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Belavy DL, Bansmann PM, Bohme G, Frings-Meuthen P,
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intervertebral disc morphology persist 5 mo after 21-day bed rest.
J Appl Physiol 111: 1304-1314, 2011. First published July 28,
2011; doi:10.1152/japplphysiol.00695.2011.—As part of the nutri-
tion-countermeasures (NUC) study in Cologne, Germany in 2010,
seven healthy male subjects underwent 21 days of head-down tilt bed
rest and returned 153 days later to undergo a second bout of 21-day
bed rest. As part of this model, we aimed to examine the recovery of
the lumbar intervertebral discs and muscle cross-sectional area (CSA)
after bed rest using magnetic resonance imaging and conduct a pilot
study on the effects of bed rest in lumbar muscle activation, as
measured by signal intensity changes in T»-weighted images after a
standardized isometric spinal extension loading task. The changes in
intervertebral disc volume, anterior and posterior disc height, and
intervertebral length seen after bed rest did not return to prebed-rest
values 153 days later. While recovery of muscle CSA occurred after
bed rest, increases (P = 0.016) in multifidus, psoas, and quadratus
lumborum muscle CSA were seen 153 days after bed rest. A trend was
seen for greater activation of the erector spinae and multifidus muscles
in the standardized loading task after bed rest. Greater reductions of
multifidus and psoas CSA muscle and greater increases in multifidus
signal intensity with loading were associated with incidence of low
back pain in the first 28 days after bed rest (P = 0.044). The current
study contributes to our understanding of the recovery of the lumbar
spine after 21-day bed rest, and the main finding was that a decrease
in spinal extensor muscle CSA recovers within 5 mo after bed rest but
that changes in the intervertebral discs persist.

magnetic resonance imaging; microgravity; spaceflight; low back
pain; atrophy

WHILE OUR UNDERSTANDING OF the effect of prolonged bed rest
(spaceflight simulation) on the lumbar intervertebral discs and
musculature (3, 4, 6, 14, 21, 31) has improved greatly in recent
years, our understanding of the recovery of these changes is
less well developed. Commonly, studies consider the bed-rest
phase alone, such as in the assessment of exercise countermea-
sures, with the subsequent recovery phase either not being
examined or the data remaining unpublished. It is an unstated
assumption that the various tissues of the human body recover
after bed rest without specific intervention, although for a
number of body systems, this assumption has not been tested.

Understanding these issues is important as, for example,
prior work (3, 21) has linked the incidence of low back pain
after bed rest to the extent of intervertebral disc changes and
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muscle atrophy during bed rest. Similarly, in clinical studies of
low back pain, alterations in disc dimensions have been linked
to the recurrence of disc herniation (25) and muscle atrophy/
dysfunction has been linked to the subsequent incidence of low
back pain (18, 35). Such information is not only important
ethically for bed-rest studies but is also relevant for under-
standing the increased incidence of lumbar intervertebral disc
herniation seen in astronauts after spaceflight (23) and could
also have applications in clinical situations.

In terms of the intervertebral discs of the lumbar spine, it is
not clear when recovery occurs after bed rest. Seven weeks
after a 17-wk bed rest, but not after a 5-wk bed rest, sagittal
plane disc cross-sectional area (CSA) was shown to still be
increased above baseline levels (28). Ninety days after a
60-day bed rest, disc volume, disc height, and spinal length
remained greater than before bed rest (19). In another study,
disc volume and anterior disc height remained greater than
before bed rest in subjects scanned 90 days after the end of 90
days of bed rest (6). In yet a further study where disc mor-
phology was measured up to 6 mo after 56 days of bed rest (4),
it was unclear whether recovery of the discs occurred as
baseline measurements were conducted on the first day of bed
rest, after subjects had spent ~16 h in bed thus permitting
increased changes in disc and spine morphology before base-
line data was collected. Thus it is unclear to what extent
recovery of the lumbar intervertebral disc occurs after bed rest.

In terms of the musculature of the lumbar spine, it is possible
that the muscles recover their size spontaneously. In the mus-
culature of the spine (4, 6) and lower quadrant (34, 43), partial
recovery of muscle atrophy appears to occur 14 days after
prolonged bed rest, with the process being complete by 90 days
after bed rest. Seven weeks after a 17-wk bed rest (29), muscle
volume in the spine and lower limb appeared to have recov-
ered, but in this study data were available from two subjects
only. Consequently, the aim of the current work was to gain a
deeper understanding of the recovery of the lumbar interver-
tebral discs and lumbar musculature after bed rest as well as to
track any relation these changes may have to low back pain
incidence.

In addition to assessing morphological parameters of the
lumbar intervertebral discs and muscles, the activation of the
muscles by the central nervous system plays an important role
in the stabilization of the lumbar spine (37). Magnetic reso-
nance imaging (MRI) has been used previously to measure
signal intensity changes in T>-weighted MRIs of the muscula-
ture after exercise as a measure of muscle function and acti-
vation levels of the calf (26) and thigh (16, 42) musculature.
Thus an additional goal was to perform a pilot study examining
the effects of bed rest on muscle activation, as measured by
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signal intensity changes in T»-weighted magnetic resonance
images, in the lumbar spine musculature after a spinal exten-
sion exercise.

The “nutrition countermeasures” (NUC) 21-day bed rest
study provided the opportunity to assess these issues. The
primary goal of this study was to examine the effect of a
nutrition countermeasure, which involved potassium bicarbon-
ate, on preventing increased bone resorption during bed rest.
Effects on muscle CSA, muscle function, and the intervertebral
discs of this countermeasure were not expected, however, and
the study presented an opportunity to better assess the effects
of bed rest and recovery on the lumbar spine.

MATERIALS AND METHODS

Bed-rest protocol, subject characteristics, and nutrition protocol.
Seven healthy male subjects (Table 1) were recruited for participation
in the nutrition countermeasures (NUC) bed rest study at the German
Aerospace Center in Cologne, Germany in 2010. Exclusion criteria
relevant for the current study included professional athletes, claustro-
phobia, metal implants, muscle or joint disease, and prior history of
intervertebral disc protrusion.

Two campaigns (C1 and C2) were conducted and all subjects
participated in both campaigns as part of a crossover design. Each
campaign consisted of 7 days of prebed-rest baseline data collection
(BDC-7 to BDC-1), 21-days of strict 6° head-down tilt bed rest
(HDT1 to HDT21), and 6 days of postbed-rest recovery (R + 0 to
R + 5). Reambulation occurred on the morning of R + 0. Subjects
also returned to the facility on R + 14 and R + 28 for follow-
up assessment. The second bed-rest phase (C2 HDT1) began 154
days after the end of the first campaign (C1 R + 0). The study was
approved by the ethical committee of the Aerztekammer Nor-
drhein, Duesseldorf, Germany, and subjects gave their informed
written consent.

