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FEATURE REVIEW

How to Test a Medical Technology for Space: 
Trauma Sonography in Microgravity1
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ABSTRACT  Preventable trauma deaths in remote environments often result from inadequate diagnosis
of thoracic and abdominal injuries. Full-time habitation of the International Space Station increases the
risk of traumatic injury requiring intervention. This publication describes the evaluation of trauma
sonography (TS) as a noninvasive, fast and effective space-based imaging tool for diagnosing intracavity
hemorrhage or visceral leakage. The NASA Space Medicine Clinical Care Capability Development
Project is using a four-phase approach: 1) identify terrestrial techniques for human diagnosis through
literature or ground studies; 2) develop and test a model at 1-g if microgravity evaluations are required;
3) evaluate the model in microgravity (parabolic or shuttle flight); 4) implement the technology or
technique for clinical use aboard the shuttle or space station. The Phase I literature review confirmed TS
as the screening tool of choice for blunt trauma in most North American hospitals. In Phase II, an animal
model was developed and tested for 1-g ground studies in which either fluid or air was injected into
specific anatomical sites. Trained sonographers, using standard ultrasound techniques, successfully
detected the fluid and air. The animal model was then prepared for the NASA KC-135 Microgravity
Laboratory (Phase III). Injection and examination procedures were synchronized to the pull-in, 0-g and
pull-out segments of the parabolic flight manoeuvres. Preliminary results indicate that trauma
sonography is a clinically useful tool in microgravity. Phase IV efforts will address training, procedures,
hardware, and data transfer requirements necessary to implement this technique for space.

INTRODUCTION
Throughout history, the activities associated with

construction and exploration have been a cause of
death and disability. The construction of the
International Space Station (ISS) requires hundreds of
hours of extra-vehicular activity (EVA), a particularly
risky endeavour. The risks and severity of injury will
be increased due to the number of person hours that

will be spent in orbit and in particular EVA, the
requirement for movement and construction of large
masses, vehicle docking and refuelling, an advancing
age of the astronaut population as highly specialised
individuals are selected for specific missions, and an
array of space induced physiological and pathological
changes (1-4). Despite being weightless, objects retain
their mass, and due to inertia can exert significant
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forces if accelerated. Further, remarkably large mass
objects can easily be accelerated in space. For
example, the space arm, which effortlessly
manipulates large structures in space, would buckle
under these same loads on earth. Thus, objects,
structures, or even individuals once accelerated in
weightlessness could deliver crushing or lacerating
blows (5,6). This risk may well be accentuated by
decreased perception of the risk of unintended
acceleration, due to the lack of ‘apparent’ weight (6).
Without weight as we know it on earth, humans are not
as sensitive to inertial mass judgements, and
consequently have shown decrements in
proprioceptive abilities (7,8).

NASA has published data which relate ‘probable
incidence versus impact on mission and health’ for
space missions and concluded that trauma is rated at
the highest level (9). Penetrating injuries might occur
during extravehicular activity, due to impacts from
micro-meteorites; however a major penetration of a
space suit is not likely to be a survivable occurrence
(4). Conversely, blunt traumatic injuries may be more
survivable and be amenable to diagnosis and
treatment.

TRAUMA CAPABILITIES REQUIREMENTS
ABOARD THE ISS

It is impossible to predict the exact scope of life-
saving surgical procedures that might be required on
the ISS. In previous reviews of preventable deaths in
isolated and rural treatment facilities, inadequate
volume resuscitation, airway control, and diagnosis
and interventions for intra-abdominal injuries,
hemo/pneumothoraces, and treatable hemo-
peritoneum, were the main causes of preventable death
(10-13). Given the extreme resource limitations on the
ISS, it is logical to address those scenarios most likely
to result in successful treatment outcomes. Thus,
airway control and thoracoabdominal injuries are a
prime focus for Space Medicine research.

On earth, overtly symptomatic or clinically
suspicious abdominal and thoracic trauma are treated
as surgical emergencies until proven otherwise,
mandating immediate stabilization and transport of the
patient to a facility that is able to deliver the
appropriate standard of medical care. A similar
approach is planned for the ISS; however, unnecessary
evacuations will cause significant mission impacts and
an exorbitant expense. It was previously estimated that
an unscheduled medical evacuation to earth would
cost at least 250 million U.S. dollars (14,15). These
cost estimates are now $500 million.

