PHYSIOLOGIC CHANGES, INJURIES, AND
FORENSIC CONSIDERATIONS ASSOCIATED WITH
HUMAN SPACEFLIGHT - A REFERENCE GUIDE

Brian Rodriguez, MD, Vasilis Mavratsas, MD
Presentation Date April xx, 2025

W11 Health




INTRODUCTION

e Notable Federal Spacecraft Mishaps
o Apollo 1 (NASA)
o Soyuz 11 (ROSCOSMOS)
o Space Shuttle Columbia (NASA)
o Space Shuttle Challenger (NASA)
e FAA requirements under 14 CFR 450
e Notable Commercial Spacecraft Mishaps
o Virgin Galactic Spaceshiptwo

® Terrestrial # Aviation # Spaceflight

Health



Presenter
Presentation Notes
The majority of spacecraft mishaps to this day have involved missions conducted by government agencies such as NASA and ROSCOSMOS. Notable US accidents include the Space Shuttle Columbia and Space Shuttle Challenger disasters. These mishap investigations occurred under the purview of NASA. However, the investigation of commercial spaceflight mishaps not involving government astronauts falls outside the jurisdiction of NASA, and falls under the purview of the FAA. Although NASA has its own internal processes and reference tools that can help guide mishap investigations, these are not always publicly available and are geared toward individuals with prior exposure to and knowledge of spaceflight operations. 
The FAA requires that commercial spaceflight operators licensed under 14 CFR 450 have an FAA-approved mishap plan in place. Indeed, a fatal mishap has already occurred in the commercial spaceflight industry that involved Virgin Galactic’s SpaceShipTwo vehicle and as the expansion of commercial spaceflight activities accelerates, the frequency of such events is expected to increase. This creates the need for a publicly available collective evidence base that can guide medical examiners without prior exposure to space medicine during a mishap investigation. 
The spaceflight environment has characteristics that can expose the human to unique hazards not present in typical terrestrial environments, or even in an aviation environment. These exposures can result in injuries and pathological findings that the vast majority of medical examiners have not encountered. This could result in a misinterpretation of findings that ultimately leads the medical examiner astray during the investigative process. The purpose of this paper is to describe the process by which a reference guide for use by medical examiners during commercial spaceflight mishaps was created. 
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Stakeholders and Project Outline 
The National Aeronautics and Space Administration (NASA) Office of the Chief Health and Medical Officer is in the process of creating an educational curriculum that can be tailored to different stakeholders’ needs for their involvement in human spaceflight. The reference guide was created to target the needs of spaceflight mishap forensic examiners specifically as part of this educational curriculum. 
Initial meetings were held with stakeholders to determine their needs and the scope of the project. This resulted in an initial outline of potential topics, with a focus on those changes or conditions that are either specific to the spaceflight environment, or that could occur to a greater degree within that environment as oppose to mishaps involving other other types of vehicles. 
Separation of Topics Into Sections 
Topics were initially placed within one of two general sections: spaceflight physiologic changes and b) unique injury and illness mechanisms. The spaceflight physiologic changes section includes findings that can be seen in individuals that are exposed to the spaceflight environment independent of the occurrence of a mishap. For example, many astronauts have been diagnosed with Spaceflight-Associated Neuro-Ocular Syndrome, a condition and constellation of findings that is uniquely found in individuals that have lived in microgravity. Lack of knowledge of this condition, could cause a medical examiner to incorrectly interpret those findings as being contributory to or a result of a mishap. These topics were grouped by organ system. 
The unique injury and illness mechanisms section includes conditions that would likely be the direct consequence of a mishap. This includes both injuries that are unique to spaceflight mishaps, such as findings due to ebullism, as well as injury types that can occur in other environments (e.g., restraint injuries, which are not unique to spaceflight mishaps), but that may have unique features within the context of spaceflight, or be expected to occur to a greater degree. Topics in this section were grouped by mechanism of injury. 
In creating the reference guide, it soon became apparent that it was missing a vital group of topics that did not belong to the two initial sections. A third section was added entitled general considerations that included information about the practical and safety aspects of the mishap investigation. For example, it described how the breaking up of a vehicle at high altitudes can result in a scattering of remains over a wide geographical region, which can put the remains at risk of predation (table). 
 
