TOPICAL:

Enabling a Precision Health System for

Deep Space Exploration

Image source: Wharton School of the University
of Pennsylvania

Corey A. Theriot*

281-244-7331

University of Texas Medical Branch, Galveston, TX
corey.theriot@nasa.gov

Lauren Schrader
University of Wisconsin, Madison, WI

Susana B. Zanello
KBR, Human Health & Performance, Houston, TX

Jancy Mcphee
The Aerospace Corp, Houston, TX

Afshin Beheshti
KBR, Space Biosciences, Moffett Field, CA

Christopher Haas
University of Texas Medical Branch, Galveston, TX

Shean Phelps
NASA Johnson Space Center, Houston, TX

Endorsers:

Steve Platts - Chief Scientist, Human Research Program
NASA Johnson Space Center, Houston, TX

Marianne B. Sowa — Deputy Director of Science
NASA Ames Research Center, Moffet Field, CA

Ryan T. Scott
KBR, Space Biosciences, Moffett Field, CA

Lauren M. Sanders
BMSIS, Space Biosciences, Moffett Field, CA



Introduction

As exploration class missions expand in duration and distance from Earth, especially for Lunar
and Mars surface missions?, advancements in crew health surveillance and increased medical
autonomy become paramount®. Newly emerging precision health methods and technology
offer opportunities to achieve these goals, through their implementation into the evolving
Environmental Control and Life Support System and Crew Health and Performance (ECLSS-CHP)
architecture®. This white paper will outline a comprehensive in-flight precision health system
informed by individualized genetic, molecular, clinical, and environmental information to
maintain crew health and performance during spaceflight. The primary goal will be to provide
recommendations for key Biological and Physical Sciences (BPS) research and development
efforts and examples of emerging technologies to support the evolution of that system.

Precision health is an exciting area of cutting-edge research and medicine focused on
maintaining an individual’s health and performance through in-depth understanding of their
unique clinical and environmental history, genetic makeup, and molecular profiles>®. This
approach can be adapted for use in-flight and throughout a mission to better predict, monitor,
and address physiological responses to the environment and conditions of space’. Critical areas
precision health could support include understanding individualized responses to the
spaceflight environment, development of tailored countermeasures, and providing crew
members relevant information to make informed health decisions in mission and throughout
their life. However, the in-flight application of precision health approaches comes with many
challenges that require research and development collaborations across BPS and beyond for
such a system to be successful®.

Enabling precision health for exploration missions of deep space requires a fundamental change
in our understanding of and ability to monitor an individual’s health status in-flight. The
successful implementation of an in-flight precision health system would allow crew members
and their flight surgeons to receive continual information on the current state of their health,
allowing them to respond in near real-time during a mission. BPS research supporting the
advancement of precision health capabilities specifically tailored for deep space missions would
offer significant benefits for crew health and performance.

All about data: A precision health system such as this will rely on near-autonomous real-time
generation, integration, analysis, interpretation, and utilization of individualized medical and
environmental data. Thus, in support of this fundamental change, research is required to
address knowledge deficiencies and promote advancements in the following four areas:

Developing an integrated health monitoring system

Digital biomarkers for health status assessment

Clinical decision support tools with predictive capabilities
Harnessing Al/ML technologies for a precision health system
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Each of these objectives requires significant developments in the knowledge of spaceflight
responses, data acquisition capabilities, analysis approaches, and information management and
processing to fully enable an in-flight operational paradigm shift.

Developing an Integrated Health Monitoring System

The most fundamental requirement of any spaceflight medical system is the need to
understand an individual astronaut’s health status throughout a mission. Current terrestrial
precision medicine is capable of phenotyping an individual in incredible detail through
comprehensive genetic and physiological characterization®. Current in-flight medical capabilities
are not nearly as advanced, and integration of medical data is lacking. There is ample
opportunity to develop innovative in-flight health surveillance and monitoring capabilities.

