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Abstract

Background: With crewed deep space exploration on the horizon, preparation for potential astronaut health crises in
space missions has become vital. Administration of anaesthesia and analgesia presents many challenges owing to
constraints specific to space (physiologic and ergonomic challenges associated with microgravity) and nonspecific factors
(isolation and lack of supplies). Regional anaesthesia can be the safest option; however, we hypothesised that the er-
gonomics of microgravity would compromise ease and accuracy of nerve blocks.

Methods: We evaluated the feasibility of regional anaesthesia in a simulated microgravity environment (free-floating
underwater conditions) using a meat (bovine muscle) model. Forty meat models were randomised for injection under
simulated microgravity or normal gravity conditions. Success rates were determined by blinded assessors after injection.
Parameters assessed included time to block, ease of image acquisition, and ease of needle placement.

Results: The median time to block in normal gravity was 27 (interquartile range 21—69) s us 35 (interquartile range 22—48)
s in simulated microgravity (P=0.751). Ease of image acquisition was similar in both conditions, as was ease of needle
placement. There was no significant difference in the rate of accidental intraneural injections (5% vs 5%), with block
success rates comparable in both scenarios (80% normal gravity vs 85% microgravity, P>0.999).

Conclusions: Regional anaesthesia appears feasible for experts in simulated microgravity despite the ergonomic chal-
lenges. Although our model has limitations and might not fully capture the complexities of actual space conditions, it
provides a foundation for future research into anaesthesia and analgesia during deep space missions.
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Editor’s key points e The median time to block, ease of image acquisition,
and ease of needle placement were similar in simu-
lated microgravity and normal gravity conditions,
with no difference in the rate of accidental intra-
neural injections or block success rate.

e Regional anaesthesia appears feasible for experts in
simulated microgravity despite the ergonomic chal-
lenges and might thus be useful for anaesthesia and
analgesia during deep space missions.

e Regional anaesthesia could be the most practical and
safest option for anaesthesia and analgesia in space,
but the ergonomics of microgravity might compro-
mise ease and accuracy of nerve blocks.

e The feasibility of ultrasound-guided regional anaes-
thesia in a simulated microgravity environment was
compared with normal gravity conditions using a
bovine muscle model.
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The science and technology developed through the Mars
Exploration Program and missions, so far only involving ro-
botic exploration (e.g. Perseverance), pave the path for future
crewed Mars missions.! The Artemis programme, initiated by
the US National Aeronautics and Space Administration
(NASA), aspires to lunar exploration as early as 2025.%°
Concurrently, private sector companies have set ambitious
targets for crewed spaceflight and colonisation within this
decade. As these missions push the boundaries of human
presence beyond traditional orbital stations and low Earth
orbit (LEO; ~400 km), preparing for possible astronaut illnesses
or injuries becomes paramount.* Although the overall risk is
low because of careful mission planning, severe traumatic
injury is possible through multiple mechanisms. Even in
microgravity, the mass of large objects is maintained, and so is
their kinetic energy. Astronauts work with heavy equipment,
vehicles, and accelerants, so crush injuries, fractures, lacera-
tions, and burns are all possible. Although evacuating injured
astronauts in LEO back to Earth might be feasible, the same
cannot be said for deep space missions. Moreover, evacuation
from LEO might not be possible depending on injury severity,
patient stability, ability to enter the confined space of the re-
entry vehicle safely, and other factors.”®

Given these complexities, the focus is now on devising in
situ medical intervention strategies for astronauts in the event
of medical emergencies to avoid or before evacuation. Dealing
with health crises in the vastness of space will require a
limited crew to administer treatments, which might include
anaesthesia and pain management, under the constraints of
scarce resources and the challenges presented by the space
environment.

