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Abstract

Purpose Astronauts returning from long ISS missions have demonstrated an increased incidence of lumbar disc herniation
accompanied by biomechanical and morphological changes associated with spine elongation. This research describes a
ground-based study of the effects of an axial compression countermeasure Mk VI SkinSuit designed to reload the spine and
reduce these changes before return to terrestrial gravity.

Methods Twenty healthy male volunteers aged 21-36 without back pain participated. Each lay overnight on a Hyper Buoy-
ancy Flotation (HBF) bed for 12 h on two occasions 6 weeks apart. On the second occasion participants donned a Mk VI
SkinSuit designed to axially load the spine at 0.2 Gz during the last 4 h of flotation. Immediately after each exposure, par-
ticipants received recumbent MRI and flexion—extension quantitative fluoroscopy scans of their lumbar spines, measuring
differences between spine geometry and intervertebral kinematics with and without the SkinSuit. This was followed by the
same procedure whilst weight bearing. Paired comparisons were performed for all measurements.

Results Following Mk VI SkinSuit use, participants evidenced more flexion RoM at L.3-4 (p=0.01) and L4-5 (p =0.003),
more translation at L3—4 (p=0.02), lower dynamic disc height at L5-S1 (p =0.002), lower lumbar spine length (p =0.01)
and greater lordosis (p=0.0001) than without the Mk VI SkinSuit. Disc cross-sectional area and volume were not signifi-
cantly affected.

Conclusion The MkVI SkinSuit restores lumbar mobility and lordosis following 4 h of wearing during hyper buoyancy
flotation in a healthy control population and may be an effective countermeasure for post space flight lumbar disc herniation.

Keywords Back pain - Spaceflight - Kinematics - Diagnosis - Disc hernia

Introduction

It is becoming increasingly well-established that an abnor-
mally high proportion of astronauts returning from long
duration space missions suffer from lumbar intervertebral
Disclaimer The views expressed herein can in no way be taken to disc (IVD) hernias post flight on return to terrestrial gravity
reflect the official opinion of the ESA. [1-3]. Furthermore, these pathologies appear to be asso-
ciated with decreased flexion—extension ranges of motion
(RoM) in the upper lumbar motion segments [3]. Whilst
the pathophysiology is unknown, these findings point to the
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Changes in IVD geometry have also been inferred, with
disc swelling being assumed due to increases in stature
being recorded in-flight [12-14]. However, IVD swelling
has never been observed in-flight. Lumbar IVD swelling has,
however, been observed in response to 3-day dry immer-
sion, with+ 11 +9% increases in disc volume at L5-S1 and
between+ 7.5 and + 10.7% at L4/L5 [9, 15]. Thus, it has
been proposed that prolonged periods of unloading on the
spine during spaceflight can lead to IVD swelling, stretching
the posterior annulus fibres and increasing susceptibility to
posterior herniation [1, 5, 6, 16].

However, more recent post-flight research has found little
evidence of changes in disc hydration, or its association with
the incidence of hernias, although this could be a conse-
quence of the washout of the effects of re-entering terrestrial
gravity before assessments can be made [3, 6, 17]. Instead,
recent studies of NASA astronauts following long duration
spaceflight have reported decreased upper lumbar interver-
tebral ranges of motion (IV-RoM) and muscle trunk atrophy
[2, 3, 18]. However, the cause of these changes, their mecha-
nisms and how they may relate to a potentially increased
risk of herniation remains unknown. Furthermore, changes
in other key kinematic and geometric parameters such as
intervertebral laxity, motion sharing inequality, [IVD volume,
height and cross-sectional area have yet to be investigated.

