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Abstract

“Digital hypertension” is a new information and communication technology (ICT)-based research field of digital
healthcare that adds significant value to the management of hypertension by integrating multidimensional and
time-series data. It includes the study of pathogenesis and predictive, individualized, and preemptive treatments,
and its clinical outcomes can be introduced in telemedicine. The ICT in digital hypertension includes the research
and development of blood pressure (BP) monitoring, e.g., wearable, cuff-less BP monitoring, a platform for digital
transformation and transmission systems, and artificial intelligence. A recent clinical trial demonstrated the
significant BP-lowering effect of digital therapeutics that facilitate lifestyle modification at the individual level via
the patient's smartphone. One of the goals of digital hypertension is personalized anticipation medicine that
identifies the timing, place, and behavior that may trigger the onset of a cardiovascular event. This narrative review
aims to address and discuss the cutting-edge information on the technology and concept of “digital hypertension”.

Keywords: Digital hypertension, digital health, telemonitoring, blood pressure monitoring, wearable device, digital
therapeutics, anticipation medicine, rapid review, state-of-the-art review

INTRODUCTION

The recent exponential development of digital health information and communication technology (ICT)
has resulted in a significant evolution in the approach to hypertension treatment. Global guidelines now
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recommend the use of hypertension diagnoses based on 24 h ambulatory blood pressure monitoring
(ABPM) and home blood pressure (BP) measurement rather than conventional office BP. In addition, a
new system of medical care has been generated that incorporates wearable BP monitoring and
multidimensional digital information processing to link the patient’s background information with analysis
programs" . The COVID-19 pandemic has also contributed to the recognition of the usefulness of
telemedicine for the management of hypertension, due to its strict lockdowns and withholding of face-to-
face consultations™**/.

Against this backdrop, the concept of “digital hypertension management” was introduced to create added
value in hypertension treatment and its related healthcare. Specifically, digital hypertension management is
a new science proposed by the Japanese Society of Hypertension (JSH) that comprehensively considers the
development of new technologies and analysis methods such as sensors, information processing, and
machine learning, as well as the creation of platforms to integrate and apply these concepts and
technologies™. One of the goals of digital hypertension management is personalized anticipation medicine.
Anticipation medicine is the integration of multidimensional time-series data of each individual, including
his or her BP monitoring; it will lead to improve the accuracy of hypertension diagnoses and help prevent
the occurrence of cardiovascular events through effective interventions in real time along with the
prediction of future BP fluctuations”.

This narrative review aims to address and discuss the cutting-edge information on the technology and
concept of “digital hypertension”.

DIGITAL HYPERTENSION AND TELEMONITORING

Digital health refers to a wide range of activities for storing, retrieving, sharing, and exchanging health
information using ICT. Various technologies and services related to medical care have been applied and
tested. In recent years, ICT has enabled the dramatic development of high-speed, large-capacity, and
multiple connections and the wide dissemination of mobile devices; remote medical care and services via
the Internet have thus expanded too". For example, diagnoses and prescriptions are now routinely
conducted face-to-face on a computer screen, and medical data are promptly sent and received between
patients and their physicians and other healthcare staff; education or guidance is also provided via
smartphone applications (apps)"”. The terms applicable to digital health-related hypertension treatment are
defined in Table 1.

What is digital hypertension management?

Digital hypertension management can be perceived as an academic field of digital health encompassing e-
health services, ICT-based treatments and services for hypertension, clinical research, and artificial
intelligence (AI)-based big data analyses""". From a macroscopic perspective, the information generated
and exchanged in digital hypertension management could also be used to advance initiatives that benefit
government healthcare policies and public welfare. For example, information on the medical care and
health checkups of a community’s residents can be centralized and used for both the patients” healthcare
and the community’s healthcare services. From a microscopic perspective, the digital management of
hypertension attempts to improve the quality of care by collecting and managing data on each individual
across time, so that their BP characteristics and background can be assessed to optimize their medical care.
In these efforts, telemonitoring, which is the continuous and safe collection and management of
information related to medical care and lifestyle - including individuals’ daily BP readings [Figure 1] - is the
most basic function for improving the accuracy of diagnosis and treatment of hypertension. The use of
telemonitoring can also help reduce the severity of hypertension and cardiovascular events.
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Table 1. Definition of the terms related to digital health

Terms

Definition

Anticipation medicine’”?

