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Abstract: Space travel has been associated with musculoskeletal pain, yet little is known about the nociceptive changes and pain
experience during spaceflight. This preliminary study aims to investigate the pain experience and sensory alterations in astronauts
following a 17-day mission to the International Space Station (ISS) on Axiom Space’s AX-1 commercial space flight. Two participants
were enrolled, and data were collected pre-flight, in-flight, post-flight, and three-month post-flight. Validated pain questionnaires
assessed anxiety, catastrophizing, impact on physical and mental health, disability, and overall pain experience. Qualitative interviews
were conducted post-landing and conditioned pain modulation (CPM) and quantitative sensory testing (QST) were performed. Both
astronauts reported musculoskeletal pain during and after the flight, which was managed with anti-inflammatories and stretching
techniques. Pain levels returned to baseline after three months. Pain questionnaires revealed heightened pain experiences in-flight and
immediately post-flight, although their adequacy in assessing pain in space is uncertain. Qualitative interviews allowed astronauts to
describe their pain experiences during the flight. Sensory changes included increased mechanical touch detection thresholds, temporal
pain summation, heat pain thresholds, and differences in conditioned pain modulation post-flight. This preliminary study suggested
that spaceflight may affect various aspects of sensory perception and regulation in astronauts, albeit in a variable manner. More data
are needed to gain insight of on gain and loss of sensory functions during space missions. Further investigation into the multifactorial
stressors affecting the somatosensory system during space travel could contribute to advancements in space and pain medicine.
Keywords: chronic pain, quantitative sensory testing, microgravity, radiation, back pain

Introduction
Adaptation to microgravity during space flights imposes significant challenges on the physiological, physical, and
psychological well-being of astronauts.' > Pain has been frequently reported by astronauts during space missions,
immediately after returning to Earth, and even in the years following their flights. Notably, a substantial proportion of
astronauts (86%) have reported back and neck pain during the initial days of microgravity exposure, and a similar rate
reported using anti-inflammatory drugs to relieve pain post-flight. Furthermore, more than half continue to experience
back pain after their return, with 40% undergoing spinal magnetic resonance imaging for evaluation of their back pain.*°
The exact causes of pain syndromes associated with space flights are not yet fully understood. However, several
potential mechanisms have been proposed, including a decrease in muscle mass, increased bone resorption, alterations in

intervertebral discs and articular cartilage, and changes in immune response.' "> Moreover, the effects of space radiation
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are an additional concern, as they may pose a significant risk for central and peripheral nervous system changes that can
impact pain perception.' ! Other factors affecting the sensory process such as emotional dysregulation, inadequate sleep,
sensory deprivation, previous pain experience, or altered cognition/mood may also play a role in postflight pain
syndromes.>'* 16

Surprisingly, despite the high prevalence of pain reported by astronauts and the potential mechanisms underlying its
occurrence, there is a notable dearth of research specifically examining the pain experience and changes in pain sensation
during short trips to the International Space Station (ISS).

This proof of concept study aimed to evaluate the pain experience and potential sensory changes in astronauts during

a short travel to the ISS on Axiom Space’s AX-1 commercial space flight.

Materials and Methods

Experimental Design

The participants were Axiom Space’s AX-1 commercial space flight crew to ISS and remained in orbit for seventeen
days, completing 240 orbits. A standard day of the study participants included eight hours of sleep following a 16-hour
mission day. The participants engage in a bustling daily routine that includes experiments, planning sessions, meals, and
exercise. Astronauts must dedicate two hours daily to exercise, utilizing either the treadmill or stationary bicycle.
Additionally, crew members actively participate in self-conducted experiments. The private crew successfully executed
over 25 diverse research experiments throughout their tenure aboard the ISS.

Ethics and Informed Consent

The study was approved by the National Aeronautics and Space Administration (NASA) Institutional Review Board
(#STUDY00000403), the University of Texas - M.D. Anderson Institutional Review Board (#2021-1179), and the
McGill University Health Centre for Applied Ethics (#2022-7768). All study procedures were conducted in accordance
with the guidelines of the Declaration of Helsinki. Written informed consent was obtained from each participant before
the study. After an informed consent briefing in October 2021, two crew members agreed to participate in the study and
signed the informed consent forms in December 2021 before the baseline evaluations. Both participants signed a revised
consent form in March 2022 following a change in the original protocol. Both subjects have signed informed consent to
publish the study.