Airway control and thoraco-abdominal injuries have
been identified as prime targets for focussing trauma

care. The assessment of the airway remains clearly a
clinical task without reliance on diagnostic imaging.
However, the diagnosis of thoraco-abdominal trauma is
quite different. Physical examination is notoriously
inaccurate in detecting intra-peritoneal injuries,
especially with coexistent head and spinal injuries
(16,17). Despite continual emphasis on obtaining a
rapid clinical diagnosis of hemo/pneumothorax, many
cases are not initially suspected and are only diagnosed
on a chest X-ray. Thus, terrestrial clinicians normally
rely heavily on imaging techniques to assist in
diagnosing intra-thoracic and intra-peritoneal injury.
Techniques for imaging the abdomen and thorax include
conventional radiology (X-ray), sonography and
computed tomography (CT). Invasive diagnostic
procedures include peritoneal lavage (DPL) and
laparoscopy. X-ray and CT will not be available aboard
the ISS. Laparoscopy and DPL are invasive procedures
that require an experienced operator, yet the crew
medical officer (CMO) on ISS will probably not be a
clinician (18,19). There is no requirement to have a
physician on board the ISS at present, or in the near
future. A non-physician CMO receives at most 40-60
hours of training, which would clearly be inadequate to
deal definitively with major traumatic injuries. 

Trauma sonography (TS) is a noninvasive, fast, safe,
effective, repeatable, and tele-transmittable imaging
tool that can screen for the presence of intra-cavitary
(peritoneal, pericardial, and pleural) hemorrhage or
visceral leakage (20-27). Abdominal Trauma
Sonography (TS) has replaced DPL as the screening
test of choice in many North American trauma centers
(28), and can provide a definitive evaluation of many
trauma patients in the appropriate settings. Ultrasound
is often used to detect fluid collections in the pleural
cavities and pericardium. The accurate imaging of the
pleural spaces for the presence of fluid has been
demonstrated in trauma settings (27).

The diagnosis of pneumothoraces with sonography is
unorthodox, as the most common cause of
indeterminate abdominal sonography in one focussed
assessment with sonography for trauma (FAST) study
was sub-cutaneous emphysema associated with thoracic
injuries (29). The detection of air by sonography also
appears initially somewhat paradoxical as the
sonographic evaluation of the lung is hampered by the
high acoustic reflectance of air-containing structures
(30). Nevertheless, investigations have suggested that
thoracic injuries including pneumothorax and
hemothorax can also be reliably excluded with
expanded TS. Preliminary human trials have also shown
that TS can be effective in diagnosing a traumatic
pneumothorax (31-33). These techniques are important
because there will be no imaging modalities (X-ray or
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CT scan) on board the ISS other than ultrasound.
Original plans for the Space Station specified medical
care similar to that provided by the emergency,
operating, and critical care units of a terrestrial Level III
hospital, including emergency radiography (34).
Currently, this is not feasible given current financial,
mass, volume, and power restraints.

A state of the art ultrasound machine is manifested
for the ISS, and could potentially provide the capability
to perform TS. The essence of trauma sonography is the
FAST exam, which does not look for individual organ
injuries, but focuses on the detection of intra-peritoneal
fluid (35). TS relies on the demonstration of sonolucent
areas (fluid stripes) in typical anatomic locations. The
localization of these fluid stripes is gravitationally
determined in the 1-g environment. However, the
behavior of intra-cavitary fluid remains poorly studied
in weightlessness. If fluid does not localize to the
expected or predicted terrestrial anatomical sites under
microgravity conditions, erroneous interpretations of
trauma sonograms might render the study non-
diagnostic or even potentially misleading. Likewise,
relying on an unproven technique to give a false
reassurance that a pneumothorax is not present in a
dyspneic astronaut, could be disastrous. It is thus crucial
to ask, and then answer the question – can trauma
sonography work in space?

THE CLINICAL CARE CAPABILITY
DEVELOPMENT PROGRAM

As part of the Space Medicine Program at the
Johnson Space Center, the Clinical Care Capability
Development Program (CCCDP) is an endeavor to
develop guidelines and practices to provide medical
care onboard space vehicles such as the ISS. Prior to
accepting any technology or recommending any
technique it must be analyzed from the Space
Medicine perspective. Procedures or techniques must
be reviewed to determine the specific limiting factors
that may be encountered in the space environment.
Volatile anesthetics or intravenous fluids could not be
used in the standard fashion, which requires gravity.
Given the prohibitive costs involved in testing any
procedure in orbit, the KC-135 aircraft becomes an
essential microgravity test-bed. This aircraft
constitutes the NASA Reduced Gravity Research
Platform, and allows investigators to simulate the
weightlessness of space while remaining only a few
miles off the earth’s surface. 