Digital health/electronic health (e-
Health)™’

Digital hypertensionm

Digital medicine

Digital thera?eutics (DTx)/digital
therapy™®*®®

Electronic health record
(EHR)/personal health record (PHR)

Environwmental sensing/environmental
sensor

Mobile health (m-Health)

.. P 17
Precision medlcme[ !

Telecare™

L. [3
Telemedicine™

Telemonitoringm

Wearable

. . . . . 1
device/biosensor/biosensing device'

Anticipation medicine is used to implement risk reduction measures promptly and proactively by predicting the timing and location of potential cardiovascular events in an
individual and warn both the physician and patient. It analyzes the patient’s time-series and individual-based big data, such as lifestyle, environmental factors, and
biomarkers

This is a field of knowledge and practice to improve healthcare associated with the development and use of digital technologies. Digital healthcare expands the concept of e-
Health to include digital consumers, with a wider range of smart devices and connected equipment. It also encompasses other digital technologies for health, such as the
Internet of things, artificial intelligence, big data, and robotics

This is an academic concept that applies rapidly evolving digital health technologies and artificial intelligence to hypertension care and research. It includes the study of
pathogenesis and predictive, individualized, and preemptive treatments

This aspect of digital healthcare relates specifically to medical care and treatment. Digital medicine encompasses both the objectives of digital healthcare and the means of
dealing with them

Evidence-based treatment interventions are applied via high-quality software programs. DTx/digital therapy is generally approved by regulatory authorities with the aim of
treating and managing the disease. The patient is prescribed this therapy or therapeutics by their healthcare provider and follows the guidance of an app downloaded to
their smartphone or tablet to monitor and improve their lifestyle and manage their medication between visits to the healthcare provider

A patient’s electronic health record (EHR) is entered and stored in a network of medical information among medical institutions for mutual use. A patient’s personal health
record (PHR) is the information that unifies his or her personal medical records, medical checkup data, biometric information monitored in daily life, and nursing care
records, and the PHR can be managed and utilized throughout the patient’s life. Analysis of such big data can be used in future medical policy and clinical evidence

Environmental sensors (room temperature, barometric pressure, humidity, brightness, etc.) can be installed to identify aspects of a living or working environment that pose
risks for the development of disease. Simultaneous analyses with biomonitoring may reveal the extent of the risks

Digital healthcare using mobile devices and apps. m-Health is the general term for health management through portable or wearable devices and smartphone apps

Customized medicine in which medical decisions, treatment, and management are tailored to each patient based on the evidence of risk factor identification and treatment
methods constructed using resident-based big data such as genetic information and cohort data is called precision medicine

Telecare is the provision of assistance to a patient at home based on continuous and automatic monitoring of the patient from a distance with ICT. In the event of an
accident or the need for urgent medical treatment, an alert is sent to the patient’s healthcare provider, and assistance is arranged

Telemedicine is the remote exchange of medical data between patients and healthcare professionals for diagnoses, treatments, and prescriptions. It improves patients’
access to healthcare and provides effective medical services in remote areas. It also includes the exchange of valid information and education materials among healthcare
professionals for the purposes of medical collaboration and education

This is a system in which medical professionals remotely manage the health of patients. Patient’s data are transmitted to medical institutions and shared with medical
professionals using medical devices connected to an ICT system

Portable or wearable devices with biometric sensors are used outside of healthcare facilities. By connecting the devices to an ICT system, the data can be managed on a
server and shared between the patient and his or her doctor

ICT: Information and communication technology.

BLOOD PRESSURE MONITORING TO DETECT CARDIOVASCULAR RISK

BP is constantly fluctuating, and fluctuations in cardiovascular risks occur in tandem. Many factors influence BP variability. The precise relationships between
BP measurements and potentially elevated pressure triggers such as environmental factors, physical activity, and psychological stress must therefore be
established.
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Figure 1. The concept and contents of digital hypertension: telemonitoring is combined with digital hypertension for anticipation
medicine. Used with permission from Kario et al. Hypertension Res. 2022, in press.

The 24 h BP variability profile and the resonance hypothesis of BP surges

The BP resonance hypothesis is as follows: the peak of BP fluctuations at different times (e.g., by heartbeat,
during the 24 h day, and across days, seasons, and years) resonates when various triggers for BP elevation
(e.g., temperature, mental stress, sleep apnea, and exercise) happen simultaneously, producing an enormous
dynamic BP surge that induces cardiovascular disease [Figure 2]"*). Patients with advanced arterial stiffness,
who are unable to “attenuate” the surge in peripheral blood vessels, are particularly susceptible to the
resonance of BP surges"”. Since the 24 h BP variability profile and the factors or “triggers” for BP surges
vary from patient to patient [Figure 2]"”, there are large individual differences in diurnal BP and BP
responses to stressful situations. In addition, the acti-sensitivity (i.e., the slope of the regression line of free-
running BP against the logarithm of physical activity) of hypertensive patients varies with the season, and
the BP surge during exercise in winter is higher than that in summer"*.