Data Collection Time Points

Data were collected at four time points: TO, within two weeks before the flight (Pre-Flight); T1, during the flight (In-
Flight) except for quantitative sensory testing (QST); T2, within two weeks after the flight (Post-Landing); and T3, three
months after the flight (3-month follow-up).

Pain Experience Questionnaires
The following validated pain questionnaires were used to assess various aspects of pain and related factors:

State-Trait Anxiety Inventory (STAI)

This scale measures anxiety in adults and assesses apprehension, tension, nervousness, and worry in response to
perceived physical and psychological stress. It has 20 items for assessing trait anxiety and 20 for state anxiety. State
anxiety items include: “I am tense; I am worried” and “I feel calm; I feel secure.” Trait anxiety items include: “I
worry too much over something that really does not matter” and “I am content; I am a steady person.” All items are
rated on a 4-point scale (eg, from “Almost Never” to “Almost Always”). Higher scores indicate more significant
anxiety.'’

Pain Catastrophizing Scale (PCS)
This scale measures through 13 items the tendency of individuals to catastrophize when experiencing acute or chronic
pain. It comprises three components: rumination (PCS-R), magnification (PCS-M), and helplessness (PCS-H). The PCS
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instructions ask participants to reflect on past painful experiences and to indicate the degree to which they experienced
each of 13 thoughts or feelings when experiencing pain on a 5-point scale with the endpoints (0) not at all and (4) all the
time. The PCS total score is computed by summing responses to all 13 items. PCS total scores range from 0 to 52.'%

Medical Outcomes Short Form |2 Health Survey (SF-12)

Derived from a 36-question version, this 12-question scale measures eight areas of health, including limitations in
physical and social activities due to physical or mental health issues, pain, vitality, and general health perceptions. The
SF12 data calculate two summary component scores, Physical Component Summary Score (PCS) and Mental Health
Component Summary Score (MCS), with eight sub-domains. Scores range from 0 to 100, where a zero score indicates
the lowest level of health, and 100 indicates the highest level of health.'

Quebec Back Pain Disability Scale (QBPDS)

The Quebec Back Pain Disability Scale measures functional disability for patients with back pain. Functional disability is
operationalized regarding perceived difficulty associated with simple physical activities. The scale has 20 items,
representing six empirically derived categories of activities affected by back pain. The items are scored 0 to 5, and the
scale provides an overall disability score ranging from 0 to 100 by simple summation of the scores of each item.*°

Short-Form McGill Pain Questionnaire (SF-MPQ)

The SF-MPQ is a shorter version of the original MPQ used for standard registration and evaluation of patient pain
complaints. The SF-MPQ has two subscales: The sensory subscale with 11 words and the affective subscale with four
words. These words or items are rated on an intensity scale as 0 = none, 1 = mild, 2 = moderate and 3 = severe. There is
one item for present pain intensity and one for a 10 cm visual analogue scale (VAS) for average pain.*'

Qualitative Interview

Each participant completed a 20- to 30-minute semi-structured qualitative interview, conducted remotely and recorded
using video-conferencing software. The interviews were transcribed verbatim and analyzed using qualitative description.
The semi-structured interview guide consisted of open-ended questions that explored the participants’ experience with
pain before, during, and after spaceflight. The conversational nature of the interviews allowed for complementary data
collection alongside the pain questionnaires.> The interview guide followed a funnel format, progressing from general to
specific questions, to ensure relevance and meaningfulness to each participant’s experience, ensuring methodological
rigor and data integrity.”> Analysis involved repeated reading of each interview transcript to identify overlapping or
differing passages between the participants’ narratives. This process provided insights to inform and guide future
research on the topic.**

Quantitative Sensory Testing (QST)

Quantitative sensory testing (QST) and the conditioned pain modulation paradigm (CPM) use cutaneous evaluations of
somatosensory information using calibrated stimuli and self-report to create a sensory profile for an individual. Several
phenotypes, including peripheral sensitization, central sensitization, and inefficient endogenous pain modulation, have
been proposed based on the somatosensory profile and the individual facilitatory and inhibitory pain modulation
response.”” 2’ A single tester performed QSTs at time points TO and T2. A different tester performed the sensory
determinations at T3. Patients were given clear and identical instructions before each test.