Literature Search 
The methods employed in the literature search were most akin to those utilized for a narrative review. An initial attempt was made to restrict sources to free, publicly available literature, with an emphasis on review articles and reputable textbooks. However, by the time the reference guide was completed, it was necessary to include references that were not free, as well as some original research, in order to provide the most relevant and current information. An extensive survey of the available literature was performed using the Aerospace Medicine and Human Performance Archive, PubMed, and Google Scholar databases. References utilized included aerospace medicine textbooks, review articles and original research, NTRS documents, NASA standards, and the Defense Technical Information Center. A total of 147 references were included in the final version of the document. 
 
Creating and Revising the Content 
Each topic was subdivided into three parts: general principles, forensic implications for mishaps, and related accident reports (where applicable).  Throughout the process of literature review and content creation, topics were continuously being added, modified, reclassified, or split into multiple topics, as a more complete picture of the spaceflight forensic mishap investigation landscape was being formed. The following is an example of one topic from the unique injury and illness mechanisms section of the guide: 
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EXAMPLE

3.3.2 Smoke and Fire

General Principles

1.

Some spaceflight vehicles/suits utilize oxygen-rich environments within the crew
cabin, which increase the risk of fire. Additionally, electronic apparatus and

experiments may provide a source of heat and fire.1®

Il. Forensic Implications for Mishaps

1.

Due to decreased air circulation in microgravity, smoke or other harmful gases may
form “pockets” in which they are highly concentrated.!?

Smoke can include toxic substances such as cyanide and carbon monoxide (CO).”
Smoke inhalation injury can be assessed through lung histopathology. The presence
of significant burns without lung damage may indicate exposure to high

temperatures without concomitant exposure to smoke.”

1ll. Related Accident Reports

1.

Fires aboard the Mir space station caused increased CO and carboxyhemoglobin
levels within the cabin. Headaches and nausea were reported by one crew

member.?’
Fire inside the Apollo 1 capsule lead directly to carbon monoxide poisoning and
death of the three crewmembers. The fire was later found to be due to an electrical

fire which was propagated by an internal nylon material and high oxygen

atmosphere.®
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Findings & Recommendations
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Major Forensic Differences Highlighted by Parcdcipants

Unique skin changes caused by ebullism, shock-shock interaction, molten metal
depositions and extreme hyvpobanc and temperatures,

Unique respiratory damage due to ebullism

Remains subjected to extremes of temperature

Deposition of molten metal onto the remains

High kinetic energy causing limbs to be separated by flail and deposited mules from
each other due to the high altitude and trajectory when the incident occurred.

Bubbles from ebullism in every tissue: brain, spinal cord, muscle, fat, lungs, heart.

Hollow organ expansion and overpressure from gas expansion (Boyle's Law)

High thermal followed by cold exposure once entering the atmosphere.

Exam and evidence extend bevond cause and manner

Changes in tissues brought about by prolonged exposure to microgravity

Need for temporal association of when injuries occurred to help mishap investigation

Potential differences in usual markers of death (livor mortis, algor mortis) due to space
environment




Findings & Recommendations

e Recommended Specimen Collection e [f Autopsy Not Available
o 100 mL urine o Vitreous Humor

