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The Difficulty
of Spaceflight




34.7 million miles

18 months in spa

Outbound: 6 mo
Stay: 1mo
Retum: 11 mo

Y.
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Movies Reality

Walking around M Gravity

Shielded Radiation Risk
Large habitat Confined & isolated
Aesthetic & comfortable Closed & hostile
Armival in afew scenes 18 mo minimum
Certain Uncertain

Bottom line: the movies paint a rosy picture of this joumey,
but the reality is much, much different and more difficut
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Human have evolved to exist on

Spaceflight
Hazards

Altered Gravity
Radiation

Isolation &
Confinement
Hostile, Closed
Environment
Distance from Earth

Earth

Neurosensory

¥ Vestibular disturbances
¥ Sensorimotor function
v
v

Postural & locomotor
i Cardiovascular
‘iliigeo:tructure e ¥ Cardiac remodeling

¥ Fluid volume

¥ Orthostatic

tolerance
¥ Aerobic capacity
¥ Arrhythmias
o

| Skeletal Muscle

¥ Bone mineral N
content | ¥ Skeletal muscle
‘_f- ¥ Bone mineral mass
density ¥ Skeletal muscle
A Urinary calcium strength
A Renal stone risk Skeletal muscle

endurance

M ¥ Skeletal muscle
capillary density

SOURCE: NASA/TP-20220015709



NEPE  Goal: Shifting the Adaptation Curve
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Environmental pressures 1o o . " §4  Adapter
£ 3
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Perturbation
i ﬁCountermeasures
Adaptation
Individual Adaptation Variability Pre-Flight In-Flight Post-Flight

Normal Adaptation Renormalization

How can we optimize countermeasure application
to turn more poor adapters into good adapters,
reliably?
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Systems Perspective
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Resilient (recover from)
i i . ﬁCountermeasures
Anti-Fragile (improve after)
Pre-Flight In-Flight Post-Flight
Normal Adaptation Renormalization

Anti-fragility is something beyond resiliency.
It is increased performance in the face of hazardous challenges.




Reality &%

Plans for this joumey are
happening now, and it will occur
potentially much sooner that
many of us realize...

So how can we be ready for
human exploration of deep
space and what does that
entail?
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The Reality

Ground Truthing the Current State
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Factors that
Complicate
the Problem

Requirements

Aggregated Data
Rapid Innovation
Integrated Framework
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Fragmented Data: The NASA DAGs Based On Hard Data

Human System Risks - Personal Human System Risks - Personal
Risk of Performance Decrement and Crew lliness Due to Inadequate Food . . . . .
and Nutrition (Food and Nutrition Risk) Risk of Cardiovascular Disease and Other Degenerative Tissue Effects

from Radiation Exposure (Cardiovascular Risk)
Risk of Adverse Health Event Due To Altered Immune Response (Immune

Risk) Risk of Acute and Late Central Nervous System Effects from Radiation
Risk of Adverse Health Outcomes and Decrements in Performance Due to Exposure (CNS Risk)

Medical Conditions that occur in Mission, as well as Long Term Health .

Outcomes Due to Mission Exposures (Medica| RISk) Risk of Performance Decrement and Crew lliness Due to Inadequate

Sleep (Sleep Risk
Risk of Adverse Cognitive or Behavioral Conditions and Psychiatric P P )

Disorders (Behavioral Health Risk) Risk of Adverse Health Effects Due to Altered Microbiome

Risk of Spaceflight Associated Neuro-ocular Syndrome (SANS Risk) (Microbiome Risk)

Risk of Musculoskeletal Injury and Loss of Function (Musculoskeletal Risk) Risk of Adverse Health Effects Due to Hypobaric Hypoxia (Hypobaric

Risk of Renal Stone Formation (Renal Stone Risk) Risk)

Risk of Radiation Carcinogenesis (Cancer Risk) Risk of Adverse Health Effects Due to Inadequate Exercise (Exercise
Risk)

SOURCE: NASA/TP-20220015709



Fragmented Data: The Reality of the Hard Data

Good for Broad Risk Analysis, Suboptimal for Specific Risk Analysis and Prediction in the Context of Changing Conditions

Study 1 Study 2 Study 3
Gravity Radiation Duration
Condition Condition in Space

Unique Measurements

Gravity
Condition

Fragmented Risk &
Intervention Studies i",

“l‘* ’ Radiation
‘ Condition
Age or other factors don’t o) ~ Dll:'atiﬂn
align with study participants i in Space
Physical
Astronaut

Fragmented Risk Assessment
& Response Prediction
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[\W:$2Y.Y Open Science for Life in Space

The Need for Rapid Innovation

Finding and Leveraging the Right Data
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Transparent, Dynamic, Predictive Framework

