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THE FEDERAL AVIATION ADMINISTRATION (FAA)
ESTABLISHED “GUIDELINES FOR HUMAN SPACE
FLIGHT REQUIREMENTS FOR CREW AND SPACE
1
FLIGHT PARTICIPANTS” IN 2006
•

VIRGIN GALACTIC CENTRIFUGE TRAINING EXPERIENCE
“If you were working from scratch and guessing what proportion of the market that you would think [would] be able to
manage a spaceflight—in the specific context of a Virgin Galactic spaceflight, whose G forces range up to 6 Gs on reentry—you might guess 50 percent. At VG, we’re hoping that 80 percent of the people we had sold tickets to would be able
to go through the program.”

Specifics for spaceflight participant flight preparation in the guideline focused on informed consent; medical considerations were left to
individual operators.

•

An operator is likely to be held responsible by a spaceflight participant for any adverse event, including medical, during flight. Moreover, the
signing of a waiver or “hold harmless” clause does not prevent a family member/significant other from initiating a lawsuit.

•

•
•

Medical informed consent presents a conundrum—no experience, no database, no established standard of care. Operators are likely to
adopt “cautious and protective measures to obtain medical informed consent for suborbital spaceflight.”  For liability reasons, it is unlikely
that an operator will allow a spaceflight participant to fly without some medical screening or evaluation, in spite of current regulations not
requiring preflight screening.2

•
•

There is little or no objective data available of the effects of G-loads on those participants drawn from the general population.
In contrast to orbital flight, suborbital flight produces a rapid change from high +G during launch to 0-G, followed quickly by high +Gx or
+Gz deceleration at reentry. The effects of the rapidity of change in acceleration forces on the human body (particularly on the cardiovascular and neurovestibular systems) are poorly characterized4
It has been noted that the rapid transition from negative to positive G forces in military pilots has been implicated in multiple combat training fatalities and as a possible cause of G-LOC in 30% of cases.4
Most studies of effects of high acceleration have been made on healthy and young (mostly male) subjects in military human centrifuges.
For approval of experimental protocols involving human subjects in centrifuge high-G exposures, certain pre-existing conditions and risks
have been considered. Presence of these conditions has the potential to cause injury, pain or other more serious conditions. Subjects are
informed about these potential risks before participating in any high-G exposures and may be disqualified from study participation: 5
Abnormal heart rate and rhythm
Edema in the legs
Atelectasis
Injury to heart or blood vessels
Musculoskeletal pain or soreness
Spinal column trauma
Loss of consciousness
Nerve injury
Eye injury
Hernia
Motion sickness
Lower extremity petechiae (G measles)
Subcutaneous or scrotal hematoma
Seizure

•
•
•

•

•

•
•
•

On the basis of the existing data and the known effects of acceleration and microgravity on healthy, young human physiology, it is
reasonable at this time to consider that the most important human biological systems to be monitored pre-flight, in-flight, and postflight for suborbital experiences are likely to be: 6
Cardiopulmonary
Neurovestibular
Musculoskeletal
For practical risk prioritization, cardiopulmonary monitoring during suborbital flight takes precedent.
Neurovestibular issues can be anticipated during spaceflight participant pre-flight training/preparation.
This also assumes that spaceflight participants have their heads, necks, and spines stabilized during
acceleration exposures, thus minimizing the risk for musculoskeletal injury.4
Coronary artery disease (CAD) is the leading cause of death in developed nations, and accounts for 1 out of every 2.5 deaths in the
U.S.7 Nearly half of asymptomatic CAD cases initially present as acute myocardial infarction (MI) or sudden death.
In both military and civilian aviation, CAD is the leading cause of permanent withdrawal from flight status and non-accidental death.5
A significant risk is that of arrhythmia, which can occur even in healthy individuals exposed to significant acceleration.  
Significant atrial and ventricular arrhythmias have been observed during centrifugal acceleration even in
an apparently healthy, prescreened military pilot cohorts.8,9
Although reports of symptomatic cardiac disease are infrequent in astronauts, arrhythmia during space flight
has been observed. However, the mechanisms of inducing myocardial irritability in microgravity are speculative.5

•

Nearly 200 spaceflight trainees, including Richard Branson, have been trained since 2007 at NASTAR (medical training supplier to VG).11
From what has been revealed publically, if the initial Virgin Galactic Founders are representative of the demographics of likely spaceflight
participants, on average they will be older, with co-morbidities such as cardiovascular disease which may place them at risk from exposure
to spaceflight conditions, including periods of +Gx and +Gz acceleration of variable onset, magnitude, and duration.

