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INTRODUCTION:

For over 50 yr, investigators have studied the physiological adaptations of the human system during short- and long-

duration spaceflight exposures. Much of the knowledge gained in developing health countermeasures for astronauts
onboard the International Space Station demonstrate terrestrial applications. To date, a systematic process for
translating these space applications to terrestrial human health has yet to be defined.

METHODS:

In the summer of 2017, a team of 38 international scientists launched the Bellagio Il Summit Initiative. The goals of the

Summit were: 1) To identify space medicine findings and countermeasures with highest probability for future terrestrial
applications; and 2) To develop a roadmap for translation of these countermeasures to future terrestrial application. The
team reviewed public domain literature, NASA databases, and evidence books within the framework of the five-stage
National Institutes of Health (NIH) translation science model, and the NASA two-stage translation model. Teams then
analyzed and discussed interdisciplinary findings to determine the most significant evidence-based countermeasures

sufficiently developed for terrestrial application.

RESULTS:
products for terrestrial clinical practice.

CONCLUSIONS:

Teams identified published human spaceflight research and applied translational science models to define mature

The Bellagio Il Summit identified a snapshot of space medicine research and mature science with the highest probability

of translation and developed a “Roadmap” of terrestrial application from space medicine-derived countermeasures.
These evidence-based findings can provide guidance regarding the terrestrial applications of best practices,
countermeasures, and clinical protocols currently used in spaceflight.

Space medicine, countermeasures, translation science, risk mitigation, terrestrial application, human health performance.

This manuscript was received for review in December 2020. It was accepted for

KEYWORDS:
Sides MB, Johnston SL IlI, Sirek A, Lee PH, Blue RS, Antonsen EL, Basner M, Douglas GL, Epstein A, Flynn-Evans EE, Gallagher MB, Hayes J, Lee
SMC, Lockley SW, Monseur B, Nelson NG, Sargsyan A, Smith SM, Stenger MB, Stepanek J, Zwart SR; Bellagio Il Team. Bellagio Il report: terrestrial
applications of space medicine research. Aerosp Med Hum Perform. 2021; 92(8):650-669.
publication in April 2021.
INTRODUCTION

Section Leads: Marian B. Sides and Brent Monseur

Background

For more than 50 yr, research scientists have studied the impact
of the space environment on the human body and the conse-
quences of these exposures on long-term human health, perfor-
mance, and longevity. Much of the knowledge gained in
developing countermeasures to help astronauts live in the
unique habitat of the International Space Station (ISS) is appli-
cable to humans on Earth. While valuable information to
enhance human health is available from space medicine, a sys-
tematic process for translating space applications to human
health on Earth has not been clearly defined.
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Future space missions beyond low Earth orbit will be highly
constrained without medical evacuation possibilities or real-
time telemedicine and procedural support. Research into the
effects on the human system and subsequent countermeasure
development for these long-duration space missions will fur-
ther increase the body of space medicine literature with poten-
tial terrestrial application.

Bellagio Il Summit

In the summer of 2017, a team of 38 international scientists
launched the Bellagio II Summit Initiative. The goals of the
Summit were to identify space medicine findings and counter-
measures with the highest probability for future terrestrial
applications, and to develop a roadmap for translation of these
countermeasures to future terrestrial application to enhance
human health, performance, and longevity. The objectives
were to contribute to the science of aerospace medicine, men-
tor the next generation of scientists, engage multidisciplinary
mindsets in an international venue, and to contribute to the
education of professional and lay communities through out-
reach activities and publications. The team reviewed NASA
databases and evidence books within the framework of the
five-stage National Institutes of Health (NIH) translation sci-
ence model and the NASA two-stage translation model. Fol-
lowing the literature reviews, teams analyzed interdisciplinary
findings to determine the most significant and mature evi-
dence-based countermeasures ready for translation from the
space environment to terrestrial application. This data analy-
sis shaped the 4-d summit held in September 2017 in Moltra-
sio, near Bellagio, Italy. Five research themes were defined: 1)
Space Travel and Genetics; 2) Habitat and Environment; 3)
Nutrition; 4) Physiological Fitness and Exercise Countermea-
sures; and 5) Behavioral Health. Participants in the Summit
engaged in multidisciplinary discussions and deliberations to
develop abstracts on mature space medicine countermeasures
demonstrating readiness for clinical application and practice
on Earth.

The Translational Sciences Model

The Bellagio II Summit sought to identify mature science in
space medicine research with current terrestrial application for
human health and longevity. The Bellagio team adopted the
NIH Translational Science Spectrum as a conceptual model to
analyze public-facing NASA databases, technical documents,
and the scientific literature for the available, mature science.
The NIH Translational Science Model (Fig. 1) demonstrates a
multidirectional flow of information through five stages, from
basic research through to readiness to apply to population-level
health here on Earth.

During the literature review process, note was made of vari-
ous patterns of information flow. Incongruent with the well-
known, linear, step-by-step process of the Technology Readiness
Levels (TRLs) in engineering, the science has often jumped from
preclinical to operational procedure. This highlights the flexibil-
ity and dynamism of the space medicine field where high-quality
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Fig. 1. The National Institute for Health (NIH) Translational Science Spectrum
diagram demonstrating the nonlinear transfer of information and potential
from various stages of clinical research.

research can drive operational procedures, despite small
N-values. In this report of the Bellagio II findings, we highlight
examples of bidirectional and multidirectional information flow
of research findings that have potential for terrestrial application.
The development and application of countermeasures to protect
the astronaut corps require research at multiple levels of matu-
rity. Translating research and practice at various levels within the
NIH translational stages model may inform novel countermea-
sures with potential terrestrial spin-offs.

CORONARY ARTERY DISEASE RISK MITIGATION
STRATEGIES

Section Leads: Smith L. Johnston III and Jan Stepanek
Background

The potential for incapacitation due to cardiovascular event
during spaceflight is a concern that has driven robust and evi-
dence-based monitoring programs for astronaut and cosmo-
naut cardiac health. As prevention of cardiovascular disease
relies on risk prediction and associated modifications of diet,
exercise, and medication regimens, accurate and reliable car-
diovascular risk prediction has received significant attention
within the field of aerospace medicine. NASA’s current proto-
col for identification and management has demonstrated early
detection, stabilization, and even reversal or regression of cor-
onary artery disease as measured by computed tomography
(CT) angiogram and coronary artery calcium (CAC) scoring.
Furthermore, identification, management, and utilization of
the ASTRO-CHARM scoring model has reduced space-
flight-certified individuals to an estimated cardiac risk of <
0.5% per year.
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The current aerospace medicine approach to screening and
monitoring astronauts and cosmonauts for cardiovascular dis-
ease is designed to identify subtle and cumulative changes to
cardiovascular health. Cardiovascular screening efforts include
review of family history, use of risk-stratification scores, exer-
cise stress testing, echocardiography, biomarkers, and standard
hemodynamic clinical monitoring. Further, astronauts and cos-
monauts undergo regular monitoring of CAC scores, carotid
intimal media thickness (CIMT) measurements, and cardiovas-
cular angiographic imaging techniques, if clinically indicated.

In 2012, NASA and the National Space Biomedical Research
Institute (NSBRI) convened an expert panel to provide recom-
mendations regarding early interventions for maintenance of
cardiovascular health based upon best terrestrial practices.
These experts reviewed the Multi-Ethnic Study of
Atherosclerosis (MESA)? as a source of primary guidance. The
MESA models likely cardiovascular risk in otherwise healthy
individuals based upon various factors including age, sex, coro-
nary artery calcification (CAC), race/ethnicity, cholesterol,
blood pressure, family history, smoking status, current medica-
tions, and comorbid diabetes.? The expert panel considered this
approach and then tailored their reccommendations to a younger
(45-65 yr-old) and highly fit population representative of the
active astronaut corps, including additional risk factors such as
fitness score and high-sensitivity C-reactive protein levels.
Adjustment of risk based on fitness and statin use was validated
by a study published by Hallal et al.** in 2012 and further
refined by Radford et al.*® in 2018.