In light of this fundamental need, research efforts are recommended that support creation of
an integrated monitoring system that includes environmental sensing, non-invasive
physiological monitoring, and invasive biomarker/clinical measures (Figure 1). Crew time during
a mission is a valuable and limited commodity, so research is warranted to develop in-flight
methods of autonomous data generation for health surveillance® through remote monitoring
or other non-invasive measures. Particular emphasis should be placed on the acquisition of
relevant data to enable the integrated health monitoring system?°. Another important
consideration is the real-time integration of a multitude of data from various and disparate
sources. Improvements in computational capabilities will enable conclusions to be drawn in
real-time about an individual’s response to the environment, diet, medications, exercise
regimen, or other spaceflight stressor!!. Additional critical needs in medical technologies are
addressed in another topical white paper by Shean Phelps, et al. (Topical: Development of
Medical Technology for Diagnostics, Health Monitoring, and Treatment on Future Exploration

Deep Space Vehicle).
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Figure 1. Schematic of an ‘integrated health monitoring system’ describing the primary inputs, with
examples. The key requirement for its implementation is adequate computational capabilities.

Many relevant technologies and new avenues of research have recently been developed that
could be adapted to work in the spaceflight environment!’. Several are highlighted above in
Figure 1, such as wearables and remote sensors capable of generating large amounts of health
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data. Other such emerging technologies include metagenomic next-generation sequencing
(mNGS) for pan-pathogen detection and surveillance in the crews!®!°; microbiome monitoring
to predict health status based on gathered understanding of microbiome-host interactions?%-?2;
and liquid biopsies?®?* as validated biomarkers emerge from terrestrial medicine or developed
from Space Biology studies, among many others.

Digital Biomarkers for Health Status Assessment

Another key component of an integrated health monitoring system is appropriate biomarker
measures. As medical knowledge grows, so does the ability to utilize astronaut health
information collected pre-flight?>, but more important to overall mission success is expanding
in-flight data analysis capabilities. Conventional biological parameters (i.e. clinical testing,
biochemical blood analysis, etc.) performed on the ground for standard clinical diagnosis only
provide a snapshot assessment at a given timepoint and may not be indicative of crew health
outcomes beyond low Earth orbit. This traditional paradigm is ill-suited for the continuous real-
time monitoring needed during exploration-class missions, hindered by extreme time-delayed
asynchronous communication and preclusion of immediate sample (or crew) return to Earth.

In contrast, digital biomarkers are defined as “objective, quantifiable physiological and
behavioral data that are collected and measured by means of digital devices”?® and represent
the future of healthcare. These allow for remote collection and analysis of continuous health-
related data, making real-time health status assessments a reality. Digital biomarkers,
combined with other real-time data provided by an integrated health monitoring system, can
serve as an improved surrogate for current biological sample testing without the need for
samples to be returned to the ground.

The field of digital biomarker technology is still in a maturation phase and often not suitable for
use under nonoptimal conditions such as the spaceflight environment. Research is
recommended in areas that advance such technologies in support of near-autonomous
characterization and real-time assessment of individual crew member’s in-flight. Additional
investigation is needed regarding the way an individual’s digital, clinical, and molecular indices
relate to specific spaceflight responses, crew health, and mission performance.

A strong emphasis should be put on systems biology research incorporating Al/ML techniques
that inform next-gen digital biomarker development utilizing combined biochemical, clinical,
and multi-omics parameters?’, integrated with real-time environmental monitoring data.
Research in this area would culminate in an intuitive health assessment system that
autonomously identifies dynamic biological processes and actionable profiles at the
individualized level in support of personalized countermeasures. Ultimately, the system would
provide critical knowledge that advances concepts of what is actionable today, what may be
actionable in the near future, and what could be actionable in the long term.

Digital biomarkers have the potential to provide comprehensive real-time health monitoring
and actionable insights into the biological state of individuals, while also enabling virtual
modelling concepts such as a digital twin?®2°, Digital twin technology could revolutionize human
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research studies in space and on the ground to be more efficient, effective, and precise through
autonomous hypothesis generation and in silico testing. Also important is research in designing
biomarker indices to pioneer fully-digital predictive disease diagnosis using innovative artificial
intelligence systems integrated with in-flight methods of collecting and analyzing health data.
Using these biomarker indices and digital twin modeling, precision health systems would
provide adaptive, real-time support tools to enable new opportunities for crew autonomy in
managing health concerns far from Earth, from prevention and early detection to diagnosis and
treatment.