Immediate complex post-flight testing is challenging, but
may be aided if measurements could be performed before the
application of upright loading [3, 19]. Furthermore, without
knowledge of the underlying pathophysiology, determina-
tion and/or development of candidate countermeasures is
difficult. However, artificial gravity via short-arm centrifuga-
tion [20], and more recently exercise during centrifugation
[21] in addition to donning axial loading garments such as
SkinSuits [22, 23] have been suggested to promote spinal
control [24] whilst exercises performed in the ISS [25-27]
and sometimes incorporating an axial compression harness
[25] may generate transient loading [4]. Of these, axial load-
ing SkinSuits appear to be the most easily implementable for
ISS missions and beyond [28] where operational constraints
will be more severe [29].

Previous Mk VI SkinSuit studies, with approximately
0.13 Gz of axial loading, have reported an attenuation of

stature, with some evidence of compressive effect on the
lumbar spine (decreased length, IVD height reduction) com-
pared to 8-h hyper buoyancy flotation (HBF) [30]. However,
the effect of the MK VI Skinsuit on lumbar geometry and
restraint (i.e. laxity and IV-ROM) are not known. Therefore,
our hypothesis was that 4-h SkinSuit reloading in healthy
subjects will attenuate the effects of unloading, induced by
12 h HBF, on spinal geometry and kinematics when meas-
ured using MRI and quantitative fluoroscopy (QF). The aims
of this study were therefore to:

1. Investigate the effect of 4-h axial reloading upon markers
of disc swelling in the lumbar spine, induced by the Mk
VI SkinSuit.

2. Determine if reloading acts to increase intervertebral
motion by comparing parameters of intervertebral
restraint between loading conditions

3. Investigate and contrast results derived from non-weight
bearing and weight bearing imaging

Methods

In 2016, a ground-based study of the Mk VI SkinSuit as a
spinal health countermeasure imparting ~0.2 gz of axial load-
ing [22] was commissioned by the European Space Agency
(ESA-HRE-OM-MPR-SOW-0001). The research used quan-
titative fluoroscopy (QF) and upright MRI to investigate the
effects of Mk VI SkinSuit reloading performed immediately
following a 4-h period of spinal unloading and using a set of
lumbar spine geometric and intervertebral kinematic meas-
ures (Fig. 1). The study employed both recumbent and weight
bearing QF and MRI assessments immediately following
unloading, with and without SkinSuit reloading, and with no
interim period of weight bearing before testing as a Control
condition. The research utilised a Hyper Buoyancy Flotation
device (HBF) to unload the spine which has been shown to
induce 1.7-2.1 cm of stature elongation after 8 h’ application.
This was found to be reduced by 20% after 8 h of wearing an
earlier version of the Mk IIV SkinSuit [30]. It was used to
compare the same outcome measures in the same individuals
after the same period of HBF as a Control, but on a different
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@ Springer




European Spine Journal (2023) 32:839-847

841

occasion and with the application of the Mk VI SkinSuit in a
short exposure of 4 h following 8 h of HBF.

Participants

Ethical approval for the study was obtained from the
National Research Ethics Service (REC Reference 10/
HO0101/65). Participants were recruited from the student
body of our university through poster and email announce-
ments, however, only male participants were recruited to the
present study owing to the practical constraints of lying on
the HBF. All were required to be healthy and aged between
18 and 50 years and have had no back pain that limited their
daily activities in the year prior to participating. All received
information sheets about the study and those who expressed
a desire to participate gave their written informed consent.

Data collection protocol

Twenty-two male volunteers entered the study. Each was
measured and fitted for a Mk VI SkinSuit (Dainese—
London) which incorporated a reinforced yoke (chest and
shoulder) connected to an elastic fabric (Elasto 2000) that
ran from below the yoke line to the ankles (Fig. 2). Elastic
ribbons were sewn into the elastic fabric at 2 cm intervals
(yoke to ankle) to indicate and distribute material tension
with adjustable stirrups attached to the ankles of the suit to
initiate the tension once tightened. Each participant attended
the Imaging Centre on two occasions in the evening at least
6 weeks apart—one of which required donning the SkinSuit.
Participants wore night attire and at 9 pm, entered the HBF
room supervised by a research assistant, and lay on the HBF
bed for 8 h only broken by a small (15 min) comfort break—
where possible, incorporating the donning of the SkinSuit
after 8 h in the Test group (Fig. 3). Stature measurements
were recorded before and after 8 h overnight HBF (in addi-
tion to the 15-min break), using a commercially available
stadiometer (SECA, UK). The SkinSuit was then tightened
using a previously established protocol to provide axial load-
ing at the foot, with the amount of force produced from each
suit measured in this tightened position (ForceShoes, Xsens,
Netherlands). Participants then lay on the HBF waterbed
device for a further 4 h, after which, if the SkinSuit was used
in the session, its ankle straps were released. Urine bottles
were supplied so that additional comfort breaks would not
require weight bearing.

