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Abstract 30 

Reduced muscle size and accumulation of paraspinal muscle fat content (PFC) have been reported in 31 

lumbopelvic muscles after spaceflights and head-down tilt (HDT) bed rest. While some information is 32 

available regarding reconditioning programs on muscle atrophy recovery, the effects on the 33 

accumulation of PFC are unknown. Recently, a device (the Functional Re-adaptive Exercise Device - 34 

FRED) has been developed which aims to specifically recruit lumbopelvic muscles. This study aimed 35 

to investigate the effects of a standard reconditioning (SR) program and SR program supplemented by 36 

FRED (SR+FRED) on the recovery of the lumbopelvic muscles following 60-day HDT bed rest. 37 

Twenty-four healthy participants arrived at the facility for baseline data collection (BDC) before the 38 

bed rest period. They remained in the facility for 13-days post-HDT bed rest and were randomly 39 

allocated to one of two reconditioning programs: SR or SR+FRED. Muscle volumes of the lumbar 40 

multifidus (LM), lumbar erector spinae (LES), quadratus lumborum (QL), and psoas major (PM) 41 

muscles were measured from axial T1-weighted magnetic resonance images (MRI) at all lumbar 42 

intervertebral disc levels. PFC was determined using a chemical shift-based lipid/water Dixon 43 

sequence. Each lumbopelvic muscle was segmented into four equal quartiles (from medial to lateral). 44 

MRI of the lumbopelvic region was conducted at BDC, Day-59 of bed rest (HDT59), and Day-13 after 45 

reconditioning (R13). Comparing R13 with BDC, the volumes of the LM muscle at L4/L5 and L5/S1, 46 

LES at L1/L2, and QL at L3/L4 had not recovered (all - P<0.05), and the PM muscle remained larger 47 

at L1/L2 (P=0.001). Accumulation of PFC in the LM muscle at the L4/L5 and L5/S1 levels remained 48 

higher in the centro-medial regions at R13 than BDC (all - P<0.05). There was no difference between 49 

the two reconditioning programs. A 2-week reconditioning program was insufficient to fully restore 50 

all volumes of lumbopelvic muscles and reverse the accumulation of PFC in the muscles measured to 51 

BDC values, particularly in the LM muscle at the lower lumbar levels. These findings suggest that 52 

more extended reconditioning programs or alternative exercises may be necessary to fully restore the 53 

size and properties of the lumbopelvic muscles after prolonged bed rest.  54 
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1 Introduction 55 

Decreased axial loading, such as experienced during spaceflight or prolonged bed rest, affects the 56 

active and passive elements of the lumbar spine. Adverse effects include lumbopelvic muscle atrophy 57 

(Hides et al., 2007, 2020), accumulation of paraspinal muscle fat (Burkhart et al., 2019), reduction in 58 

the lumbar lordosis (Belavý et al., 2008; Bailey et al., 2018), and alterations in the hydration status of 59 

intervertebral discs (IVD) (Kordi et al., 2015). Together, these adaptations are defined as “lumbar spine 60 

deconditioning”, a preclinical condition that may increase the risk of injuries to IVD and low back pain 61 

(LBP) (Belavý et al., 2016). Whilst in space, astronauts train daily to mitigate lumbar spine 62 

deconditioning and prevent IVD injuries, pain, and functional disability when re-exposed to gravity on 63 

Earth (Johnston et al., 2010). Furthermore, after returning from space, astronauts undertake three weeks 64 

of intense, progressive reconditioning to restore lumbar spine morphology and function (Petersen et 65 

al., 2016; Lambrecht et al., 2017). Reconditioning programs currently delivered after spaceflight follow 66 

many of the same principles as those used to rehabilitate patients with LBP (Hides et al., 2019).  67 

Head-down tilt (HDT) bed rest studies provide an accelerated model of lumbar spine 68 

deconditioning (Hargens and Vico, 2016), which can be used to test novel rehabilitation procedures 69 

after periods of reduced axial loading with minimal confounding factors. Studies using magnetic 70 

resonance imaging (MRI) have demonstrated atrophy of the lumbar multifidus (LM), lumbar erector 71 

spinae (LES), and quadratus lumborum (QL) muscles and hypertrophy of the psoas major (PM) muscle 72 

after HDT bed rest (Hides et al., 2007; Belavý et al., 2010; De Martino et al., 2021b). Specific exercises 73 

focused on the recruitment and training of lumbopelvic muscles have been shown to reverse some of 74 

these adaptations (Hides et al., 2011). Magnetic resonance imaging can be used to quantify both muscle 75 

size and properties of muscle tissue, such as paraspinal muscle fat content (PFC) (Elliott et al., 2013), 76 

which has been shown to increase in the LM and LES muscles after 60-days of HDT bed rest (De 77 

Martino et al., 2021b) and spaceflight (Burkhart et al., 2019; McNamara et al., 2019). To date, no 78 

studies have investigated whether reconditioning programs after HDT bed rest can fully reverse the 79 

increased PFC in the lumbopelvic muscles. A detailed analysis of the lumbopelvic muscles at all 80 

lumbar vertebral levels is necessary to fully understand the effects of reconditioning programs on the 81 

recovery of PFC following HDT bed rest. This is particularly important considering that the spatial 82 

distribution of PFC in the LM and LES muscles depends on the muscle location and intervertebral 83 

level, where the most medial and lateral regions of the LM and LES at lower lumbar regions have 84 

proportionally greater PFC after 60 days of HDT bed rest (De Martino et al., 2021a). The spatial 85 

accumulation of fat in the LM and LES muscles also appears to be dependent on vertebral level (more 86 

significant accumulation at lower lumbar vertebral levels (Lee et al., 2017; Crawford et al., 2019) as 87 

well as muscle location, with PFC being proportionally greater in the most medial regions in the elderly 88 

population.  89 

A new exercise device, called the Functional Re-adaptive Exercise Device (FRED), has been 90 

designed to recruit lumbopelvic muscles while performing a cyclical walking-type movement without 91 

external resistance within the device (Debuse et al., 2013). Due to the lack of external resistance to foot 92 

motion, as one foot moves downwards through the front of the movement cycle, the muscles in the 93 

user's rear leg have to work eccentrically to maintain a smooth and controlled motion of the lower 94 

limbs (Debuse et al., 2013). The user aims to perform the movement of lower limbs with minimal 95 

variability in movement speed while the lumbar spine is held in a neutral position (Winnard et al., 96 

2017b). Compared with walking, electromyography studies have provided evidence that the LM 97 

muscle is activated continuously throughout cycles on the FRED device (Caplan et al., 2014; Weber et 98 

al., 2017). It has been proposed that this movement pattern may have therapeutic benefits for people 99 

with LBP, and a proof-of-concept study demonstrated an increased size of the LM muscle after 6-100 

weeks of training (Lindsay et al., 2020). 101 
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 The first aim of the present study was to determine the effectiveness of a 2-week standard 102 

reconditioning (SR) program on the recovery of the volume and accumulation of PFC in the 103 

lumbopelvic muscles following 60-day HDT bed rest. The second aim was to investigate whether the 104 

application of FRED, in addition to the SR program (SR+FRED), could enhance the recovery of the 105 

lumbopelvic muscles. 106 

2 Methods 107 

2.1 Study protocol 108 

After providing written informed consent, 24 individuals participated in the Artificial Gravity Bed 109 

Rest—European Space Agency (AGBRESA) study, a joint campaign between ESA, NASA, and DLR, 110 

conducted at the ":envihab" facility in Cologne, Germany. The experimental procedures were approved 111 

by the ethics committee of the Northern Rhine Medical Association (Düsseldorf, Ärztekammer 112 

Nordrhein, No. 2018143) and registered at the German Clinical Trials Register (No. DRKS00015677).  113 

This single-center randomized controlled study was initially intended to have an equal number 114 

of male and female participants. However, due to some female participants withdrawing from the 115 

study, the final cohort consisted of 8 females and 16 males. The study followed the "International 116 