As part of the crossover design, a nutrition countermeasure involv-
ing sodium bicarbonate was trialed, but as no significant effects on
muscle size or the intervertebral discs were expected or observed, the
results from both groups have been pooled. The primary outcome
measure of the NUC bed-rest study was bone resorption markers from
24-h urine collections and not the parameters of the current study.
Assuming a power of 0.8, an a-level of 0.05, and given an SD of 3.7%
for within-subject differences in change in average lumbar erector
spinae muscle CSA and 4.5% for average lumbar intervertebral disc
volume as well as a 0.96 (erector spinae CSA) and 0.98 (disc volume)
correlation between repeated measures (based on prior data after
28-day bed rest from our group; Ref. 2), an effect size between
groups of 2.5% for erector spinae CSA and 2.5% for intervertebral

Table 1. Subject characteristics
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disc volume should be detected given seven subjects in each group
in this crossover design with three repeated measures. G*Power
(version 3.1.2; http://www.psycho.uni-duesseldorf.de/abteilungen/
aap/gpower3/) was used for these calculations.

Physical activity and low back pain questionnaires. In the BDC
phase of each campaign and on R + 28 of the second campaign,
subjects completed a questionnaire on habitual physical activity (1).
This physical activity questionnaire has been validated previously (1)
and assesses occupational (e.g., time spent standing, sitting, lifting
heavy items an so forth at work), sport related (i.e., types of sports
played, how frequently, how long), and leisure time (e.g., extent of
television viewing) physical activity. For the analyses presented here,
we focused on total physical activity, which represents the summation
of the “work,” “sport,” and “leisure” indexes.

Subjects also completed a pain questionnaire twice before bed rest
(BDC-5 and BDC-2), on the first 7 days (HDT1 to HDT7) as well as
days 10, 13, 16, 19, and 21 (HDT10, HDT13, HDT16, HDT19, and
HDT21) of bed rest, and on every postbed-rest recovery day (R + 0
toR + 6, R + 14, and R + 28). Subjects indicated whether they had
any pain or discomfort in any body region, and if so, this region was
marked as well as its intensity on a 100-mm visual analog scale (Ref.
15). Incidence of low back pain was defined as any report of pain or
discomfort between the first lumbar vertebrae and the coccyx. Before
the beginning of the bed rest phase in C1, subjects were also ques-
tioned regarding prior history of musculoskeletal pain and injury.

MRI and loading protocol. MRI was performed during the baseline
data collection (BDC) phase, 2 days before bed rest (BDC-2; begin-
ning at 2 PM), and then on the first day of postbed-rest recovery (R +
1; beginning at 10 AM) and then again on the fifth day of postbed-rest
recovery (R + 5; beginning at 2 PM). The same schedule was used in
both C1 and C2, and 147 days elapsed between C1 R + 5 and C2
BDC scanning, implying that C2 BDC was equivalent to C1 R + 153.
Five days before bed rest in each campaign, subjects were familiarized
with the loading protocol.

A 1.5T Siemens Sonata (Erlangen, Germany) MR scanner at the
Krankenhaus Porz am Rhein, an external hospital located nearby, was
used for all scanning sessions. At every measurement sitting, after
subjects spent 1 h 15 min in supine lying while MR scanning was
performed as part of other experiments, the following protocol was
used:

I) The subject was positioned in supine lying with a standard
support behind his knees. After initial pilot scanning, 29 sagittal
images (thickness 3 mm; interslice distance: 0.3 mm; repetition time:
6,220 ms, echo time: 105 ms, field of view: 340 X 340 mm interpo-
lated to 384 X 384 pixels) were taken to encompass the entire
vertebral body and include the transverse processes from the lower
thoracic spine (typically T;o) to the sacrum (Fig. 1).

Total Physical Activity

Subject Weight, kg Age, yr Height, cm Group in C1 C1 BDC C2 BDC C2R + 28
A 85.2 27 185 PoBi 10 9.25 8.875
B 70.1 25 182 Ctrl 9.75 9.25 8.375
C 85.1 29 178 PoBi 7.875 9.125 8.75
D 73.8 22 179 Ctrl 6.75 8.375 7.25
F 84.8 32 186 Ctrl 8.375 8.875 8.375
G 76.4 26 179 PoBi 7.625 7.75 7.25
H 72.3 30 176 Ctrl 7.375 8 9
Mean(SD) 78.9 (6.4) 30 (7) 181 (4) 8.2 (1.1) 8.7 (0.6) 8.3 (0.7)

In the 2nd campaign (C2) each subject participated as his own control in the other group as part of the crossover design. Data on age, height, and weight are
from subjects in the first campaign (C1) 7 days before the beginning of bed rest. Total physical activity score refers to data from Baecke habitual physical activity
questionnaire (Ref. 1; no units) completed before bed rest (BDC) in both the 1st (C1) and 2nd (C2) campaign as well as 28 days after the end of the bed rest
phase of C2. Total physical activity did not differ significantly between measurement days (P = 0.38). PoBi, standard nutrition plus potassium bicarbonate group;

Ctrl, standard nutrition group. See RESULTS for further details.
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Fig. 1. Measurements of disc and spine morphology. Left: before bed rest;
right: first day after bed rest in same subject. Anterior and posterior disc height
was of each vertebral disc from Ti2L; to LsS; (shown at LoL3 at left). Disc
volume was interpolated from sagittal plane disc cross-sectional area (CSA)
measurements (shown at L,L3 at right). Spinal length, parallel to scanning
table, was measured between the dorsorostral corner of S; and the dorsorostral
corners Ti2, Li, Lo, L, Ls, and Ls. Intervertebral length was then calculated
between each vertebra. While images positioned at the spinous process are
presented here, all available images were measured and the average of disc
heights and intervertebral length at each vertebral level and time-point was
taken for each subject before further analysis. Increase in disc size after bed
rest is particularly noticeable in this subject with a 30.7% increase in the
volume of the LsS; intervertebral disc.

2) Then, five groups of three T,-weighted images each (slice
thickness: 4 mm, interslice distance: 0 mm, repetition time: 3,500 ms,
echo time: 107 ms, field of view: 260 X 235.62 mm interpolated to
384 X 348 pixels) were positioned over the center of each vertebral
body from L; to Ls and to then angulated to be parallel to the superior
vertebral endplate of each vertebra (Fig. 2).