Imaging protocol
Supine magnetic resonance imaging (MRI)

After 12 h of HBF, all participants were transported directly
to the Imaging Centre lying supine on a trolly for recumbent

Fig.2 The Mk VI microgravity countermeasure SkinSuit

imaging. This began in the MRI room, where they received
11 supine sagittal and axial T2-weighted lumbar spine scans
(L1-S1) (5 mm slice thickness, 2597/1117 ms repetition/
echo with a 30 cm field of view) parallel to the spine on
coronal localisers and 20 (4 blocks of 5 slices) axial slices
(4 mm thickness, 5368/132 ms repetition/echo time, 25 cm
field of view) aligned through each IVD from L1-S1 to
facilitate IVD height and cross-sectional area measurement
(Paramed ASG MROpen, 0.5T, Genoa, Italy).

Lateral recumbent quantitative fluoroscopy (QF)

After the supine MRI, participants were transported whilst
remaining supine to the X-ray room by trolley where they
were positioned on their left side on a motorised table with a
horizontal motion frame, such that the lower section swung
their upper body through a controlled rate and range of
flexion and extension (Atlas Clinical Ltd., Lichfield, UK).
Fluoroscopic images acquired at 15 Hz were obtained in this
passive recumbent configuration [31], first in 40° of flexion,
followed by 40° of extension. A Siemens Arcadis Avantic
VCI10A digital fluoroscope, (Henkestrasse, Germany) with
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Fig. 3 Hyper Buoyancy Flotation room with participant and attendant

a 13" field of view, was used and image acquisition was syn-
chronised with the controller of the horizontal motion frame.
The motion occurred over a period of approximately 20 s at
6°/s? for the first second of motion, followed by 6°/s'. The
central ray was positioned at L.3-4 disc with all vertebrae
from L2-S1 in the field of view during continuous imaging.

Upright (seated) magnetic resonance imaging (MRI)

After the first QF, participants were allowed to stand, and
when steady, to walk to the adjacent MRI room where they
received sitting scans using a similar protocol to the first
MRI session (Fig. 4).

Upright (standing) Quantitative Fluoroscopy (QF)

Following the second MRI, participants walked back to the
QF room where they received standing fluoroscopic imaging
while stabilised against an upright controller. This guided
them by 60° of flexion and 20° of extension in separate
sequences synchronised to the fluoroscopic imaging.

@ Springer

Fig.4 Participant wearing Skinsuit for seated MRI scanning

Data analysis

All data were anonymised with the author blinded through
random number assignment to scans prior to analysis.
Images were checked by a consultant radiologist for under-
lying pathology. Normality was assessed by visual check
of histograms and whether the skewness and kurtosis ratio
lay below or above 1.96/—1.96 [32]. Data were compared
between SkinSuit/non-SkinSuit (Control) exposure and
expressed as either means +95%CI (stature and MRI meas-
urements) or mean difference + SkinSuit loading and its sig-
nificance (p) (subjective ratings and QF measurements—
2-sided Wilcoxon test). Effect sizes were calculated by
Cohen’s D. and analysis was performed using SPSS v26.0
(SPSS IBM, Chicago, 111, USA).