Guidelines for Standardization of Bed Rest Studies in the Spaceflight Context" (Sundblad et al., 2016), 117 

in which all detailed aspects of bed rest studies are described, including inclusion and exclusion criteria, 118 

participant position, monitoring of activities, and medical care.  119 

The study was divided into two campaigns with 12 participants in each. Each campaign 120 

consisted of 14 days of baseline data collection (BDC), 60 days of HDT bed rest, and 13 days of 121 

recovery (Figure 1A). The primary goal of the study was to investigate the efficacy of a short-radius 122 

centrifuge to create artificial gravity (AG), as a countermeasure for physiological adaptations provoked 123 

by HDT bed rest. The results of the AG analysis did not show any evident protective effects of the AG 124 

intervention on lumbopelvic (De Martino et al., 2021b, 2021c). The secondary goal was to investigate 125 

the efficacy of the SR program and SR+FRED programs for the reconditioning of lumbopelvic muscles 126 

following HDT bed rest.  127 

As part of the primary goal of the study, participants were randomized to three intervention 128 

groups: a group that underwent 30-min of continuous centrifugation/day (cAG), a group that underwent 129 

six sets of 5-min centrifugation/day (iAG) interspersed by 3-min rest, and a group that was not exposed 130 

to AG (CTRL) (Frett et al., 2020). At the same time, participants were randomly assigned 1:1 to SR or 131 

SR+FRED program. This design ensured equal representation of the three groups during bed rest (cAG, 132 

iAG, and CTRL) in each reconditioning group (SR and SR+FRED). Sex, age, height, and weight of 133 

the two reconditioning groups were comparable and did not show any statistically significant difference 134 

(SR group – 4 females, 8 males, 35±10 years, 174±9 cm, 74±11 kg; SR+FRED group – 4 females, 8 135 

males, 32±9 years, 176±7 cm, 75±9 kg). 136 

 137 

2.2 Reconditioning protocols 138 

Daily ambulatory activity (around the ward) was supplemented during the recovery phase by two 139 

reconditioning programs: SR or SR+FRED program (Table1). The SR program consisted of seven 140 

sessions of dynamic stability, coordination, postural stability, and stretching exercises performed for 141 

one hour from R+4 to R+11, with a rest day on R+8. Bodyweight resisted exercises were incorporated 142 

in the regime, but additional resistance was not added. The SR program included exercises such as 143 

single-leg standing with eyes open and closed, double and single-leg squats, standing on a foam pad 144 

and stepping over/ walking around obstacles. The program was complemented by passive stretching 145 

of the hamstring, gluteal, lumbar and quadriceps muscle groups, as well as individual exercises tailored 146 

to the needs of the participant if specific deficits were observed. Exercises were progressed by 147 

increasing the number of repetitions, and the exercise sessions were supervised by an expericed 148 

specialist and a physiotherapist. 149 
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 In addition to the SR, 12 participants performed 13 training sessions of FRED from R1 to R13. 150 

Participants were instructed to stand with their knees slightly bent with a relaxed upper body posture 151 

while keeping the lower limbs moving in a slow, controlled manner with minimal variability in their 152 

movement speed throughout the cycle (Weber et al., 2018). Visual feedback of the rotational frequency 153 

of the footplates was provided on a screen in front of the participant, who was asked to maintain a 154 

frequency of 0.42 revolutions per second with as constant a rotational frequency as possible throughout 155 

each complete rotation(Weber et al., 2018). The FRED training time was increased incrementally for 156 

the first five days from 6 to up to 25 minutes of training, in 3-5 min intervals. Between R7 and R13, 157 

participants completed 25 min of FRED exercise each day (Lindsay et al., 2020).  158 

 159 

2.3 Assessment of muscle volume and paraspinal muscle fat content 160 

Magnetic Resonance Imaging was performed two days before the bed rest period (BDC2), on the 59th 161 

day of HDT bed rest (HDT59), and on the 13th day of rehabilitation (R13) (Figure 1A). A 3-Tesla 162 

Magnetom Vision system (Siemens, Erlangen, Germany) was used to collect the MRIs. Participants 163 

were positioned in supine lying on the scanning table with their knees and hips supported in slight 164 

flexion by a pillow. A set of 64 transverse images was acquired from the level of the T12 vertebra to 165 

the sacrum (T1-weighted Dixon sequence, total acquisition time=5min; slice thickness=4mm; distance 166 

factor=20%, TR=7.02ms, TE1=2.46ms, TE2=3.69ms, flip angle=5deg; field of view=400mm x 167 

400mm at 1.0mm x 1.0mm pixel size). Fat and water in-phase and out-of-phase images were collected, 168 

and fat (F) and water (W) suppression images were reconstructed. The lumbopelvic muscles' regions 169 

of interest (ROI) were manually traced using a semi-automated Matlab-based program (Mhuiris et al., 170 

2016; Crawford et al., 2019). The custom-built Matlab (Natick, MA, USA)  program automatically 171 

divided the ROI into quarters of equal areas from medial (Q1) to lateral (Q4) based on the pixel number 172 

(Abbott et al., 2018; Crawford et al., 2019). The PFC was calculated as the ratio of pixel intensities 173 

from the F and W images:  174 

 175 

PFC =
F

(W +  F)
∗ 100 176 

 177 

Five groups of four axial slices were identified for each of five lumbar IVDs (L1/L2, L2/L3, 178 

L3/L4, L4/L5, L5/S1) to obtain the axial images used for measurement of muscle volume and PFC 179 

(Figure 1B). Bilateral muscle volume and PFC measurements (whole muscle and quartiles) of the LM, 180 

LES, QL, and PM muscles were extracted from each axial slice (Abbott et al., 2018; Crawford et al., 181 

2019). Measurements were averaged for the four slices at each lumbar region and the left and right 182 

sides. The reliability of quantification of muscle volume and PFC of the lumbopelvic muscles in the 183 

axial plane has been previously demonstrated (De Martino et al., 2021b).  184 

 185 

2.4 Statistical analyses 186 

SPSS software (Version 25, IBM, Chicago, USA) was used for statistical analysis. All results are 187 

reported as means (standard deviation, SD), and statistical significance was set at the (2-sided) 0.05 188 

level. Visual examination (histograms and Q-Q plots) and Shapiro–Wilk tests were used to assess the 189 

normality of outcomes. Muscle volumes and PFC of the whole muscle at the level of each IVD (L1/L2, 190 

L2/L3, L3/L4, L4/L5, and L5/S1) for the LM, LES, PM, and QL muscles were analyzed using a two-191 

way mixed-model ANOVA with Group (SR and SR+FRED – between-group factor) and Time (BDC, 192 

HDT59, and R13 – within-subject factor). Furthermore, PFC at each IVD level for the LM, LES, PM, 193 

and QL muscles were analyzed using a three-way mixed-model ANOVA with Group (SR and 194 

SR+FRED – between-group factor), Time (BDC, HDT59, and R13 – within-subject factor), and 195 
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Quartile (Q1, Q2, Q3, and Q4 – within-subject factor). Interactions between all factors were included 196 

in both models. The Greenhouse–Geisser approach was used to correct for violations of sphericity, and 197 

effect sizes (partial eta-squared: η2
partial) were calculated. Pairwise comparisons were performed using 198 

Bonferroni method to correct for multiple comparisons, and corresponding 95% confidence intervals 199 

were generated (Bonferroni adjusted). 200 

 201 

3 Results 202 

3.1 Lumbopelvic muscle volumes  203 

The results of the two-way mixed-model ANOVA revealed a main effect of Time for the LM muscle 204 

volume at the L2/L3, L3/L4, L4/L5, and L5/S1 IVD levels (all – F ≥ 5, P < 0.05). Pairwise comparisons 205 

showed that the average reduction in LM muscle volume was 6.8±3.7% (-251.6±153.1 mm3) at the end 206 

of bed rest compared with baseline values (all – P < 0.05). In the recovery phase, the LM muscle 207 

volume returned towards baseline values at the levels of the L2/L3 (P = 0.706; -42.1 mm3 with a 95% 208 

CI of [-160.3, 57.7]) and L3/L4 IVDs (P = 1.000; -26.8 mm3 with a 95% CI of [-155.2, 101.7]). By 209 

contrast, the LM muscle volume remained smaller than baseline values at the levels of L4/L5 (P = 210 