100 g gastric contents o Cardiac Blood

300 g liver o Urine from the bladder
200 g kidney

100 g heart

200 g lung

200 g spleen

200 g brain

200 g skeletal muscle

Health

O o O O O O O O



Presenter
Presentation Notes
Current aviation autopsy guidelines recommend collecting the following specimen types and amounts from human remains: whole-blood specimens in tubes containing
potassium oxalate and sodium fluoride; vitreous humor, spinal fluid, and bile in tubes containing a clot activator such as silicon microparticles; 100 mL urine in tubes containing a preservative such as boric acid and a gel separator; 100 g gastric contents; 300 g liver; 200 g kidney; 100 g heart; 200 g lung; 200 g spleen; 200 g brain; 200 g skeletal muscle.142
II. If an autopsy is not performed, minimally invasive toxicology sampling can be requested. Sampling of vitreous humor, cardiac blood, and urine from the bladder should be performed through needle aspiration.142
III. When considering alcohol as a possible cause of a spaceflight mishap, investigators should be aware of microbial alcohol production in postmortem specimens. Ethanol tends to evenly distribute throughout the tissues, blood and urine. Elevated blood ethanol concentrations relative to urine concentrations suggests recent postmortem production.70 Investigators should also consider external sources of alcohol including exposure to fuels and reagents onboard the vehicle. Current aviation guidelines recommend usage of the serotonin metabolite rate as it correlates well with alcohol ingestion over the preceding 14-16 hours



Findings & Recommendations

e Autopsy Considerations
o l|dentification
o Body Imaging
o Predation
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1.      With the transition from terrestrial gravity to microgravity, approximately 2 L of blood and plasma shifts from the lower extremities to the torso and head.141
2.  	Upon return to terrestrial gravity, the blood and plasma redistribute to the lower extremities and may result in a drop in blood pressure that occurs when changing from a supine position to a standing position. Changes in vascular capacitance may lead to further accumulation of blood in the legs and worsen this phenomenon.6
3.  	Astronauts may fluid and salt load prior to landing as a countermeasure for post-flight orthostasis.82
 
                         I. 	Forensic Implications for Mishaps
1.  	Fluid shifting is expected to reverse upon return to terrestrial gravity. Residual evidence of fluid shifting should not be mistaken as forensically relevant. 



Findings & Recommendations

e Microgravity Neutral Position
o Rigor Mortis
o Livor Morits
o Algor Mortis
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Due to the unique environment of spaceflight mishaps, typical methods for the determination of time of death may be impacted.
II. Individuals who die during spaceflight may assume a microgravity body neutral position, that persists due to rigor mortis (Figure 1, Appendix A). Under terrestrial conditions, rigor mortis may last 24 hours.124 It is currently unclear how spaceflight may alter this timeline. Gravity-dependent blood pooling, or livor mortis, will not follow typical patterns in microgravity.115
III. Depending on the conditions of the spaceflight environment, and the integrity/functioning of the vehicle, human remains may have temperatures outside the expected range at the time of recovery.


Findings & Recommendations

e Spaceflight Associated Neuro-Ocular
Syndrome (SANS) Preflight Postflight
o Optic Disc Edema g (o
o Posterior Globe Flattening e ] "
o Hyperopic Shift :
o Chorioretinal Folds

e Mechanism of Action?
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1.      SANS is a collection of ocular changes that occur in astronauts following exposure to the spaceflight environment.49 Findings include optic disc edema, posterior globe flattening, hyperopic shift and chorioretinal folds.49
2.      Approximately 70% of astronauts have at least one finding of SANS and 18% experience clinically significant SANS.103
3.      Current theories for its cause include headward fluid shifts, nutritional deficiencies, intracranial absorption changes/compartmentalization, and sleep-related changes.78


Findings & Recommendations
e Skeletal Changes

o 1-2% BMD loss per month
o Prominently in Femoral Trochanter
and Neck, Pelvis and Lumbar Spine
o Trabecular > Cortical
e Muscular Changes
o 20% reduction in muscle mass
o Prominently in the Quadriceps,
Gastrocnemius, and Posterior Back
muscles
o Extensors > Flexors
e Available Countermeasures

11701 Health

11


Presenter
Presentation Notes
1.      Without countermeasures, individuals exposed to spaceflight lose 1–2% of their bone mineral density per month in space due to decreased gravitational loading.63 These changes are most significant in the femoral trochanter and neck, pelvis, and lumbar spine.63
2.      Bone loss is noted to be more prominent in trabecular bone as opposed to cortical bone. Resistive exercise countermeasures can increase cortical bone, but do not mitigate trabecular losses.63
1.      Without countermeasures, individuals exposed to spaceflight experience a loss of up to 20% of overall muscle mass within the first few weeks.63 These changes are most prominent in the quadriceps, gastrocnemius, and posterior back muscles.63 Extensor muscles were also found to be more significantly affected than flexor muscles.63
2.      These changes are thought to be caused by a combination of reduced mechanical loading forces (microgravity), nutritional changes, hormonal disruption, and psychological stress.79
Post-flight soleus muscle biopsies were characterized by expanded parenchymal “gaps” due to disintegration of the extracellular matrix (ECM) network