3) The subject was taken out of the MR scanner, remained in lying,
and was transferred to a custom-built table that permitted free move-
ment of the upper body while allowing bracing of the hips and legs.
The subject was positioned in side lying, and a vest was brought about
the subject’s chest and shoulders to permit the application of a
horizontally directed force to the subject’s trunk. With external
loading applied horizontally, the subject would then be required to
generate a trunk extension force. A digital weight gauge (Voltcraft
HS-100; Conrad Electronic SE, Hirschau, Germany) was attached to
the vest around the subject’s chest via carabineers. Load was then
applied with an initial ramp period of 6 s and the static holding period
of 7 s. Ten repetitions were performed with a 20-s pause in between
repetitions. In the first campaign (C1), load was set to 10% of subject
body weight, and in the second campaign (C2), load was set to 30%
of subject body weight. The average body weight from the BDC phase
of the first campaign (Table 1) was used for loading level calculation.
Ideally, both loading levels should have been performed during the
same testing session in both campaigns, but due to time restrictions,
this was not possible. As it was preferred to avoid high levels of spinal
loading immediately after bed rest, these loading levels were chosen
based on pilot trials that showed increases in spinal extensor signal
intensity with these lower loads. The timing of loading and testing
duration were monitored with custom written software in the Labview

LUMBAR SPINE IN BED REST

6 environment (National Instruments). The same operator (D. L.
Belavy) conducted all loading sessions.

4) At the end of the loading protocol, the subject was returned
immediately to the MR scanner and the sagittal sequence from step 1
was performed again followed by the para-axial sequence from step 2.
The mean(SD) duration between the end of the exercise and the
beginning of sagittal scanning was 4.0(0.7) min and another 4.7(0.4)
min elapsed before the para-axial sequences began.

At the end of each scanning session, data were then stored for
offline processing.

Blinded image measurements. To ensure measurer blinding, each
data set was assigned a random number (www.random.org). Imagel
1.39u (http://rsb.info.nih.gov/ij/) was used for MRI analyses that were
conducted by the same operator (D. L. Belavy). The following
measures of spinal morphology were conducted, as in prior work (2,
3), in every image where the required anatomical landmarks could be
delineated (Fig. 1): 1) disc volume of each disc from T,,L; to LsS;
was interpolated from all sagittal plane CSA measures of each disc;
2) anterior and posterior disc height were measured from Ti.L; to LsSy;
and 3) intervertebral length, the vertical distance between the dorso-
rostral corners T2L; to LsS;, was measured. Since multiple measure-
ments (disc volume: median[minimum-maximum] of 13[9-17] mea-
sures per disc, subject and time point; disc height: 12[9-16]; inter-
vertebral length: 12[8-16]) were made, the average value of all
measurements for disc heights and intervertebral length at each
vertebral level and time-point for each subject was taken before
further analysis. In contrast to prior work (2, 6), data on intervertebral
angles and lumbar lordosis were not included, as no significant effects
of bed rest, recovery, or spinal loading were seen.

Bilateral CSA measurements of the lumbar multifidus, erector
spinae, quadratus lumborum, and psoas muscles were conducted on
the para-axial MRI (Fig. 2). To accurately delineate the multifidus
muscle and the more laterally placed longissimus muscle, the fascial
border (11) separating these two muscles was used as an anatomical
landmark. Signal intensity was also measured in the same regions of
interest as per muscle CSA measurements.

Further data processing and statistical analyses. Muscle CSA data
were averaged between each of the three images at each vertebral
level on each side and then averaged between left and right sides. For
both muscle CSA data and disc and spine morphology as no signifi-
cant effects were found on these parameters due to loading, the

Fig. 2. Muscle CSA measurements. CSA measurements were made of the
psoas (Ps), erector spinae (ES), and multifidus (MF) muscles from L; to Ls.
Quadratus lumborum (QL) was measured from L; to L4 as it was typically
absent at Ls. Arrows indicate the fascial border between MF and ES that aided
delineation of these 2 muscles. Signal intensity was also measured in the same
regions of interest. Three images were obtained from each vertebral level
oriented parallel to the superior vertebral endplate. Here is an example
para-axial image from L.
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measurements from before and after loading were averaged to reduce
measurement error. For each of these variables, linear mixed-effects
models (40) were used to model main effects of study date and
intervertebral level as well as their interaction. Random effects for
each subject and, where necessary, intervertebral-level within subject
was modeled and where necessary allowances for heterogeneity of
variance (such as due to intervertebral-level or study-date) were
permitted. ANOVA then evaluated the significance of each of the
model parameters and, where appropriate, subsequent a priori con-
trasts compared first campaign BDC values to values from subsequent
testing dates. To evaluate the relationship between changes in muscle
CSA and disc and spine morphology, partial correlation analyses,
controlling for study date, were also performed.

For evaluation of muscle signal intensity changes due to loading,
signal intensity measurements were averaged, weighted by CSA,
between images at the same level on the same side of the body and
then between sides of the body. Signal intensity, averaged across all
intervertebral levels weighted by CSA, was evaluated in statistical
analyses, although data from each vertebral level were also consid-
ered. Similar linear mixed-effects models were used with appropriate
main-effects, interactions, random effects, and allowances for heter-
ogeneity of variance.

To evaluate the impact of the nutrition countermeasure and rela-
tionship to low back pain after bed rest (R + 0 to R + 28), the data
were averaged across lumbar intervertebral-levels and the percentage
change compared with before bed rest (BDC) calculated. For low back
pain, the relationship to changes on R + 1 only were considered.
Linear mixed-effects models were similarly used for these analyses.

Differences between the bed-rest and recovery phases in the low
back pain data were considered. The Mann-Whitney U-test was used
for intensity of pain and duration of pain, and Fisher’s exact test was
used for the number of subjects reporting pain. An o of 0.05 was taken
for statistical significance and the “R” statistical environment (version
2.10.1, www.r-project.org) was used for all analyses. Unless other-
wise stated, all data are reported as mean(SD).

RESULTS

All subjects completed all testing dates as planned. As
expected, no significant effects were seen of the nutrition
countermeasure on the parameters of the current study (P =
0.22). Data on total physical activity from questionnaires were
similar (P = 0.38; Table 1) among the BDC phase of C1, the
BDC phase of C2, and 28 days after bed rest (R + 28) in C2.
Analyzing the physical activity data separated into the work,
sport, and leisure indexes gave similar results (P = 0.13; data
not shown).

Low back pain incidence. One subject reported an 11-yr
history of low level chronic low back pain subsequent to a
lumbar spine fracture. None of the remaining subjects reported
any prior history of low back pain. During bed rest, the
incidence of low back was highest in the first 4 days and then
reduced towards the end of bed rest. After the subjects ream-
bulated, the incidence of low back pain increased (Fig. 3). The
data on pain intensity are presented in Fig. 3. All reports of low
back pain were located centrally at the lumbar spine, with no
reports of unilateral pain, pain radiation into the extremities,
parasthesia, or anesthesia.

In the HDT phase of the Cl1, six subjects reported pain of
duration from 1 to 7 days. In the subsequent recovery phase,
three subjects reported 1 day of pain and one subject reported
5 days of pain. In the HDT phase of the second campaign, four
subjects reported pain on 1 to 4 days, but one subject reported
pain on 11 of 12 measurement dates. In the recovery phase of
the second campaign, three subjects reported low back pain
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from 2 to 4 of the 8§ measurement days. The intensity of pain,
duration of pain, and number of subjects reporting pain were
statistically similar (P all = 0.43) between HDT and recovery
phases as well as between campaigns.