0.014; -203.0 mm3 with a 95% CI of [-369.6, -36.4]) and L5/S1 IVDs (P = 0.004; -150.7 mm3 with a 211 

95% CI of [-258.2, -43.3]) (Table 2 and Figure 2A).  212 

  A main effect of Time was found for the volume of the LES muscles at the L1/L2, L2/L3, 213 

L3/L4, and L5/S1 IVD levels (all – F > 5, P < 0.05). At the end of bed rest, the average reduction in 214 

LES muscle volume was 11.2±5.5% (-926.6±511.2 mm3) compared with baseline values (all – P < 215 

0.05), except for L5/S1 IVD level where it increased (P = 0.002). In the recovery phase, the LES muscle 216 

volume returned towards baseline values at the L3/L4 (P = 0.207; -187.8 mm3 with a 95% CI of [-217 

442.2, 66.7]) and L5/S1 (P = 1.000; 11.5 mm3 with a 95% CI of [-187.8, 210.9]) IVD levels, but 218 

remained smaller than baseline values at the level of the L1/L2 (P = 0.002, -405.3 mm3 with a 95% CI 219 

of [-667.0, -143.6]) and L2/L3 (P = 0.021, -316.9 mm3 with a 95% CI of [-592.2, -41.6]) IVDs (Table 220 

2 and Figure 2B).  221 

 A Time effect was detected for the PM muscle volume at the L1/L2 IVD level (F = 5.5, P = 222 

0.024). At the end of bed rest, the PM muscle volume increased compared with the baseline value (P 223 

= 0.010, 211.3 mm3 with a 95% CI of [45.8, 376.7]) and was still greater (P = 0.001, 293.0 mm3 with 224 

a 95% CI of [132.2, 453.2]) in the recovery phase (Table 2 and Figure 2C). 225 

 A Time effect was revealed for the QL muscle volume at the L2/L3 and L3/L4 IVD levels (both 226 

– F > 5, P < 0.05). The average reduction in QL muscle volume was 10.5±8.3% (-237.7.6±208.1 mm3) 227 

compared with baseline values (both – P < 0.05). In the recovery phase, the QL muscle volume showed 228 

a strong tendency to return towards baseline values at the L2/L3 IVD level (P = 0.050, -140.5 mm3 229 

with a 95% CI of [-281.0, -0.1]) but remained smaller than baseline values at L3/L4 (P = 0.042, -135.7 230 

mm3 with a 95% CI of [-267.6, -3.8]) IVD level (Table 2 and Figure 2D). 231 

There was no difference between Groups or interactions between Time*Group at any IVD level 232 

for these muscles.  233 

All detailed statistical results of the two-way mixed-model ANOVA are reported in 234 

supplementary table 1 (Supplementary Material). 235 

 236 

3.2 Paraspinal muscle fat content  237 

The results of the two-way mixed-model ANOVA revealed a main effect of Time for the LM muscle 238 

PFC at the L2/L3, L3/L4, L4/L5, and L5/S1 IVD levels (all – F > 10, P < 0.001). Pairwise comparisons 239 

showed that the average increase in LM muscle PFC (average L2/L3, L3/L4, L4/L5, and L5/S1 IVD 240 

levels) was 3.5±1.3% at the end of bed rest compared with baseline values (all – P < 0.01). In the 241 

recovery phase, the LM muscle PFC returned towards baseline values at the levels of the L2/L3 (P = 242 

1.000; 0.1% with a 95% CI of [-0.9, 1.2]), L3/L4 IVDs (P = 0.106; 0.7% with a 95% CI of [-0.1, 1.5]), 243 

and L5/S1 IVDs (P = 0.306; 0.7% with a 95% CI of [-0.3, 1.7]). By contrast, the LM muscle PFC 244 
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remained higher than baseline values at the levels of L4/L5 (P = 0.046; 1.0% with a 95% CI of [0.1, 245 

2.1]).  246 

 A main effect of Time was also found for the PFC of the LES muscles at the L1/L2, L2/L3, 247 

L3/L4, L4/L5 and L5/S1 IVD levels (all – F > 5, P < 0.05). Pairwise comparisons showed that the 248 

average increase in LES muscle PFC (average all IVD levels) was 2.1±0.4% at the end of bed rest 249 

compared with baseline values (all – P < 0.01). In the recovery phase, the LES muscle PFC returned 250 

towards baseline values at the levels of the L1/L2 (P = 1.000; 0.1% with a 95% CI of [-0.6, 0.7]), L2/L3 251 

(P = 0.215; 0.4% with a 95% CI of [-0.1, 0.9]), L3/L4 (P = 0.067; 0.8% with a 95% CI of [-0.1, 1.5]), 252 

L4/L5 IVDs (P = 0.430; 0.9% with a 95% CI of [-0.7, 2.6]), and L5/S1 IVDs (P = 1.000; 0.8% with a 253 

95% CI of [-1.4, 2.9]).  254 

 No significant changes in Time or Group or Time*Group interactions were found in QL and 255 

PM muscle PFC (all – F < 5, P > 0.05). All detailed statistical results of the two-way mixed-model 256 

ANOVA are reported in supplementary tables 2 and 3 (Supplementary Material). 257 

The results of the three-way mixed-model ANOVA revealed a Time*Quartile interaction for the 258 

LM muscle PFC at the L4/L5 and S1/L5 IVD levels (both – F > 5, P < 0.01). At the end of the bed rest, 259 

pairwise comparisons showed that the average increase in PFC in all quartiles (average L4/L5 and 260 

S1/L5 IVD levels) was 4.2±2.1% compared with baseline values (all – P < 0.01). In the recovery phase, 261 

PFC returned towards baseline values in Q3 (L4/L5 – P = 0.189, 0.7% with a 95% CI of [-0.2, 1.7]; 262 

L5/S1 – P = 0.407, 0.9% with a 95% CI of [-0.6, 2.4]) and Q4 (L4/L5 – P = 1.000, -0.6% with a 95% 263 

CI of [-3.3, 2.1]; L5/S1 – P = 0.247, -1.9% with a 95% CI of [-4.5, 0.8]), but remained higher than 264 

baseline values in Q1 (L4/L5 – P = 0.001, 2.0% with a 95% CI of [0.7, 3.2]; L5/S1 – P = 0.001 , 2.2% 265 

with a 95% CI of [1.1, 3.3]) and Q2 (L4/L5 – P = 0.001, 2.1% with a 95% CI of [0.8, 3.4]; L5/S1 – P 266 

= 0.002, 1.5% with a 95% CI of [0.5, 2.5]) (Figure 3A and 3B).  267 

 For the LES muscle, the three-way mixed-model ANOVA revealed a Time*Quartile interaction 268 

at the L5/S1 IVD level (F = 6.3, P = 0.001). At the end of bed rest, the average increase in PFC in all 269 

quartiles was 2.6±2.3% compared with baseline values (all – P < 0.05). In the recovery phase, PFC 270 

was not different to the baseline values in all quartiles (all – P > 0.05), but a significant statistical 271 

reduction was only found in Q3 (P = 0.001, -3.8% with a 95% CI of [- 6.2, -1.6]) and Q4 (P < 0.001, -272 

6.5% with a 95% CI of [-9.8, -3.1]) compared with the end of the bed rest (Figure 3C).  273 

The three-way mixed-model ANOVA revealed the main effects of Time for the LM and LES 274 

muscles at all IVD levels (F ≥ 5, P < 0.05). PFC in the LM and LES muscles increased from the baseline 275 

values to the end of the bed rest (all – P < 0.05). In the recovery phase, most of these variables returned 276 

towards baseline values (all – P < 0.05), except for the LM muscle at the L4/L5 and L5/S1 IVD levels, 277 

where PFC remained significantly greater (both – P < 0.05).  278 

Main effects of Quartile were detected for all lumbopelvic muscles at all IVD levels (F > 10, P 279 

< 0.001). The highest PFC values were constantly detected in the medial regions (Q1) and 280 

progressively decreased towards the lateral regions (Q4). However, the lowest PFC values were 281 

frequently detected in Q2 or Q3.  282 

A main effect of Group was found for the LM and LES muscles at almost all IVD levels (F ≥ 283 