MICROGRAVITY AND MICROGRAVITY
RESEARCH LABORATORIES

One of the most popular images of space is that of
astronauts floating effortlessly across a capsule

defying gravity. It is only with exploration class
missions though, outside of the earth’s orbit into the
solar system and beyond, that astronauts will truly be
free of the reach of gravity. The majority of mankind’s
space experience has occurred in orbital flight about
the earth. In this environment, gravity exists but is
counter-balanced by the centrifugal forces of the
orbiting vehicle (36). ‘Weightlessness’ of an object is
the result of the absence of acceleration vectors on this
object. This is referred to as microgravity, in that
gravity exists, but objects are effectively weightless.
For over 30 years, parabolic flight has been used to
generate brief periods of microgravity. By flying a
parabolic profile, the contents and passengers of an
aircraft are subject to weightlessness as they are
experiencing no accelerative force vectors relative to
the aircraft (37). The Russians have carried out a wide
range of investigations in parabolic flight, including
the first surgical-type experiments in weightlessness
by performing laparotomies on rabbits in 1967 (38).

NASA uses the KC-135, a modified Boeing 707
aircraft as its microgravity research platform. Aboard
the KC-135, microgravity can be maintained for
intervals of up to 30-seconds. There are distinct
disadvantages though, including; short windows of 0-
g followed by windows of 1.8-g during “pull-up”
maneuvers, and the requirement to perform any
lengthy procedures in a piece-meal fashion.

MEDICAL CARE EVALUATION IN MICRO-
GRAVITY

A large body of published work, and an even larger
amount of unpublished work has evaluated medical
care in parabolic flight. Simulations performed aboard
the KC-135 have demonstrated the ability to perform
endotracheal intubation, mechanical ventilation,
cardiopulmonary resuscitation (CPR), intravenous
access with infusion of fluids and medications,
intravenous anaesthetic techniques, central arterial,
central venous and intracerebral pressure monitoring,
debriding, suturing, and cleansing of wounds,
splinting and casting of limbs, and the insertion of
urinary and nasogastric catheters, using either training
mannequins or animal models (1,6,39-43). Open
surgical procedures on anaesthetised animal models
have included exploratory laparotomy, mesenteric
vein ligation and repair, and incision and repair of
renal artery, carotid artery, and aorta, as well as
laparotomy incision closure (44). Endoscopic
procedures have included, laparoscopy and
laparoscopic surgery techniques (45), and
thoracoscopy and thorascopic techniques (46). Thus
there is a well-established precedent for examining
medical technology using parabolic flight as an
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analogue environment for space. The ability to carry
out these procedures has, in part, depended on careful
attention to restraint of the patient, operators, surgical
and anaesthetic equipment, through a number of
ingenious systems (6,44-46).

SPECIFIC TRAUMA SONOGRAPHY REQUIRE-
MENTS

Given real clinical requirements, an evaluation of
the capability of ultrasound to diagnose medical
conditions in weightlessness was required. The
Operational Ultrasound Project was developed under
the auspices of the CCCDP. The diagnosis of trauma
being the first medical condition addressed. The
trauma study was conceptualized and organized into
two main portions, which consisted of an abdominal
arm evaluating the FAST, and a thoracic arm looking
at the ability to diagnose pneumo- and hemothoraces.
In order to reproduce the physiologic conditions of a
human in weightlessness, a porcine (i.e. pig) model
was chosen. This model has been the human analogue
used in the previous microgravity investigations
looking at surgical and critical care procedures in
parabolic flight. 

THE CLINICAL CARE CAPABILITY
DEVELOPMENT PROGRAM PHILOSOPHY

The CCCDP uses a four-phase approach to
evaluating a medical problem and a linked potential
solution: Phase I – identification of an efficacious
terrestrial technique used on humans or recognition of
a potential technique, Phase II – validation of the
technique in 1-g (clinical practice or animal model),
Phase III – validation of technique on a model in the
0-g environment (microgravity analogue
environment), Phase IV – operational implementation
of the technique for use on humans in 0-g.

EVALUATION OF TRAUMA SONOGRAPHY AS
AN EXAMPLE OF THE FOUR-PHASED CCCDP
EVALUATIVE PHILOSOPHY

The process is by nature hierarchical, wherein there
will be no commitment to progress to the next level if
the results of the previous level do not support the
investment of resources. If documentation or evidence
of efficacy already exists, it will not always be
necessary or practical for the CCCDP program to
conduct a phase II trial. There may well be several
components to Stages II and III, if ethical
considerations mandate the study of an animal model
prior to human studies in either or both stages. For the
investigation of trauma sonography all phases were
deemed necessary.