Intervertebral disc and spine morphology. Baseline, first
campaign BDC, data are given in Table 2. ANOVA of the data
from all intervertebral levels showed a significant study-date
main effect for anterior disc height (P = 0.006), posterior disc
height (P = 0.030), disc volume (P < 0.001), and interverte-
bral length (P < 0.001), with significant differences between
vertebral levels in their response over time for anterior disc
height (P = 0.012), posterior disc height (P = 0.021), disc
volume (P = 0.006), and intervertebral length (P = 0.008).
Disc volume increased the most at the lower lumbar spine with
progression down to decreases in disc volume at T,L; (Fig. 4).
A similar pattern was seen for intervertebral length (Fig. 4) and
disc heights (Fig. 5). Additional analyses showed no significant
differences between R + 1 and R + 5. Also, further analysis
showed that between the end of the first campaign (R + 5) and
147 days later at second campaign baseline, no significant
changes were seen in any of the parameters with the exception
of intervertebral length at LsLs (P = 0.014). If first campaign
R + 1 is chosen for comparison with second campaign BDC,
then only intervertebral length at L,L3 shows some reductions
(P = 0.042). When the average of all lumbar values was
considered, no significant differences between the end of the
first campaign and second campaign BDC were seen. The
extent of intervertebral disc and spine morphology changes on
R + 1 and R + 5 compared with precampaign BDC did not
differ between the two campaigns (P = 0.16). No relationship
was seen between the extent of disc and lumbar morphology
changes on R + 1 and the incidence of low back pain between
R + 0 and R + 28 (P = 0.08).

Muscle CSA. All muscles (P < .001) except psoas (P = 0.10)
showed a significant study-date main effect on ANOVA, whereas
psoas and multifidus showed a significant study-date X interver-
tebral-level interaction on ANOVA (P < .001; Table 3).
Erector spinae, multifidus, and quadratus lumborum showed
reductions in CSA after bed rest, which tended to be greater in
the upper lumbar region in the erector spinae; however, sig-
nificant increases in psoas CSA at the lower lumbar spine were
seen after bed rest in the first campaign and also on R + 5 after
the second campaign. One-hundred and forty-seven days later
at BDC scanning in the second campaign, muscle CSA had
returned to prebed-rest levels in all muscles, although CSA was
significantly greater than before the first campaign at the lower
lumbar levels of multifidus, psoas, and quadratus lumborum
(Table 3). Between R + 1 and R + 5 (pooled across both
campaigns), significant increases in muscle CSA were seen in
the erector spinae at L2, L3, and L4 (P = 0.05), multifidus at
L4 and L5 (P < 0.001), psoas at L5 (P = 0.021), and quadratus
lumborum at L2 and L3 (P = 0.048). Similar to spinal
morphology data, the percentage change of muscle CSA
changes after bed rest on R + 1 and R + 5 compared with
precampaign BDC did not differ between the first and second
campaigns (P = 0.84). Partial correlation analyses between
muscle CSA changes and disc and spinal morphology changes
are reported in Table 4. Subjects who reported low back pain
between R + 0 and R + 28 showed greater losses of multifidus
CSA (P =0.044) on R + 1 than those who did not and showed
reductions in psoas CSA rather than increases seen in the other
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Fig. 3. Low back pain incidence (fop) and severity (bottom) during and after bed rest. Values at bottom are visual analog scale pain intensity levels. On R +
28, 1 subject who reported low back pain did not complete a visual analog scale. BDC, day of pre-bed-rest baseline data collection.

subjects (P = 0.016) with no effects seen for the erector spinae P = 0.031) and multifidus (R + 1: P = 0.018; Table 5) were
or quadratus lumborum (P = 0.12). seen at the 30% body-weight force level. ANOVA showed,

Changes in muscle signal intensity with loading. After bed however, that these effects over time were not statistically
rest, but not beforehand, significant increases in signal intensity  significant (P = 0.26). Similarly, in the psoas and quadratus
in the of the erector spinae (R + 1: P = 0.018 and R + 5: lumborum muscles no significant effects were seen for the

Table 2. Baseline disc and spinal morphology at each vertebral level

Vertebral Level

Parameter Ti2Ls Lil2 LoLs LsLa LaLs LsS1
Disc volume, cm? 8.8(2.4) 10.8 (2.2) 12.3(2.2) 12.1 (2.2) 10.1 (2.2) 6.4 (2.2)
Intervertebral length, mm 31.3 (1.8) 33.7 (1.8) 34.4(1.7) 34.7 (1.8) 33.2(1.7) 26.8 (1.9)
Anterior disc height, mm 7.2 (1.4) 8.6 (1.4) 9.2 (1.4) 9.9 (1.4) 10.1 (1.4) 10.4 (1.6)
Posterior disc height, mm 4.4 (0.8) 5.3(0.8) 6.2 (0.8) 6.1 (0.8) 5.7 (0.8) 4.3 (0.8)

Values are mean(SD) from 1st campaign baseline data collection (BDC).
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Fig. 4. Changes in disc volume (fop) and inter-
vertebral length (bottom). Values are mean(SD)
percentage change compared with 1st campaign
baseline (BDC). R + 1 and R + 5 represent
measurements performed 1 and 5 days after the

-40%

C1_R+1 ‘ C1_R+5 ‘ C2_BDC ‘

Disc Volume

C2_R+1 ‘ C2_R+5

end of bed rest. Cl, Ist campaign; C2, 2nd
campaign. The 2nd campaign BDC occurred
147 days after 1st campaign R + 5, and all 7
subjects completed all scanning sessions. *P <
0.05, TP < 0.01, *P < 0.001, significance of
difference to 1st campaign baseline value. *P <

|WT12L1 OL1L2 ©L2L3 OL3L4 EL4L5 ML5S1 |

0.05, significance of difference on 2nd campaign

15%

R + 1 and R + 5 to 2nd campaign BDC. A

10%

5%

0%

significant study-date X vertebral-level interac-
tion was seen for disc volume and intervertebral
length (see RESULTS for further details). Note
that increased lower lumbar spine disc volume
and intervertebral length seen at R + 5 in the Ist
campaign persist 147 days later at 2nd campaign
BDC (equivalent to R + 153).

-5%

Change compared to baseline

-10%

C1_R+1 C1_R+5 C2_BDC

Intervertebral Length

change in signal intensity due to loading over the course of the
study (P = 0.14; Table 5). Analysis of signal intensity changes
with loading at each vertebral level did not show any signifi-
cant changes on ANOVA over the course of the study (data not
shown). Subjects reporting low back pain between R + 0 and
R + 28 showed a higher level of multifidus signal intensity
change (both loading levels pooled) on R + 1 than those that
did not report low back pain (P = 0.038). The increases in
multifidus muscle activation with loading compared with be-
fore bed rest did not quite reach significance, however (sub-
jects reporting low back pain: +6.0%; P = 0.062; subject not
reporting low back pain: +0.1%; P = 0.70). In terms of low
back pain reports after bed rest, no differences were observed
for the response of signal intensity in the other muscles (P =
0.13).