Among the myriad challenges associated with adminis-
tering general anaesthesia during spaceflight, microgravity
emerges as a particularly daunting obstacle. Microgravity in-
duces a spectrum of physiological changes that significantly
complicate the safety and efficacy of the procedure.” *? For
instance, cephalad fluid shifts can lead to heightened intra-
cranial pressure and airway oedema.””!? Altered vascular
autonomic responses to stress, potentially diminished cardiac
output, volume redistribution, and hypovolaemia complicate
haemodynamic patterns in microgravity.’®'* Reduced gastric
emptying escalates the risk of aspiration during airway man-
agement.” Furthermore, microgravity undermines the ergo-
nomics of numerous procedures, including tracheal
intubation, rendering even expert practitioners challenged in
free-floating positions.'>'* Even lower success rates would be
expected among less experienced practitioners.'>'® The safety
of general anaesthesia hinges on the utilisation of heavy and
bulky equipment. This apparatus must withstand the stress of
heavy G-forces during launch, and batteries face vulnerability
in space because of radiation exposure. In addition, the de-
livery of pure oxygen within a confined environment poses a
significant fire hazard.' Given that during space flight, medi-
cal supplies are constrained by payload and fiscal consider-
ations, and developed medical expertise might be sparse, it is
imperative to simplify medical procedures.

Regional anaesthesia offers a viable solution to these
challenges by providing pain relief or anaesthesia to specific
body parts, circumventing the need for airway interventions
and maintaining stable physiological conditions. Analgesia
could be provided in the case of traumatic injury to the trunk
(e.g. rib fractures) without reducing respiratory drive. Regional
anaesthesia is particularly well suited for analgesia after limb
trauma without compromising the cognitive function of the

injured astronaut. As each crew member’s role is pivotal for
mission success, regional anaesthesia ensures their cognitive
participation.

Studies suggest that ultrasound-guided brachial plexus
blocks can be mastered relatively quickly, potentially even by
nonmedical professionals.'® The tools required for regional
anaesthesia are compact, with the ultrasound machine, a vital
component, already present in the International Space Sta-
tion’s medical kit."> However, the feasibility of regional
anaesthesia in microgravity remains unverified. Given the
difficulty of intubation in microgravity by free-floating airway
experts,’>1* it is unclear to what degree the ergonomic chal-
lenges of microgravity will impact the performance of regional
anaesthetic techniques.

To bridge this knowledge gap, this study was designed to
assess the feasibility of regional anaesthesia in microgravity
conditions compared with normal gravity. We hypothesised
that the ergonomic challenges of simulated microgravity
would significantly worsen the ease and accuracy of simulated
peripheral nerve block performance.

Methods

This within-subjects cohort study assessed the ease and suc-
cess rate of regional anaesthesia using a meat model in a
microgravity analogue. The models were injected under two
conditions, a microgravity environment analogue (free-
floating underwater) and a normal earth gravity environment.
Four investigators injected five models under each of the two
conditions. The investigators had varying levels of experience
in regional anaesthesia. One investigator was a fellowship-
trained regional anaesthesiologist (>1000 blocks), two were
senior residents at the time of the study (>50 blocks), and one
was a consultant anaesthesiologist with moderate experience
(>500 blocks). Later, blinded assessors scored the location of
the injectate in the meat model to determine whether the in-
jection was successful. This study was deemed not to require
ethical review or ethics waiver by both Nova Scotia Health and
Dalhousie University Research Ethics Boards because the
research did not involve human participants, their data, or
biological samples.