The initial stage (Stage I) consists of recognizing

that a specific clinical problem on earth is usually
diagnosed, prevented, or treated with a specific test or
treatment. This may not be as easy in practice as in
theory. There are unfortunately too many examples of
unsubstantiated treatments that are strongly advocated
on the basis of opinion as being essential, that soon
become obsolete or even recognized to be harmful
with further investigation or critical analysis. The
routine application of military anti-shock trousers after
injury or the rigid adherence to the maintenance of
normal blood gases in the adult respiratory distress
syndrome are only a few examples. The terrestrial use
of trauma sonography (TS) appears to be a beneficial
diagnostic tool without side effects, but even it might
be superceded in the future by other diagnostic
modalities, such as portable CT scanning. Currently
TS warrants further evaluation for space, as
sonography remains the only potential diagnostic
modality aboard the ISS.

The next level of examination (Phase II) depends on
whether the technique has been proven clinically in the
course of routine terrestrial medicine. If a technology
is currently utilized in everyday practice having
documented effectiveness and safety, then phase II
specifically focuses on refining the technique for the
next phases of the CCCDP evaluation. For the
detection of abdominal fluid, ground studies were only
required for the validation of the porcine model as a
legitimate model on which to perform abdominal
sonography. When possible, human subjects would be
used but it is sometimes necessary to use mannequins
or animals models to test invasive techniques or
procedures.

If a technology is unproven, the evaluative course
can be even more complicated. The potential benefits
are wider in scope though, as a new medical approach
generated by a Space Medicine requirement may find
wider terrestrial medical application. An example of
such an unproven technology on earth, that has
tremendous potential for operational Space
Medicine, is the sonographic diagnosis of
pneumothoraces. The diagnosis of pneumothorax has
a high priority in Space Medicine, given the
seriousness of a missed pneumothorax, the likely
difficulty a non-clinican would have in making a
clinical diagnosis with a stethoscope in a noisy
environment, and the danger in instituting invasive
chest drainage by an inexperienced operator.
Although initially appearing paradoxical as air has a
such high acoustic reflectance and does not transmit
sound waves, the sonographic absence of the normal
pleural movements has been successfully used to
infer the presence of a pneumothorax (47-50). To
investigate this potential, both animal and human
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studies were undertaken in a normal gravity prior to
any evaluation in weightlessness. 

Human studies were being carried out evaluating
the efficacy of sonography in detecting
pneumothoraces in trauma victims at the Detroit
Receiving Hospital in Detroit, Michigan. These
results have recently been presented and show the
reliable detection of pneumothoraces and 100%
specificity in ruling out the presence of a
pneumothorax (51). A similar study is underway with
CT scan correlation at the Vancouver General
Hospital. Preliminary results have corroborated the
Detroit studies, and suggest that the sonographic
evaluation of the chest may be more accurate than the
radiographic examination of the supine chest in
detecting pneumothoraces after trauma (S. Nicolaou -
personal communication). The promise of these
terrestrial studies strengthened the need to critically
evaluate the performance of thoracic sonography in
weightlessness.

Simultaneously, animal investigations were carried
out during the Ground Rehearsal phase of this project

in Vancouver, British Columbia. These investigations
validated the porcine model, showing that after a
pneumothorax had been induced in an anesthetized
animal, the sonographers could detect its presence.
After treatment of the pneumothorax with a chest tube,
the normal pleural motion (ruling out the presence of a
pneumothorax) returned (32). This data justified the
inclusion of an evaluation of the ability of sonography
to detect pneumothoraces to be included as a separate
arm of the trauma sonography study aboard the KC-
135 aircraft.

Given success in the phase II trials, the decision
was made to proceed with an evaluation of trauma
sonography in parabolic flight. Prior to the flight
days aboard the KC-135 aircraft, all procedures were
first rehearsed in the animal laboratory at the
Vancouver Hospital and Health Sciences Center. The
animals were fully anesthetized and the ability to
detect aliquots of fluid injected both centrally and
into specific anatomic locations in the peritoneal
cavity was verified and quantified. A laparoscopic
examination was developed to place catheters at the
specific anatomic locations that are examined in the
traditional terrestrial FAST exam. These are
Morrison’s pouch, the splenorenal fossa, and the
pouch of Douglas. For research purposes, catheters
were also placed above the liver in the suprahepatic
location, and another at the root of the small bowel
mesentery. A major goal of this phase was to
confirm the ability to perform successful sonography
a short time after a pneumo-peritoneum had been
created and then released. A time-sensitive protocol
was also developed on the ground wherein the
sequence of examination and injections of fluid and
air were rehearsed in relation to the pull-in phase,
assumed 25 second 0-g phase, and in the pull-out
phase to correspond to the anticipated flights. All
data were video recorded with time synchronized
voice recordings, thus chronicling the research
activities.