Mechanical Detection Threshold (MDT)

The MDTs were determined using von Frey filaments in an up/down method. Bending forces between 0.008 and 300 g were
sequentially applied to a spot of hairless skin less than 2 mm in diameter for approximately one second. Thresholds were
obtained from two test sites: left or right anterior forearm (1-2 inches below the elbow crease) and lower back. The mean of
the three last-detected and three first-detected filaments was used to calculate the thresholds.”> >’ Mechanical pain may be

assessed through pinprick stimulations using needle-like stimulators. It evaluates the function of Ad-fibers and C-fibers.?%%
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Allodynia, described as pain in response to non-nociceptive stimuli, is a phenomenon modulated by A-fibers that can be

assessed using Von Frey filaments.?*

Mechanical Pain Summation (MPS)

Repeated cutaneous pinprick stimulations are used to determine features of central sensitization, which manifests as
a sharp increase in pain sensation after repeated pinprick stimulations.*® MPS was determined using a calibrated 40-gram
pinprick. A single stimulation was first applied, and participants were asked to rate the pain intensity using a 0-10
numeric rating scale (NRS); 0 = no pain, 10 = worst pain imaginable. After that, ten stimulations at a rate of one contact
per second were applied. Then, the astronauts were asked to provide a rating immediately and every 15 seconds post-
stimuli for 60 seconds.>’ The presence of painful after sensations at the end of the 60 seconds after one and after 10
stimuli were also recorded. The whole sequence was conducted three times. Measurements were obtained from the same
test sites as MDT. The wind-up ratio (WUR), a measure for the frequency-dependent increase in excitability of spinal
cord neurons, was measured as the ratio of the average pain intensity immediately reported after the train of ten stimuli

over the average pain intensity immediately after one stimulus.*>*

Thermal Detection Thresholds

All tests were conducted at room temperature (22°C). Thermal ramps were applied using a calibrated 9 cm? thermode
connected to a Q-sense apparatus (Medoc Advanced Medical Systems, Israel) with a baseline temperature set at 32°C.
Skin heating was carried out at a rate of 0.3°C/second to reach the maximum value of 50°C as a security cut-off, while
skin cooling used a downslope of 0.3°C/second to reach a limit of 5°C. Thermal thresholds were obtained from three test
sites on the left anterior forearm: wrist (trial 1), mid-forearm (trial 2), and upper forearm 1-2 inches below the elbow
crease (trial 3). Participants were instructed to rate the pain intensity of each thermal stimulus on the NRS from 0 = no
pain to 100 = worst pain imaginable. During each trial, temperatures were recorded when the stimulus was first perceived
as painful and unbearable (NRS=100/P100). In addition, moderate pain intensity (NRS=50/P50) was documented when
calibrating the heat pain threshold. If a participant failed to register cold pain before the maximum value of 5 °C or heat
pain before the maximum value of 50 °C was reached, this was recorded as the default value. The final heat and cold pain
thresholds were determined by calculating the mean of three heating and three cooling trials.>> Peripheral sensitization is
suggested by QST when a patient reports thermal hyperalgesia. This technique assesses the function of Ad-fibers and
C-fibers. Values obtained experimentally can be compared to reference values available in a healthy population corrected
for sex and age and with consideration to the test site.>

Conditioned Pain Modulation
The CPM paradigm is a procedure that investigates to what extent a pain response to a test stimulus can be inhibited
through applying a conditioning stimulus.** > CPM was evaluated using tonic heat on the right forearm as the test
stimulus and immersion of the left forearm in cold water (12 °C) as the conditioning stimulus. The temperature recorded
at a pain intensity rating of 50/100 (P50) was designated as the CPM test stimulus. It was determined by averaging the
results of three heating trials. To prevent burn injuries, a maximum temperature of 46.9 °C was used. During the first
trial, the test stimulus was applied for 120s once the target temperature was reached, while the participants were
instructed to rate the pain intensity at 15 seconds intervals. This was immediately followed by the participants
submerging their left forearm in cold water for 120s and providing a pain intensity rating every 15 seconds. Once the
participants had removed their forearms from the cold water bath, the third trial consisted of a second test stimulus.
Average pain intensities were calculated after each trial.>> 2’

The CPM efficiency was calculated using the percentage difference in average pain intensity of the test stimuli
changes:

(100% * (CPMager — CPMpefore)/ CPMpefore)

CPM efficiency was categorized as optimal, suboptimal, and inefficient. CPM efficiency between —100% and —30%
was defined as optimal, between —30% and —10% as suboptimal, and between -10% and +100% as inefficient. A 30%
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reduction in pain intensity was considered a clinically relevant difference and approximately the mean value of inhibitory