Meat model

The creation and validation of the models are described
(Fig. 1).° The meat models were prepared using a technique
similar to that of Naraghi and colleagues.?! This involved using
bovine muscle cut to ~10x10x3 cm pieces with a single tendon
to simulate a nerve. This technique had been shown to provide
the highest fidelity of regional anaesthesia models currently
available, except for cadavers, which were not feasible for our
study purposes.’??*> The meat model was encased in ballistics
gel, as described by Morrow and colleagues.?*

Randomisation and assignment

Each of the models was assigned a study identifier and then
randomly assigned to one of the gravity conditions and to one
of four study investigators based on a computer-generated
random number. Each of the four investigators injected five
models under normal gravity conditions and five models in a
free-floating underwater (microgravity) environment. Two
investigators performed the normal gravity injections before
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Fig 1. Meat model created from beef inside round and beef tendon and then encased in ballistics gel. (a) Lean beef about to be wrapped
around the tendon. (b) Meat model encased in ballistics gel. (c) Study identifier numbers encased in gel. The Department of Anesthesia,
Pain Management & Perioperative Medicine, Dalhousie University, Halifax, NS, Canada, holds the copyright to this image, and it is

reproduced here with permission.

the microgravity condition, whereas the other two performed
the microgravity injections first.

Injection procedure

Each study investigator aimed to deposit injectate in a ‘peri-
neural’ position, defined as an interfascial injection adjacent
to the tendon, resulting in staining of the outer edge of the
tendon (Fig. 2). In both conditions, a wireless high-frequency
(4—13 MHz) linear transducer (Clarius, Vancouver, BC, Can-
ada) was used along with a phone inside of a diving case.
These were secured together using a custom 3D-printed
clamp. Using a 22G 50 mm echogenic needle (Pajunk, Geisin-
gen, Germany), the investigator injected 1-2 ml of water
mixed with methylene blue dye in the ‘perineural’ position.
The investigator was allowed as much time as needed to
acquire an image of the tendon inside the meat model. Time
started when the ultrasound transducer touched the model
and stopped when the operator removed the needle from the

model. Because speaking was not possible in the underwater
(microgravity) condition, the investigators were not permitted
to speak during scanning or injection in the normal gravity
condition either. Once the investigator was ready, they
signalled their assistant to inject the dye using finger signals.
The models were stored in a refrigerator for a minimum of 24 h
to dry the models and allow the ink to settle.

Gravity conditions

An underwater environment was used to mimic the effect of
microgravity.?> Underwater training using scuba diving tech-
niques has been instrumental in preparing astronauts for
space missions, providing a valuable simulation of micro-
gravity conditions. This method offers a realistic environment
for practicing tasks and manoeuvres in a buoyant, gravity-
reduced setting. Although parabolic flight represents a supe-
rior option for simulating true microgravity, it is constrained
by its high cost and limited time in free fall. Nonetheless,

Fig 2. Meat and ballistics gel model ultrasound image and gross appearance after bisection. (a) Ultrasound image of perineural injection. (b)
Gross appearance of perineural injection. (c) Perineural injection after removal from the gel. The Department of Anesthesia, Pain Man-
agement & Perioperative Medicine, Dalhousie University, Halifax, NS, Canada, holds the copyright to this image, and it is reproduced here
with permission.
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underwater training remains a cost-effective and practical
alternative and has been used in studies evaluating airway
techniques and  cardiopulmonary resuscitation in
microgravity.?>?®

A mannikin was made more buoyant with the addition of
internal rigid foam and tethered ~2 m from the bottom (Fig. 3).
The prepared meat model was positioned in the upper chest of
the mannikin within a container. The investigators placing the
block were free-floating, as was their assistant. The assistant’s
role was to stabilise the mannikin and the model in the
mannequin, inject methylene blue when the injector gave the
signal, and then signal that the injection was complete. The
Injector obtained the ultrasound image, positioned the needle,
signalled to inject, and removed the needle. The assistant was
responsible for stabilising the mannikin to reduce the cogni-
tive and physical demands on the person performing the
simulated block. During two dives, each of the investigators
performed five ultrasound-guided injections. They worked in
teams of two to stabilise the mannikin and place the injectate
in the meat model (Fig. 3).

All investigators who placed the blocks were certified as
divers by the Professional Association of Diving Instructors
(PADI). The investigators were not expert scuba divers. During
the dives, a dive master was present to supervise and ensure
safety. Before each dive, a pre-dive briefing was conducted to
review the study plan, safety plan, and hand signals.