Current Approaches for Astronauts
The expert panel presented a list of recommended practices
that included:

« Use of MESA to calculate 10-yr risk, based on CACs and
Framingham Risk Factors
« Adjustment of risk based on statin use as follows:

o 30% reduction for statin use meeting 100 mg/dL
LDL target;
o 35% reduction for statin use meeting 70 mg/dL LDL target.

o Adjustment of risk based on fitness as follows:

0 40% reduction for VO,max > 10 METs < 11.5 METS;
0 45% reduction for VO,max > 11.5 METs < 13 METS;
0 50% reduction for VO,max > 13 METs.

o Adjustment of risk based on high-sensitivity C-reactive pro-
tein (hsCRP) as follows:

0 5% risk reduction for hsCRP < 0.5;
0 5% risk increase for hsCRP > 3.0 < 10.

Through analysis and refinement of these methods, the
astronaut cardiovascular health and risk modification model,
ASTRO-CHARM, was developed.”” This risk assessment tool
was developed specific to the astronaut population for the com-
prehensive assessment of atherosclerotic cardiovascular dis-
ease. To develop ASTRO-CHARM, Khera et al. combined
participant level data from three population-based cohorts: the

Dallas Heart Study, MESA, and the Prospective Army Coronary
Calcium (PACC) study.”” Cox proportional hazard models
were created with traditional risk factors as the independent
variables (age, sex, race, total cholesterol, high-density lipopro-
tein (HDL), systolic blood pressure, use of antihypertensive
medications, smoking history, and glucose levels). Family his-
tory of myocardial infarction, hsCRP levels, and statin use were
also tested to determine if they were independently associated
with the outcome and improved model-fit statistics. This risk
model was internally and externally validated.”” The ASTRO-
CHARM tool is the first integrated atherosclerotic cardiovascu-
lar disease risk calculator to incorporate risk factor and
CAC data.

Simultaneously, onboard use of ultrasound technology has
allowed for sonographic evaluation of carotid intimal media
during flight. This noninvasive technique can identify alter-
ations of carotid wall thickness and the development of athero-
sclerotic vessel wall changes, providing early indication for
mitigation strategies of any developing disease.'"® A study pub-
lished in 2016 by Arbeille et al. described the use of onboard
ultrasound by minimally trained astronauts to obtain adequate
imaging of the carotid artery for telemetered evaluation,’
demonstrating the simplicity of such techniques for atheroscle-
rotic screening and risk evaluation.

Terrestrial Applications

These risk mitigation strategies are not uniquely indicated for
the astronaut population, and translation of the cardiovascu-
lar risk modification pathways utilized for the astronaut corps
to terrestrial populations could provide valuable tools for cli-
nicians in the risk stratification and management of cardio-
vascular disease in their patients. Evidence-based insights and
countermeasures identified for potential utilization by health
practitioners on their terrestrial patients to identify asymp-
tomatic atherosclerotic soft plaques for stabilization and
regression include:

1. Easy, affordable identification of atherosclerotic soft plaques
by noninvasive and low-radiation coronary calcium heart
scanning techniques and CIMT testing;

2. Analysis of laboratory and genetic markers including cho-
lesterol profiles, Lipo(a), apolipoprotein E4 (APOE4), and
similar;

3. Optimization of cholesterol profile and hsCRP (ideally total
cholesterol < 150, low-density lipoprotein (LDL) < 80,
hsCRP < 1.0) with:

a. Diet (emphasizing plant based complex carbohydrates
and lean meats with an N-6/N-3 ratio of < 3.4, avoidance
of simple sugars)

b. Environmental (good air quality/avoidance of smoking
or encouraging smoking cessation)

c. Fitness, with exercise goals at least 150 min/week at a
minimum of 5 METS combined with strength training

d. Medications (e.g., statins, proprotein convertase subtili-
sin/kexin type 9 (PCSK9)-inhibitors, ezetimibe, and oth-
ers) to manage cholesterol profile
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e. Sleep and stress management (including diagnoses and
management of obstructive sleep apnea (OSA), aware-
ness of the impact of circadian dysregulation, etc.);

4. Monitoring via periodic biomarkers, imaging (including
carotid intimal media testing, CAC, advanced tomographic
angiography of coronary vessels, etc.) and risk modeling
(such as with the ASTRO-CHARM model, available for
public use at http://astrocharm.org).

While developed for specific application in the astronaut
population, clinical assessment tools and associated mitiga-
tion techniques provide a comprehensive understanding of
cardiovascular risk and subsequent clinical interventions.
These tools can be implemented for terrestrial applications to
augment current clinical practice in patients of similar age
and sex.

MUSKULOSKELETAL RESISTIVE EXERCISE
COUNTERMEASURES

Section Leads: Michael B. Gallagher and Judith Hayes
Background
Astronauts experience deconditioning during exposure to
microgravity associated with spaceflight. This phenomenon
has been considered as analogous to accelerated aging, partic-
ularly with respect to the musculoskeletal system. Astronauts
and cosmonauts travel to space with minimal risk of frac-
ture.!’! Microgravity exposure results in increased bone turn-
over and decreased bone mineral density (BMD) as well as
increases in markers of bone resorption, including urinary
deoxypyridinoline, urinary N-telopeptide, and urinary pyri-
dinium crosslinks.'”>'!! Loss of muscle mass is also recog-
nized as a problem following microgravity exposure. Previous
studies have delineated these losses through studies of isoki-
netic strength of various muscle groups in astronauts pre- and
postflight.*? Exercise has historically been used as a counter-
measure in the U.S. space program to mitigate physiological
impacts of microgravity exposure.”® Research has been con-
ducted over decades by the international community to refine
the countermeasure prescriptions and thereby optimize astro-
naut performance while mitigating effects on the cardiovas-
cular, sensorimotor, and musculoskeletal systems.***%13!
Currently, astronauts on the ISS are scheduled for 2.5 h per
day, 6 d per week of dedicated exercise, with 30-45 min for
aerobic exercise and approximately 45 min for resistive exer-
cise.”®? The ISS is outfitted with cycle ergometers (U.S. and
Russian), treadmills (U.S. and Russian), and resistive exercise
devices. Though significant advances in exercise countermea-
sures have been made, further research on optimizing indi-
vidual prescriptions of varying body types is needed.”®

To combat bone and muscle loss in spaceflight, the ISS was
initially equipped with an interim resistive exercise device (iRED)
for the first 18 ISS mission increments. Unfortunately, iRED was
no more effective than aerobic exercise at preventing bone loss in
prolonged microgravity.'® Terrestrial knowledge indicates the
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importance of eccentric loading versus concentric loading in
heavy resistive exercise.’! The advanced resistive exercise device
(ARED) replaced the iRED after its arrival to the ISS in 2008.%
Compared to iRED, the ARED provides astronauts with greater
absolute loads, options for constant loading or variable force, an
improved eccentric:concentric ratio (90%), a greater variety of
possible exercises, and for targeting of mechanical loads to body
sites that experience the greatest reductions in bone mass.”'%
For crewmembers who used ARED on the ISS, their pelvic BMD,
bone mineral content, hip femoral neck BMD, trochanter BMD,
and total hip BMD remained essentially unchanged after flight
compared to preflight measurements.'” While the ARED marks
a significant improvement compared to the capabilities of the
iRED, the ARED is still not a perfect countermeasure for bony
remodeling and resorption in microgravity. Recent evidence
shows that while ARED protects cortical volumetric BMD
(VBMD) at the femoral neck, trabecular vBMD at the hip is not
protected with current prescriptions.'®

Six degrees head-down-tilt (HDT) bed rest studies on Earth
have been used as an analog to understand the effects of long-
term microgravity in humans. Bone loss has been observed in
the lumbar spine, femoral neck, trochanter, tibia, forearm, cal-
caneus, and in the entire body of bed rest subjects.®* Muscle loss
has been observed.®” Interestingly, these individuals' skulls
gained bone mass. Exercise countermeasures to mitigate bone
loss have been studied in this setting. Ploutz-Snyder et al. con-
ducted a 70-d HDT bed rest study randomizing 34 subjects to
one of four intervention groups: the first using traditional exer-
cise equipment similar to that found on the ISS without supple-
mentation (Ex); the second using traditional equipment similar
to what is on ISS along with testosterone supplementation
(EXT); the third using a single compact flywheel providing both
aerobic rowing and resistance exercise (FLY); and the fourth
doing no exercise whatsoever and serving as a control group
(CONT).*” Quadriceps and soleus muscle atrophy was signifi-
cantly attenuated by the exercise countermeasures. However,
no significant effect of exercise was observed on BMD or its
molecular markers with the exception of urinary calcium,
which was significantly decreased in both FLY and ExT groups
compared with the CONT group.®’”

A good diet and targeted vitamin supplementation during
long-duration spaceflight holds promise for mitigating bone
loss. Astronauts who consumed higher energy or protein
amounts on orbit had lower losses of pelvic bone mineral con-
tent.!'! However, while subjects assigned to ARED tended to
consume higher amounts of energy and protein than those
using the iRED, determining the degree of influence nutrition
had versus the type of resistive exercise employed was diffi-
cult. Despite astronauts taking Vitamin D supplements on
orbit, the amount of it in their bodies appeared to be compro-
mised. The active form of Vitamin D, 1,25-dihydroxychole-
calciferol, was lower in astronauts during spaceflight in both
ARED and iRED groups.'!! Also, 25-hydroxycholecalciferol
in astronauts postflight was decreased despite Vitamin D sup-
plementation. Interestingly, 1,25-dihydroxycholecalciferol
was unchanged in their bodies after landing in this study.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 92, No.8  August 2021 653

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-05



BELLAGIO Il REPORT—Sides et al.