CPM. An inadequate CPM result reflects an incapacity to trigger a proper endogenous pain inhibition.? 2’

Results

Participant |

Pain Questionnaires

Anxiety levels exhibited a decrease over the duration of the study. Catastrophizing tendencies followed a similar pattern,
showing a decrease from pre-flight to in-flight, followed by an increase upon return to Earth, and subsequent decline at
the three-month post-flight assessment. The impact of physical health on quality of life showed a reduction from TO to
T3, while mental health scores demonstrated an improvement over the same period. Functional disability attributable to
back pain was not reported at TO, T1, and T3. However, Participant 1 reported experiencing functional limitations upon
returning to Earth. The pain experience exhibited a gradual decline throughout the study, as evidenced by the decrease
from TO to T3 (Figure 1).

Qualitative Interview

Participant 1 recounted his history of playing contact sports, resulting in frequent pain, particularly in his shoulder. He
disclosed having undergone four surgical interventions on his shoulder, referring to it as “a lifetime sentence” of pain.
Despite this, he clarified that he did not consider himself to have chronic pain, explaining, “I’ve put myself in situations
where | feel temporary pain, but I have no chronic pain.” During his space training program, he sustained a knee injury
unrelated to the training but endured “intense pain” during several SpaceX simulations.

Upon exposure to microgravity, Participant 1 described experiencing lower back pain and headaches. Although the
low-back pain subsided after two to three days on the International Space Station (ISS), he continued to experience
a “higher than normal number of headaches.” He also noted feelings of “nausea, disorientation, and general discomfort”,
which gradually improved over two to three days. Remarkably, he expressed relief at the absence of shoulder pain
throughout the seventeen days in space, stating, “I did not notice any shoulder pain at all for the seventeen days that I was
in space. That was great!”

However, upon his return to Earth, he reported that the pain in his shoulder had returned “back to where it was
before.” Additionally, he mentioned experiencing muscle soreness and stiffness, particularly in his calves, immediately
upon return, likening it to having had an intense calf workout. He further described low back pain, which he
characterized as “spasming”, although seven days after his return to Earth (R+7), he reported that the muscle soreness
and low back pain had mostly subsided, remarking, “my muscles are getting used to carrying my body around in 1G.”

Participant 1 also shared his pain management strategies during spaceflight. He explained how he had to develop his
own technique for donning the space suit due to his shoulder pain. To manage low back pain and headaches during his
initial days on-orbit, he self-administered ibuprofen (400mg every four to six hours). Upon returning to Earth, he used
Robaxacet to treat his low back pain, and all three of these strategies proved successful in managing his pain.

QST/CPM

Mechanical Detection Threshold: The mechanical detection threshold, reflecting Ap fiber function,® showed a gradual
increase from pre-flight to post-landing, reaching its highest level at the 3-month follow-up in forearm skin. Notably,
alterations in the mechanical detection threshold were also observed in the skin of the lower back. While there was only
a minimal change immediately post-landing (T0: 0.017 g vs T2: 0.019 g), the most significant change in threshold
occurred at the 3-month follow-up, with an increase to 0.192 g (Figure 2). These findings highlight the dynamic
somatosensory changes experienced by astronauts during and after spaceflight.

Mechanical Pain Summation: The wind-up ratios, indicative of temporal pain summation,*® exhibited similar values
in the forearm and lower back pre-flight (forearm: 3.98 vs back: 3.0). However, post-landing, the ratios increased in both
test sites (forearm: 6.0 vs back: 5.0). Interestingly, at the 3-month follow-up, the wind-up ratio for the lower back was
lower than at baseline (T0). Nevertheless, at time point T3, the wind-up ratio for the forearm could not be calculated due
to a denominator of zero (Figure 2).
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Figure | Questionnaires to evaluate pain experience. The Quebec Back Pain Disability Scale (QBPDS) assesses functional limitations due to back pain and their fluctuation.
The State-Trait Anxiety Inventory (STAI) measures anxiety and considers apprehension, tension, nervousness, and worry in response to perceived physical and psychological

str

ess. The Short Form McGill Pain Questionnaire (SF-MPQ) combines two subscales, sensory and affective, and participants rate their pain experience by selecting words