In the normal gravity condition, the meat model was placed
inside the same mannikin, which was positioned on a table
(Fig. 4). The investigator was in a seated position. The ultra-
sound, phone, and dive case were the same as in the micro-
gravity condition.

Outcomes

Investigators who performed the blocks rated both ease of
image acquisition and block performance immediately after

each block in both conditions using a 5-point Likert scale (1 =
very difficult, 2 = difficult, 3 = neutral, 4 = easy, and 5 = very
easy). We also measured the time to block, from when the
transducer contacted the model until removal of the needle.

The study evaluated the success rates of perineural in-
jections in microgravity and normal gravity by assessing the
location of the injectate in the model. Two blinded in-
vestigators (different from those performing injections)
dissected and scored the injections in the models. They
bisected the model at the approximate point of injection and
removed the meat and tendon from the gel mould to allow for
better examination. The injection was deemed successful if
there was dye staining on the surface tendon without any
staining beneath the surface. The injection was deemed
‘intraneural’ if there was dye staining within the fibres of the
tendon beneath the surface. Our group has shown this to be a
reliable and accurate method of determining injection
location.?°

Statistical analysis

Continuous data were tested for normality using the
Shapiro—Wilk normality test. Nonparametric testing was
used for all non-normal distributed data. Univariate com-
parisons were analysed using Fisher’s exact tests for
dichotomous outcomes (success rate and intraneural injec-
tion), the Kruskall-Wallis rank sum test for ordinal outcomes
(ease of image acquisition and ease of needle placement), and
the Wilcoxon signed rank test for continuous data (time to
block).

To determine the sample size with an alpha of 0.05 and
power of 80% and assuming a normal gravity success rate of
95% and a microgravity success rate of 65%, a total sample size
of 36 models was needed. All analyses were performed in R
statistical software (R Foundation for Statistical Computing,
Vienna, Austria).

Fig 3. Free-floating underwater (microgravity) condition. (a) Investigators worked in teams of two to stabilise the mannikin and inject dye.
(b) A buoyant mannikin was tethered ~2 m from the pool floor. The Department of Anesthesia, Pain Management & Perioperative Med-
icine, Dalhousie University, Halifax, NS, Canada, holds the copyright to this image, and it is reproduced here with permission.
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Fig 4. Normal gravity condition. (a) Mannikin resting on a table with the meat model placed flush with chest wall. (b) Investigator in a
seated position. The Department of Anesthesia, Pain Management & Perioperative Medicine, Dalhousie University, Halifax, NS, Canada,
holds the copyright to this image, and it is reproduced here with permission.

Results
Feasibility outcomes

There was no significant difference in time to injection be-
tween normal and underwater gravity conditions (Table 1).
There was also no significant difference in ease of image
acquisition or ease of needle placement.

In terms of safety outcomes, there was no significant dif-
ference in the incidence of accidental intraneural injection
between the two conditions, with one out of 20 cases reported
in each scenario. In addition, block success rate was compa-
rable; 16 out of 20 cases were successful with the normal
gravity condition vs 17 out of 20 in the underwater scenario.

Subjective assessment

Tethering the mannikin 2 m from the bottom of the pool was
used to simulate a free-floating environment (Fig. 5). The
mannikin changed depth with gentle pressure necessitating

stabilisation from the block assistant. The meat models were
also buoyant underwater, which meant they had to be held in
place by the block assistant. This increased the difficulty for
the assistant but did not appear to change the difficulty for the
person performing the block.

During the assessment phase of the study, after the models
had been frozen for 24 h the assessors cut open the models to
make determination of the accuracy of the injection. When
assessing the position of the dye, the assessors found the dye
initially very difficult to see. This is because methylene blue is
colourless in its deoxygenated state. With exposure to air, it
became progressively more blue and easy to identify.