Image analysis

MRI scans were inspected for abnormalities by a consultant
radiologist and analysed using the RadiAnt Dicom Viewer
V1.19 (Medixant, Poznan, Poland). Lumbar spinal length
was determined using the distance between the posterior
superior corner of the L1 and S1 endplates. Cobb’s method
evaluated lumbar curvature through the angle formed
between tangent lines drawn from the L1 and S1 superior
endplates. Anterior, middle, posterior and average IVD
height was determined using a modified Dabb’s method—
averaging the distance between the anterior, middle and
posterior IVD from L1/L2 to L5/S1 [33]. IVD volume was
calculated by multiplying the average height as measured
above, with the average of the cross-sectional area taken by
drawing the IVD area from the three axial slices through the
midline of the IVD (OsiriX Lite, Pixmeo Sarl, Switzerland).

QF image processing and analysis were performed using
custom code written in MATLAB (V7.12, The Mathworks,
Cambridge, UK) [34]. For the fluoroscopic images, each of
the vertebral corners were marked five separate times and
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processed to determine their movement during the dynamic
sequence and averaged. The inter-vertebral motion param-
eters measured were; maximum IV-RoM, dynamic anterior
disc height, maximum translation, laxity, motion sharing
inequality (MSI) and motion sharing variability (MSV), all
of which have been found to have good intra observer reli-
ability [35-38].

Results
Sample size

Intervertebral range of motion (IV-RoM) was chosen as the
primary outcome variable and an initial pilot study of 8 vol-
unteers was conducted to test the working methods. This
found the mean (SD) difference in flexion IV-RoM at L4-5
between unloaded and SkinSuit reloaded states to be 0.8°
(1.02). Assuming a nonparametric comparison, the sample
size required to detect this difference with 80% power at the
95% level of probability was determined to be 14. It was,
therefore, decided to attempt to recruit an additional 13 par-
ticipants to provide a total of 21, anticipating a loss to follow
up of up to 1/3 of them.

Study population

Twenty-two males were recruited to the study. Two withdrew
before the second imaging session, both due to unrelated
health problems, leaving twenty participants (mean age 25.5,
range 21-36, mean BMI 23.7, range 19-29) who completed
all parts of the study. No adverse effects were reported, and
all participants reported feeling comfortable in the Skin-
Suit. Inspection of the MRI images by a radiologist found
transitional lumbo-sacral segments in two participants and
L4-5 disc degeneration in one other. Participants received an
average effective radiation dose of 0.74 mSv (upper quartile
0.81) from each of the two QF studies, which compares with
1.3 mSv for one X-ray examination of the lumbar spine in
the NHS [39].

All participants comfortably slept on the HBF overnight
and could don the SkinSuit without difficulty.

Standing stature

Standing stature was significantly (p <0.0001) increased
after overnight (8-h) sleep on HBF in both sessions
(20.6 £3.7 mm). Preceding the 15-min break and before
donning the SkinSuit, stature had reduced by 6.2 +3 mm
(p<0.0001); a 30% attenuation of stature gain. These incre-
ments were further reduced by 3.4 +6.5 mm upon donning
the SkinSuit, which in total resulted in a 50% drop in the

unloaded stature gain at the start of SkinSuit reloading
period vs. 30% without.

Lumbar geometry (MRI)

The results of an intraobserver reliability study of MRI
measurements were: disc height (ICC 0.95), lumbar spine
length (ICC 0.99) and lumbar lordosis (ICC 0.98). After
SkinSuit reloading, lumbar length was significantly reduced
(1.4 mm) compared to no SkinSuit use but only when meas-
ured in the supine position (p=0.014). Lordosis increased
by 4.6 mm when measured in the seated position only
(»p=0.0001) (Table 1). Disc cross-sectional area generally
increased and height decreased after SkinSuit reloading as
measured by both supine and seated MRI, although this did
not reach significance at any level (Supplementary Table 1).
Disc volume differences were inconsistent, and never signifi-
cant, while disc cross-sectional area and volume could not
always be accessed at L1-2 due to the limited MRI image
field. Overall, this suggests that spine length is slightly
reduced, with very minor indications of disc swelling reduc-
tion after SkinSuit reloading during HBF. However, SkinSuit
use was also associated with a considerable increase in lor-
dosis when measured seated (Table 1).