from a list that accurately describe their pain. Pain intensity is rated with a visual analog scale. The Pain Catastrophizing Scale (PCS) measures the tendency of individuals to
catastrophize when experiencing acute or chronic pain. It comprises three components: rumination, magnification, and helplessness. The Medical Outcomes Short Form 12
Health Survey (SF-12) measures eight areas of health, including limitations in physical and social activities due to physical or mental health issues, pain, vitality, and general

health perceptions.
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Figure 2 Individual sensory profile of astronauts. The somatosensory phenotype of the participants was evaluated with the Quantitative sensory testing (QST) and the
conditioned pain modulation paradigm (CPM). Astronauts were tested before landing (T0), after returning from space (T1) and three months after the mission (T3). The
mechanical detection threshold, assessed through pinprick stimulations using needle-like stimulators, evaluates the function of Ad-fibers and C-fibers. Pain summation was
considered using repeated cutaneous pinprick stimulations to determine features of central sensitization, which manifests as a sharp increase in pain sensation after repeated
pinprick stimulations. The temperature detection threshold was evaluated using a calibrated 9 cm2 thermode connected to a Q-sense apparatus (Medoc Advanced Medical
Systems, Israel) with a baseline temperature set at 32°C. During each trial, temperatures were recorded when the stimulus was first perceived as painful and unbearable
(NRS=100/P100). In addition, moderate pain intensity (NRS=50/P50) was documented when calibrating the heat pain threshold. Conditioned Pain Modulation (CPM)
evaluates the endogenous descending pain inhibitory function by applying tonic heat on the right forearm as the test stimulus and immersion of the left forearm in cold water
(12 °C) as the conditioning stimulus. The CPM efficiency was categorized as optimal, suboptimal, and inefficient. CPM efficiency between —100% and —30% was defined as

optimal, between —30% and —10% as suboptimal, and between —10% and +100% as inefficient. A 30% reduction in pain intensity was considered a clinically relevant
difference.
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Thermal Detection Thresholds: As depicted in Figure 2, the initial heat-pain perception threshold increased post-
landing and then returned to baseline at the 3-month follow-up (TO: 41.7°C vs T2: 42.3°C vs T3: 41.9°C). Interestingly,
the threshold for unbearable heat-pain (NRS = 100) continuously decreased over time, with the lowest value recorded
three months post-landing (TO: 50°C vs T2: 48.9°C vs T3: 46°C). The moderate heat-pain threshold (NRS = 50), utilized
as the test stimulus for CPM, was reduced post-landing (TO: 47.6°C vs T2: 46.4°C) and increased by 2.5°C at the
3-month follow-up (T2: 46.4°C vs T3: 49.1°C). During pre-flight and post-landing test trials, skin cooling was not
perceived as painful. However, at the 3-month follow-up, out of 3 trials, pain was reported once at 5.2°C. Notably, no
cold-pain thresholds could be determined at any time point.

Conditioned Pain Modulation: CPM efficiency (Figure 2), reflecting the endogenous descending pain inhibitory

pathvvay:’25—27,35

was inefficient pre-flight and suboptimal immediately post-landing (TO0: +5.46 vs T1: —16.3).
Surprisingly, at the 3-month follow-up, the CPM efficiency decreased once again (T3: +1.5). These findings suggest

the complex interplay of pain regulatory mechanisms during and after spaceflight.

Participant 2

Pain Questionnaires

Participant two’s pain-related anxiety exhibited a general decrease throughout the study, but there was a notable spike during
orbit. However, no catastrophizing was reported at any point in the study. The impact of physical health on quality of life
showed a slight improvement over time, while mental health remained stable from in-flight to the 3-month follow-up. It should
be noted that during the pre-flight assessment, Participant 2 omitted to answer several questions on the SF-12 questionnaire,
making it challenging to compile a comprehensive score for this specific time point. Despite a slight increase in test scores in-
flight, no functional disability was observed throughout the study. The pain experience, as measured by the pain question-
naires, demonstrated an overall decrease from pre-flight to the 3-month follow-up (Figure 1). These findings offer insights into
the dynamic nature of pain and psychological well-being experienced by astronauts during and after spaceflight missions.

Qualitative Interview

Participant 2 shared his perspective on previous experiences with pain, describing them as “pretty average”, often related to

injuries, with his most recent being a tibia fracture four years ago. During his space training program, he encountered pain and

soreness in his tibia, depending on his level of exercise, standing, and walking. This discomfort became “predictable” over time.
Once exposed to microgravity, Participant 2 recounted experiencing “fairly significant lower back pain early on” and

also mentioned pain in his left iliotibial band. Upon return to Earth, he described pain in his distal tibia, especially when

getting up from a chair or after being off his right leg for a while.