5, P < 0.05; see supplementary tables), with higher values of PFC in SR than SR+FRED group. 284 

There were no interactions found for Group*Time, Quartile*Group or Time*Quartile*Group 285 

at any lumbar level.  286 

All detailed statistical results of three-way mixed-model ANOVA and PFC values are reported 287 

in supplementary tables 4, 5, 6 and 7 (Supplementary Material). 288 

 289 

4 Discussion 290 

This study examined the recovery of muscle atrophy and the accumulation of PFC in the lumbopelvic 291 

muscles following reconditioning programs of two weeks duration adopted after 60-day of HDT bed 292 
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rest. The present results showed that reconditioning programs partially reversed the changes in the 293 

volumes of the LM, LES, QL, and PM muscles, but not the LM at L4/5 and L5/S1. In addition to the 294 

lack of change in the volume of the LM muscle at the lower vertebral levels, localized accumulation 295 

of lipids in the medial regions of this muscle was still evident at the end of the reconditioning period 296 

compared with baseline values. The application of FRED, in addition to the SR program, did not lead 297 

to additional benefits.  298 

 299 

4.1 Muscle volumes after reconditioning  300 

In line with prior bed rest and spaceflight studies (Belavý et al., 2010; Bailey et al., 2018), the current 301 

analysis confirmed that muscle atrophy of the lumbopelvic muscles was induced by prolonged bed rest, 302 

with the greatest atrophy observed in the LM muscle at the levels of L4/L5 (8.9±3.0%), in the LES 303 

muscle at the levels of L1/L2 (13.6±2.1%), and QL muscles at the levels of L3/L4 (10.6±6.6%). These 304 

lumbar levels, in general, represent the anatomical locations where the muscles have the greatest cross-305 

sectional areas, which may explain why the potential for atrophy is greatest at these levels. Two weeks 306 

of reconditioning were insufficient to fully restore the volumes of the muscles assessed to their baseline 307 

values. After reconditioning, muscle volumes of the LM at L4/L5 level, LES at L1/L2 level, and QL 308 

at L3/L4 level were still decreased by 4.4±6.2%, 4.5±5.3%, 5.3±10.6%, respectively, when compared 309 

with baseline. This decrease was greater than the 1.6%,  2.8%, and 1.2% reductions in LM muscle 310 

between L4 and L5 levels (averaged), LES muscle between L1 and L2 levels (averaged), and QL 311 

muscle between L3 and L4 levels (averaged), respectively, reported after reconditioning in a previous 312 

60-day HDT bed rest, where motor control training, trunk flexor and general strength programs were 313 

applied (Hides et al., 2011). 314 

In contrast, the PM muscle increased by 17.1±13.4% at L1/L2 level after reconditioning in the 315 

current study, which is greater than the maximal 6.3% increase at L4/L5 level reported in the previous 316 

bed rest study (Hides et al., 2011). This discrepancy in results may be explained by the different types 317 

of reconditioning programs used in these HDT bed rest studies. While the current study involved the 318 

performance of functional bodyweight exercises without resistance, the previous study also progressed 319 

to resisted weight-bearing exercises using the TheraBand with the lumbar spine held in a neutral 320 

position (Hides et al., 2011). Some methodological differences, such as the use of alternate imaging 321 

equipment and slice thickness, could also potentially explain the disparities between studies. The two 322 

studies also differed in terms of the sex of the participants. In contrast to the prior study (Hides et al., 323 

2011), which exclusively included males, the current study also included eight female participants. 324 

 With respect to reconditioning of astronauts after exposure to microgravity, a previous study 325 

showed that the size of the LM muscle decreased by 9.7% between the L4 and L5 vertebral levels 326 

(averaged) after six months on the International Space station. This atrophy was reversed after two 327 

weeks of intense and individualized reconditioning (Hides et al., 2020). The ESA astronaut 328 

reconditioning program begins with voluntary, isolated contractions to re-educate lumbar muscle 329 

recruitment and progresses quickly to restore the lumbar lordosis and normal movement patterns in 330 

upright standing (Lambrecht et al., 2017). The progression to resistance and endurance exercises can 331 

occur quite rapidly, as soon as postural lumbar alignment and optimal movement patterns are regained 332 

(Lambrecht et al., 2017). Resisted strength exercises (e.g., squats with loads) start from recovery day 333 

5, and endurance exercises (e.g., plank exercises) begin from recovery day 11 (Lambrecht et al., 2017). 334 

Astronauts also undergo longer daily reconditioning sessions (90 minutes per day) (Lambrecht et al., 335 

2017). Several differences between astronauts and bed rest participants also require consideration. 336 

Astronauts are well prepared before spaceflight, can freely move around in microgravity, and perform 337 

approximately 2-hours of daily exercise, including loaded exercises on the Advanced Resistive 338 

Exercise Device whilst in the microgravity environment (Petersen et al., 2016). Together, these factors 339 

may contribute to a faster recovery of the lumbopelvic muscles in astronauts after landing than 340 

observed following prolonged HDT bed rest, despite the longer duration of space missions. However, 341 
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caution is needed when comparing results from HDT bed rest and spaceflight since durations between 342 

actual space flight and space flight analogs such as bed rest may vary significantly (i.e. for the present 343 

study, exposure to 60d bed rest vs. 6-7 months microgravity exposure during long duration ISS 344 

missions).     345 

 346 

4.2 Paraspinal muscle fat content after reconditioning  347 

The current study has provided novel insights into the effects of reconditioning of PFC in the LM 348 

muscles. No previous studies have investigated the effects of reconditioning on PFC following 349 

spaceflight or prolonged HDT bed rest. This aspect may be an important consideration given that the 350 

accumulation of PFC in the LM muscle appears to impact the capacity to meet functional demands to 351 

control the spine (Hodges et al., 2015; Teichtahl et al., 2015).  352 

In the current investigation, not all regions of the LM muscle recovered to their baseline values. 353 

While the lateral regions of LM muscle returned to their baseline values, the medial regions at the 354 

levels of the L4/L5 and L5/S1 IVDs showed more than 2% of PFC accumulation. It is also important 355 

to note that PFC was higher adjacent to the medial and lateral aspect of muscle, as shown by our 356 

measurements at BDC2, suggesting that fascia, perimuscular connective tissues, epi-peri and 357 

endomysial fat deposits may contribute to these higher values. A study on changes in paraspinal muscle 358 

fat following free weight-based resistance training for people with chronic LBP also showed that 359 

exercise reduced PFC of the LM and LES muscles at the L3/4 and L4/5 vertebral levels but not at 360 

L5/S1 (Welch et al., 2015). The L5/S1 vertebral level had higher percentages of PFC  pre-intervention, 361 

and the investigators proposed that muscles with a higher percentage of PFC may be more resilient to 362 

change in response to exercise or alternatively that the loading may have been distributed unevenly 363 

with decreased loading on the LM muscle in that region.  364 

The findings of the current investigation also indicated an inhomogeneous recovery of PFC, 365 

which could possibly be explained by the heterogeneous architectural structure and function of the LM 366 

muscle (Macintosh and Bogduk, 1986; Macintosh et al., 1986). Dissection studies have revealed that 367 

the LM muscle is composed of both long and short fibers. The long fibers arise from the spinous process 368 

of each lumbar vertebra and cross up to five vertebral segments to insert on the ilia and sacrum 369 

(Macintosh and Bogduk, 1986; Macintosh et al., 1986). These long fascicles have a great moment arm 370 

and are suited to resisting flexion of the lumbar spine in upright standing (Macintosh and Bogduk, 371 

1986; Moseley et al., 2003) and controlling the lumbar lordosis as their line of action falls behind the 372 

lumbar curve (Moseley et al., 2003). In the current study, the lateral region of the LM muscle at the 373 