Acceleration factors & dynamics of space flight accelerations
Physical and physiological effects of G forces (cardiovascular, breathing & vision)
Anti-G straining maneuver & breathing techniques (demonstration and practice)
Human tolerance to acceleration on STS-400 centrifuge (maximum G: +15Gz [onset/offset: 10G/s])
Medical monitoring with flight surgeon monitoring ECG in the beginning, transitioned to paramedic monitoring (without ECG) on sight
with ambulance present, transitioned to paramedics on alert but not on site.

Alan Stern
Former NASA Associate Administrator for
Science and Senior Advisor, NASTAR
As quoted in Space News, February 28, 2011
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Lynx 6,22

•
•
•

Slow 30 second ascent to 62-m followed by 4 second free-fall (4.5G) and a 4-second “negative-gravity-force air time element”
(-1.5G).
In the remaining 82 seconds, there are 6 more “air times” and several sharp curves.
Total ride duration: 120 seconds

Exclusion criteria
• Pregnant
• Symptoms or history of CV disease/risk factors
• History of syncope/presyncope
• Migraine
• Epilepsy/ other neurological disorder
• Medications other than oral contraceptives
• SBP >160mmHg; DBP >100mmHg
• Abnormal cardiac or pulmonary exam findings
immediately prior to ride

The risk for clinically significant cardiac events resulting from acceleration exposure is low for healthy, young individuals.
The situation is different for individuals cleared for flight with certain preexisting pathologies/physical findings.
For passengers with high blood pressure, prior myocardial infarction, an implanted pacemaker or defibrillator, and documented heart disease
such as cardiomyopathy, risks do exist from the acceleration forces encountered during a flight.
Participants with aneurysms are also at risk due to high acceleration, which may result in a pathologically weak arterial wall.   
Of most concern is a person with an undocumented preexisting heart anomaly.  
The occurrence of sub-clinical or asymptomatic cardiovascular disease, which can manifest itself during exposure to acceleration, presents
a dilemma, as these individuals may have an unremarkable history and examination.
Consideration should be given to screening for traditional cardiovascular risk factors as a trigger to conduct provocative testing to reveal
asymptomatic disease.

•

•
•
•
•
•

From reference 4.

•

“They can train you in procedures to help you focus and stay conscious but when you get into high G’s, no one can help
you with the pain.”

“… the maximal acceleration which a pilot can withstand depends on the length of the time the acceleration is continued.
It is shown that the pilot experiences no difficulty under the instantaneous accelerations as high as 7.8G, but that under
accelerations of 4.5G, continued for several seconds, the pilot quick loses his faculties.… This loss of faculties is due to
the fact that the blood is driven from the head, thus depriving the brain tissues of the necessary oxygen. To the pilot it
seemed that sight was the only faculty that was lost.”

David Ferguson, Flight Test Pilot
F-22 Program “Lightning II”(experienced up to 9 G’s)
As told to L Plush, Feb., 2011

Jimmy Doolittle. Accelerations in Flight. Report No. 203:373-388 in
“Tenth annual report of N.A.C.A.” Government Printing Office, Washington, D.C, 1924.

“I would disqualify anyone with atrial fibrillation, an ICD, pacer, angina or CHF, or HOCM. I would avoid people on drugs
that interfere with sympathetic tone, or with history of vasovagal syncope. I would also avoid inherited arrhythmia syndromes such as Long QT [Syndrome].”
Steven Compton, MD FACC FACP
Clinical Cardiac Electrophysiology, Alaska Heart Institute

Characteristics

Participants (N=55)

Men, No. (%)

37 (67)

Women, No. (%)

18 (33)

Age, mean (SD) [range], y

29 (10) [18-71]

Height, mean (SD) [range] cm

177 (8) [160-196]

Weight, mean (SD) [range] kg

77 (13) [48-99]

Baseline HR, mean (SD) [range], bpm

89 (20) [51-147]