When [ said pre-flight that the pain became predictable, it is fairly painful when I get up in the morning or when I get up out of
a chair or something that I’'m off my right leg for a while, the first few steps are quite painful. And effectively, I was off my right
leg for seventeen days, so coming back from that was really pretty uncomfortable for I would say, 24 to 36 hours.

To manage his pain, Participant 2 self-administered anti-inflammatory medication for his iliotibial band pain during the initial
days aboard the ISS. He found stretching helpful in alleviating low back pain: “it’s very helpful to stretch and to actually wrap
something around your lower back and your knees, kind of pull your knees to your chest.” Sleeping in this position also provided
relief. At the time of the interview, eight days after splashdown, he was still using anti-inflammatories to manage his pain.

Furthermore, when asked if he wanted to add anything, Participant 2 expressed that the questionnaires provided
during the study were not very helpful in identifying or characterizing his experience accurately. While he answered
truthfully, the questionnaires “didn’t capture [his] experience very well” and he was not sure they were “very reflective of
the experience [he] was having.” He questioned their suitability for space travelers, citing an example of a questionnaire
asking about pain interfering with housework. Despite this, he acknowledged the value of the interview in providing
additional context to the questionnaire responses. This insight highlights the challenges in assessing and characterizing

pain experiences in the unique environment of spaceflight.
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QST/CPM

Mechanical Detection Threshold: In the skin of the lower back, the mechanical detection thresholds tripled at the
3-month follow-up compared to the pre-flight and post-landing values (Figure 2, TO and T2: 0.01 vs T3: 0.030). On the
other hand, in forearm skin, the mechanical detection threshold was highest immediately post-landing (T0: 0.008 vs T2:
0.095) and decreased at the 3-month follow-up (T3: 0.023).

Mechanical Pain Summation: The WUR primarily increased immediately post-landing in the skin of the forearm (TO: 2,
T2: 10). At T3, the ratio could not be determined because the denominator was zero. Ratios in the lower back pre-flight and at
the 3-month follow-up were similar (TO: 2.17, T3: 3.03), while the ratio for timepoint T2 could not be calculated (Figure 2).

Thermal Detection Thresholds: This participant’s perception of pain was slightly altered (Figure 2). Pre-flight, heat
pain was initially perceived at 45.3°C, with thresholds further lowered at T2 (44.8°C) and T3 (44.4°C). Consistent with
this, unbearable heat-pain thresholds minimally decreased from 49.2°C (TO0) to 48.9°C (T3) at the 3-month follow-up.
Moderate heat-pain threshold also slightly reduced post-flight (TO: 47.4°C vs T2: 46.9°C); however, at the 3-month
follow-up, we observed almost identical thresholds as before exposure to microgravity (T3: 47.6°C vs TO0: 47.4°C).
Similar to participant 1, no pain from skin cooling was reported at timepoints T1 and T3, while post-landing skin cooling
was perceived as painful in only one out of 3 trials at 5.2°C. Hence, no thresholds could be calculated.

Conditioned Pain Modulation: In line with participant 1, CPM was highly inefficient pre-flight and at the 3-month
follow-up (TO: 14.70, T3: 323.1, Figures 2 and 3) while efficiency was markedly improved immediately after micro-
gravity exposure (T2: —29.1).
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Figure 3 Aggregated QST data from both astronauts. The figure illustrates aggregated data from sensory thresholds from participants | and 2. Data are expressed in the
mean and standard error of the mean.
Abbreviations: CPT, Cold pressor task; THT, Tonic heat task.
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Discussion

The present proof of concept investigation examined two astronauts’ pain experience and changes in pain perception
during their seventeen-day stay in orbit at the International Space Station (ISS). Both astronauts reported experiencing
musculoskeletal pain during the flight and after landing, but they were able to effectively manage their symptoms using
anti-inflammatories and stretching techniques. The pain levels returned to preflight levels after three months. However,
the questionnaires used to assess the pain experience were found to be inconsistent and inappropriate by one of the
participants. A qualitative interview post-landing allowed the astronauts to provide a more comprehensive description of
their pain experience during the flight. Post-flight, both astronauts exhibited alterations in pain perception, including
increased mechanical touch detection thresholds, temporal pain summation, heat pain thresholds, and differences in
conditioned pain modulation.