L4/L5 and L5/S1 levels would represent the distal portion of the long fibers originating from upper 374 

lumbar levels. Since this muscle region returned to baseline values, one could hypothesize that the 375 

reconditioning programs used in the current study sufficiently stimulated these fibers. By contrast, the 376 

short fibers of LM originate from the laminae of the lumbar vertebrae and insert into the mamillary 377 

processes of two vertebral segments below (Macintosh et al., 1986). These fibers have a small moment 378 

arm, and are suited to exert a focal increase in spinal stiffness in functional loading tasks (Moseley et 379 

al., 2003). In the current study, the medial region at the L4/L5 and L5/S1 intervertebral levels would 380 

represent the short fibers at lower vertebral levels. It is possible that these short fibers were not 381 

sufficiently engaged in the exercises selected during the reconditioning period.  382 

Increased muscle loading and mechanical stretch of muscle fibers have demonstrated 383 

downregulation of adipogenic transcription factors (Akimoto et al., 2001; Kook et al., 2008) and 384 

increased expression of factors that inhibit myoblast transdifferentiation to adipocytes (Akimoto et al., 385 

2005). In people with chronic low back pain, resisted weight-bearing exercises in a neutral position of 386 

the spine have been shown to induce hypertrophy and reduce PFC of the lumbar paraspinal muscles 387 

(Welch et al., 2015). Consequently, progressive resisted weight-bearing exercises performed while 388 
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maintaining a lumbar lordosis may play a crucial role in recovering muscle properties after lumbar 389 

spine deconditioning.   390 

  391 

4.3 SR program supplemented with FRED 392 

Contrary to our hypothesis, the application of FRED, in addition to the SR program, did not produce 393 

any evident additional benefits for the outcomes measured in the present study that are linked to 394 

lumbopelvic muscle recovery. The SR program was characterized by bodyweight exercises focused on 395 

static and dynamic balance, coordination, and postural control. As the SR program targeted weight-396 

bearing muscles, the improvements that were observed (increasing muscle volumes and decreasing 397 

PFC post bed rest) were most likely due to the recruitment of the muscles in the bodyweight exercises 398 

selected.    399 

Exercise on the FRED involves a combination of weight-bearing while holding a neutral, 400 

upright sagittal spinal alignment over an unstable base of support at the feet. Previous studies have 401 

demonstrated that exercise on the FRED recruited the LM muscle (Debuse et al., 2013; Winnard et al., 402 

2017a). Compared to both overground (Caplan et al., 2014) and treadmill (Weber et al., 2017) walking, 403 

a more constant low-level activity of the LM muscle has been reported, as well as a more anteriorly 404 

tilted pelvic position during exercise on FRED (Winnard et al., 2017b). However, the current results 405 

failed to show that supplementation of FRED enhanced the effect of the SR program alone on muscle 406 

volume and PFC accumulation, most likely because of the absence of progressive external loads. This 407 

could indicate that implementation of the FRED might be useful in the early stages of reconditioning, 408 

requiring initial recruitment of lumbopelvic muscles after bed rest, but progression to resistance 409 

training may be required in later stages of the rehabilitation programs after bed rest or spaceflight.  410 

 411 

4.4 Relevance for patients and astronauts 412 

The current results support previous studies showing that a prolonged period of axial unloading induces 413 

lumbar spine deconditioning in healthy individuals (Burkhart et al., 2019; Bailey et al., 2021). Greater 414 

amounts of PFC in lumbar musculature have been associated with high intensity of low back 415 

pain/disability in a community-based population (Kjaer et al., 2007; Teichtahl et al., 2015), and a 16-416 

week resistance training reduced PFC and improved quality of life (Welch et al., 2015). Appropriate 417 

reconditioning programs for the lumbar musculature are likely necessary to remediate deconditioning 418 

of the lumbar spine after prolonged body unloading, and understanding which exercises recover muscle 419 

structure best will help health professionals tailor improved interventions for astronauts, people who 420 

are bedridden, extreme sedentary individuals, and people with LBP.   421 

Space Agencies have reset their foci on Moon and Mars missions and crewed deep space 422 

exploration missions, first to the Moon and then later, hopefully also to Mars are already on the horizon 423 

and are already in preparation (International Space Exploration Coordination Group, 2018). While 424 

NASA’s Apollo missions were designed with a direct journey to the Moon (three days in microgravity) 425 

and a short stay on the lunar surface (max accumulated lunar surface extravehicular activity time was 426 

around 22 hours), future space missions such as the ARTEMIS program will require prolonged 427 

exposure to microgravity and hypogravity (NASA technical report, 2020). For instance, lunar gateway 428 

missions will take between 30-40 days, and extravehicular activities on the Lunar surface will be 429 

performed after extended periods of exposure to microgravity. Depending on the mission scenario, 430 

astronauts will spend a few weeks in microgravity and then be exposed to lunar gravity, where they 431 

need to perform tasks on their own and extract themselves from the landing vehicle. More extended 432 

spaceflights may also preclude the use of devices such as the Advanced Resistive Exercise Device 433 

(ARED) due to the large size of the device and severe volume constraints of deep space exploration 434 

vehicles. After long-duration missions, it will be essential to identify the most effective interventions 435 

that can reverse the deconditioning effects of microgravity and hypogravity on many systems, 436 

including the neurovestibular, cardiovascular, hemato-immunological, and musculoskeletal systems 437 
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(Demontis et al., 2017; Richter et al., 2017). Our results demonstrated that reconditioning programs of 438 

2 weeks duration based on weight-bearing exercises without additional resistance were not sufficient 439 

to fully restore the muscle size and PFC of the lumbar musculature.  440 

 441 

4.5 Limitation 442 

There are some notable limitations to the current study, similar to previous bed rest studies (Hides et 443 

al., 2007; Belavý et al., 2010). Due to the complexity and high cost, small sample sizes limit the 444 

opportunity to detect low-moderate effects between the reconditioning programs (type II error), which 445 

may be clinically meaningful. Because the groups have a small sample size, only large effect sizes 446 

from interventions can be identified. Related to this, many connected and similar outcomes have been 447 

extracted from the MRIs, given the limited opportunity to assess these images. A small sample size 448 

also increases the risk of type I error, which may explain the main effect of Group found in the current 449 

study. At BDC2, the SR group already showed higher PFC values than the SR+FRED group in the LM 450 

and LES muscles.  451 

A significant limitation is the absence of a control group that did not engage in a reconditioning 452 

program. However, previous studies have shown long-lasting lumbopelvic muscle atrophy after 453 

prolonged bed rest (Hides et al., 2007; Belavý et al., 2008), and reconditioning was ethically necessary 454 

for all participants. Furthermore, the current study aimed to investigate the difference between the two 455 

reconditioning programs rather than the efficacy of reconditioning versus no reconditioning. 456 

A methodological study limitation in the current project is the MRI sequences. Although typical 457 

chemical shift MRI sequences are routinely used and offer the opportunity to investigate the relative 458 

ratio of fat to water content within individual voxels on an MRI (Crawford et al., 2017), other fibrous 459 

nonmuscular elements could not be discriminated in the muscles' regions of interest (Reeder et al., 460 

2012). In the current study, we decided to apply a proposed method to investigate the muscle proprieties 461 

of the paraspinal muscles in order to allow accurate and reliable comparison of muscle quality in future 462 

studies (Crawford et al., 2017). However, future studies may also consider the application of different 463 

techniques to assess paraspinal muscle composition, such as magnetic resonance spectroscopy, which 464 

provides information on various tissue metabolites  (Fischer et al., 2013).  465 

 466 

5 Conclusion 467 

This study showed that both two weeks of reconditioning programs following 60 days of HDT bed rest 468 

were insufficient to restore all volumes of lumbopelvic muscles and reverse the accumulation of PFC 469 

in the muscles measured to pre-bed rest values. The application of the FRED to the SR programme did 470 

not produce any additional benefits.  471 



  Lumbopelvic reconditioning after bed rest 

 
12 

This is a provisional file, not the final typeset article 

6 Contribution  472 

Conceptualization: NC, EDM, DD, JS, TW, SS, PH, and JH; Funding acquisition: NC, AW, DB, and 473 

JC; Methodology: NC, EDM, DD, JS, TW, SS, PH, and JH; Data collection: JZ; Software: JE and MH; 474 

Formal analysis: EDM; Statistical expertise: DB and JC; Writing first draft: EDM; Writing review and 475 

editing: All authors; All authors have read and agreed to the published version of the manuscript. 476 