Discussion

In this study, we show that experts in regional anaesthesia
performing simulated blocks on meat models can overcome
the sensory motor and ergonomic limitations of weightless-
ness. Our primary objective was to compare the feasibility of

Table 1 Ease and success of ultrasound-guided injection using meat models in normal gravity and simulated microgravity conditions.

IQR, interquartile range.

Outcome Gravity condition P-value
Normal Underwater
(N=20) (N =20)
Time to injection (s), median (IQR) 27.3 (21.0-69.0) 35.0 (22.3—48.3) 0.751
Ease of image acquisition, median (IQR) 4.0 (3.0-5.0) 5.0 (4.0-5.0) 0.070
Ease of needle placement, median (IQR) 4.5 (4.0-5.0) 4.0 (3.0—4.0) 0.067
Intraneural injection, n/total N (%) 1/20 (5) 1/20 (5) >0.999
Successful perineural staining, n/total N (%) 16/20 (80) 17/20 (85) >0.999
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Fig 5. Ultrasound image acquisition and needle placement in free-floating underwater (microgravity) or normal gravity condition. The
same ultrasound transducer, phone screen, dive case, and 3D-printed clamp were used in both conditions. (a) Free-floating underwater
(microgravity) condition. (b) Normal gravity condition. The Department of Anesthesia, Pain Management & Perioperative Medicine, Dal-
housie University, Halifax, NS, Canada, holds the copyright to this image, and it is reproduced here with permission.

blocks in simulated microgravity with ideal land gravity con-
ditions. We found that the measures of ease (image acquisi-
tion, needle placement, and time to injection) and success
(tendon staining and intraneural injection) were not different
between microgravity and normal gravity conditions.

To our knowledge, this is the first assessment of feasibility of
regional anaesthesia in a microgravity environment. As there
are numerous physiologic and logistical challenges to providing
general anaesthesia in space, regional anaesthesia might
circumvent many of the disadvantages of general
anaesthesia.'®%13?” Further evidence of feasibility can be
drawn from the use of regional anaesthesia in other austere
environments. Regional anaesthesia is preferred by forward
surgical teams; many reasons for its application in war align
with arguments for its use in space.’®? The equipment is
portable, it offers stable haemodynamics, effective analgesia,
there is minimal need for supplemental oxygen, and patients
maintain alertness.?®?° Examples include continuous periph-
eral nerve block (CPNB) catheters placed at forward bases before
hospital transfer.>%*! Wounded soldiers with CPNB catheters
placed had lower pain scores during evacuation, which corre-
lated with reduced anxiety and distress.? Regional anaesthesia
has also been used during disaster relief in low-resource set-
tings.>® For example, regional anaesthesia made orthopaedic
surgeries possible in the early phase of medical relief following
the Haiti earthquake before hospital facilities were re-estab-
lished.?* The Wilderness Medical Society recommends using
regional anaesthesia for similar reasons.>® Aside from limb in-
juries, fascial plane blocks could be used for analgesia for rib
fractures without central nervous system side effects.*® This
has been successfully used in combat situations.*”

There are additional considerations for space medicine
beyond those already recognised for other austere earth-based
environments. Microgravity complicates regional anaesthesia.
Although no direct measurements have been made, there are
some signs suggesting increased intracranial pressure during