Smoker, No. (%)

•
•
•

26 (47)

Mean HR (SD) increased from 89 (20) bpm pre-ride to maximum of 155 (22) bpm during the ride, followed by 109 (27) bpm at the
end of the ride. The largest increase in HR occurred during the first 30 seconds of the ascent.
HRs were significantly higher in women than mean at all points following the start of the ride, including maximal HR (165 bpm vs 148
bpm, P= 0.01)
There was a mean increase in BP from baseline to the end of the ride of 19/5mmHg
In 24 (55%), asymptomatic sinus arrythmias were recorded up to 5 minutes after the ride.
One individual experienced a 4-second self-terminating episode of atrial fibrillation immediately after the end of the ride with a HR of
140 bpm, accompanied by palpitations.
Another individual experienced an asymptomatic episode of non-sustained ventricular tachycardia 20 seconds after the start of the
initial ascent.

•

Ground-based centrifuge studies of human volunteers reveals that men and women can tolerate up to +4-5 Gz before experiencing G-LOC
or A-LOC.  
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Passenger disposition not reported other than wearing
pressure suit (as will crewmember/pilot)
Reentry Gs reach 4G during “pull-out” (vector and onset
of max G load not reported)
Glide and multiple circles, then horizontal runway landing
Flight duration: 30 minutes

Vertical launch followed by ascent to suborbital altitudes over 100 km
Propulsive boost phase followed by coast to an apogee >325,000 feet; duration of boost not reported
G loads during ascent not reported
Passenger disposition not reported  

Passenger disposition not reported
Reentry profile not reported
Reentry Gs not reported (vector and onset of max G load
not reported)
Vertical landing
Flight duration: ~10 minutes

Criteria

Mean G (SD)

G range

G-level tolerances of 1,000 relaxed subjects not wearing anti-G suits at 1G/s onset rate18
2.2-7.1
      Peripheral vision loss
4.1 (0.7)
2.7-7.8
      Blackout
4.8 (0.8)
3.0- 8.4
      Unconsciousness
5.4 (0.9)
G-level tolerances of 300 relaxed subjects not wearing anti-G suits at 2G/s onset rate19
      Peripheral vision loss
3.5 (0.6)
      Blackout
4.0 (0.6)
      Unconsciousness
4.5 (0.6)

14)
15)
16)
17)
18)
19)
20)
21)
22)
23)

In general, any commercial spaceflight participant who is suspected to have a high positive pretest probability for provocative functional cardiac testing should be considered for a more extensive medical exam to rule out coronary artery disease or other pro-arrhythmic medical conditions which might become manifest during spaceflight.
Identification of potential disqualifiers for centrifuge training can mirror established exclusion criteria previously defined in healthy,
young volunteers at this time.
Acceleration acclimatization
• Classroom didactic orientation to the physiology of acceleration pre-centrifuge training
Include comment on adequate hydration (particularly because current suborbital flight carriers will be operating in desert environments6 and participants may not have access to toilet facilities for >4 hour period
and may be reluctant to hydrate. (Anecdotal reports from Shuttle crews about to de-orbit confirm this reluctance to hydrate.)
• Centrifuge training:
Spaceflight participant is positioned in the same orientation proposed for carrier’s suborbital flight
Run a flight profile analogous to a carrier’s proposed suborbital G profile, including training to levels of Gx
and Gz greater than that likely to be encountered during flight, but not greater then +4.5 Gx to determine
and to evaluate any cardiopulmonary dysfunction.
The IAA recommends a gradual onset acceleration envelope for commercial spaceflight vehicles
to not exceed +3Gz (-2Gz), ±6 Gx and ± 1 Gy.6  
• Training should orient participants to their G threshold/symptoms for G-LOC and A-LOC
• Events during centrifuge training which would disqualify a spaceflight participant from further acceleration training
should include:
Arrhythmias
Seizure
Claustrophobic anxiety
• Monitoring during training should include:
ECG
Respiratory rate
Closed-circuit TV
Blood pressure
Pulse oximetry

Donald Morway
Centrifuge Program Manager (retired) Project Mercury Training
Johnsville NAS as told to EA O’Rangers, March 28, 2011

CONCLUSIONS
•
•

4)
5)