Lumbar kinematics (QF)

The reliability of kinematic measurements in the lumbar
spine by QF has been reported to be high in previous stud-
ies [38, 40—42]. Supplementary Table 2 (a, b) shows the
L2-S1 dynamic intervertebral responses after SkinSuit
reloading during HBF measured both in the lateral decu-
bitus and standing positions for both flexion and extension.
Most of the significant differences with and without Skin-
Suit donning were found during recumbent flexion, where
IV-RoM increased by 0.7° at L3-4 (p=0.01) (ES=0.64)
and flexion translation by 0.9 mm (p =0.02) (ES 0.59).

Table 1 Lumbar length and lordosis supine and seated after hyper
buoyancy flotation with and without skinsuit reloading (mm)

Mean (SD) P

Lumbar length (imm)

Supine Unloaded 159.5 (19.5) 0.01
Reloaded 158.2 (18.1)

Seated Unloaded 161.7 (19.6) 0.90
Reloaded 161.6 (18.6)

Lumbar lordosis (mm)

Supine Unloaded 45.8 (9.0) 0.13
Reloaded 44.4 (7.4)

Seated Unloaded 18.1(7.8) 0.0001
Reloaded 22.7(7.7)
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At L4-5 during recumbent flexion, IV-RoM was also 0.9°
greater (p=0.003) (ES 0.79) with SkinSuit use. From a pre-
vious study, the intrasubject reliability (ICC) for this over
6 weeks was 0.95 [43]. Large effects were also found for
the decrease in dynamic minimum anterior disc height at
L5-S1 (1.0 mm) during recumbent flexion following Skin-
Suit reloading in HBF (p=0.002) (ES =0.80). No significant
effects were observed for weight bearing (standing) interver-
tebral kinematics, apart from a small effect (ES =0.20) from
an increase in the laxity gradient of 0.11 at L5-S1 (p=0.02)
during weight bearing extension following SkinSuit reload-
ing. In addition, a moderate effect (ES=0.50) was found
in the form of a 21% increase in motion sharing inequality
(MSI) among the segments from L.2—S1 during recumbent
extension following SkinSuit use (p =0.04). This could be
considered a result of unevenly distributed additional mobil-
ity at some segments. Motion sharing variability (MSV) was
however, unaffected.

These results suggest that 4 h of SkinSuit reloading fol-
lowing rest in HBF is associated with increased lumbar
mobility in the mid-lumbar spine, close to where reduced
motion has been observed to be associated with disc hernia-
tion after long periods on the ISS [3]. Dynamic anterior disc
height reduction at L5-S1 was also found following SkinSuit
use during recumbent flexion measured by QF but not on
static disc height measurement on MRI.

Discussion

The recent association of post-flight disc herniation with
abnormal kinematics and spinal geometry has awakened
interest in countermeasures to address the effects of unload-
ing and reloading the spine during space missions [3, 44,
45]. The present study explored the potential of ~0.2Gz
imparted by the Mk VI SkinSuit to restore normal biome-
chanics in the lumbar spine modulated by being unloaded
by a novel ground-based analogue with no SkinSuit. This
approach is based on the assumption that (1) the associa-
tion between upper lumbar stiffness and disc herniation is
somehow causative, and (2) restoring normal biomechanics
before applying terrestrial gravity could reduce herniation
risk. Although intuitive, these assumptions also coexist with
the fact that back pain in spaceflight is more prevalent in
astronauts who have suffered from it previously [15] and that
there are other risk factors for disc hernia that are unseen—
for example, the presence of undetected annulus defects as
initiation sites for herniation [15, 46, 47].