ML/AI Approaches (like GANs, VAEs, Diffusion models): Lack transparency of decision making and require complete datasets (e.g., imputation)

Models (like NASA DAGs): lack positive & negative feedback and longitudinal predictability

The Hurricane Analogy

Alr flows outwardly from the center, In
the cooler upper levels of the storm

https://www.gfdl.noaa.gov/operational-hurricane-forecasting/

The warm, humld air rises rapidly
In thunderstorm updrafts near.the
center

Rainbands
Eyewall
SEFTEMEER

Tha COMET Program
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The Approach

Our view on how best to solve these problems for a sustainable,
iterative, innovative approach
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Engineered Digital Twins

Aircraft Engine Aircraft Engine Aircraft Engine
Design Model Digital Twin In-Service

Predicted Failure Risks
Factory Specs and « and Maintenance
Tolerances 91% Recommendations

Longitudinal
Engine Loading
and Sensor Data
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Reverse-Engineered* Astronaut Astronaut
Systems Physiology Models Digital Twin Pre- through Post-Flight

Predicted Health Risks —
and Countermeasure -
Recommendations

Systems Physiology Models
and Population Variants**

Longitudinal
Physiologic, Sensor,
and Multiomic Data

4 (Bio)digital Twins
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Objective 1: Seed Astronaut

Variations in Dynamic
Equilibrium result from
numerous factors:

e Population variants

® Genetics

* Aging

¢ Nutrition

e Lifestyle/cumulative

physiologic state

Based in systems differential equations and * Gravity & other
feedback in control systems spaceflight pressures
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Objective 2: Digital Astronaut Population

Digital Population

Curated/Approved

Validation Data Based in a probabilistic layer of Bayesian

Inference to generate counterfactuals and

capture variability in population
ADT Scientific/Medical (N

Y 3 PN}
\( Jﬁ (o
AN ‘ =4
Advisory Board “G ‘,{i (‘ \”W’/
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Objective 3: Astronaut Digital Twin

Hypotheses that reproduce
individual astronaut’s data

) @)
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Astronaut Astronaut "What-if?”
Digital Twin Simulation

A Database

Real-time input of multiple types of data

Learns over time Yo 3 b
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Three Objective — Six Stages

Astronaut 4.
Digital Neods & Gonls
Twin 2

Application Higher

Model-based

Vi rtu a I ey \ Vodel gn?;:rst.anding &
Astronaut |
Population

I Architecture

3 Lower

Exploring
Knowledge Gaps
& Variability

Representing the
Biology

Capturing
Behaviors &
Building
Confidence

Reference
Calibration

Astronaut
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Sensitivity Analysis, Testing, & Validation

At Various Stages of Development

* Seed Astronaut
* Parameterization for Homeostatic and Non-homeostatic Solutions
* Qualitative Mechanistic Validation

* Astronaut Digital Population
* Published Clinical/Spaceflight Data
* Quantitative Mechanistic Validation

* Astronaut Digital Twin
* Clinical Case Testing Data
* Can the predictions over time be validated experimentally?
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The Need for
Agility

Why agility is a central component of our approach
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Drivers of the
Need to Be
Agile

80-20 Rule and the Data
Modularity
Stakeholders
Rapid Innovation
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Drivers of the Need to Be Agile: 80-20 Rule

Systems Engineering & Digital Twins

Designs meeting all subsystem and
performance constraints

S

Multi-Dimensional Design Space

Biological Digital Twins

Hypotheses that reproduce key
population data

Digital
Population

Hypotheses that reproduce
individual patient data

Multi-Dimensional Hypothesis Space

incose.org | 27
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Drivers of the Need to Be Agile: 80-20 Rule

This method of modelling is an exercise in dimensionality reduction, while still fully capturing behavior

()]

Q

O

&)
()]
O
®

- ADT
P o i
O

()

2 4

Phenotypic Scope

incose.org | 28

Copyright © 2025 Caleb M. Schmidt



trﬁégﬁ

Drivers of the Need to Be Agile: 80-20 Rule

% Change/6Mo vs. Pre Flight

10 +

-10

-15

-20

.25

(Normalized to 6-Month Flight)
. Mir n = 35; ISS Pre ARED n = 24;
* . ISSAREDn=13
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%— . ; A t - ISS Pre-ARED
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LSpine Fem. Neck Trochanter Total Hip Wrist

SOURCE: English KL, Downs M, Goetchius E, Buxton R, Ryder JW, Ploutz-Snyder R,
Guilliams M, Scott JM, Ploutz-Snyder LL. High intensity training during spaceflight:
results from the NASA Sprint Study. NPJ Microgravity. 2020 Aug 18;6:21.
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Drivers of the Need to Be Agile: 80-20 Rule

The Mechanistic Scope of All Biological Systems

k e I eostaS|s
Input =1 o = | — Output

.......
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Drivers of the Need to Be Agile: Modularity