0 to 138,000 feet over 3 minutes during rocket-powered boost; occupants will experience +4 Gx
Coast from 138,000 to 200,000 feet in 1.25 minutes;
4 minutes of 0-G.
G loads during ascent not reported
Passenger disposition not reported other than wearing pressure suit (as will crewmember/pilot)

“One of the artifacts that they thought the centrifuge produced was called oculogravic illusion...and all our astronauts…
would report this sensation of being dizzy this way [during training on the Johnsville centrifuge]. Well, when [Alan] Shepherd… went up…on the first suborbital flight… the first thing he did when he came back…he said [to me,] ‘Boy am I glad
I had training with you guys because I got that oculo-illusion on the flight’… and if that was the case [without centrifuge
training where Shepherd experienced oculogyric illusion first-hand]…he would have controlled [the spacecraft incorrectly
and] have nosed back into the ground.”

•
DISCLOSURE STATEMENTS

Passengers supine during reentry, taking Gs through
chest (+Gx)
Crew will experience majority of deceleration in the +Gz
axis.
Reentry Gs during deceleration reach 6G max; onset of
max G load not reported
Horizontal runway landing
Flight duration: reported at 90–150 minutes

Essential core elements of training for consideration

Demographics

LOSS OF CONSCIOUSNESS/ ALMOST LOSS OF CONSCIOUSNESS
Based on limited flight profile information for commercial spaceflight vehicles, spaceflight passengers could encounter acceleration forces
likely to place them at risk for G-LOC/A-LOC.20

Horizontal takeoff of SpaceShipTwo underneath
WhiteKnightTwo to ~50,000 ft where launched.
50,000 to 361,000 feet covered during rocket-powered ballistic arc “boost” over 70 seconds followed
by ~4 minute 0-G phase. Maximum peak of 3.8 g
(longest duration in +Gx with a brief spike in +Gz
during “pull up maneuver” only).
Passengers seated during boost, taking Gs through
chest (+Gx). During 0-G, passengers (but not crew)
will be out of their seats and moving freely in 12-foot
by 7.5 foot cabin.

POSSIBLE CONSIDERATIONS FOR CENTRIFUGE
TRAINING FOR SUBORBITAL SPACEFLIGHT PARTICIPANTS

Major findings:

“The various G forces imposed on the [X-15] pilot during the boost phase of the flight were very conducive to severe vertigo. Every X-15 pilot experienced this disorientation and sensed that he had over-rotated his climb angle…”

•

New Shepherd 23

Launch
Reentry
Vertical takeoff via booster
Shepherd experienced +11.6 Gx during reentry
Ascent to 116.5 miles, 302 miles down-range
Vertical splashdown in Atlantic Ocean
Astronaut Alan Shepherd experienced + 6.3 Gx durFlight duration: 15 min 22 sec
ing launch
5 minutes of O-G
Vertical takeoff via booster
Grissom experienced +10.96 Gx during reentry
Ascent to 118.3 miles, 300 miles down-range
Vertical splashdown in Atlantic Ocean
Astronaut Gus Grissom experienced +6.33 Gx during
launch

Expedition GeForce, Holiday Park, Hassloch, Germany

In extrapolating the cardiovascular findings from roller coaster rides to suborbital spaceflight:

•
•
•

Blue Origin

Roller coaster ride profile:

In a group of presumed healthy adults, riding a modern roller coaster produced marked tachycardia, most notably during ascent, likely due
to anticipatory anxiety/stress.
Self-limited atrial and ventricular arrhythmias were noted in 3 of 55 subjects.
The after-effects of the ride’s “adrenalin rush” could lead to syncope due to a sudden drop in blood pressure during post-ride recovery.
These observations suggest an increase in myocardial oxygen demand due to sympathetic drive, similar to that observed with parachute
jumping13, skiing14, and squash games.15
Modern roller coaster rides can achieve speeds >200km/hr and acceleration forces of 6G.16
In a systematic evaluation of roller coaster fatalities over a 10-year period, Pelletier et al. determined that at least 7 of 40 deaths were attributable to a cardiac etiology.17

•
•
•

(historical reference
flight) 4

“Suborbital vehicles under development will subject passengers to forces four to six times as strong as Earth’s gravity. Fit
people can endure that and it’s actually fun, but you need to be familiar with it or you will pass out.”