In general, BP shows a diurnal variation, with higher values in the early morning and lower values at night.
Nocturnal hypertension of the “riser” type, in which BP rises at night, is an abnormal pattern of diurnal
variation in BP. Both nocturnal hypertension and the riser type assessed by ABPM increase the risk of organ
damage and cardiovascular events"”. The riser type of nocturnal hypertension tends to have the greatest
impact, especially as it poses a clear risk for heart failure independent of the BP level"®. Nocturnal
hypertension is more common in Asians and is also associated with salt-sensitive hypertension and sleep
apnea syndrome. Excessive BP morning surges, even in the absence of nocturnal hypertension, contribute
to an increased risk of stroke and cerebral hemorrhage, as well as organ damage*.

Evidence, guidelines, and limitations of BP monitoring

The JSH2019 Guidelines for the Treatment of Hypertension and other major guidelines including the
American College of Cardiology/American Heart Association (ACC/AHA) guidelines and the European
Society of Hypertension/European Society of Cardiology (ESH/ESC) guidelines recommend the out-of-
office measurement of BP using 24 h ABPM and home BP monitoring for the diagnosis and treatment of
hypertension"”"). Home BP and 24 h ambulatory BP are better prognostic predictors of organ damage and
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Figure 2. The synergic resonance hypothesis of blood pressure variability. Used with permission from Kario et all,

cardiovascular disease risk than office BP in various stages of hypertension***?, including in drug-resistant
hypertensive patients . Long-term home BP monitoring can detect seasonal variations of BP, which can
trigger cardiovascular events in winter”*". These advantages make it possible that BP monitoring should be
managed seamlessly to shift from a spot at the doctor’s office to consecutive daily measurements.
Telemonitoring is thus an indispensable tool for collecting and managing these data.

Nonetheless, there are limitations and restrictions in the use of BP measurements by the currently available
devices; for example, home BP is almost always monitored at limited regular intervals, and an ABPM device
tends to interfere with sleep at night. There are also issues of patient comfort, convenience, and medical
cost. There is an urgent need for innovations in wearable BP measurement technology in order to realize
continuous BP measurement with less stress to the patient, along with validated evidence of the accuracy
and reliability of the technologies. We believe that accurate wearable BP monitoring incorporating digital
technology which facilitates continuous BP management can minimize the risk of cardiovascular events in
individuals. Such wearable devices will support the maintenance of “perfect 24 h BP control™: (1) 24 h BP <
130/80 mmHg; (2) normal BP circadian rhythm; and (3) moderate BP variability*”.

WEARABLE BP MONITORING DEVICES AND DIGITAL PLATFORMS

Cuff-less wearable BP monitoring

The development of wearable BP monitors to accurately detect BP variability profiles and triggers that differ
among individuals is thriving. While various wearable BP monitors have been researched and developed,
including wrist- or finger-type devices, the measurement approach based on oscillometric and tonometric
methods is more accurate in principle. The oscillometric method is widely used in office BP, home BP, and
ambulatory BP monitoring.

Arterial tonometry has recently been a focus in the development of cuff-less wearable devices; arterial
tonometry measures the arterial BP waveform with arterial wall applanation of the radial artery at the
wrist”**. The wearable tonometry device can measure BP values in real time at each heartbeat under free
movement conditions. If the accuracy of this device can be sufficiently validated, it may be possible to
evaluate the BP variability, which is not captured by the conventional oscillometric device. However, there
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are limitations to this method”**”.. Hydrostatic pressure arising from misalignment of the wrist and heart
position can affect the BP values, and the device must be calibrated with a validated cuft-based device before
use in each patient”'.

Cuff-less wearable devices using different methodologies, such as photoplethysmography, pulse transit time,
and pulse wave analysis, are also available. However, the reliability of the measurements using these
technologies is still limited""), and the accuracy is lower under free movement than by the cuff-based ABPM,
although some devices and apps have been validated in accordance with common clinical standards"'!. A

e[29,32—34]'

cuff-less device using the new techniques is currently at the research and development stag

Therefore, cuff-less BP monitoring devices should not be used for diagnostic or treatment decisions in
clinical practice until the accuracy of the absolute values of BP in ambulatory conditions is confirmed.