Modularity within Human Systems and Between Human Systems

Cholesterol and
Lipoprotein Particle
Metabolism

o

AR and Plague

Synaptic Plasticity
and Compensation

1
W
¥
1

— Microglia Activity

Meuron Energy
Metabolism

Meurcdegeneration
and Tau

Myelin Debris

SOURCE: EmbodyBio

Coupled, Modular

Representation of

Hippocampus and
Corlex

— o

ADT Risk & Performance (R&P)
Profiles:

Musculoskeletal R&P
Cardiovascular R&P
Radiation R&P
Behavioral R&P
Aggregated R&P
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Drivers of the Need to Be Agile: The Stakeholder Ecosystem

Target Populations:

Astronauts
Flight Surgeons
Flight Providers

Researchers
Policy Makers

Must be responsive to each and
their needs...

HSRB-C HRP-C
Human Systems = ""TTTTTTTTTToCT Human Researc! h Program
Risk Board for Civilian Spaceflight
(& o e $ .
e N W5 HSDR-C
f?‘:\ ﬁ f‘%\ > > Human Spaceflight
! !] !I 3! E !‘ ,Q Data Repository
Would-Be Civilian Traveler ,
_— . Flight Providers
Civilian Travelers Training Centers ‘—\
l 1 De-identified Data
. o Astronaut/Flight Surgeon
Flight Surgeons Decision Support
Policy Analyses &
" Researc| h Priorities
Aerospace
Medicine @
. e . s
Certification F, ?Fi%&
F 3
& L]

ADT Platform
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Drivers of the Need to Be Agile: The Need for Rapid Innovation
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Real Time Bidirectional Digital Twin Platform

Data >

Sensor Model
Structure Bidirectional Simulation
Dynamies Communication Monitor

Failure Diagnose

Predict
Optimize
< Information
Physical Astronaut Astronaut Digital Twin
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Calibrated Multimodal Countermeasures

Hypotheses that reproduce
individual astronaut’s data

ﬂfl ’»:\‘
e, Ssin
Rk ' FEn
£ Nz % & 8%
X §
£ 3 £ 3
Astronaut Astronaut
Digital Twin
| V. i
| }? \?ﬁ; ¥ . .
¥t << N X , Combinatorial

Countermeasures

"What-if?"
Simulation
Database

XX 1@ R



INCOSE

Clinical ADT: Optimizing the Adaptation Curve towards Anti-Fragility

Target Populations:

Astronauts
Flight Surgeons
Flight Providers
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Research Appl ication SOURCE: Garrett-

Bakelman et al. The
NASA Twins Study: A
multidimensional
analysis of a year-long
human spaceflight.
Science. 2019 Apr
12;364(6436):eaau8650.

Subjects Twins Study Analyses
% Biochemical

Cognition

Epigenomics ; ‘ ‘
Gene expression ‘ o 4 [] \w:‘
Immune ABE M/ ;

Proteomics

Physiology
Preflight

Ground Telomeres
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Research Application

Blood

Nasal Oral

Skin

Env.

Excrem.

Samples Assays

‘Whole blocd

Serum
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SOURCE: Overbey et al. The Space Omics and Medical Atlas
(SOMA) and international astronaut biobank. Nature. 2024
Aug;632(8027):1145-1154.



Research Application: Unraveling Deep Biology

Traditional Statistics or Sample-Driven Al

Long Correls

Large N Required

Distance

- \
s i

Pathfinder Cohort

Terrestrial Data 1g

::@3

¢ Medical History

* Wearable Tech
¢ Performance Metrics

[ ¢ Novel Multiomic Data

Short Cor
Small N Capable

Hg

Flight Data

¢ Training and Nutrition Regimens

* Well-Characterized Biomarkers

Uy

Digital Twin
Synthetic Data

el

Genes, Proteins, Lipids

SOURCE: AstronautDigitalTwin.com

Pathfinder Cohort
Digital Twins

Digital Twin Engine

Digital Population

>,
l%_‘

F§
E
i

Vv Legacy NASA &

v HPR-C Track 1 Data

v Athletic Performance &
Training Studies

v Trauma & Injury Studies

V' Clinical Trials

v Translational & Cell Biology
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Continuum of Deployments

ADT Benefits

« Aggregates Hard Data in a
Validated Way

* Decreases Time for
Development Cycles, Fostering
Rapid Innovation

* Transparent, Dynamic, &
Predictive

Clinical

L

Research

Risk Assessment

Prediction

—

Precision, Personalization

Clinical Decision Support

Recommendations/Countermeasures

Tterative Model Development

Experimental Design

Hypothesis Generation ‘

Hypothesis Filtering ‘




We believe these capabilities
can be leveraged to help
support private and public
space explorationina
meaningful, responsive way
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