Current Approaches for Astronauts
NASA has developed an individualized approach to astronaut
bone health. Key to the current regimen is monitoring and
customized exercise prescriptions from a NASA flight surgeon
in collaboration with laboratory exercise physiologists and an
Astronaut Strength, Conditioning, and Rehabilitation (ASCR)
specialist. The ASCRs, working under the direction of a
licensed physician, are a group that includes an exercise physi-
ologist and licensed athletic trainers, all certified as strength
and conditioning specialists. Through their observation, test-
ing, and guidance, individualized prescriptions, in the form of
an exercise plan, for each astronaut prepares the crewmember
for the flight level of physical fitness required, prevention of
in-flight injuries, as well as managing postflight rehabilitation.
There is active education for the crewmember on injury pre-
vention and early diagnosis of musculoskeletal injuries. This
individualized therapy is achieved through one-on-one train-
ing and observation.

Clinical surveillance of mission-assigned astronauts to mon-
itor astronaut health and performance as well as countermea-
sure effectiveness include™:

o Isokinetic skeletal muscle strength and endurance evalua-
tions (pre- and postflight);

o Functional fitness tests (pre- and postflight);

o Cycle ergometer aerobic capacity VO,-max test (pre, in-, and
postflight);

o Dual-energy X-ray absorptiometry
postflight);

« Biomarker monitoring (pre- and postflight);

« n-telopeptide monitoring (pre- and postflight);

« Vitamin D monitoring (pre- and postflight);

» On-orbit strength and conditioning monitoring (in-flight
daily exercise logs).

scan (pre- and

Terrestrial Applications

Lessons learned from astronauts on the ISS may have direct
application to elderly patients at risk of hip fractures. In the
elderly, hip fractures can be devastating. Many experience sig-
nificant decreases in their activities of daily living (ADL) and
independent activities of daily living (IADL) 1 yr after such an
injury with mortality rates of 10-35% during this time-
frame.®® Contributing factors to hip fractures in the elderly
include an increased propensity to fall, lower BMD, fatigue
damage to bone from microfractures, thinning of cancellous
and cortical bone structures, and, in females, changes in fem-
oral neck geometry.” Certain exercise programs in the elderly
can improve BMD, but could be optimized to ensure consis-
tent results. Elderly subjects exposed to 40-wk-long resistance
training programs experienced a significant increase in BMD
at their lumbar spines and hips.'> However, in another study
conducted on middle-aged and older men doing resistance
and high-impact loading exercises for 9 mo, no significant
improvement in BMD was seen compared with a control
group.'®

In the immediate postflight phase, astronauts also have a
higher susceptibility to fall as compared to their preflight status
based on measures of postural stability via computerized
dynamic posturography.'*! This is a concern as long-duration
mission astronauts may have compromised their bone density
and architecture so that their fracture risk may be heightened.
While the on-orbit countermeasures address aerobic, anaero-
bic, and musculoskeletal conditioning, some in-flight resistance
activities ‘requiring stable manipulation of external loads’
during lower-body resistance exercise may support positive
sensorimotor outcomes postflight.'*! In addition, the daily, per-
sonalized astronaut reconditioning programs initiated immedi-
ately on return from the ISS contribute to recovery astronaut
health and performance.

From iRED to ARED to dietary interventions, the space pro-
gram has strived to mitigate microgravity’s harmful effects on
the musculoskeletal systems of astronauts. Lessons learned in
long-duration spaceflight can be applied to improve exercise
prescriptions in the elderly to mitigate hip fractures and other
harmful effects of osteoporosis. The fact that ARED was
designed to provide more types of in-flight exercises, higher
intensity exercise prescriptions, and an improved loading pro-
file that simulates constant mass and the inertia of free
weights™!% gives credence to the notion that exercise prescrip-
tions in the elderly could be optimized by using free weights for
resistance training rather than other devices. The bed rest study
by Ploutz-Snyder et al. demonstrates that even 1 h per day of
exercise can mitigate 23 h per day of unloading via bed rest.®’
Though many hospitalized elderly patients likely cannot
achieve the intensity of exercise in this study, the types of exer-
cise that bed rest subjects completed could hold clues to what
may improve the exercise regimens prescribed to elderly
patients with osteoporosis.

LOWER BODY COMPRESSION GARMENT FOR
MITIGATING ORTHOSTATIC INTOLERANCE

Section Leads: Stuart M.C. Lee and Michael B. Stenger
Background

Approximately 25% of astronauts participating in short-dura-
tion and > 60% of astronauts who complete long-duration
spaceflight (> 4 mo) become presyncopal during a 10-min 80°
head-up tilt test on landing day.**”* Orthostatic intolerance
after spaceflight is a potentially serious health risk for astro-
nauts and cosmonauts during re-entry and landing, particu-
larly if the crew are oriented in the upright, seated position or
are required to participate in the piloting of the vehicle. To pro-
tect against this, NASA has employed countermeasures that
have included in-flight exercise,®® fluid loading,”* whole body
cooling,3* and lower body compression garments.**® The Rus-
sian Space Agency has implemented a similar suite of counter-
measures in which all individuals returning on the Soyuz
spacecraft also must participate, including the use of their low-
er-body compression garment.* Analogous interventions have
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been prescribed to combat orthostatic intolerance in patient
populations with varying levels of efficacy.

NASA and the Russian Space Agency had successfully used
their respective compression garments, the Anti-Gravity Suit
(AGS) and the “Kentavr” (kenrtaBp, translation: “centaur”),
for many years.®»!?! The intent of NASA effort to develop a
“next-generation” lower-body compression garment sought to
incorporate the best elements of each while addressing some
recognized concerns. Laboratory testing previously demon-
strated the efficacy of both current garments to prevent pre-
syncope during a 15-min 80° head-up tilt test,* a protocol
similar to that used when testing astronauts on landing
day,*** in subjects who were hypovolemic to levels similar to
the plasma volume loss induced by spaceflight.®"7* With these
results in mind and in consideration of observations following
spaceflight exposures,®!?! the baseline requirements for the
next-generation compression garments included that mean
pressure applied by the garments should be between 40 and 80
mmHg, the range of compression levels provided the AGS and
the Kentavr. Other considerations included: continuous cov-
erage from the feet to the abdomen; sizing that was individu-
ally customized to the crewmember’s anthropometry®;
construction that would not inhibit movement'®®*; garments
that were easy to don and doff’!; and gradient compression,
applying the highest levels at the lower legs with decreasing
pressures at the thighs and abdomen. The goal was to develop
a garment that would be worn during re-entry and landing
and comfortably protect the crewmember for several hours
after landing in the event that medical support personnel were
not immediately available to assist the crew in an off-nominal
situation.®

Research and development at NASA, in collaboration with
industry experts, resulted in a three-piece gradient compres-
sion garment (GCG) (Fig. 2) that could be donned by the
wearer with relative ease in less than 5 min.!””> Donning of the
garments is eased by including zippers in the shorts and in the
ankles of the thigh-high, lower-extremity garments that could
be opened to relieve pressure while donning and then closed to
provide the appropriate level of compression.