Wrist-cuff BP monitoring

A new wrist-cuff device based on the oscillometric method (model HEM6410T; Omron, Kyoto, Japan) has
been in development and is expected to provide more comfort and less muscle pressure than the
conventional upper-arm cuff. The accuracy of the wristwatch BP monitor was recently evaluated under
guideline 59 of the American National Standards Institute/Association for the Advancement of Medical
Instrumentation/International Organization for Standardization (ANSI/AAMI/ISO) 81060-2:2013"7.

In addition to accuracy evaluation tests in the office according to the standard method, there is also a need
for comparisons between the wearable BP monitor and conventional devices for measuring out-of-office
BP, ambulatory BP, and home BP. To this end, we compared the BP values of outpatients who were
simultaneously wearing a wristwatch-type wearable BP monitoring device (HEM6410T) and a conventional
ABPM in the office and out of the office™. No statistically significant difference was identified between the
BP values measured by the two devices, indicating that the accuracy of the wristwatch-type device is
acceptable™. This BP monitor can capture daily psychological stress and elevated BP in the workplace"”,
and the BP data obtained by the wearable device are significantly correlated with the wearer’s left ventricular
mass values"®.

Nocturnal home oscillometric BP monitors that automatically measure BP at regular intervals during sleep
have been developed, and several clinical trials using these devices have provided evidence on the risks of
nocturnal BP®*I. A wrist-type oscillometric BP monitoring method has also been developed and well
validated. In direct comparison studies in patients’ home settings, this wrist device was associated with less
sleep disturbance than a brachial type device, and the nighttime BP data are reproducible and comparable
between the two devices"*. These findings support one of the above-described aims of digital
hypertension management, i.e., to provide appropriate management and potential interventions for
nocturnal hypertension and nocturnal BP variability.

The development and progress of digital platforms

The latest ACC/AHA guidelines state that healthcare ICT solutions will play a significant role in the
diagnosis and management of hypertension in the near future!”. Telemedicine solutions are increasingly
practical for the management of hypertension with wearable device technology. Although telemedicine has
presented the possibilities of reducing BP and cardiovascular risk compared to more traditional care!>**",
much more evidence is needed regarding how to best incorporate interactive digital interventions into
diverse healthcare settings, including the cost-effectiveness. The following are some of the results of research
conducted in Japan thus far.
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Once specific residential environmental risks have been identified, it may be possible to perform
simultaneous monitoring of residential environment data and individual time series data using a
multisensor ICT system and, thereby, reduce cardiovascular risk through more comprehensive BP
management [Figure 3] (http://www.jichi.ac.jp/usr/card/research/index_en.html)"*”. For example, cold
temperature is a residential environmental risk that might be targeted. Cold temperatures can increase BP
via activation of the sympathetic nervous system, vasoconstriction, and reduced vascular endothelial
function, and cold temperatures have consistently been shown to be associated with early morning

hypertension, increased BP variability, and an increased risk of cardiovascular disease events® .

One example of a practical application of the remote management of hypertension is a study conducted in
the areas affected by the Great East Japan Earthquake on 11 March 2011. In light of the evidence that the BP
and cardiovascular event risks of individuals increase after a catastrophic disaster*¥, we established the
Disaster Cardiovascular Prevention (DCAP) network, a remote ICT BP monitoring system using cloud
computing that was introduced to a town devastated by the earthquake and subsequent tsunami”. This
network helped the participants follow strict BP control at the disaster shelters and home and enabled them
to share their daily BP values with their physicians; the physicians could thus change their patients’
medications immediately as needed. The introduction of the DCAP network contributed to the minimizing
of seasonal variations in the BP of participants for months and years after the disaster [Figure 4]'*". These
reports indicate that a similar network could be applied to routine BP monitoring in any community.

ADVANCE OF ANTICIPATION MEDICINE

Anticipation medicine is a concept of medical treatment that enables proactive intervention for early event
avoidance and risk reduction. In practice, anticipation medicine consists of identifying increased risk factors
by collecting a series of long-term, “big data” in a backward-looking manner and using it to predict the
onset of cardiovascular events in a forward-looking manner”". By combining anticipation medicine with
precision medicine (customizing treatment and management for each patient, including determining a
treatment strategy), we can achieve optimal individualized hypertension treatment by predicting the
pathogenesis of individuals’ hypertension and risks of BP variability in real time'.