DISCUSSION

The main finding of the current study was that the lumbar
intervertebral discs did not return to their prebed-rest state 153

C2_R+1

C2_R+5

days after 21-day bed rest. This effect was apparent for anterior
and posterior disc height, disc volume, and intervertebral
length and was particularly evident at the lower lumbar spine.
Muscle CSA recovery did occur in this time frame, and for
some lumbar muscles, CSA was seen to be significantly greater
at this recovery time point than prebed-rest values. The extent
of muscle CSA changes and pattern of changes in disc and
spine morphology due to bed rest are largely consistent with
prior work (2-4, 6, 14, 17, 21, 28, 29, 31, 44).

That disc remodeling could be protracted after bed rest is not
unreasonable, given that for other tissues, such as bone (43),
the duration required to rebuild losses during bed rest is a
number orders longer than the time required to lose it. While
other studies (6, 19, 21, 28) have evaluated the intervertebral
discs in recovery, the current work is the first to date to
examine the intervertebral discs this late into recovery. Overall,
the available data suggest the recovery process of the interver-
tebral discs after bed rest is indeed protracted. While animal
data from disc immobilization (50), hindlimb unloading (20,
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0.05, TP < 0.01, *P < 0.001, significance of
difference to 1st campaign baseline value. *P <
0.05, ®P < 0.01, significance of difference on
2nd campaign R + 1 and R + 5 to 2nd cam-
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paign BDC. Study-date X vertebral-level inter- 50%
action was significant for these two variables
(see RESULTS for further details). Note that in-
creased anterior and posterior disc height seen at
R + 5 in the 1st campaign persist 147 days later
at 2nd campaign BDC (equivalent to R + 153).

Change compared to baseline

22), or microgravity (33, 45) suggest proteoglycan content
reduces in the intervertebral discs with a reduction of disc
anabolism but increase in catabolism (32, 50), similar data are
not available in humans. One animal study (50) showed pro-
toglycan content was not completely recovered 3 wk after 3 wk
of disc immobilization. Due to the mechanical differences
between animals and humans in the role of the lumbar spine in
locomotion, caution needs to be exercised in relating the
finding of animal studies to those in humans. Where possible,
examination of such metabolic/biochemical disc parameters in
humans could provide greater insight into the mechanisms at
play in the protracted recovery process. Data available from
human tissue on aggrecan (the most common protoglycan in
the intervertebral disc; Ref. 24) and collagen turnover in the
intervertebral disc suggest that that the “half-life” (time until
50% is turned over) for aggrecan to be ~5 yr (46) and ~95 yr
for collagen (47). These data suggest the remodeling of the disc
is slow process. Overall, the available data suggest that the
recovery of the intervertebral disc after bed rest is indeed

‘ C1_R+5 ’ C2_BDC ‘ C2_R+1 ‘ C2_R+5

Posterior Disc Height

protracted and future work should evaluate the long-term
recovery, along with consideration of other parameters, such as
proteoglycan content as well as evaluating the nuclueus pul-
posus and annulus fibrosus separately. Another relevant ques-
tion for future work would be what duration of bed rest is
necessary before such a protracted, and potentially incomplete,
recovery process is to be expected.

Could these findings from bed rest on the intervertebral discs
be clinically relevant? Muscle atrophy and loss of bone during
bed rest are considered to be negative effects of bed rest that
are to be prevented, but is the same true of the increases in disc
height/volume seen in the current study? While loss of disc
height is commonly associated with age and disc degeneration
(39), readers should be cautioned against naively assuming that
the increases of disc height seen in the current study represent
a “beneficial” effect: the physiological processes and changes
in disc tissue structure associated with degeneration are un-
likely to be the same as those occurring during disc unloading.
Data from biomechanical modeling studies help, however, to
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Table 3. Lumbar muscle cross-sectional area at baseline and changes throughout the study

Study Date
Ist Campaign 2nd Campaign
Muscle and Vertebral Level BDC, cm? R+1,% R+5 % BDC, % R+1,% R+5 %
Erector Spinae
L1 17.1 (1.9) —9.7 (4.5)%% —=7.7 (5.0)%% 0.9 (5.3)% —5.3(5.2)%+" —5.4(5.00%+°
L2 19.0 (1.9) —8.3 (4.1)%*% —6.1 (4.1)%% 1.7 (4.4)% —6.3 (4.4)%%c —3.6 (4.1)%*®
L3 18.4 (1.9) —6.1 (4.0)%% —3.5 (4.0)%* 3.1 (4.7)% —4.1 3. 7)%tc —1.6 (4.0)%"
L4 15.6 (2.0) —4.6 (5.8)%* —1.5(5.6)% 2.3 (6.6)% —5.0 (6.0)%*® —1.8(5.4)%
LS5 11.2 (2.1) —3.4(7.8)% —3.8(8.5)% 2.3(10.)% 2.0 (13.6)% 1.9 (7.8)%
Multifidus
L1 2.4 (0.5) —8.4 (7.8)% —7.8(6.5)%7 1.8 (6.5)% —3.7 (6.2)%" —1.6 (6.2)%*
L2 2.9 (0.5) —=5.6 (8.1)% —4.9 (6.3)%* 3.5 (6.6)% —3.8 (6.4)%" —1.6 (6.1)%*
L3 4.0 (0.5) —2.0(5.2)% 0.4 (4.8)% 4.9 (5.4)%* —2.5 (4.4)%° 0.4 (5.5)%*
L4 5.2(0.5) —5.5(4.9)%T 1.1 (4.2)% 6.1 (6.0)% —3.6 (5.4)%° 1.5 (4.8)%*
LS5 6.5 (0.6) —6.5 (7.0)%* 1.8 (6.0)% 8.1 (6.9)% —8.4 (6.6)%1° 1.3 (5.6)%
Psoas
L1 1.5 (1.5) —2.1(24.3)% —=7.523.49)% 13.2 (24.0)% 15.8 (23.2)% 11.2 (23.3)%
L2 6.3 (1.5) —0.3(5.8)% —1.9(5.4)% 0.5 (5.2)% 0.0 (5.1)% 1.2 (5.5)%
L3 11.2 (1.5) 1.5 3.7)% 2.3 (3.4)% 1.8 (4.2)% —0.4 (3.8)% 1.3 3. 7%
L4 15.4 (1.6) 3.6 (5.6)% 6.4 (4.7)%% 3.2(7.1)% —1.1(6.4)% 2.9 (5.4)%
LS5 15.5(1.7) 6.6 (8.6)%* 13.2 (8.0)%% 10.1 (8.3)%7 —1.5(10.5)%" 9.7 (7.3)%%
Quadratus Lumborum
L1 1.7 (1.4) —7.0 (15.6)% —6.7 (14.7)% =22 (15.4)% —=5.7(14.9% —3.1(16.8)%
L2 42 (1.4) —5.2(6.3)%* —3.4(6.1)% 0.5 (6.7)% —6.0 (5.7)%7° —2.8(5.8)%
L3 5.6(1.4) —4.8 (4.6)%t —1.5 (4.6)% —0.1(5.2)% —5.9 (4.9)%+° —3.5 (4.4)%*°
L4 7.0 (1.4) 1.1 (4.5)% 4.5 4.1)%t 5.5 (5.6)%* —0.5 (5.2)%* 1.3 (4.1)%*
LS5 - - - - - -