Three studies were performed which demonstrated the effi-
cacy of the GCG to protect against orthostatic intolerance fol-
lowing exposures to simulated and actual microgravity. In one,
none of the 16 subjects became presyncopal during a 15-min
tilt test following 14 d of 6° head-down tilt bed rest, despite sig-
nificant losses in plasma volume and indices of decreased left
ventricular mass and function.'* In fact, contrary to tilt test
results from other studies, the change in heart rate and stroke
volume from supine to head-up tilt was less after bed rest when
wearing the GCG than before bed rest without the GCG.
Importantly, none of the subjects participated in any other
countermeasures (e.g., fluid loading, cooling) before or during
the postbed rest tilt test. Additionally, though female astronauts
have a high rate of postspaceflight presyncope during tilt tests
on landing day,*”'?* none of the four women subjects became
presyncopal while wearing the GCG during postbed rest test-
ing. In a study of U.S. Space Shuttle astronauts, seven subjects
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Fig. 2. The graded compression garment (GCG) consists of two stockings
covering the feet to the top of the thighs, which are pulled up one at

a time, and a pair of “biker-style” shorts that are pulled on last, covering

the upper thighs, hips, buttocks, and abdomen. Limb (every 1.5 inches
from the base of the toes to the top of the thigh) and body circumferences
(at the level of the hips and abdomen) are measured to construct a
custom garment that provides compression of 55 mmHg at the ankle,

35 mmHg at the knee, 18 mmHg at the top of the leg, and 16 mmHg over
the abdomen.

wore the GCG during a 3.5-min stand test conducted within 2
h of landing and their results were compared to astronauts per-
forming the same stand test without the GCG.!!> Although the
stand-test duration was chosen such that no astronauts became
presyncopal on landing day, the effectiveness of the garment
was evident. The GCG prevented the tachycardia and reduced
stroke volume and cardiac output normally associated with
standing after spaceflight. Most recently, 10 astronauts who
completed long-duration missions on the ISS were studied and,
within hours of landing, participated in the same stand test
described previously during which heart rate and blood pres-
sure were measured. Wearing the GCG prevented both the

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 92, No.8  August 2021 655

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-05



BELLAGIO Il REPORT—Sides et al.

tachycardic response and the decrease in mean arterial pressure
commonly observed while standing on landing day.*®

Current Approaches for Astronauts

Although postspaceflight orthostatic intolerance was recog-
nized as a negative consequence to weightlessness early in the
NASA space program, orthostatic intolerance countermea-
sures were not tested until the last two Apollo missions. Based
upon the reports from longer spaceflights undertaken by the
Soviet space program, there was a concern that Skylab astro-
nauts would require more protection against orthostatic intol-
erance when undertaking much longer missions than NASA
had yet attempted.”’ Consequently, “cardiovascular counter
pressure garments” were flown for each of the three Skylab
missions. The astronauts donned the garments before re-entry
and then inflated the pneumatic garments with a hand bulb,
either during or after landing.>® Given that astronauts were
seated upright, pneumatic lower-body compression garments
also were utilized during Space Shuttle re-entry and landing.
Additionally, during the Space Shuttle program, end-of-mis-
sion oral fluid loading® and use of liquid cooling garments
under the Launch and Entry Suit and Advanced Crew Escape
Suit® became operational practices to restore plasma volume
and prevent excessive heating, respectively. During the Shut-
tle-Mir and early ISS programs, astronauts and cosmonauts
returning on the Space Shuttle used compression garments,
participated in fluid loading, and wore the liquid cooling gar-
ment as other Space Shuttle astronauts did, but they also were
returned to the Earth in the recumbent posture.** Astronauts
returning from space in the Soyuz capsule, particularly after
the retirement of the Space Shuttle, wear the Kentavr and
largely have adopted the Russian protocol for end-of-mission
oral fluid loading. In general, astronauts continue to wear low-
er-body compression garments after landing whenever they
are not recumbent or sleeping until the time that symptoms of
orthostatic intolerance have largely resolved. Although recov-
ery of cardiovascular responses to gravity to preflight levels
can be prolonged after long-duration missions,** the rate of
recovery varies across individuals. Some astronauts will not
wear compression garments after the first day of landing,
some will be encouraged to wear garments at a lower level of
compression, and some will wear garments for several days,
progressively stepping down in compression each day.!'*
Assigned crew surgeons monitor the condition of their astro-
nauts after landing and consider the planned activities while
providing guidance for the strategies undertaken to protect
against orthostatic intolerance and encouraging a safe recov-
ery from spaceflight adaptations.

Terrestrial Applications

Interventions that protect astronauts from orthostatic intoler-
ance after spaceflight also can benefit clinical populations,
including individuals with autonomic failure, recurrent syn-
cope, and postural orthostatic tachycardia syndrome, as well as
those who are bedridden for an extended duration.!'* Effective
treatment for these patients is a high priority for physicians

because, even in otherwise healthy, young individuals, ortho-
static intolerance can result in an inability to participate in nor-
mal activities of daily life.”® To assess the efficacy of the GCG in
a clinical setting, patients — with a range of maladies inducing
orthostatic intolerance or orthostatic hypotension — partici-
pated in either a stand test or a tilt test with and without wear-
ing GCGs. Patients wearing a GCG experienced fewer
symptoms, lower heart rates, and better blood pressure control
during a short orthostatic challenge compared to their experi-
ences when they attempted the same test without garments.®’
Gradient compression garments like those designed for use by
astronauts after spaceflight can be adapted for everyday use in
some patient populations to reduce symptomatology and
improve quality of life on Earth.

NASA NUTRITIONAL GUIDELINES

Section Leads: Scott M. Smith, Sara R. Zwart, and Grace Douglas
Food and nutrition are important countermeasures guaran-
teed to be on every long-duration space exploration mission,
regardless of duration or destination. From human perfor-
mance and crew morale, to support of virtually every physio-
logical system, food and nutrition have proven critical in the
success (or sometimes failure) of exploration missions on
Earth, and the same will be true as we seek to leave Earth’s
gravitational pull.

Nutritional requirements for space missions have been
defined based largely on terrestrial guidelines with augmenta-
tion from knowledge gained from spaceflight and from
ground-analog research. Terrestrial guidelines most often seek
to define nutrient intakes to mitigate nutrient deficiency, and
they are not designed to prevent disease and maintain optimal
health."** While preventing deficiency is absolutely critical, we
truly seek to define food systems which provide nutritional
support to mitigate the risk of disease in astronauts, including
musculoskeletal losses, cardiovascular degradation, ocular
pathologies, neuropathy, dementia, and cancer, and to optimize
the DNA repair processes, cognition, sleeping patterns, and
overall health. The optimized food and nutrition to provide this
support is unknown terrestrially and, at this point, is even less
defined for astronauts.

Current Approaches for Astronauts

Inferring from available knowledge related to musculoskeletal
health on Earth, NASA has developed and is currently testing
nutritional guidelines for health and performance for astro-
nauts on long-duration space missions. Specific guidelines
include:

o Maintain energy intake, body mass;

o 2-3servings fish/week (N-6:N-3 ratio < 3.4);

« > 6 servings fruits and vegetables/day;

« > 5 servings lycopene-rich foods/week;

o > 2 flavonoid-rich foods/day;

o Maintain protein intake at 1.2-2.0 g/kg body weight;
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« Maintain potassium intake at > 2600 mg - d~! in women, and
> 3400 mg - d ! in men;

+ Maintain calcium intake at 1000-1200 mg - d™%

« Sodium intake near or below 2300 mg - dh

« Iron intake close to 10 mg - d! or lower;

o Vitamin D3 intake > 800 IU/day.

These guidelines are based on the National Academy of
Medicine’s Dietary Reference Intakes for North Americans,*
position of the Academy of Nutrition and Dietetics, Dietitians
of Canada, and the American College of Sports Medicine for
nutrition and athletic performance,'” and other ground-based
literature.**8>118128 These guidelines highlight the importance
of balanced energy intake and the critical need for nutritionally
stable processed food sources. Supplementation is typically not
required (nor is it desired), with the exception of Vitamin D.
These guidelines provide both food-based recommendations
along with individual nutrient goals, both of which are import-
ant elements. Energy intake remains a key requirement and
focusing on vitamin/mineral supplements will distract from
this fact. If the nutritional content of the food system is degrad-
ing, the quality likely is as well, which means crews will eat less.
The best option is to define and incorporate the technologies
that provide nutritious, high-quality foods through the mis-
sion, which will obviate the need for supplementation.
Highlighting the importance of whole food-based sources of
nutrients also brings back the impact of the psychological
impact of food during isolated and challenging space missions.
Testing of these recommendations not only on musculoskeletal
but also on immune and microbiome health is underway in
both ground and flight research. Ultimately, these guidelines
could be used by the terrestrial population, as optimal human
health depends on food and nutrition regardless of the
environment.