The prediction of specific times and places conferring risk of cardiovascular events would need to be
coupled with available preventative measures, including the titration of medications, and desynchronization
of BP pressure surges generated by synergistic resonance of individual BP surges in different time phases,
which are triggered by various pressor stimuli, etc.""".

Prediction models with Al

The mastery of Al using real-time big data obtained from wearable BP monitoring and digital technology is
an innovative and developing field"*”*'l. Using machine learning methods, we developed a highly accurate
model to predict the development of hypertension in the general population using data from 18,258
individuals®”. The results allowed us to identify individuals at risk of developing hypertension. Another Al-
based prediction model using time-series BP data and a multi-input multi-output deep neural network also
showed the possibility of predicting elevations of both mean BP and BP variability*”. Considering that
abnormal BP variability is a serious risk factor for cardiovascular disease, the developed predictive model for
the onset of the disease is a hallmark of AI applications that can lead to early interventions, such as lifestyle
improvement, to prevent the onset of hypertension.

The future of digital therapeutics
Smartphone applications that modify lifestyle habits as a form of digital therapeutics have been put to
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practical use, and a new “application for hypertension treatment” was confirmed to have an
antihypertensive effect'”. This application analyzes the medical background of the patient and determines
the patient’s BP trends via telemonitoring; it suggests lifestyle modifications suitable for each individual and
supports behavioral changes. This type of digital therapeutics will radically modify the practice of medicine
from a “spot” in the doctor’s office to a “line” that tracks behavior and data in chronological order, and then
to a “surface” that obtains and analyzes multifaceted data for each individual and feeds back appropriate
guidance to each individual®!. The multidimensional data collected in the application for hypertension
treatment will enable the prediction of BP characteristics and risk factors by deriving factors that affect the
BP of individuals, which will lead to the realization of personalized anticipation medicine.

Interactions between patients and healthcare providers, and treatment via telemonitoring

Sharing information and collaboration regarding goals and implementation plans between patients and
healthcare providers are essential to enhance the effectiveness of treatment. These actions maintain a
patient’s motivation concerning his or her hypertension treatment and the sharing of information about
antihypertensive goals, lifestyle modifications, and medication adherence, even outside the office.
Telemonitoring is a tool to facilitate two-way communication between patients and healthcare providers, as
digital technology bridges the gaps of geographic distance and time to share real-time patient
information"?, The establishment of mutual trust between patients and medical professionals and the
collaboration of medical teams will help eliminate the “hypertension paradox” (i.e., although the treatment
of hypertension has greatly improved, the total number of individuals with uncontrolled hypertension has
continued to increase) and avoid clinical inertia, thus contributing to the effectiveness of hypertension
treatment. As a result, individualized anticipation medicine will be realized in the near future [Figure 5]"*.

Evidence and penetration gaps

There are significant evidence gaps between digital hypertension research and clinical practice. While most
of the world now has access to phones, there are obvious inequalities and barriers to accessing more
specialized technologies that are important to consider (ideally sooner rather than later). There are
significant disparities among different countries. There are also important disparities within individual
countries. For example, lower socioeconomic status and older age are barriers to realizing the benefits of
ICT-based connected health.

CONCLUSION AND PERSPECTIVES

Hypertension is a considerable and measurable risk factor for cardiovascular disease. In recent years, large-
scale natural disasters and infectious diseases have made it challenging to continue to provide appropriate
medical care around the world. In response, the development of digital hypertension management
consisting of telemonitoring and AT applications have the potential to realize the seamless provision of
medical care unconstrained by time and distance. The digital management of hypertension will also
upgrade the accuracy of hypertension diagnoses and the quality of BP management, which will contribute to
the amelioration of the hypertension paradox. Such progress in personalized anticipation medicine is also
expected to decrease the incidence of cardiovascular disease events.



Page 55 Kario et al. Conn Health 2022;1:46-58 | https://dx.doi.org/10.20517/ch.2022.02

Real-time data analysis
and risk prediction

Set alert \

ambulatory daily life and transfer to the
server

! I Detection of the risky “surge” BP data in

Alert patients of risk Sharing of the results with
doctors and patients

Real-time prevention of onset and aggravation of
cardiovascular disease

Reduction of regional differences in the quality of CV
event prevention
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Kario et al™. ICT: Information and communication technology.
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