 477 

 478 

7 Acknowledgments 479 

The AGBRESA study was funded by the German Aerospace Center, the European Space Agency 480 

(contract number: 4000113871/15/NL/PG), and the National Aeronautics and Space Administration 481 

(contract number: 80JSC018P0078). The study was performed at the: ENVIHAB research facility of 482 

the DLR Institute of Aerospace Medicine. Funding for this selected project (ESA-HSO-U-LE-0629) 483 

was received from the STFC/UK Space Agency (ST/R005753/1).   484 



 

 
13 

8 Reference 485 

Abbott, R., Peolsson, A., West, J., Elliott, J. M., Åslund, U., Karlsson, A., et al. (2018). The 486 

qualitative grading of muscle fat infiltration in whiplash using fat and water magnetic resonance 487 

imaging. Spine J. 18, 717–725. doi:10.1016/j.spinee.2017.08.233. 488 

Akimoto, T., Ushida, T., Miyaki, S., Akaogi, H., Tsuchiya, K., Yan, Z., et al. (2005). Mechanical 489 

stretch inhibits myoblast-to-adipocyte differentiation through Wnt signaling. Biochem. Biophys. 490 

Res. Commun. 329, 381–385. doi:10.1016/j.bbrc.2005.01.136. 491 

Akimoto, T., Ushida, T., Miyaki, S., Tateishi, T., and Fukubayashi, T. (2001). Mechanical stretch is a 492 

down-regulatory signal for differentation of C2C12 myogenic cells. Mater. Sci. Eng. C 17, 75–493 

78. doi:10.1016/S0928-4931(01)00340-X. 494 

Bailey, J. F., Miller, S. L., Khieu, K., Neill, C. W. O., Healey, R. M., Coughlin, D. G., et al. (2018). 495 

From the international space station to the clinic: how prolonged unloading may disrupt lumbar 496 

spine stability. Spine J. 18, 7–14. doi:10.1016/j.spinee.2017.08.261. 497 

Bailey, J. F., Nyayapati, P., Johnson, G. T. A., Dziesinski, L., Scheffler, A. W., Crawford, R., et al. 498 

(2021). Biomechanical changes in the lumbar spine following spaceflight and factors associated 499 

with postspaceflight disc herniation. Spine J. 000, 1–10. doi:10.1016/j.spinee.2021.07.021. 500 

Belavý, D. L., Adams, M., Brisby, H., Cagnie, B., Danneels, L., Fairbank, J., et al. (2016). Disc 501 

herniations in astronauts: What causes them, and what does it tell us about herniation on earth? 502 

Eur. Spine J. 25, 144–154. doi:10.1007/s00586-015-3917-y. 503 

Belavý, D. L., Armbrecht, G., Gast, U., Richardson, C. A., Hides, J. A., and Felsenberg, D. (2010). 504 

Countermeasures against lumbar spine deconditioning in prolonged bed rest: resistive exercise 505 

with and without whole body vibration. J Appl Physiol 109, 1801–1811. 506 

doi:10.1152/japplphysiol.00707.2010. 507 

Belavý, D. L., Hides, J. A., Wilson, S. J., Stanton, W., Dimeo, F. C., Rittweger, J., et al. (2008). 508 

Resistive simulated weightbearing exercise with whole body vibration reduces lumbar spine 509 

deconditioning in bed-rest. Spine (Phila. Pa. 1976). 33, 121–131. 510 

doi:10.1097/BRS.0b013e3181657f98. 511 

Burkhart, K., Allaire, B., and Bouxsein, M. L. (2019). Negative Effects of Long-duration Spaceflight 512 

on Paraspinal Muscle Morphology. Spine (Phila. Pa. 1976). 44, 879–886. 513 

doi:10.1097/BRS.0000000000002959. 514 

Caplan, N., Gibbon, K., Hibbs, A., Evetts, S., and Debuse, D. (2014). Phasic-to-tonic shift in trunk 515 

muscle activity relative to walking during low-impact weight bearing exercise. Acta Astronaut. 516 

104, 388–395. doi:10.1016/j.actaastro.2014.05.009. 517 

Crawford, R. J., Cornwall, J., Abbott, R., and Elliott, J. M. (2017). Manually defining regions of 518 

interest when quantifying paravertebral muscles fatty infiltration from axial magnetic resonance 519 

imaging : a proposed method for the lumbar spine with anatomical cross- reference. BMC 520 

Musculoskelet. Disord. doi:10.1186/s12891-016-1378-z. 521 

Crawford, R. J., Volken, Ã. T., Elliott, J. ., Hoggarth, M. A., Dpt, M. S., and Samartzis, D. (2019). 522 

Geography of Lumbar Paravertebral Muscle. Spine (Phila. Pa. 1976). 44, 1294–1302. 523 

doi:10.1097/BRS.0000000000003060. 524 

De Martino, E., Hides, J., Elliott, J. M., Hoggarth, M. A., Zange, J., Lindsay, K., et al. (2021a). 525 

Intramuscular lipid concentration increased in localized regions of the lumbar muscles following 526 



  Lumbopelvic reconditioning after bed rest 

 
14 

This is a provisional file, not the final typeset article 

60 day bedrest. Spine J. 000, 1–13. doi:10.1016/j.spinee.2021.11.007. 527 

De Martino, E., Hides, J., Elliott, J. M., Hoggarth, M., Zange, J., Lindsay, K., et al. (2021b). Lumbar 528 

muscle atrophy and increased relative intramuscular lipid concentration are not mitigated by 529 

daily artificial gravity following 60-day head-down tilt bed rest. J. Appl. Physiol. 530 

doi:https://doi.org/10.1152/japplphysiol.00990.2020. 531 

De Martino, E., Salomoni, S. E., Hodges, P. W., Hides, J., Lindsay, K., Debuse, D., et al. (2021c). 532 

Intermittent short-arm centrifugation is a partially effective countermeasure against upright 533 

balance deterioration following 60-day head-down tilt bed rest. J. Appl. Physiol. 534 

doi:https://doi.org/10.1152/japplphysiol.00180.2021. 535 

Debuse, D., Birch, O., St, A., Gibson, C., and Caplan, N. (2013). Low impact weight-bearing 536 

exercise in an upright posture increases the activation of two key local muscles of the lumbo-537 

pelvic region. Physiother. Theory Pract. 29, 51–60. doi:10.3109/09593985.2012.698718. 538 

Demontis, G. C., Germani, M. M., Caiani, E. G., Barravecchia, I., Passino, C., and Angeloni, D. 539 

(2017). Human pathophysiological adaptations to the space environment. Front. Physiol. 8, 1–540 

17. doi:10.3389/fphys.2017.00547. 541 

Elliott, J. M., Kerry, R., Flynn, T., and Parrish, T. B. (2013). Content not quantity is a better measure 542 

of muscle degeneration in whiplash. Man. Ther. 18, 578–582. doi:10.1016/j.math.2013.02.002. 543 

Fischer, M. A., Nanz, D., Shimakawa, A., Schirmer, T., Guggenberger, R., Chhabra, A., et al. (2013). 544 

Quantification of muscle fat in patients with low back pain: Comparison of multi-echo MR 545 

imaging with single-voxel MR spectroscopy. Radiology 266, 555–563. 546 

doi:10.1148/radiol.12120399. 547 

Frett, T., Green, D. A., Mulder, E., Noppe, A., Arz, M., Pustowalow, W., et al. (2020). Tolerability of 548 

daily intermittent or continuous short-arm centrifugation during 60-day 6o head down bed rest 549 

(AGBRESA study). PLoS One 15, 1–11. doi:10.1371/journal.pone.0239228. 550 

Hargens, A. R., and Vico, L. (2016). Long-duration bed rest as an analog to microgravity. J. Appl. 551 

Physiol. 120, 891–903. doi:10.1152/japplphysiol.00935.2015. 552 

Hides, J. A., Belavý, D. L., Stanton, W., Wilson, S. J., Rittweger, J., Felsenberg, D., et al. (2007). 553 

Magnetic resonance imaging assessment of trunk muscles during prolonged bed rest. Spine 554 