Clinical Decision Support Tools with Predictive Capabilities

These significant advancements could only be achieved through interpretation and utilization of
a wealth of digital precision health information. To accomplish this, research is needed to
optimize prediction of individualized health risks through advanced phenotyping, multi-omics
approaches, and understanding of individual spaceflight responses. Basic research is
recommended to establish standards for characterizing sensitivities to spaceflight stressors and
empowering predictive, longitudinal modelling using digital health feedback systems. For
example, validated tissue-on-chip (TOC) microphysiological systems3° with cells originated from
induced pluripotent stem cells (iPSCs) could be used to establish an a priori understanding of
individual astronauts’ phenotypic responses or risk of medical conditions that can arise in-
mission or later in life.

Additionally, research is needed to develop the technology and computational capabilities for
automated detection of deleterious spaceflight responses, providing clinical decision tools and
personalized countermeasure options to crew members. Also needed is development of closed-
loop software systems that apply next-generation treatment and medical/clinical/performance
assessment tools to identify early indicators of small deviations from nominal physiological®?,
behavioral®2, and emotional®® baselines. An example with clear clinical endpoints is an approach
called DELFI (DNA evaluation of fragments for early interception)3* which spots unique patterns
in the fragmentation of DNA shed from cancer cells circulating in the bloodstream. Next-gen
software systems should be Al-enabled to autonomously identify deviations from optimum
health, evolving to anticipate medical events and deploy early interventions to enhance a crew
member’s capacity to respond effectively in-flight.

Harnessing Al and ML Technologies for a Precision Health System

Any in-flight precision health system requires innovative computational capabilities and
analytical data systems to collect, store, and analyze health data for predictive utilization. This
foundational need could be addressed through artificial intelligence (Al), machine learning
(ML), deep learning (DL) and other innovative space-ready computing solutions to power a
comprehensive precision health system for deep space exploration3>32 (Figure 2). Opportunities
to both catalyze and inspire new space biology research in this area are detailed in another
topical white paper by Lauren Sanders, et al. (Topical: Development of New Algorithms for
Space Biology).

4|Page



To achieve this level of technological advancement, collaborations between computer
scientists, biologists, and algorithmic developers should be sponsored to: 1) establish Al-
accessible/model-ready health data standards for use in all spaceflight design reference
missions; 2) create a unified platform for precise monitoring of individual crew health; and 3)
develop space-ready computing systems and approaches to integrate multi-omics data
efficiently and effectively with traditional biochemical and clinical parameters. Successful

integration could lead to a revolution in .
Inflight data
health-related data standards and

interoperability solutions, ensuring Integrated health
. . monitorin
spaceflight data is Al-ready and system -

modelling accessible. Additionally, we
. . Health status

recommend supporting Al-driven — e

. . Precision Health
research of model organism, human, Analytical Data I:>

. . ‘o Systems
and omics data to determine novel
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characteristic biomarkers and profiles

of spaceflight responses. Predictive clinical
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Examples of relevant technologies
Health system

currently in development that could be data standards
. . .. .. for spaceflight
exploited include: precision medicine
analytics platform? to facilitate big- Figure 2. Schematic of a Precision Health System
data research, edge cloud computing*® framework. Al/ML systems are a central component.

42 for real-time analysis and decision making; network and causal inference techniques®? to
predict causal relationships among spaceflight response and health outcomes; integrating
‘Internet of Things’ (10T)***> environment to allow system integration into the vehicle or
habitat; and human-machine interactions*® as “digital health coaches” to assist in crew health
maintenance.

Summary

The areas of research proposed herein are crucial to enabling an individualized precision health
system for spaceflight. Research and development efforts to enable a system such as this not
only support future space exploration but could also offer solutions to similar challenges faced
in terrestrial health care, particularly those in remote or isolated locations with existing
limitations in health care systems. Much like the progression from information to knowledge
through understanding and wisdom, a paradigm shift is required in our basic understanding of
individualized spaceflight responses and ability to predict changes in health status during
spaceflight. Finally, while certain aspects of precision health are currently employed by space
medicine medical operations, a comprehensive and integrated precision health system would
offer the best support of mission success by reducing risks, optimizing astronaut performance,
and providing valuable insights into long-term astronaut health. Advancements in clinical
decision making are important next steps in building dynamic individual risk profiles for
astronauts and tailored countermeasure choices during deep space exploration.
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