NASA provides comprehensive dietary recommendations
to develop and maintain the fitness and physiological status of
astronauts. Validation of the effectiveness of these dietary rec-
ommendations during flight is required before crews are sent
on exploration missions.

Terrestrial Applications

NASA studies in spaceflight and ground analogs provide evi-
dence-based recommendations for dietary countermeasures
that may be similarly applied on Earth and further support for
Earth-based study outcomes. Accurate dietary compliance and
tracking over prolonged periods in human studies on Earth can
be challenging, whereas the closed food system and tracking in
spaceflight provides greater certainty of accurate dietary
accounting and associations with physiological changes. Fish
intake has been associated with reduced loss of BMD both in
spaceflight'*® and terrestrial populations."*""*%* Additionally,
an association of single-nucleotide polymorphisms with
one-carbon metabolism and ophthalmic changes indicates there
may be cases where B-vitamin supplementation may provide an
advantage,'*!*> even where the diet may supply adequate
amounts. Ongoing interdisciplinary evaluations of the impacts
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of dietary improvements on nutritional markers of health status,
the immune system, and the microbiome are expected to further
support targeted nutritional countermeasures using whole food
systems for both Earth and space exploration.

ULTRASOUND TECHNOLOGY MITIGATING
NEPHROLITHIASIS

Section Leads: Adam Sirek and Ashot Sargsyan

Background

Microgravity exposure produces certain changes in human
metabolism and physiology, increasing the potential for the for-
mation of nephrolithiasis. Early metabolic studies demon-
strated that calcium oxalate and uric acid stone formation risk
was increased because of the hypercalcuria, hypocitraturia, and
intravascular volume depletion which occur during space-
flight'?® and immediately postflight.!?” Ground-based models
of spaceflight physiology have corroborated the results of previ-
ous flight studies. A 90-d bed rest study to analyze the mecha-
nism of stone formation and evaluate effects from exercise and
oral bisphosphonates demonstrated similar rates of stone for-
mation in control and exercise groups, but no stone formation
in the bisphosphonate group.®! Intravenous bisphosphonates in
another bed rest study showed similar protective effect against
renal stone formation.'?® It appears that exercise counteracted
bone loss by promoting osteoblastic activity but did not sup-
press bone resorption sufficiently to protect against renal stone
formation.

Human studies on the ISS have provided greater insight to
bone metabolism and the risk of renal stone formation. Preflight
and postflight analysis of long-duration missions over a 12-yr
period (2000-2012) demonstrated similar findings in male and
female crewmembers, with equivalent changes in BMD, bio-
chemical markers, and some increase in urinary supersatura-
tion."!? Spaceflight appears to create a “hyper-resorptive” bone
metabolism pattern. Markers of both bone resorption and bone
growth have been shown to increase during spaceflight.!®
Thus, despite the favorable outcomes of ISS missions in two
decades of continuous habitation, the perception of risks to
crew health and mission from nephrolithiasis remains suffi-
ciently high to sustain interest in the spaceflight community
and promote efforts to develop and implement effective risk
modification and mitigation strategies. This is especially
important for the highly constrained exploration missions
beyond low Earth orbit without medical evacuation possibili-
ties or real-time telemedicine and procedural support.

For several decades, astronaut selection has prescreened for
the presence or history of urinary tract calculi.” Evidence-based
medical standards and advanced imaging technologies in the
ISS program have changed the approach for managing poten-
tial urolithiasis. Countermeasures include readily available tele-
medicine on the ISS, ultrasound imaging, robust pharmacy,
and potentially medical evacuation to mitigate any residual risk
of urolithiasis. For long-duration space missions, a similar
approach is likely to be taken with a stronger emphasis on
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prevention and risk modification and in-flight tools supporting
crew medical autonomy for in-flight imaging and management
on the other.

Acknowledging the risk of symptomatic urolithiasis during
a mission, which could rapidly evolve into an urgent medical
event, NASA experts and funded investigators continue efforts
to improve stone detection and characterization capabilities for
ongoing surveillance of astronauts and for urinary tract imag-
ing in the context of missions of different profiles. Focus on
advanced ultrasound technology relies on solid terrestrial evi-
dence supporting its use in various nephrolithiasis scenarios.
Both focused ultrasound (emergency department) and com-
prehensive ultrasound (radiology) have been shown to be sim-
ilarly effective compared to computed tomography (CT) in the
management of symptomatic urolithiasis.'?”

In the context of nephrolithiasis, modern ultrasound devices
offer a broad variety of grayscale (B-mode) image optimization
techniques as well as additional modes that prove increasingly
useful in stone detection and characterization. May et al. stud-
ied stone-specific imaging, termed “S-mode,” to improve stone
detection by enhancing stone visibility and surface delinea-
tion.”> Many commercial ultrasound devices have prepro-
grammed stone-sensitive modes.

An important additional mode to enhance stone detection
is the color Doppler mode, which maps ultrasound frequency
shifts over the anatomical image. In addition to the Doppler
effect from moving cells in blood vessels, this mode detects
ultrasound frequency dispersion (similar to acoustical “white
noise”) by solid stationary targets, including mineralized
material. While these non-Doppler frequency shifts are far
greater than those from the true Doppler effect, they exceed
the scale of the color spectrum, and aliasing causes a “twin-
kling” pattern (hence the term “twinkling artifact”). Some
investigators suggest that this phenomenon also improves
determination of stone size. Terrestrial clinical trials have
compared the accuracy of stone detection between color
Doppler technique and CT, finding color Doppler to have a
94% positive predictive value®® and 99% specificity.* A group
of NASA investigators studied the mechanisms for the “twin-
kling artifact” and suggested that it was caused by microbub-
bles on the surface of the stone and may be influenced by
carbon dioxide levels in the atmosphere.!>!% The authors
concluded that the “twinkling artifact” may not be as readily
elicited in conditions of spaceflight.

Current Approaches for Astronauts

Space medicine depends on ultrasound imaging more than
most other clinical disciplines because of the absence of other
diagnostic imaging modalities and the operational nature of the
setting with limited resources and the very limited ability to
safely and quickly evacuate the ill or injured crewmember.
Depending on the clinical and operational circumstances, a
focused diagnostic examination in space with a single binary
clinical question (emergency medicine model) can evolve into a

broader, comprehensive, and specific imaging application
(radiology model). Therefore, space medicine experts have a
great interest in established and emerging ultrasound applica-
tions, monitoring the accelerating adoption of bedside ultra-
sound techniques in terrestrial medicine, novel devices,
telemedicine solutions, and advances in ultrasound skill man-
agement and machine learning.

Current ISS medical requirements do not include any renal
imaging in asymptomatic astronauts, who are assumed to have
been stone free at launch and unlikely to develop clinically sig-
nificant (i.e., larger than 4.5 mm) renal stones during the mis-
sion. However, the risk of urolithiasis has been among the top
reasons for recognizing ultrasound imaging as a required capa-
bility on ISS for augmentation of medical support since 2003.
As part of experiments and medical technology demonstra-
tions, multiple renal imaging trials have been conducted since
2002 with successful acquisition of intended data. The ISS par-
adigm for ultrasound imaging relies on real-time tele-ultra-
sound with an experienced remote guide at NASAs Mission
Control Center. This model will have to yield to a substantially
different set of solutions to sustain the imaging capability in
exploration mission settings. NASA uses the ISS as a testbed to
develop novel, skill-management solutions for procedural
autonomy.

Ongoing surveillance of astronauts for occult mineralized
deposits and small calculi is a sensible means to minimize the
overall impact of nephrolithiasis in spaceflight programs. While
the clinical practice at large still prefers CT as “gold standard”
for diagnosing manifest nephrolithiasis, its use for surveillance
of healthy individuals is not justifiable due to radiation, cost,
and lower sensitivity in very small (< 3 mm) in-situ mineralized
deposits. In contrast, ultrasound, is a safe, repeatable, and low-
cost modality for detection and monitoring of mineralized foci
that do not yet meet diagnostic criteria for nephrolithiasis but
could potentially evolve to larger stones. However, such surveil-
lance program must be built to address multiple complicated
factors associated with equipment, operators, imaging protocol
and procedure, extraction and interpretation of results, and
communication between the program and the attending flight
surgeons.