prolonged space journeys, calling the use of subarachnoid
blocks (SABs) into question.® Moreover, the efficiency of
medicines used for SABs, which rely on their specific gravity,
might be compromised in microgravity. There are concerns for
use of epidurals and nerve catheters owing to infection risks
exacerbated by weakened immune function, heightened bac-
terial virulence, and changes in antibiotic effectiveness.”*
The increased infection risk of CPNB catheters would have to
be weighed against the need for long-acting analgesia for
evacuation of injured astronauts. Single-shot medications
might exhibit a shorter duration of efficacy in space as a result
of the impact of cosmic radiation, necessitating special pack-
aging and more frequent replacement compared with their
counterparts on Earth. Injured astronauts in LEO could be
returned to Earth to receive treatment. However, a significant
injury such as a broken arm could seriously interfere with an
astronaut’s ability to don an extravehicular mobility unit (or
‘space suit’) or to be loaded into a cramped capsule for re-
entry. Effective analgesia with minimal systemic side effects
would be essential for safe evacuation. If emergency extrac-
tion is not possible, as might be the case during trips to Mars,
peripheral nerve blocks could be used to allow closed reduc-
tion and splinting of fractures. There might also be instances
where space surgery will be necessary, and surgical anaes-
thesia with peripheral nerve blocks might be the only feasible
option.

Other studies have explored medical resuscitation chal-
lenges in simulated microgravity, such as tracheal intubation
and CPR, using underwater and parabolic flight simula-
tions.?>'%%> Some of the issues are similar to the challenges of
regional anaesthesia, such as stabilisation and generation of
traction and counter-traction to generate sufficient force. In
our study, the assistant needed to support the mannikin to
prevent it from sinking or moving away when the operator
performed the block. This is analogous to techniques used to
stabilise mannikins for adequate force generation during CPR
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or intubation. We conducted blocks while both the assistant
and regional anaesthesiologist were free-floating, and the
mannikin was tethered but still mobile. Previous studies found
that even experts struggled to intubate mannikins while free-
floating,'* but success rates were good in microgravity when
experts and an airway mannikin were restrained (direct
laryngoscopy: 96%; videolaryngoscopy: 95%).'° Restraining
both patients and providers inside a space station or vehicle
during performance of a nerve block should decrease difficulty
and increase safety by avoiding inadvertent movement.
Further, regional anaesthesia would not be an emergency, and
therefore, there would be time to optimise positioning and
stabilisation. However, the optimal ergonomics for a micro-
gravity environment have yet to be tested.

Given that anaesthesiologists are unlikely to be present
routinely for deep space mission medical coverage, training
should prioritise non-anaesthesiologists. Potential training
models could involve using advanced Navy divers as an
experimental model for non-expert regionalists rather than
those expected to go to space. The current meat model,
although a starting point for demonstrating feasibility, falls
short in accurately replicating real-world sono-anatomy.
Training for non-anaesthesiologists in austere conditions ne-
cessitates more comprehensive approaches, with future
studies using complex multilayer models to better demon-
strate the feasibility of performing real blocks.?! However, this
study was not concerned with the ability of anaesthesiologists
to identify sono-anatomy but rather with evaluating the er-
gonomics of injections in microgravity.

There are several limitations of our study. Our model likely
presents increased difficulty compared with actual space
conditions for technical block performance. Because we were
using scuba as our microgravity analogue, this involved
maintaining neutral buoyancy that requires breath control,
something not needed in space. Wearing masks underwater
potentially affected image clarity. Relying on pre-arranged
hand signals reduced possible communication. In addition,
movement and the ability to stabilise in the underwater
environment differ from true microgravity. The mass of the
water acts as a source of counter-support, not present in the
air. Alternatively, parabolic flight could serve as another
model for LEO scenarios. In future studies using the meat
model, we recommend substituting methylene blue dye with
blue food colouring in the injectate for better visibility.?>*°
Lastly, our sample size calculation was based on a 30% dif-
ference in success rates, attributed to low intubation success
rates in simulated microgravity environments, which limited
power to detect smaller differences.'>'* Future studies should
calculate power based on smaller effect sizes to enhance
precision in outcome assessment.

In conclusion, this study demonstrates the feasibility of
nerve blocks in a simulated microgravity environment.
Despite study design features contributing to difficulty in the
microgravity condition (free-floating, inability to speak, and
looking through goggles), the success rate was similar to
normal gravity conditions. This model can be used to further
test feasibility of more complex blocks and the training of
nonspecialist regional anaesthesia providers.
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