(Phila. Pa. 1976). 32, 1687–1692. doi:10.1097/BRS.0b013e318074c386. 555 

Hides, J. A., Donelson, F. R., Lee, M. S. D., Prather, H., Sahrmann, D. O. S. A., Hodges, P. W., et al. 556 

(2019). Convergence and Divergence of Exercise-Based Approaches That Incorporate Motor 557 

Control for the Management of Low Back Pain. J. Orthop. Sport. Phys. Ther. 49, 437–452. 558 

doi:10.2519/jospt.2019.8451. 559 

Hides, J. A., Lambrecht, G., Richardson, C. A., Stanton, W. R., Armbrecht, G., Pruett, C., et al. 560 

(2011). The effects of rehabilitation on the muscles of the trunk following prolonged bed rest. 561 

Eur. Spine J. 20, 808–818. doi:10.1007/s00586-010-1491-x. 562 

Hides, J. A., Lambrecht, G., Sexton, C. T., Pruett, C., Petersen, N., Jaekel, P., et al. (2020). The 563 

effects of exposure to microgravity and reconditioning of the lumbar multifidus and 564 

anterolateral abdominal muscles: implications for people with LBP. Spine J., 1–14. 565 

doi:10.1016/j.spinee.2020.09.006. 566 

Hodges, P. W., James, G., Blomster, L., Hall, L., Schmid, A., Shu, C., et al. (2015). Multifidus 567 

Muscle Changes after Back Injury Are Characterized by Structural Remodeling of Muscle, 568 

Adipose and Connective Tissue, but Not Muscle Atrophy: Molecular and Morphological 569 



 

 
15 

Evidence. Spine (Phila. Pa. 1976). 40, 1057–1071. doi:10.1097/BRS.0000000000000972. 570 

International Space Exploration Coordination Group (ISECG) (2018). The Global Exploration 571 

Roadmap. Available at: 572 

https://www.nasa.gov/sites/default/files/atoms/files/ger_2018_small_mobile.pdf. 573 

Johnston, S. L., Campbell, M. R., Scheuring, R., and Feiveson, A. H. (2010). Risk of herniated 574 

nucleus pulposus among U.S. astronauts. Aviat. Sp. Environ. Med. 81, 566–574. 575 

doi:10.3357/ASEM.2427.2010. 576 

Kjaer, P., Bendix, T., Sorensen, J. S., Korsholm, L., and Leboeuf-Yde, C. (2007). Are MRI-defined 577 

fat infiltrations in the multifidus muscles associated with low back pain? BMC Med. 5, 1–10. 578 

doi:10.1186/1741-7015-5-2. 579 

Kook, S. H., Lee, H. J., Chung, W. T., Hwang, I. H., Lee, S. A., Kim, B. S., et al. (2008). Cyclic 580 

mechanical stretch stimulates the proliferation of C2C12 myoblasts and inhibits their 581 

differentiation via prolonged activation of p38 MAPK. Mol. Cells 25, 479–486. 582 

Kordi, M., Belavý, D. L., Armbrecht, G., Sheikh, A., Felsenberg, D., and Trudel, G. (2015). Loss and 583 

re-adaptation of lumbar intervertebral disc water signal intensity after prolonged bedrest. J. 584 

Musculoskelet. Neuronal Interact. 15, 294–300. 585 

Lambrecht, G., Petersen, N., Weerts, G., Pruett, C., Evetts, S., Stokes, M., et al. (2017). The role of 586 

physiotherapy in the European Space Agency strategy for preparation and reconditioning of 587 

astronauts before and after long duration space flight. Musculoskelet. Sci. Pract. 27, S15–S22. 588 

doi:10.1016/j.math.2016.10.009. 589 

Lee, S. H., Park, S. W., Kim, Y. B., Nam, T. K., and Lee, Y. S. (2017). The fatty degeneration of 590 

lumbar paraspinal muscles on computed tomography scan according to age and disc level. Spine 591 

J. 17, 81–87. doi:10.1016/j.spinee.2016.08.001. 592 

Lindsay, K., Caplan, N., Weber, T., Salomoni, S., Martino, E. De, Winnard, A., et al. (2020). Effects 593 

of a six-week exercise intervention on function, pain and lumbar multifidus muscle cross-594 

sectional area in chronic low back pain: A proof-of-concept study. Musculoskelet. Sci. Pract. 49, 595 

102190. doi:10.1016/j.msksp.2020.102190. 596 

Macintosh, J. E., and Bogduk, N. (1986). The biomechanics of the lumbar multifidus. Clin. Biomech. 597 

1, 205–213. doi:10.1016/0268-0033(86)90147-6. 598 

Macintosh, J. E., Valencia, F., Bogduk, N., and Munro, R. (1986). The morphology of the human 599 

lumbar multifidus. Clin. Biomech. 1, 196–204. doi:10.1016/0268-0033(86)90146-4. 600 

McNamara, K. P., Greene, K. A., Moore, A. M., Lenchik, L., and Weaver, A. A. (2019). 601 

Lumbopelvic muscle changes following long-duration spaceflight. Front. Physiol. 10. 602 

doi:10.3389/fphys.2019.00627. 603 

Mhuiris, Á. N., Volken, T., Elliott, J. M., Hoggarth, M., Samartzis, D., and Crawford, R. J. (2016). 604 

Reliability of quantifying the spatial distribution of fatty infiltration in lumbar paravertebral 605 

muscles using a new segmentation method for T1-weighted MRI. BMC Musculoskelet. Disord. 606 

17, 1–7. doi:10.1186/s12891-016-1090-z. 607 

Moseley, G. L., Hodges, P. W., and Gandevia, S. C. (2003). External perturbation of the trunk in 608 

standing humans differentially activates components of the medial back muscles. J. Physiol. 609 

547, 581–587. doi:10.1113/jphysiol.2002.024950. 610 

NASA technical report (2020). NASA’s Lunar Exploration Program Overview. Nasa, 74. Available 611 



  Lumbopelvic reconditioning after bed rest 

 
16 

This is a provisional file, not the final typeset article 

at: https://www.nasa.gov/sites/default/files/atoms/files/artemis_plan-20200921.pdf. 612 

Petersen, N., Jaekel, P., Rosenberger, A., Weber, T., Scott, J., Castrucci, F., et al. (2016). Exercise in 613 

space: The European Space Agency approach to in-flight exercise countermeasures for long-614 

duration missions on ISS. Extrem. Physiol. Med. 5, 1–13. doi:10.1186/s13728-016-0050-4. 615 

Reeder, S. B., Hu, H. H., and Sirlin, C. B. (2012). Proton density fat-fraction: A standardized mr-616 

based biomarker of tissue fat concentration. J. Magn. Reson. Imaging 36, 1011–1014. 617 

doi:10.1002/jmri.23741. 618 

Richter, C., Braunstein, B., Winnard, A., Nasser, M., and Weber, T. (2017). Human biomechanical 619 

and cardiopulmonary responses to partial gravity - A systematic review. Front. Physiol. 8. 620 

doi:10.3389/fphys.2017.00583. 621 

Sundblad, P., Orlov, O., Angerer, O., Larina, I., and Cromwell, R. (2016). Standardization of bed rest 622 

studies in the spaceflight context. J. Appl. Physiol. 121, 348–349. 623 

doi:10.1152/japplphysiol.00089.2016. 624 

Teichtahl, A. J., Urquhart, D. M., Wang, Y., Wluka, A. E., Wijethilake, P., O’Sullivan, R., et al. 625 

(2015). Fat infiltration of paraspinal muscles is associated with low back pain, disability, and 626 

structural abnormalities in community-based adults. Spine J. 15, 1593–1601. 627 

doi:10.1016/j.spinee.2015.03.039. 628 

Weber, T., Debuse, D., Salomoni, S. E., Elgueta Cancino, E. L., De Martino, E., Caplan, N., et al. 629 

(2017). Trunk muscle activation during movement with a new exercise device for lumbo-pelvic 630 

reconditioning. Physiol. Rep. 5. doi:10.14814/phy2.13188. 631 

Weber, T., Salomoni, S. E., Debuse, D., Hug, F., Caplan, N., De Martino, E., et al. (2018). Functional 632 

behaviour of spinal muscles after training with an exercise device developed to recruit and train 633 

postural muscles. Gait Posture 66, 189–193. doi:10.1016/j.gaitpost.2018.08.033. 634 