All partner medical organizations in the ISS program per-
form periodic sonographic screening of their crew cohorts for
nephrolithiasis, to meet or exceed the joint requirement of
abdominal sonography once every 5 yr. Besides optimized set-
tings in standard imaging modes, the protocol includes the use
of color Doppler mode to detect the phenomenon of spectral
dispersion (commonly known as “twinkling artifact”) as well as
the more sensitive spectral Doppler mode to objectively docu-
ment the presence of dispersion. Thanks to formalized tracking
of each suspected focus, overall accuracy of ultrasound is
expected to increase with each annual repetition. The pending
analysis of accumulated experience will provide uniquely
important evidence for space medicine as well as for the medi-
cal community at large.
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Due to the limited sensitivity of the twinkling artifact in very
small, mineralized deposits, the current NASA surveillance
program uses, in addition to the color Doppler mode, a tar-
geted spectral Doppler mode to obtain proof of even low-am-
plitude frequency dispersion. This allows increasing
sensitivity of the surveillance program to include smaller
mineralized deposits that do not cause appreciable twinkling
in color yet can be included in long-term tracking for sur-
veillance purposes.

Terrestrial Applications

Terrestrially, small occult calculi remain undetected until
they become symptomatic or they are discovered inciden-
tally in an imaging study for another cause. Once a stone is
detected, management becomes the primary concern. Large
or symptomatic stones are commonly managed via rehydra-
tion, analgesia, lithotripsy, stenting, surgical procedures, or a
combination of the above. Ultrasound therapy is also sug-
gested and favors pulse wave in a ramping format with good
results.”® Recent advances in ultrasound technology have
allowed for increased focus in power and target of the array
such that the ultrasound itself may be capable of relocating
the stone. Transcutaneous stone propulsion rates of 1 cm -
s~ were originally demonstrated in a porcine model with
implanted human stones.” Further studies refined the tech-
nique and reduced the risk of tissue thermal injury from the
high intensity beams by altering the burst pattern while still
being able demonstrate stone movement from the calyx to
the renal pelvis, ureteropelvic junction, or proximal ureter.*’
Specific studies of tissue injury in a porcine model demon-
strated no tissue injury when the ultrasound burst was
shortened to 50 ms with 1-s bursts.*® Human studies suc-
cessfully moved renal stones and fragments up to 10 mm
with minimal discomfort.*” The space medicine community
carefully follows the developments in this area and may con-
sider inclusion of high-intensity ultrasound capability in the
medical systems of future programs.

Terrestrially, rates of renal stone formation are increasing.
An estimated 10% of the population will be affected with renal
stones at some time during their life. The risk and cost of a
potential renal stone-related event in spaceflight has resulted
in a framework for early and accurate noninvasive, radia-
tion-free detection of nephrolithiasis, with identification and
refinement of ultrasound imaging technologies and tech-
niques based on both existing evidence and essential experi-
ence from spaceflight. Ultrasound uses in human spaceflight
also provide methods for management, treatment guidance,
and follow-up, including both temporizing measures and a
potentially definitive treatment modality. These space-
flight-focused technology applications could be translated to
the terrestrial clinical environment, offering a potential reduc-
tion in healthcare cost and morbidity among the general pop-
ulation. Especially important are the prospects of using the
spaceflight-driven constructs as well-studied examples and
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precedents of successful operation in a limited-resource envi-
ronment. Maximizing the use of affordable ultrasound tech-
nology, which may be the only imaging modality readily
available in many remote locations around the globe, has the
potential of improving care for millions of patients with neph-
rolithiasis and optimizing the use of scarce healthcare
resources. Human spaceflight can also raise the radiation
awareness in the medical community and the general public
since ultrasound imaging technology, based on ample evi-
dence, could assume the role of a primary imaging modality
for most nephrolithiasis-related needs.

DYNAMIC LIGHTING SYSTEMS TO MITIGATE
CIRCADIAN DYSSYNCHRONY IN OPERATIONAL
ENVIRONMENTS

Section Leads: Erin E. Flynn-Evans, Steven W. Lockley, Smith L.
Johnston II1, and Nicolas G. Nelson

Background

Dysregulation of circadian rhythms is detrimental to human
health and performance, contributing to suboptimal sleep and
impaired alertness while complicating other multisystem
pathologies.*”>** Astronauts scheduled for non-24-h opera-
tions or exposed to 92-min orbital light-dark cycles become
biologically misaligned from their imposed sleep-wake sched-
ule, increasing the potential for sleep loss, which in turn
increases the risk of accidents.”

Light is the body’s primary “time-giver” - the environmen-
tal cue that calibrates our circadian clocks. For most individu-
als, circadian entrainment occurs through passive exposure to
the solar light-dark cycle. Visible light stimulates specialized
cells in the retina, which elicits synchronization of the central
circadian pacemaker in the hypothalamic suprachiasmatic
nuclei, suppresses melatonin release from the pineal gland,
triggers direct alerting effects, and defines an overall “biolog-
ical time”?*?"% During spaceflight, circadian misalignment
can result from non-24-h schedules, “shiftwork” because of
vehicle docking or other time-critical procedures, or from the
inappropriate timing, intensity, or wavelength of light expo-
sure. On Earth, circadian desynchrony is a common condi-
tion for shift workers, military populations, and people
experiencing jetlag.

Visible light is a nonpharmacological countermeasure that
can be used in two ways:

1. Light, when appropriately timed, can entrain crews to a new
circadian phase (e.g., a different time zone'**) or period
(i.e., a non-24-h schedule®®); and

2. As adirect altering agent during times of anticipated sleepi-
ness (i.e., when working overnight, when sleep deprived, or
during a particularly hazardous operation).

The properties of light are important — altering the light
intensity, timing, or wavelength can improve the efficacy of its
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use as a countermeasure. For example, white light that is
enriched in the short-wavelength part of the spectrum (in the
480 nm range) is most effective at resetting the circadian sys-
tem'? and alerting the brain.?*!2°

Current Approaches for Astronauts

NASA has funded the research, development, and imple-
mentation of dynamic lighting systems. Studies in con-
trolled laboratory environments have shown that humans
can entrain to the Mars day length, or sol, which is 24.65
h.*»% Fatigue management interventions have utilized
short-wavelength enriched light devices in a number of
operational settings. For example, mission staff were able
to entrain to the non-24-h Martian sol during the Pheonix
Lander mission and suffered less sleep loss.” Blue-enriched
white lights have also been shown to improve performance
during overnight work at mission control.® Light-emitting
diodes (LED) are being investigated as an in-flight counter-
measure against circadian desynchrony, sleep disruption,
and deficits in alertness and cognitive performance?® and
high fidelity analogs such as NASA’s Human Exploration
Research Analog (HERA)* and Antarctica.’®’® Dynamic
multi-LED arrays provide at least as much visibility and
color discrimination as fluorescent lights, with the advan-
tage of greater flexibility in the intensity and spectrum of
light emitted as well as potentially longer product life and
reduction of potential pollutants such as mercury. Reduc-
tion of intensity and short-wavelength content of white
light before bed can also reduce alertness and improve
sleep quality.”>*! Such light exposure regimes - blue-
enriched white light upon waking and red-enriched white
light before sleep - are currently being tested onboard
the ISS."