Values are mean(SD): at baseline (BDC) in the 1st campaign in cm? and subsequently in percentage change compared with 1st campaign baseline. R + 1 and
R + 5 are measurements performed 1 and 5 days after the end of bed rest. The 2™ campaign BDC occurred 147 days after 1%t campaign R + 5, and all 7 subjects
completed all scanning sessions. *P < 0.05, TP < 0.01, £P < 0.001, significance of difference to 1st campaign baseline value. *P < 0.05, °P < 0.01, °P < 0.001,
significance of difference on 2nd campaign R + 1 and R + 5 to 2nd campaign BDC.

understand the findings of the current study. These studies have
shown reductions of disc stiffness (36), increased zygapophy-
seal joint compressive load (51), increased intradiscal pressure
(51), increased longitudinal stresses in the posterior portion of
the disc (30), increased disc bulging (30), and increased axial
disc displacement (30) when loading of discs of greater height
is performed. These biomechanical changes imply decreased
intersegmental stiffness, which would need to be controlled by

Table 4. Partial correlation coefficients between changes in
muscle size and disc and spine morphology parameters

Disc Anterior Posterior Intervertebral
Parameter Volume Disc Height Disc Height Length
Erector Spinae 0.57 0.71 0.82 0.44
Multifidus 0.76 0.88 0.69 0.68
Psoas 0.69 0.70 0.21 0.66
Quad. Lumborum 0.94 0.84 0.91 0.95

Values are Pearson’s partial correlation coefficient (controlling for study-
date) based on percentage change in each parameter on R + 1 compared with
before bed rest. Data averaged across the entire lumbar spine have been used.
Results are similar when correlations are performed on data from each
individual vertebral level. Data are from 1st campaign only. When 2nd
campaign data are included in analysis, correlations reduce for the erector
spinae muscle but not for the other muscles (data not shown). The aim of this
correlation analysis was to examine the relationship between the changes in the
variables to aid in the interpretation of the data, rather than in assessing
significance of these relationships per se. Nonetheless, given an n = 7, the
P value without Bonferroni correction reaches <0.05 when the correlation
is >0.75. Positive correlations between changes in muscle cross-sectional
area and changes in disc and spine morphology imply that decreases of
muscle cross-sectional area are unlikely to be causally associated with
increases of disc volume/height and spinal length.

the (deconditioned) muscle system (37, 38). There is also some
clinical data available to help understand the potential impli-
cations of the current findings: 7) greater disc height is a risk
factor for recurrence of disc herniation (25); 2) the available
data on the time of onset of acute low back pain suggest
increased incidence before midday (48) when the intevertebral
discs are still reducing in size after overnight increases as part
of normal diurnal variation (12, 13); 3) in astronauts, increased
incidence of lumbar intervertebral disc prolapse after space-
flight has been observed (23), although there is insufficient data
on morphological changes in the intervertebral discs after
spaceflight to relate this to prolapse incidence, and 4) prior
work (3, 21), but not the current study, has shown an associ-
ation between greater increases in disc volume or height during
bed rest and the incidence of low back pain after bed rest. It is
worth keeping in mind that the persistence of the changes in the
discs may also be due to changes in other structures or altered
loading patterns. In any case, the partial correlations analyses
between disc changes and muscle changes suggest that the
alterations of muscle CSA are not related to the persistence of
the changes in the discs. Overall, the persistent changes in the
intervertebral disc observed after prolonged bed rest may
indeed have negative clinical consequences, although this re-
lationship needs to be investigated further.

In terms of the musculature, CSA recovered within the time
frame considered. This recovery process appears to take some
time, however, with the current and other available (4, 6, 34,
43) data suggesting that muscle CSA recovery occurs within 3
mo after bed rest. It should be noted, however, that data are
available suggesting the recovery of lumbar muscle motor
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Table 5. Muscle signal intensity with isometric spinal extension exercise

Study Date
10% Body Weight 30% Body Weight
Muscle and Loading Condition BDC R+ 1 R+5 BDC R+ 1 R+5

Erector Spinae

Before 84.0 (7.3) 80.7 (7.7) 83.2(7.5) 82.7 (8.0) 81.1(8.2) 81.2(7.7)

After 0.6 (3.2)% 2.1 (7.6)% —0.3 (4.6)% 0.509.1)% 7.9 (7.6)%* 5.1 (5.5)%*
Multifidus

Before 89.4 (7.5) 85.7 (7.9) 88.3(7.7) 88.1 (8.8) 89.0 (9.0) 87.7 (7.8)

After 0.6 (4.7)% 1.2 (7.9)% —0.7 (5.8)% 0.3 (17.0)% 9.2 (8.9)%* 1.5 (6.4)%
Psoas

Before 46.9 (4.4) 452 (4.5) 46.1 (4.4) 47.6 (4.8) 46.9 (4.5) 459 (4.4)

After 1.8 (5.2)% 1.5 (8.3)% 0.8 (5.5)% —0.1(9.6)% 5.2 (6.8)% 1.0 (5.3)%
Quadratus lumborum

Before 55.9 (5.0) 55.8 (5.0) 57.3 (4.1) 57.9 (6.2) 54.1(7.1) 55.7 (6.2)

After 4.7 (4.7 %* 1.2 (7.4)% —0.9 (5.5)% 2.0 (9.8)% 7.9 (11.3)% 5.7 (7.1)%

Values are mean(SD). Values from “before” exercise are signal intensity in absolute values (no units) and “after” loading, percentage changes in signal
intensity are given. No significant differences in “before” signal intensity between study dates. Signal intensity was averaged between vertebral levels, weighted
by cross-sectional area, before further analysis. Note: due to organizational and time constraints, 10% body weight loading was performed in 1st campaign and
30% body weight performed in 2nd campaign. *P < 0.05, significant increase in signal intensity occurred after exercise. While signal intensity increase differed
after bed rest for the 30% body weight loading level in the erector spinae and multifidus, ANOVA suggested that these effects were not significant (P = 0.14).

control after bed rest takes much longer (5, 7, 8). Caution needs
to be applied when interpreting the increases in muscle CSA
from R + 1 to R + 5 as “recovery.” This finding is likely not
due to solely to muscle fiber recovery, and a component may
be associated with muscle swelling associated with delayed
onset muscle soreness and injury of atrophied muscle after bed
rest (41). Overall, given the role of the musculature in stabi-
lizing the lumbar spine (37), the data suggest there is likely a
time window of higher injury risk after bed rest as a conse-
quence of muscular deconditioning and changes in disc and
spine morphology.