Our results found a considerable increase in lumbar lordo-
sis with Mk VI SkinSuit use suggesting that the spine elon-
gation reported in other studies may largely be due to loss
of lordosis, which appears to be mitigated by SkinSuit use
and therefore presumably accounts for most of the majority

@ Springer

of stature reductions [12, 13]. This also has implications for
lumbar kinematics, as our previous work found increased
lordosis in healthy controls to be associated with a higher
weightbearing flexion IV-RoM at L2-3 (r=0.54) and lower
at L4-5 (r=-0.52) [35].

Bailey et al. [3] reported that pre-flight translation at
L3—4 was lower in astronauts who experienced postflight
disc herniation, with a decrease in translation over the upper
three lumbar levels. This can be seen against an increased
L3-4 flexion translation and increased L3-5 IV-RoM in
the present study following SkinSuit use compared to no
SkinSuit. Increased motion was also observed at L2-3 but
this did not reach statistical significance (Supplementary
Table 2a, Fig. 5a, b.

Our results therefore support the hypothesis that 4 h of
SkinSuit reloading attenuates some of the effects of HBF
unloading on lumbar geometry and kinematics. These influ-
ences are more in line with kinematic changes than disc
swelling (aim 1) and were generally only significant when
measured before any interim period of weight bearing before
testing. Specifically, supine MRI scans showed that lum-
bar length, lordosis, disc height, disc cross-sectional area
and disc volume all exhibited changes consistent with the
hypothesis that SkinSuit reloading adds compression upon
the lumbar spine. Three of these (lumbar length, disc height
and disc volume) were significantly different in the expected
directions and two (lordosis and disc cross-sectional area)
showed trends (p <0.20). Lateral recumbent QF kinematic
assessments exhibited significantly increased IV-RoM and
decreased minimum dynamic disc height during flexion fol-
lowing SkinSuit use (aim 2). Disc height change and Motion
Sharing Inequality (MSI) also became significantly greater
in extension.

Only two morphologic variables and no biomechanical
variables were found to have changed when measured dur-
ing weight bearing imaging examinations. The difference in
these results of the two test orientations may be explained by
the tendency of compressive loading during the weight bear-
ing tests to wash out the SkinSuit reloading effects (aim 3).
Similarly, the increases in stature observed after ug exposure
may be related more to reduction in lumbar lordosis than
to disc swelling. This seems to suggest that future astro-
naut imaging protocols to understand in-flight biomechani-
cal changes and countermeasure effectiveness are probably
less worthwhile once a period of post-flight weight bearing
has occurred.

The Mk VI SkinSuit has been shown to be compat-
ible with wear during rest and unloading for periods suf-
ficiently long to generate potentially significant reloading
effects without the need to perform concurrent physical
exercises. The MK VI SkinSuit is a relatively unobtru-
sive garment which appears comfortable for participants
to wear for at least 8 h. However, consideration should
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be given to the practicality of longer periods of SkinSuit
wear, and to what an optimal protocol may comprise of in
the last few days prior to return to Earth, or other gravita-
tional environment.

While the present study may support further definition
of ug spinal countermeasures, it does not explain the pos-
sible relationship between SkinSuit use and protection
from hernias. Recent studies have found no consistent
post-flight changes in disc hydration, or any association
between these and the incidence of disc herniation, casting
doubt on the previously assumed role of disc swelling in
post-flight herniation [3].

Future work

The present study found little effect of short-term Skin-
Suit use on disc volume, despite increases in mid-lumbar
IV-RoM, whose reduction during space flight seems to be
associated with hernias [3], although volume reduction from
loading after bedrest occurs only slowly [19]. Therefore, it
may be useful to explore the possible association between
reduced IV-RoM and other structural phenomena, such as
posterior annular-endplate junction defects [47]. Future stud-
ies should also seek to include female participants.

Conclusion

The MkVI SkinSuit restores lumbar mobility and lordosis
following 4 h of wearing during HBF in a healthy control
population and may be an effective countermeasure for
post flight lumbar disc herniation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00586-022-07454-x.
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