The pain experience reported by both astronauts aligns with previous findings in astronauts exposed to microgravity.*®
The term “space adaptation pain” is used to describe the acute onset of low back pain occurring within the first 2448
hours of exposure to microgravity, lasting for 9-15 days. In-flight surveys conducted over 15 days revealed that pain
incidence and intensity were highest during the first two days, followed by a gradual decrease in incidence. Notably,
previous studies have reported significantly lower post-flight low back pain incidence (10%) after a 15-day flight
compared to longer duration flights (40-50%).%"*® Astronauts with previous low back pain referred an increase on
their previous pain. In contrast, astronauts reporting low back pain for first-time experienced pain with a distribution
between L1 and L3.>® In this study, both participants had preexisting asymptomatic spinal pathology, which is acknowl-
edged as a risk factor for in-flight back pain.**® Further investigations are required to compare astronauts with and
without symptomatic pre-existing spine pathology, as well as those with and without low back pain, both prior to and
during space flights.

The overall decrease in anxiety and pain, coupled with the increase in mental health, suggests that external factors,
such as the extraordinary opportunity and experience of space flight, could influence the overall emotional experience of
pain in space, different from that on Earth. While previous studies have emphasized the risks to psychological well-being
during space flight, the majority of these studies have focused on long-duration flights and professional astronauts.® The
results of the pain questionnaires highlight the need to contextualize participants’ pain experience within the unique
context of space travel, particularly for short-term flights involving non-professional astronauts.

Interestingly, Participant 2 exhibited a complete lack of catastrophizing, which is unusual considering the increased
pain perception. Previous literature has linked increased stress with higher levels of pain catastrophizing.>® The absence
of pain catastrophizing in Participant 2 may indicate specific psychological traits, such as stoicism, not commonly
prevalent in the general population. On the other hand, Participant 1 showed signs of low-grade disability, with
a significant increase in his QBPDS score and an increase in catastrophizing, consistent with existing literature on the
relationship between catastrophizing and disability.*°

It is essential to consider the limitations of the questionnaires used in this study, which were designed and validated
for the general population or patients with chronic pain conditions in clinical settings on Earth. As such, they may only
partially reflect new onset pains associated with space flight. Moreover, these questionnaires may not adequately capture
the magnitude of new pain experiences or account for the participants’ training or previous space flight experience, all
variables that may influence pain perception and reporting. The timing of questionnaire administration may also have
influenced the responses, and administering questionnaires at multiple timepoints during the flight could provide a more
comprehensive understanding of the changes in pain experience during the journey.

These challenges underscore the need to develop pain experience measurement tools tailored to professional or
commercial astronauts, with greater sensitivity to lower pain levels, more relevant questions regarding the reality of
space travel, and capturing the previous spaceflight experience of participants. Additionally, evaluating the impact of in-
flight pain on daily function under microgravity conditions can shed light on the effect of pain experienced during space
travel.

The qualitative interview provided valuable insights complementing the validated questionnaires by capturing
essential aspects of the astronauts’ pain experience, including changes in previous pain and coping strategies during
and after the space flight. Moreover, the interview allowed participants to contextualize the magnitude of their pain,
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distinguishing between pain experience and nociceptive changes. Furthermore, the qualitative discussion highlighted the
need for a different approach to evaluating experienced, trained personnel in space flights versus non-professional
astronauts. Therefore, future research should include qualitative interviews to provide context to the collected data on
pain in space.

The present proof of concept study suggested that alterations in nociception and changes in pain sensation may exist
after a short trip to the ISS. The mechanical touch detection thresholds increased in both participants post-flight but
remained within reported normative thresholds, suggesting that if an impaired AB-fiber function was present, it was not
clinically relevant.*'-** Both participants also did not report impairment in tasks related to AB-fiber function (ie,
buttoning). The increase in WUR in both test sites post-landing suggests transient central sensitization due to the rapid
facilitation of synaptic transmission between nociceptive afferents and spinal projection neurons.”’

Regarding heat pain, mediated by unmyelinated fibers, it was minimally affected after the flight, and both participants
reported normal heat pain thresholds according to age and race.****> However, cold pain was rarely perceived, possibly
due to the chosen cut-off of 5°C being too high, preventing the determination of thresholds. It is plausible that factors like
previous pain experience, intense training, stoicism, and lack of pain reporting may have contributed to perception
aberrations and pseudo-reduction in sensory responses, similar to findings observed in athletes, who displayed higher
pain tolerance and alterations in pain thresholds. Moreover, evidence indicates that pain perception is reduced after
strenuous exercise.