Interestingly, muscle CSA was indeed larger ~5 mo after
the first campaign than before bed rest in some muscles. Of the
few publications that also present data from late in the recovery
phase similar effects have been seen for some muscles (6, 19,
34, 43). What could be behind these effects? Subjects typically
receive either no rehabilitation or only a general rehabilitation
program but not specific resistive exercise protocols, which are
best known to increase muscle size. Therefore, is participation
in bed rest, in and of itself, in the long-run “beneficial” for the
musculature? Prior work (9) has shown an increase in intra-
muscular connective tissue after bed rest associated with mus-
cle fiber atrophy. It could be that muscles become “larger” in
the long-run after bed rest as muscle fiber recovers after bed
rest, but connective tissue may not reduce to prebed rest levels,
resulting in increased CSA. An alternative interpretation is that
the increased intervertebral distance after bed rest requires
increased muscular torque development for trunk stabilization,
which could potentially constitute a stimulus for muscle hy-
pertrophy. In line with this interpretation the partial correlation
coefficients in Table 4 between muscle and disc changes were
always positive. However, future work would need to address
this question specifically be evaluating the separate compo-
nents of muscle (connective tissue, muscle fiber, fluid content,
and fat content). It is worth noting that psoas muscle CSA
actually increased after bed rest, something not observed after
spaceflight (27). This effect on psoas in bed rest has been
observed in other studies (3, 17, 44) and stresses that bed rest

is not necessarily a model of inactivity, or spaceflight, for all
muscles or body systems.

In the current study, a secondary goal was also to conduct a
pilot study examining lumbar muscle activation as measured
by signal intensity changes before and after isometric spinal
extension. While the effects were not significant on ANOVA,
greater increases in signal intensity were seen in the erector
spinae and multifidus after bed rest compared with before bed
rest. These data could indicate greater activation of this muscle
group to generate the forces necessary during the standardized
loading task in the face of muscle atrophy. While this pilot
work on signal intensity changes with exercise shows some
promise as an outcome measure for examining lumbar muscle
activation after bed rest, further refinement of the measurement
methodology would be necessary to define and improve re-
peatability for use in the small subject pools of bed rest studies.
Also, measurement of T, relaxation time may provide more
specific data on muscle water content that is less subject to
changes in MR field homogeneity.

Interestingly, however, there was some indication that sub-
jects who reported low back pain after bed rest showed greater
activation of the multifidus muscle during the standardized
loading task. The multifidus muscle is, from a biomechanical
point of view (10, 49), particularly important for stabilizing the
lumbar spine. This is underscored by the finding of the current
and prior (3) work that the extent of multifidus muscle atrophy
due to bed rest was associated with the incidence of low back
pain after bed rest.

It is also worth considering some of the limitations of the
current study. Due to restricted access to MR facility, scanning
could not be done in the bed rest phase and subjects were first
scanned again 1 day after bed rest. Since the current study
focused on the recovery phase, this is not a major limitation,
but the reader should be aware that the values on R + 1 may
not be the same as those seen at the end of bed rest before the
subjects reambulated. Also, in the current work, it is more
difficult to implicate the MR changes on R + 1 as “causes” of
low back pain between R + 0 and R + 28 as they could
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potentially be “effects” of low back painon R + O and R + 1
(there were three reports of low back pain on R + 0 and two
on R + 1). Furthermore, as is common in bed rest, the number
of subjects was restricted due to logistical and financial re-
straints. It could be that some statistically nonsignificant find-
ings represent false-negatives. Also, due to the small sample
size, it is possible that some significant effects may have been
detected simply because this small collective behaved differ-
ently to what may have been seen in a larger collective. An
example of this is that in the current study significant differ-
ences were seen between the lumbar intervertebral discs in
terms of volume changes, which is something not seen in other
studies (3, 6), although this finding on the intervertebral discs
could be related to the, compared with prior work, younger
collective in the current study.

In conclusion, the current study found that lumbar multifi-
dus, psoas, and quadratus lumborum muscle CSA was signif-
icantly larger 153 days after 21-day bed rest than at baseline
testing. Further work will need to examine whether this repre-
sents muscle fiber hypertrophy or changes in other intramus-
cular structures. A second bout of 21-day bed rest in the same
subjects resulted in a similar extent of muscle CSA and spinal
morphology changes as after the first bout. The report of low
back pain after bed rest was associated with greater reductions
of multifidus and psoas CSA and greater activation of the
multifidus muscle, as indicated by signal intensity changes, in
a standardized isometric spinal extension loading task. The
main finding of the current study was, however, that the lumbar
intervertebral discs did not return to their prebed rest state 153
days after 21-day bed rest. While there are some indications
from other studies that these effects may have negative clinical
consequences, further work needs to evaluate this relationship
as well as the long-term time course of intervertebral disc
recovery.

ACKNOWLEDGMENTS

We thank the subjects for participation in the study and the staff of AMSAN
for support in implementing the bed rest study. D. L. Belavy also thanks
Susanna Teichmann and Hendrik Lorges for the use of sofas during the tedious
process of image measurement.

GRANTS

The NUC study was funded by ESA as part of the “Microgravity Appli-
cations Programme” (contract number: 21381/08/NL/VJ) and by institutional
funding of the German Aerospace Center (DLR). These lumbar spine inves-
tigations in the NUC study were supported by grant number SOWB0720 from
the German Aerospace Center (DLR) and by grant number FE 468/5-1 from
the German Research Foundation (DFG).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

REFERENCES

1. Baecke JA, Burema J, Frijters JE. A short questionnaire for the
measurement of habitual physical activity in epidemiological studies. Am
J Clin Nutr 36: 936-942, 1982.

2. Belavy DL, Armbrecht G, Gast U, Richardson CA, Hides JA, Felsen-
berg D. Countermeasures against lumbar spine deconditioning in pro-
longed bed rest: resistive exercise with and without whole-body vibration.
J Appl Physiol 109: 1801-1811, 2010.

3. Belavy DL, Armbrecht G, Richardson CA, Felsenberg D, Hides JA.
Muscle atrophy and changes in spinal morphology: is the lumbar spine
vulnerable after prolonged bed rest? Spine 36: 137-145, 2011.

1313

4. Belavy DL, Hides JA, Wilson SJ, Stanton W, Dimeo FC, Rittweger J,
Felsenberg D, Richardson CA. Resistive simulated weightbearing exer-
cise with whole body vibration reduces lumbar spine deconditioning in
bed rest. Spine 33: E121-131, 2008.