Terrestrial Applications

Over two decades of research support the efficacy of light as a
countermeasure to promote alertness during spaceflight, and
some findings have already been translated into Earth-based
spin-offs for shift workers, patients with sleep disorders, trav-
elers, athletes, and the military.>'*** Short-wavelength lighting
countermeasures have led to clinical benefits like photother-
apy for the treatment of psychiatric conditions like seasonal
affective disorder (SAD) (recurrent major depressive episodes
that typically begin late autumn and remit in spring®*), fatigue
associate with traumatic brain injury,'® or chemotherapy.>®
Similar applications have been used to help sleep and depres-
sion in care home residents®*>**>? and in a number of occupa-
tional environments such as offices,"** schools,'” and
industrial settings.'%

Light can also potentially be used to help synchronize the
diverse range of functions controlled by the circadian clock
including hormone secretions, intracranial pressure, microbi-
ome activity, and other emergent processes.*?*”” The science of
chronobiology could further inform the management of sleep

disorders, depression, and other chronic conditions; circadian
desynchrony has been associated with the etiology of metabolic
pathologies like diabetes.”! Ultimately, chronobiology could
lead to the development of time-optimized cancer therapies
and a better understanding of oncology.?*!!¢

In summary, dynamic-lighting countermeasures against
spaceflight-associated circadian desynchrony have reshaped our
appreciation of the solar cycle’s influence over the human body
and mind. With proper scheduling, bright-blue light has demon-
strated success in a variety of applications: entraining circadian
phases, enhancing alertness, adjusting circadian periods, and
treating psychiatric conditions like SAD. Future research into
chronobiology promises new phototherapies, optimized infra-
structural lighting, novel strategies for preventing and managing
chronic conditions, personalized scheduling, and other advance-
ments in human health and performance. Eons of evolution
engineered the biochemical clockwork encoded in our genes,
and with the use of dynamic lighting systems, we are learning to
synchronize it with a few quanta of light.

FATIGUE RISK MANAGEMENT SERVICE

Section Leads: Smith L. Johnston, Steven W. Lockley, and
Mathias Basner

Background

Sleep deficiency is a common terrestrial condition with signifi-
cant cost to healthcare and industry productivity. This is also
the case during space missions as crews often experience sleep
and circadian desynchrony in preflight, in-flight, and post-
flight, and for mission control ground crew who provide round-
the-clock support from mission control.

Current Approaches for Astronauts

NASA has developed an integrated suite of best practices and
countermeasures to help crewmembers improve sleep and cir-
cadian outcomes on Earth and in space. NASA has established
a fatigue management service (FMS), a central component in
translating sleep and circadian research outcomes into opera-
tions. This service provides crewmembers with a structured
implementation plan for fatigue risk management training
and personalized guidance on the use of circadian shift sched-
ules, which include advice on light exposure, light avoidance,
melatonin, caffeine, and other pharmacologic hypnotic and
alertness countermeasures to optimize the pre, in-, and post-
flight sleep opportunities. NASA-funded research has identi-
fied circadian misalignment as a major cause of sleep
deficiency and cognitive impairment among crewmembers.
NASA has developed and tested protocols for providing wave-
length-specific light exposure to help crewmembers adapt to
new schedules and time zones both on Earth and, following
installation of new lighting onboard the ISS, during space-
flight."” These light exposure regimes have been paired with
personalized schedules based on an individual’s chronotype
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Fig. 3. Process used to provide fatigue management services to crewmembers during the pre-mission training phase, from the Clinical Practice Guidelines for

Management of Circadian in ISS Operations.

and sleep preferences, unique ground testing protocols for
chronobiologics (e.g., melatonin and light/darkness®2%42132)
short-acting benzodiazepine agonist hypnotics (e.g., zaleplon
and zolpidem®®) and alertness medications (e.g., modafinal
and caffeine’®'?), and a personalized sleep training program
provided to crewmembers and flight controls by the FMS to
facilitate the fastest possible adaptation and performance ben-
efits. Objective measures of sleep and performance (e.g.,
3-min psychomotor vigilance test [PVT]'? and cognition bat-
tery'*””) with debrief questionnaires are also employed for
feedback, as illustrated in Fig. 3 countermeasures implemen-
tation plan. All these best practices can be entered into a
uniquely designed electronic medical record for patient and
data management.

>

Terrestrial Applications

Sleep of adequate duration and quality is critical for optimal alert-
ness and performance and depends in large part on the circadian
timing of sleep, length of a workday, and sleep quantity and qual-
ity over the previous few days.*® Utilization of personalized
approaches to help improve sleep outcomes, particularly during
episodes of circadian misalignment, has potential benefits to

terrestrial populations including military personnel, shift work-
ers, and travelers experiencing jet lag. Usage of chronobiologics
have already been implemented for U.S. military personnel in avi-
ation environments** as countermeasures to rotating shift sched-
ules and disruption in sleep schedules.

The experience gained in NASA’s work in sleep management
has contributed to the development of a commercially available
application for individuals to utilize when planning a trip to
help management jet lag and fatigue. This application is utilized
by commercial airlines and frequent fliers. Future editions are
being developed with further options for military and opera-
tional environments as well as shift workers. This product has
also been successfully used with professional athletes from
Olympians to national sports teams. The 3-min version of the
PVT was developed with NASA-funding and has been used as
a sensitive tool for alertness decrements related to sleep loss or
circadian misalignment in several terrestrial research stud-
ies.!"!? The broader cognition test battery'* was specifically
developed for high-performing astronauts and consists of 10
brief tests that cover a range of cognitive domains relevant for
spaceflight. It is also currently being used to assess performance
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in high-performing terrestrial populations (e.g., Navy person-
nel, physicians).

PROBABILISTIC RISK ASSESSMENT

Section Leads: Erik L. Antonsen and Ari Epstein

Background

As NASA transitions from flight operations limited to low
Earth orbit to exploration missions, NASA will face novel chal-
lenges to the health and safety of its crew. Over the last 19 yr of
continuous human presence on the ISS, the delivery model for
medical care in spaceflight has worked for that environment.
However, the model has been limited by minimally integrated
data systems infrastructure and medical “kit” planning domi-
nated by expert opinion rather than evidence-based drivers for
system needs. This process cannot adequately address the
increasing likelihood of medical conditions inherent to increas-
ing mission duration that occur as vehicle constraints tighten.
Interplanetary missions will grapple with these challenges:

1. Significantly reduced mass and volume for medical resources;

2. Potential power and data bandwidth restrictions;

3. More limited resupply capabilities driven by increasing dis-
tance from Earth;

4. Increased need for autonomous medical capacity due to
changes in operational paradigms expected with communi-
cation time delays;

5. Increased evacuation times or no evacuation capability for
ill or injured crew.

Probabilistic risk assessment (PRA) provides a quantitative
framework that can help prioritize medical capabilities in a pro-
cess that respects mass and volume limitations to help guide
systems engineering processes. The total risk that a planetary
mission faces can be described as a balance between medical
and nonmedical risk. In short-duration missions, the medical
risk impact to total risk is generally small because of the selec-
tion of healthy individuals and limited exposure to spaceflight
hazards that have a degrading effect over time. As mission
duration and distance from Earth increase, the proportion of
risk carried by the human system increases, and the need for
mission-appropriate medical support is likely to increase.

In spaceflight, a larger medical capability traditionally
translates to increased mass and volume that, compared to the
ISS, will decrease in future exploration vehicles. When mass
and volume are allocated to a system in excess of the need, the
result is waste that may have increased risk in another area of
the mission by causing omission of other important items;
thus, assigning an unnecessarily large footprint to medical
resources or crew training could ultimately improve medical
risk (with potentially diminishing returns) at the expense of
total increased mission risk. Ideally, system designers would
appropriately trade medical and nonmedical mass and volume
to identify the nadir of total mission risk as illustrated in Fig. 4.

Total Risk

Non-Medical Risk

Minimum Mission Risk

Mission Risk

Medical Risk

Optimal Medical System

0 Mass/Volume of Medical System

Fig. 4. lllustration of mission risk as a function of medical system mass and
volume allocation. As medical system mass and volume increase, other
important mission items may be excluded, resulting in elevated total mission
risk. The minimum mission risk point “x”demonstrates the ideal optimal
medical system and volume that is sought through utilization of the PRA
approaches.

Current Approaches for Astronauts

To approach this risk nadir and improve recommendations to
optimize medical system capabilities and resources, NASA cre-
ated a mixed PRA model called the integrated medical model
(IMM). This tool estimates probabilities of medical events
occurring during missions and models the impact of resource
availability for medical care on risk outcomes of interest to mis-
sion planners.***”7> The probability distributions for modeled
medical conditions helped inform the prioritization of medical
capabilities that should be considered for inclusion in vehicle
medical systems during mission and vehicle design and devel-
opment. The probabilities are also used with other assessments
of medical priority to identify which medical conditions are
likely to contribute meaningfully to risk reduction when plan-
ning for mission medical needs such as diagnosis and treatment
capability.#1712?