Findings & Recommendations

e Boyle’s Law
o Rapid Gas Expansion in Cavities
e Henry's Law
o Decompression Sickness
e Armstrong's Line (63K Feet)
o Ebullism
e Related Accident Reports
o Soyuz 11
o Space Shuttle Columbia
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3.1.1 Gas Expansion
                         I. 	General Principles
1.      According to Boyle’s gas law, the pressure of a gas is inversely related to the volume of that gas. Atmospheric pressure decreases as altitude increases. Therefore, gases in enclosed spaces will expand relative to decreasing atmospheric pressures.113
                        II. 	Forensic Implications for Mishaps
1.      Rapid gas expansion can result in injuries to gas-containing cavities with resultant damage to the tympanic membrane, sinuses, and lungs. Individuals exposed to rapid decompression maintaining a closed glottis may have additional pulmonary trauma.7
2.      Evidence of rapid decompression may result in pulmonary findings as follows: histological evidence of tearing of alveolar sacs, pulmonary congestion, and pulmonary hemorrhage.58
3.  	Other pulmonary findings include pneumothorax and pneumomediastinum. Arterial gas embolism may also occur, resulting in lodging of gas bubbles in end organs (e.g., heart, brain, kidneys, and bones). Damage to the sinuses and tympanic membrane may also occur.120
3.1.2 Decompression Sickness (DCS)
                         I. 	General Principles
1.      Upon exposure to low pressure environments, nitrogen dissolved in tissues can form bubbles resulting in tissue damage. Bubble formation can occur in any tissue. In more serious cases, bubble formation can cause arterial gas embolism leading to cardiovascular collapse and death.113
                        II. 	Forensic Implications for Mishaps
1.      Gas formation may lead to the formation of bubbles in any area of the body but most often occurs in soft tissue.91,100
2.      Upon return to the normal atmospheric pressure environment, gas bubbles will be recompressed, however, secondary signs of gas formation and damage may still be present.104
3.1.3 Ebullism
                         I. 	General Principles
1.      Ebullism is the spontaneous transition of water from a liquid to a gas. This will occur when the atmospheric pressure is equal to or less than water vaporization pressure (47mmHg), which coincides with an altitude above 63,000 ft (Armstrong’s line).12 (Table 2, Appendix B)
2.      Ebullism can occur in any tissue. Due to the rapid expansion of gases at this pressure, evidence of rapid decompression (as noted above) may be seen. These bubbles damage tissue and may obstruct blood flow in the vasculature.113
                        II. 	Forensic Implications for Mishaps
1.      Evidence of bubbles within all tissues may be noted in the vasculature and on histological slides.120
2.      Ebullism-associated lung pathology observed in animal models includes intra-alveolar edema, subpleural petechial hemorrhages or ecchymosis, regional atelectasis, peripheral emphysematous changes, hemorrhagic atelectasis, and simple or tension pneumothorax. Individuals may have fat embolism and hemorrhages in the fatty tissue (including the omentum and epicardium) due to gas expansion on autopsy.104
3.      Dissection of organs while they are submerged in water may allow for better evaluation of evolved gases.
                      III. 	Related Accident Reports
1.      During the Soyuz 11 mission, the crew capsule became depressurized and exposed the three crewmembers to vacuum. All three crewmembers were killed which resulted in subsequent requirements for astronauts to wear pressurized suits.14
2.      Following separation of the Space shuttle Columbia, the crew cabin completely depressurized and exposed crewmembers' tissues to near vacuum resulting in ebullism. Evidence of bubbling and vacuolation was found in the autopsy.10 (Figure 2, Appendix A)