Regarding risk assessment for the non-astronaut spaceflight participant, it may be informative to review the effects of G-loading on the “average” citizen participating in popular activities that place them under unexpected physical G-load stress, such as riding a roller coaster.

•
•

MR-3

(historical reference
flight) 4
Virgin Galactic
SpaceShipTwo 6,21

ACCELERATION ANALOGS: CARDIOVASCULAR RESPONSE TO A MODERN ROLLER COASTER RIDE

•
•
•

Commercial carrier
Mercury-Redstone

MR-4

12

•

Publically available launch profile information for selected commercial suborbital manned space vehicles

Mercury-Redstone

N=70 people undergoing training at NASTAR, including centrifuge training
Age range 22–88 years
“Varying” medical issues, including heart bypass surgery in the last 5 years
93 percent (N=65) completed centrifuge training successfully.
Of the N=5 who did not complete training:
2 had training delayed
1 had training curtailed
2 unable to continue at all

Average 2-day training program elements:
•
•
•
•
•

Age range: 18–88 years.
As of February 2010, 100% participants who obtained a Class 3 medical certificate have demonstrated the ability to safely endure
centrifuge based physiologic training without special medical monitoring (BP, ECG, oximetry, closed-circuit television).
Of the most recent 100 participants, 3 did not obtain a Class 3 medical certificate (2 due to vision issues; one for taking antidepressants). Following additional medical review by NASTAR, these individuals were waivered and participated in centrifuge training without incident.
The number of participants unable to obtain a Class 3 medical certificate has not been reported.

In an earlier report from February 2008 at the 11th Annual FAA Commercial Spaceflight Conference:10

*This certificate focuses on criteria for non-spaceflight pilot certification and has no bearing on passenger health. Thus, it is debatable
whether this is a satisfactory substitute for a well-designed medical screening tool for suborbital flight.

SPACEFLIGHT PARTICIPANTS WILL NOT BE AS HIGHLY
MEDICALLY SCREENED OR MONITORED

From reference 3.

•

Prerequisites: Current FAA Class 3 Medical Certificate* and ≥18 years of age.

For the purposes of this presentation, remarks will be limited to acceleration exposure of
suborbital spaceflight participants and the need for corresponding guidelines, standards
and training.

“As a commercial human spaceflight industry emerges, though, it faces a very different situation. These companies do
not typically have the luxury of choosing only a handful of the best, brightest, and fittest people. Indeed, for the business
plans of space tourism operators to close, they need to be able to fly as many people with the means to afford such a trip
as possible. That means accepting people with a more typical range of health and fitness levels, and with a variety of ailments, while filtering out only those whose conditions are so poor as to be at risk if they flew a suborbital spaceflight.”

•
•

Julia Tizard
Operations Lead, Virgin Galactic
Quoted during presentation at the 11th Annual Commercial
Space Transportation Conference, February 2008.10

Recommendations were made for crews to demonstrate their ability to withstand the stresses of spaceflight, including high acceleration or
deceleration.

•

Results:

THE LAUNCH PROFILE FOR COMMERCIAL SPACE
VEHICLES SHOULD BE KNOWN AND QUANTIFIED;
SIGNIFICANT GAPS EXIST IN THESE DATA CURRENTLY
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•

•

There is sufficient analog and circumstantial evidence to suggest that centrifuge training for spaceflight participants may be warranted as a medical screening tool (particularly to identify those individuals with occult or concealed cardiovascular disease) and for
acceleration acclimatization in preparation for suborbital spaceflight.
Consensus regarding guidance for centrifuge training as part of spaceflight participant preparation for suborbital flight is needed
among the aerospace medical community and commercial spaceflight operators.
Consider engaging the expertise of military aerospace experts in this process, as they pioneered much of our modern understanding
of acceleration forces, G-LOC, and A-LOC.
Refinements in the guidance should occur as flight experience is accrued and issues are uncovered relative to G tolerance in this
unique passenger population.
Modifiable medical conditions which, if ameliorated, may permit future suborbital flight requalification and
acceleration exposure.
Frequency of need for retraining, depending on timing of suborbital flight relative to initial centrifuge training.
Research on the specific effects of the suborbital acceleration profile are needed.