A similar procedure was carried out for validation
of both the hemothorax and the pneumothorax
protocols. Baseline scans were recorded, followed
by instrumentation of the pleural catheter, and then
the injection of measured quantities of fluid. After
the pneumothorax protocol had been examined, a
similar evaluation of the feasibility of studying a
hemothorax was carried out, facilitated by release of
the intra-pleural air through a tube thoracostomy.
Before each of these maneuvers, baseline scans
were performed to document the state of the pleural
space. These results confirmed the capabilities of
trauma sonography to detect air and fluid in the
pleural space (32). The ground lab data also

Figure 1.The microgravity research environment in parabolic flight
aboard the KC-135 aircraft.
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generated a terrestrial control to compare the
anticipated in-flight data.

PHASE III, AN EVALUATION IN THE
WEIGHTLESS CONDITIONS OF PARABOLIC
FLIGHT

Ultimately, four KC-135 microgravity flights were
performed to determine the ability to diagnose
abdominal and chest trauma in a porcine model using
sonography equipment with both a high-definition
broadband system (HDI-5000, ATL, USA) and a 2.4
kg. portable scanner (Sonosite-180, Sonosite Inc.,
USA). A flight-modified version of the same ATL
ultrasound machine is manifested for the ISS. The
protocols practiced and rehearsed in the ground lab
were duplicated aboard the KC-135 (Figure 1). Prior
to flight, catheters were either pre-positioned
laparoscopically, or inserted blindly using a closed
DPL technique in the abdomen to introduce air or fluid
during KC-135 microgravity exposures. Fluid was
injected during periods of microgravity to simulate the
effects of traumatic injury in low earth orbit for the
purpose of verification or modification of standard
terrestrial sonographic diagnostic techniques.
Laparoscopic and thoracoscopic visualization of these
catheters and other surgical procedures were also
performed. The ability to detect fluid and air in the
thorax using sonography in microgravity was also
investigated. A catheter was placed in the right thorax
during a level flight period to introduce air and fluid
during the following 0g exposures. This simulated the
effects of pneumothorax and hemothorax under
microgravity conditions.

In addition to the validation of new microgravity
sonographic imaging techniques, new critical care life
support and monitoring equipment was evaluated.
These technical evaluations examined a transport
ventilator with an internal air compressor and blender,
a multi-parameter critical care monitor, and an
automatic external defibrillator. Air to ground
telemetry was established for some instrumentation,
(ultrasound, laparoscopic and physiologic data) and
was monitored from the ground.

Formal and detailed review of the data is being
carried out at present. All the videotapes of the
sonographic findings have been analyzed into
individual segments that correspond to either the
hyper-gravity periods during the pull-in or pull-out
maneuvers, or the actual period of weightlessness.
These segments have been randomly rearranged and
edited into a single videotape labeled only with
numbers. Any reference to gravitational configuration
was removed. A CD ROM describing the theory and
rational behind the project and explaining a

standardized scoring system was sent to noted experts
in Trauma Sonography. In this way, both the
investigators themselves and uninvolved experts were
able to review the data in a blinded fashion. Ultimately
a formal evaluation of these results will be submitted
for peer reviewed publication. 

CONCLUSIONS
The task at hand is the critical evaluation of the

results from the blinded reviewers of both the
abdomen and thoracic investigations. We subjectively
believe that these techniques will be valuable tools in
the limited Space Medicine armamentarium.
Hopefully blinded impartial review will confirm this.
A larger task will be that of phase 4, the practical
integration of this technology into the clinical
pathways currently planned for Space Medicine
contingencies. One of the major limiting factors will
be the sophistication of the operators, who almost
certainly will not be clinically current sonographers.
To overcome this performance gap, interest is
currently focused in evaluating automatic
interpretation devices, and especially tele-medical and
tele-sonographic capabilities and techniques. With
continued expansion of mankind’s exploration, and
eventual habitation of Earth’s orbit, the Lunar base and
Mars, a dedicated and effective medical and surgical
facility will be required. Planning and investigations
should continue to address the needs for basic
resuscitation and surgical intervention in low earth
orbit, as a minimum requirement of care. Knowledge
gained in these investigations will allow continued
medical research and planning for future space
exploration.
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