Findings & Recommendations

e Spaceflight Acceleration
o G Tolerances
o Transient Vs Sustained Acceleration
o Axis-Specific Considerations
o Flail
o Bracing Injuries
e Spaceflight Specific Considerations
o Helmets
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3.3.2 Smoke and Fire
                         I. 	General Principles
1.      Some spaceflight vehicles/suits utilize oxygen-rich environments within the crew cabin, which increase the risk of fire. Additionally, electronic apparatus and experiments may provide a source of heat and fire.16
                        II. 	Forensic Implications for Mishaps
1.      Due to decreased air circulation in microgravity, smoke or other harmful gases may form “pockets” in which they are highly concentrated.12
2.      Smoke can include toxic substances such as cyanide and carbon monoxide (CO).7
3.      Smoke inhalation injury can be assessed through lung histopathology. The presence of significant burns without lung damage may indicate exposure to high temperatures without concomitant exposure to smoke.7
                      III. 	Related Accident Reports
1.      Fires aboard the Mir space station caused increased CO and carboxyhemoglobin levels within the cabin. Headaches and nausea were reported by one crew member.97
2.     Fire inside the Apollo 1 capsule lead directly to carbon monoxide poisoning and death of the three crewmembers. The fire was later found to be due to an electrical fire which was propagated by the internal nylon material and high oxygen atmosphere.94
3.3.3 Molten Metal
                         I. 	General Principles
1.      At the temperatures described above, metals can become molten and result in significant injury to crewmembers upon deposition onto clothing or skin.10
                        II. 	Forensic Implications for Mishaps
1.      Evidence of metal deposition and knowledge of the melting point of each metal involved could be useful in determining the temperature that the spacecraft’s cabin was exposed to.74
                      III. 	Related Accident Reports
1.  	Following the Columbia mishap, examination of histologic slides from the skin of crewmembers revealed deposition of metal over the burned surface.10 (Figure 5, Appendix A)
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o CO2

o Fuels
m Methane
m Nitrogen Tetroxide
m Hydrazine

o Lithium Hydroxide

o Anhydrous Ammonia

m Health

&P

15




Discussion

e Framework through which findings can be interpreted:
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Unrelated or contributory

Unrelated or contributory

Contributory, causal, or resulting from the mishap
Contributory, causal, or resulting from the mishap
Contributory, causal, or resulting from the mishap,
mishap occurred above Armstrong'’s line
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Through the exercise of creating the reference guide, several lessons were learned that can in turn inform more effective use of the guide. 
The separation of topics into spaceflight physiologic changes and mishap injury and illness mechanisms provides a framework through which mishap investigation findings can be interpreted. An abnormal finding can either be a) unrelated to the spaceflight environment and the mishap (e.g., fatty changes in the liver), b) related to the spaceflight environment but unrelated to the mishap (e.g., SANS findings), c) related to the mishap, but unrelated to the spaceflight environment (e.g., findings consistent with acute alcohol intoxication), d) related to the mishap and the spaceflight environment, but not unique to the spaceflight environment (e.g., restraint injuries), e) related to the mishap and the spaceflight environment, and unique to the spaceflight environment (e.g., ebullism findings). By sorting abnormal findings into the various categories, the medical examiner can inform their reasoning in determining the role of each abnormal finding in the mishap and possibly the temporal location of the injury (prior to or after the mishap). 
 
--> unrelated or contributory 
--> unrelated or contributory 
--> contributory, causal, or resulting from the mishap 
--> contributory, causal, or resulting from the mishap 
--> contributory, causal, or resulting from the mishap, mishap occurred above Armstrong’s line 
 