CPM was suboptimal post-landing, suggesting an inefficient descending endogenous pain inhibitory control mediated
by serotonin and norepinephrine, a dysfunctional inhibition phenotype.**%*>® A similar phenomenon was recently
identified in an observational cohort with chronic musculoskeletal pain.”> These findings call for attention on the
complexity of pain modulation and sensory changes experienced by astronauts during space travel. However, more
data is needed to understand the extent and magnitude of the sensory changes related to space travel.

We applied a QST and CPM protocol mainly used for research purposes to identify alterations in sensory function,
particularly young adults with musculoskeletal conditions, and patients with cancer. We used the normalized our results
using the German Research Network on Neuropathic Pain and previous other groups to assure
repeatability. 2272442434546 \e ysed the forearm and lower back for the von Frey filament and pinprick assessment
(temporal summation). It is challenging to detect mechanical pressure accurately in the trunk because its region does not
have a high concentration of A-Beta fibres. However, the attenuation of the paraspinal muscle morphology may
contribute to back pain in astronauts.* The forearm was chosen as a musculoskeletal control area for intra-individual
differences in mechanical sensory assessment because it has similar spatial acuity to the lower back.*’

We evaluated the thermal thresholds stimulating on three different areas of the forearm to prevent subsequent
reporting of lower thresholds potentially caused by heat-induced hyperalgesia from the previous trial.*®

Finally, we only conducted a thermal CPM assessment and paradigm because it is an experimental model to measure
excitatory and inhibitory pain mechanisms in one testing session.”® However, this methodology is not the common
protocol used for clinical use by other groups.*® Future studies should include more mechanical sensory assessment like
pressure pain threshold to align the results to a clinical standardized QST protocols.

Potential Explanations of Findings

Terminal endings of sensory neurons in the dermis and epidermis may be particularly vulnerable to space radiation-
induced damage, as skin-level radiation doses are 5-10 times higher than those experienced by internal organs.'
Consequently, astronauts frequently report skin-related issues such as itching, rashes, and dryness during space flights.
While high doses of medical radiation can damage nerves by affecting their vascular supply, low dosages experienced
during space flights can also lead to neuronal damage.'® Additionally, microgravity can induce adaptive changes in skin
cell function and shape.'>' Studies have shown that fibroblasts and keratinocytes exhibit altered gene expression after
exposure to simulated microgravity, and when combined with low-dose ionic radiation, this could potentially trigger
changes in neuronal terminals and sensory processing.'®*’ It is yet to be ascertained if multiple exposures to micro-

gravity result in a recurring impact on an already altered nociceptive system.
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Prolonged spinal unloading, as experienced during spaceflight or bed rest, can lead to intervertebral disc swelling.*’
The unloading of the spine in microgravity may cause the discs to become over-saturated with water, leading to swelling.
This increased disc volume can result in tensile stress within the nucleus pulposus, causing stretching of the annulus
fibrosis and abnormal innervation, particularly in the outer annulus fibrosus. Increased disc innervation is more prevalent
in individuals with existing spinal pathologies.”**°

The stretching of the disc annulus fibrosus can activate the Cox-2 pathways, resulting in increased production of
prostaglandin E2 (PGE2), which can cause hyperalgesia and mechanical allodynia, contributing to pain.’'>* Spaceflight
also impacts bone health by stimulating bone resorption.>®> Bone turnover, which is generally a slow process, increases
significantly within 10 to 14 days of spaceflight and remains stable thereafter.> Bone resorption is associated with pain
sensitization to thermal stimuli.>* Additionally, spinal elongation is a well-known effect of exposure to microgravity,
which may impact major neural pathways.”> Moreover, returning from space has been associated with persistent
modulation of the sensory and motor systems.’®>’ Thus, the nociceptive system’s alteration after multiple exposures
to microgravity cannot be ruled out and might partly explain the presence of low back pain and the quantitative sensory
testing (QST) results.

Conclusion

This proof of concept study suggested that, at least in part, space flight exerts diverse effects on the pain experience and
on various sensory perception and regulation aspects of nociception with variability among individuals. Due to the small
sample size (n = 2), these preliminary results need a cautious interpretation and no causal or definitive implications could
be drawn. More data is required to understand and confirm the observed changes in sensory functions and pain
experience.
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