The IMM merges spaceflight and terrestrial medicine evi-
dence bases to feed Monte Carlo simulations that estimate the
probability and likelihood of unplanned medical conditions,
effects on resource utilization, and crew functional impairment
on the ISS.”7'% These outputs estimate mission risk parameters
including the likelihoods of loss of crew life (LOCL), need for
medical evacuation (EVAC), and crew performance decre-
ments expected from medical issues (Crew Health Index
[CHI]).**” While imperfect, this is the only tool available to
quantitatively inform exploration medical needs beyond low-
Earth orbit. NASAs Exploration Medical Capability (ExMC)
Element employs a model-based systems engineering frame-
work to define and align stakeholder expectations when plan-
ning for exploration mission needs. The PRA provides
quantitative inputs for trade space analysis (typically used by
NASA in terms of searching for the optimal boundary by trad-
ing off a cost in one cost center for a cost in another cost center)
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Fig. 5. The process starting with the mission Concept of Operations provides a walkthrough of the elements of a repeatable process that is informed by the
mission activities that are planned (preventative health care) and those that are unplanned (acute health care). Systematic approaches enable repeatable
derivation of the appropriate medical capabilities that can be provided to systems engineering processes for trade space analysis.

for exploration medical systems.* This enables improved align-
ment of medical needs with systems designs to improve crew
autonomy.*”76

Using probability of occurrence for medical conditions in
mission calculated by the IMM, the ExMC institutes a repeat-
able, traceable process that leverages subject matter experts
(SMEs) of various clinical backgrounds (flight surgeons, phar-
macists, and nurses) and the PRA to derive an accepted medical
conditions list (AMCL)"” designed to inform medical systems
planning. The integrated medical exploration database (iMED)
definitions for best and worst case care are reviewed in surveys
by SMEs, who interpret and assign scores for a futility index
and a complexity index for each medical condition with the
goal of prioritizing the most appropriate medical conditions to
drive recommended medical capabilities for the exploration
mission parameters (Fig. 5).

Terrestrial Applications

Although this decision-support approach has been devel-
oped for exploration spaceflight, the applicability extends
to other logistics and planning domains. Regulatory agen-
cies have used PRA methods to help regulate carcinogens

in foods, consumer products, environment, and the work-
place® as well as hazardous waste site remediation.!?
Civilian health and military systems face some of the same
logistical challenges as human spaceflight. Leveraging
medical evidence-based PRA analysis methods to inform
repeatable prioritization approaches provides an effective
blueprint for mapping between the disparate exper-
tise-bases of medicine and systems engineering. Civilian
regional health systems with both public and mixed fund-
ing sources navigate operational challenges in: 1.) Identify-
ing which systematic healthcare risks to target; and 2.)
Prioritizing finite mitigation resources to optimize public
health or disease responses.!’ PRA provides a quantitative
framework that could be useful to develop stakeholder
insight for decisions impacting efficient and equitable dis-
tribution of healthcare.?””’

This approach could similarly be applied to military deploy-
ment of forces, commodities, and logistics. In both combat and
peacetime-deployed settings, sustainment teams balance sev-
eral competing requirements, such as personnel rotation; joint
reception, staging, onward movement and integration (JRSOI);
resourcing; mortuary affairs, casualty tracking and patient
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evacuation; transportation and lift; and key leader engagement
(KLE). In austere or remote environments, this type of plan-
ning demands significant lead time.”’ By expanding risk
assessments beyond their current use for food/water mission
requirements and supply chain management,* military opera-
tors could gain a quantitative framework to better support
decisions that optimize medical resource allocation to support
mission success.

As humans return to exploration spaceflight, medical
operations require decision support tools that integrate med-
ical systems into the larger engineering processes. Medical
PRA tools can provide input for transparent, repeatable pro-
cesses to improve trade space analysis and systems engineer-
ing and match medical capabilities with expected mission
needs.

BELLAGIO Il CONCLUSIONS

Human research has been a major focus of the ISS and the U.S.
space program since its inception. Investigating the effect of
microgravity on human physiology has extended our capabili-
ties off the planet while increasing medical capabilities to deal
with aberrant physiology terrestrially. Experience with short-
and long-duration spaceflight has uncovered novel homeostatic
pathways, as well as unexpected pathophysiology. Ultimately,
the findings have led to the development of various counter-
measures to maintain the human element at peak performance
during the missions.

The ISS has established itself as an important research plat-
form and test bed for various scientific research and technology
demonstrations. To maintain the need for advancement, under-
standing the human system remains critical. The environment
of the ISS is inherently dangerous to a human being and long-
term microgravity exposure has been likened in many ways to
the normal terrestrial aging process; the astronauts themselves
have thus become critical research elements for the terrestrial
human platform.

The Bellagio II Project conducted an extensive search of the
available data bases to review mature science available in the
public domain. This manuscript outlines the status of sciences
and technologies with direct terrestrial application at the time
of publication. It is a snapshot of mature science that demon-
strates a pathway for translation of evidenced based counter-
measures that have effectively mitigated risk to astronaut health
and are ready for translation as solutions to analogous biologi-
cal health problems on Earth.

Countermeasures of mature science selected to demon-
strate a pathway for translation include clinical assessment
tools to mitigate coronary artery disease; exercise pre-
scriptions to mitigate fractures and effects of osteoporosis;
use of GCGs to mitigate episodes of orthostatic intoler-
ance; and nutritional guidelines and evidence based
dietary recommendations to maintain fitness and optimal
physiology. Space medicine research has demonstrated

early and accurate renal stone detection through ultra-
sound; dynamic lighting systems to mitigate altered sleep
patterns and circadian dysynchrony; fatigue risk manage-
ment; and probabilistic risk assessment within a frame-
work of systems engineering for optimal resource allocation
for austere operations.

Future Research

In addition to mature science, the Bellagio II Summit proceed-
ings identified research in progress, at different stages of matu-
rity, with probability for future terrestrial application. Numerous
articles and research veins demonstrated great merit but incom-
plete readiness at this time. Although not presented in this
manuscript, examples of these works in progress include: artifi-
cial intelligence; the microbiome; virtual, augmented and
mixed reality; stem cell and tissue engineering; melanoma
screening in high risk populations; space radiation; plant
growth in differential gravity and radiation fields; genetics; and
astronaut selection. Research in these areas is ongoing, and
progress toward maturity will be monitored for readiness to ter-
restrial application. We anticipate that, as research continues,
more data will be available to expand the realm of scientific
knowledge from space to Earth.

Partnership

The Bellagio initiative is characterized by a multidisciplinary
effort with international collaboration, that generated partner-
ships among entities including NASA, the Aerospace Medical
Association (AsMA) and its constituents, the NIH, and interna-
tional space agencies. Representatives from 13 countries partic-
ipated in person at the Bellagio IT Summit. Through the process
of analyzing the evidence present in published literature, rela-
tionships and ideas were freely exchanged and discourse over a
variety of viewpoints aligned the course of the project through
recognition of the mature science. The momentum and concept
generation from the collaboration and interdisciplinary part-
nerships strengthened collaborative and teamworking skills of
the participants.

Such coordinated efforts need to continue as we move for-
ward into the era of commercial spaceflight, long-duration
space travel, and the enhancement of safety and health in space
exploration as well as clinical operations on Earth. Efforts will
need to be directed at improvement of interdisciplinary case
management teams, effective leadership, qualified and certified
personnel, clinical practice guidelines, best practice models,
protocols for application of space medicine countermeasures
and solutions.

Mentorship, Outreach, and Advocacy

The post-Bellagio Il Summit spirit and enthusiasm continues to
influence the medical community and the general public
through action-oriented activities that stimulate awareness and
inform the public regarding career paths in aviation and space
medicine. Such activities include speaking engagements at
career days, giving talks to elementary schools, high schools,
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colleges and alma maters, our children’s sciences classes, and
job fairs. Much of the research carried out by the scientific com-
munity has tremendous benefits for the general public.

As we pursue the advancement of aviation and space medi-
cine through ongoing research, a key objective in this process is
to create a next generation of scientists through effective men-
torship. The Bellagio Il initiative engaged many young, aspiring
scientists along this journey, providing opportunities to prepare
and deliver scientific papers, pursue dialogue and collaborate in
scientific think tanks, publish journal articles, and strengthen
their career paths.

Dissemination of information to educate, inspire, and
empower the people of our communities through presenta-
tions, publications, and various avenues of networking is
encouraged and will continue. The ultimate goal from a medi-
cal perspective is to improve human health, performance, and
longevity and to improve quality of life for all humanity.
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