While the initial plan involved two sections focusing on human body systems, the inability for certain vital topics to fit within them that led to the creation of a third section highlights the central role that the environment has to play in aerospace medicine. Of importance is the environment external to the vehicle, which can become a hazard if the properly-functioning vehicle offers incomplete protection, or if an off-nominal event causing sufficient compromise to the vehicle’s structure enables exposure to the external environment. Of great importance is also the environment within the vehicle or the launch and re-entry suits, as the astronauts are fully dependent on these systems to remain functional and healthy. The malfunction of environmental control systems can be sudden and noticeable, or gradual and subtle. Certain events can overcome properly functioning environmental control systems, such as a fire that surpasses its ability to keep levels of certain gases below hazardous levels. From the aforementioned examples, it should be apparent that the external and vehicle environments can both be important factors in a mishap event. Knowledge of these environments can augment the ability of the medical examiner to recognize cause-and-effect relationships between elements of the spaceflight environment and pathological findings, leading to a more effective investigative process. 
 
 
The reference guide is meant to provide an overview of relevant topics, and not an in-depth study of those topics. However, the absence of depth is a feature of this product, and not a weakness. A commercial spaceflight mishap investigation will likely be a rare occurrence in the professional careers of most medical examiners. The primary focus of the reference guide, therefore, is to provide enough exposure to the relevant topics to prevent the medical examiner from overlooking any relevant findings. If further information is desired, the information in the guide includes an extensive body of referenced material for further study. 




Discussion

e The Human Body and the Vehicle External Environment
o Incomplete Protection
o Off-nominal Events
o Environmental Control Systems

e Expanding the knowledge of the Medical Examiner
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Through the exercise of creating the reference guide, several lessons were learned that can in turn inform more effective use of the guide. 
The separation of topics into spaceflight physiologic changes and mishap injury and illness mechanisms provides a framework through which mishap investigation findings can be interpreted. An abnormal finding can either be a) unrelated to the spaceflight environment and the mishap (e.g., fatty changes in the liver), b) related to the spaceflight environment but unrelated to the mishap (e.g., SANS findings), c) related to the mishap, but unrelated to the spaceflight environment (e.g., findings consistent with acute alcohol intoxication), d) related to the mishap and the spaceflight environment, but not unique to the spaceflight environment (e.g., restraint injuries), e) related to the mishap and the spaceflight environment, and unique to the spaceflight environment (e.g., ebullism findings). By sorting abnormal findings into the various categories, the medical examiner can inform their reasoning in determining the role of each abnormal finding in the mishap and possibly the temporal location of the injury (prior to or after the mishap). 
 
--> unrelated or contributory 
--> unrelated or contributory 
--> contributory, causal, or resulting from the mishap 
--> contributory, causal, or resulting from the mishap 
--> contributory, causal, or resulting from the mishap, mishap occurred above Armstrong’s line 
 
While the initial plan involved two sections focusing on human body systems, the inability for certain vital topics to fit within them that led to the creation of a third section highlights the central role that the environment has to play in aerospace medicine. Of importance is the environment external to the vehicle, which can become a hazard if the properly-functioning vehicle offers incomplete protection, or if an off-nominal event causing sufficient compromise to the vehicle’s structure enables exposure to the external environment. Of great importance is also the environment within the vehicle or the launch and re-entry suits, as the astronauts are fully dependent on these systems to remain functional and healthy. The malfunction of environmental control systems can be sudden and noticeable, or gradual and subtle. Certain events can overcome properly functioning environmental control systems, such as a fire that surpasses its ability to keep levels of certain gases below hazardous levels. From the aforementioned examples, it should be apparent that the external and vehicle environments can both be important factors in a mishap event. Knowledge of these environments can augment the ability of the medical examiner to recognize cause-and-effect relationships between elements of the spaceflight environment and pathological findings, leading to a more effective investigative process. 
 
 
The reference guide is meant to provide an overview of relevant topics, and not an in-depth study of those topics. However, the absence of depth is a feature of this product, and not a weakness. A commercial spaceflight mishap investigation will likely be a rare occurrence in the professional careers of most medical examiners. The primary focus of the reference guide, therefore, is to provide enough exposure to the relevant topics to prevent the medical examiner from overlooking any relevant findings. If further information is desired, the information in the guide includes an extensive body of referenced material for further study. 
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Brian Rodriguez, MD
brrrodri@utmb.edu
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