 3D camera to collect information about the lymph 
node’s position in space and then presents an image of the lymph node to the surgeon, 
overlaid on the patient’s body. The surgeon can change her move, and the overlaid 
lymph node image maintains its proper representation in space. Because AR allows 
the surgeon to view the virtual lymph node image overlaid on the real-world image of 
the patient, she has a more natural 3D view of the lymph node and can work directly 
on the surgical site without having to change her view to an external monitor. This 
promises greater accuracy and speed during the tumor excision.

1.7 Summary

For the last couple of years, personalized medicine has made enormous progress 
to deliver better, faster, and more customizable treatment to multiple patients.  
By taking an individualized, nonstandard approach, better fitting solutions could 
be  proposed to the patients, and thus the time and cost of providing improper 
 treatment could be saved.

Multiple advances were adapted in health care throughout the last decade. 
The progress was observed in imaging (e.g., more precise 3D images of organs, 
and  emergence of sophisticated extended reality devices), prosthetics, orthodon-
tics or  orthopedics (3D-printed implants), drug design and transplantation (3D 
 bioprinting), and modeling vessels or organs. The advances in robotics have started 
to allow fully remote surgeries, which will become even more popular with the imple-
mentation of 5G network across the countries. Hybrid ORs, which are becoming 
more popular in the modern hospitals, have already allowed clinicians to perform  
very advanced medical procedures. The progress in robotics justify thinking of 
unmanned (i.e., fully autonomous) surgeries in the future.

Personalized medicine cannot be narrowed down to a specific method or appli-
cation. It should be considered as a multidisciplinary approach, which puts the 
health of the patient in the first place and offers advanced options for the recovery in 
modern facilities. This shift in approach from “follow the protocol” to individualized 
therapy requires a holistic approach, which will simultaneously consider the nature 

4 www.fraunhofer.de/en/press/research-news/2017/november/ar-glasses-help-surgeons-when- 
operating-on-tumors.html.
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of the patients’ problems and previous expert knowledge on treatments that could be 
helpful for the particular person.

In this book, a closer look into multiple areas of personalized medicine is taken. 
With this short introductory, we overviewed some of the most interesting applications 
of personalized medicine. The more detailed information on the selected techniques 
could be found in the subsequent parts of this book.
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