Welch, N., Moran, K., Antony, J., Richter, C., Marshall, B., Coyle, J., et al. (2015). The effects of a 635 

free-weight-based resistance training intervention on pain, squat biomechanics and MRI-defined 636 

lumbar fat infiltration and functional cross-sectional area in those with chronic low back. BMJ 637 

Open Sport Exerc. Med. 1. doi:10.1136/bmjsem-2015-000050. 638 

Winnard, A., Debuse, D., Wilkinson, M., Samson, L., Weber, T., and Caplan, N. (2017a). Movement 639 

amplitude on the Functional Re‑adaptive Exercise Device: deep spinal muscle activity and 640 

movement control. Eur. J. Appl. Physiol. 117, 1597–1606. doi:10.1007/s00421-017-3648-3. 641 

Winnard, A., Debuse, D., Wilkinson, M., Tahmosybayat, R., and Caplan, N. (2017b). The immediate 642 

effects of exercise using the Functional Re-adaptive Exercise Device on lumbopelvic kinematics 643 

in people with and without low back pain. Musculoskelet. Sci. Pract. 27, S47–S53. 644 

doi:10.1016/j.msksp.2016.11.011. 645 

  646 



 

 
17 

9 Figure caption 647 

Figure 1: A) Time schedule of each of the two campaigns. Magnetic resonance imaging was collected 648 

2 days before the beginning of the bed rest period (BDC2), day 59 of the head-down tilt bed rest 649 

(HDT59), and day 13 of the recovery period (R13). B) Five groups of four axial slices were identified 650 

from the sagittal image for each of five lumbar intervertebral disc levels (L1/L2, L2/L3, L3/L4, L4/L5, 651 

L5/S1) to obtain the images used for measurement. The muscle volume of the lumbar multifidus (LM 652 

- red shaded area), lumbar erector spinae (LES - green shaded area), quadratus lumborum (QL - yellow 653 

shaded area), and psoas major (PM - blue shaded area) was calculated. Paraspinal muscle fat content 654 

(PFC) was automatically quartiled from medial to lateral based on equal pixel numbers (Q1, Q2, Q3, 655 

and Q4). The colour scale represents the percentage of fat content (0-60%). 656 

 657 

Figure 2: Morphology of the lumbar multifidus, lumbar erector spinae, psoas major and quadratus 658 

lumborum muscles at 2 days before the beginning of the bed rest period (BDC2), day 59 of head-down 659 

tilt bed rest (HDT59), and day 13 of recovery period (R13) for participants in the Standard 660 

Reconditioning (SR, n = 12) and Standard Reconditioning supplemented with Functional Re-adaptive 661 

Exercise Device (SR+FRED, n = 12). The black line is SR group and the light gray line is SR+FRED 662 

group. The group means are a filled circle (SR group) or a filled square (SR+FRED group), and the 663 

vertical line is the standard deviation. A) Muscle volume of the lumbar multifidus at L5/S1. B) Muscle 664 

volume of the lumbar erector spinae at L1/L2. C) Muscle volume of the psoas major at L1/L2. D) 665 

Muscle volume of the quadratus lumborum.  666 

 667 
* Significantly different from BDC2 within the group (P < 0.05). † Significantly different from HDT59 within the group 668 
(P < 0.05) 669 
 670 
SR - Standard Reconditioning; SR+FRED - Standard Reconditioning supplemented with Functional Re-adaptive Exercise 671 
Device  672 
BDC – Baseline data collection; HDT – Head-down tilt; R – Recovery 673 
 674 

 675 

Figure 3: Group data (mean ± standard deviation, n = 24) of paraspinal muscle fat content (%) in Q1, 676 

Q2, Q3, Q4, and whole muscle 2 days before the beginning of the bed rest period (BDC2), day 59 of 677 

head-down tilt bed rest (HDT59), and day 13 of the recovery period (R13). The black bar is BDC2, the 678 

light gray bar HDT59, and the dark gray bar R13. A) Paraspinal muscle fat content in the lumbar 679 

multifidus muscle at L4/L5. B) Paraspinal muscle fat content in the lumbar multifidus muscle at L5/S1. 680 

C) Paraspinal muscle fat content in the lumbar erector spinae at L5/S1.  681 

 682 
Main effect of Quartile: Pairwise comparisons (Bonferroni adjusted) + P < 0.05 compared with Q2; $ P < 0.05 compared 683 
with Q3; # P < 0.05 compared with Q4  684 
Time*Quartile interaction: Pairwise comparisons (Bonferroni adjusted) * P < 0.05; ** P < 0.01; *** P < 0.001 685 
 686 
BDC – Baseline data collection; HDT – Head-down tilt; R – Recovery  687 



  

10 Table 688 

Table 1. Reconditioning programs for SR group (N=12) and SR+FRED group (N=12).  689 

 R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 

SR 

group 
   SR SR SR SR  SR SR SR   

SR+FRED 
group 

FRED FRED FRED 
SR + 
FRED 

SR + 
FRED 

SR + 
FRED 

SR + 
FRED 

FRED 
SR + 
FRED 

SR + 
FRED 

SR + 
FRED 

FRED FRED 

  690 
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Table 2. Mean (± standard deviation) muscle volume in mm3 from SR (N=12) and SR+FRED (N=12) at BDC2, HDT59, and R13.  691 

 692 

Muscle  Group Time 
Intervertebral disc level 

L1/L2 L2/L3 L3/L4 L4/L5 L5/S1 

Lumbar 

multifidus 

SR 

BDC 1310±397 2013±513 3274±819 4771±838 4805±613 

HDT59 1268±387 1911±474* 3039±754* 4404±783* 4561±615* 

R13 1242±428 1971±527 3384±954† 4566±854*† 4655±617*† 

SR+FRED 

BDC 1256±355 1991±487 3058±698 4559±862 4679±700 

HDT59 1192±329 1874±492* 2820±689* 4104±864* 4410±702* 

R13 1282±327 1930±545 3001±954† 4358±894*† 4528±602*† 

Lumbar 

erector 

spinae 

SR 

BDC 8261±1956 8337±1839 7265±1433 5324±725 2177±606 

HDT59 7298±1768* 7263±1434* 6470±1220* 5299±743 2390±721* 

R13 7759±1741*† 7827±1504*† 6895±1258† 5118±672 2124±617 

SR+FRED 

BDC 8559±2246 8695±2046 7601±1712 5248±928 2384±674 

HDT59 7483±2022* 7832±1917* 6980±1689* 5202±864 2621±728* 

R13 8249±2191*† 8571±2132*† 7595±1814† 5223±943 2414±765 

Psoas 

major 

SR 

BDC 1963±979 3619±1405 4939±1539 5879±1616 5679±1586 

HDT59 2104±1120* 3697±1389 4931±1562 5828±1726 5709±1658 

R13 2165±959* 3777±1221 5014±1379 5916±1483 5665±1420 

SR+FRED 

BDC 2021±1035 4358±1491 5897±1779 6799±1797 6456±1666 

HDT59 2143±1078* 4468±1694 5971±1793 6829±1805 6418±1663 

R13 2505±1163* 4589±1466 6089±1790 6993±1820 6510±1625 

Quadratus 

lumborum 

SR 

BDC 1062±401 1798±755 2493±813 - - 

HDT59 1003±380 1658±702* 2291±777* - - 

R13 990±445 1720±732 2392±800*† - - 

SR+FRED 

BDC 1125±477 1919±710 2733±799 - - 

HDT59 1015±420 1660±600* 2383±659* - - 

R13 1111±471 1716±781 2561±789*† - - 

 693 
* Pairwise comparisons (Bonferroni adjusted) relative to baseline (BDC) value (P < 0.05).  694 
† Pairwise comparisons (Bonferroni adjusted) relative to the end of head-down tilt (HDT59) bed rest value (P < 0.05). 695 
SR - Standard Reconditioning; SR+FRED - Standard Reconditioning supplemented with Functional Re-adaptive Exercise Device; BDC – Baseline data 696 
collection; HDT – Head-down tilt; R – Recovery. 697 