5. Belavy DL, Ng JK, Wilson SJ, Armbrecht G, Stegeman DF, Rittweger
J, Felsenberg D, Richardson CA. Influence of prolonged bed rest on
spectral and temporal electromyographic motor control characteristics of
the superficial lumbo-pelvic musculature. J Electromyogr Kinesiol 20:
170-179, 2010.

6. Belavy DL, Ohshima H, Bareille MP, Rittweger J, Felsenberg D.
Limited effect of fly-wheel and spinal mobilization exercise countermea-
sures on lumbar spine deconditioning during 90d bed rest in the Toulouse
LTBR study. Acta Astronaut 69: 406—419, 2011.

7. Belavy DL, Richardson CA, Wilson SJ, Felsenberg D, Rittweger J.
Tonic to phasic shift of lumbo-pelvic muscle activity during 8 weeks of
bed rest and 6-months follow-up. J Appl Physiol 103: 4854, 2007.

8. Belavy DL, Richardson CA, Wilson SJ, Rittweger J, Felsenberg D.
Superficial lumbo-pelvic muscle overactivity and decreased co-contrac-
tion after 8-weeks of bed rest. Spine 32: E23-29, 2007.

9. Belozerova I, Shenkman B, Mazin M, Le Blanc A. Effects of long-
duration bed rest on structural compartments of m. soleus in man. J Gravit
Physiol 8: 71-72, 2001.

10. Bergmark A. Stability of the lumbar spine—a study in mechanical engi-
neering. Acta Orthop Scand 60: 3-54, 1989.

11. Bogduk N. Clinical Anatomy of the Lumbar Spine and Sacrum. London:
Churchill Livingstone, 1997.

12. Boos N, Wallin AA, Gbedegbegnon T, Aebi M, Boesch C. Quantitative
MR imaging of lumbar intervertebral disks and vertebral bodies: influence
of diurnal water content variations. Radiology 188: 351-354, 1993.

13. Botsford DJ, Esses SI, Ogilvie-Harris DJ. In vivo diurnal variation in
intervertebral disc volume and morphology. Spine 19: 935-940, 1994.

14. Cao P, Kimura S, Macias BR, Ueno T, Watenpaugh DE, Hargens AR.
Exercise within lower body negative pressure partially counteracts lumbar
spine deconditioning associated with 28-day bed rest. J Appl Physiol 99:
39-44, 2005.

15. Downie WW, Leatham PA, Rhind VM, Wright V, Branco JA, An-
derson JA. Studies with pain rating scales. Ann Rheum Dis 37: 378381,
1978.

16. Enocson AG, Berg HE, Vargas R, Jenner G, Tesch PA. Signal intensity
of MR-images of thigh muscles following acute open- and closed chain
kinetic knee extensor exercise—index of muscle use. Eur J Appl Physiol
94: 357-363, 2005.

17. Hides JA, Belavy DL, Stanton W, Wilson SJ, Rittweger J, Felsenberg
D, Richardson CA. MRI assessment of trunk muscles during prolonged
bed rest. Spine 32: 1687-1692, 2007.

18. Hides JA, Jull GA, Richardson CA. Long-term effects of specific
stabilizing exercises for first-episode low back pain. Spine 26: E243-248,
2001.

19. Hides JA, Lambrecht G, Richardson CA, Stanton WR, Armbrecht G,
Pruett C, Damann V, Felsenberg D, Belavy DL. The effects of reha-
bilitation on the muscles of the trunk following prolonged bed rest. Eur
Spine J 20: 808-818, 2010.

20. Holguin N, Judex S. Rat intervertebral disc health during hindlimb
unloading: brief ambulation with or without vibration. Aviat Space Envi-
ron Med 81: 1078-1084, 2010.

21. Holguin N, Muir J, Rubin C, Judex S. Short applications of very
low-magnitude vibrations attenuate expansion of the intervertebral disc
during extended bed rest. Spine J 9: 470-477, 2009.

22. Hutton WC, Yoon ST, Elmer WA, Li J, Murakami H, Minamide A,
Akamaru T. Effect of tail suspension (or simulated weightlessness) on the
lumbar intervertebral disc: study of proteoglycans and collagen. Spine 27:
12861290, 2002.

23. Johnston SL, Campbell MR, Scheuring R, Feiveson AH. Risk of
herniated nucleus pulposus among US astronauts. Aviat Space Environ
Med 81: 566-574, 2010.

24. Johnstone B, Bayliss MT. The large proteoglycans of the human inter-
vertebral disc. Changes in their biosynthesis and structure with age,
topography, and pathology. Spine 20: 674—684, 1995.

25. Kim KT, Park SW, Kim YB. Disc height and segmental motion as risk
factors for recurrent lumbar disc herniation. Spine 34: 2674-2678, 2009.

26. Kulig K, Burnfield JM, Requejo SM, Sperry M, Terk M. Selective
activation of tibialis posterior: evaluation by magnetic resonance imaging.
Med Sci Sports Exerc 36: 862-867, 2004.

J Appl Physiol - VOL 111 « NOVEMBER 2011 « WWW.jap.org

TTOZ ‘Sz JaqwanonN uo 610 ABojoisAyd-del woiy papeojumoq



http://jap.physiology.org/

1314

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Le Blanc A, Lin C, Shackelford L, Sinitsyn V, Evans H, Belichenko O,
Schenkman B, Kozlovskaya I, Oganov V, Bakulin A, Hedrick T,
Feeback D. Muscle volume, MRI relaxation times (T2), and body com-
position after spaceflight. J Appl Physiol 89: 21582164, 2000.

Le Blanc AD, Evans HJ, Schneider VS, Wendt RE, 3rd, Hedrick TD.
Changes in intervertebral disc cross-sectional area with bed rest and space
flight. Spine 19: 812-817, 1994.

Le Blanc AD, Schneider VS, Evans HJ, Pientok C, Rowe R, Spector E.
Regional changes in muscle mass following 17 weeks of bed rest. J Appl
Physiol 73: 2172-2178, 1992.

Lu YM, Hutton WC, Gharpuray VM. Can variations in intervertebral
disc height affect the mechanical function of the disc? Spine 21: 2208 —
2216; discussion 2217, 1996.

Macias BR, Cao P, Watenpaugh DE, Hargens AR. LBNP treadmill
exercise maintains spine function and muscle strength in identical twins
during 28-days simulated microgravity. J Appl Physiol 102: 2274-2278,
2007.

MacLean JJ, Lee CR, Grad S, Ito K, Alini M, Iatridis JC. Effects of
immobilization and dynamic compression on intervertebral disc cell gene
expression in vivo. Spine 28: 973-981, 2003.

Maynard JA. The effects of space flight on the composition of the
intervertebral disc. lowa Orthop J 14: 125-133, 1994.

Miokovic T, Armbrecht G, Felsenberg D, Belavy DL. Differential
atrophy of the postero-lateral hip musculature during prolonged bedrest
and the influence of exercise countermeasures. J Appl Physiol 110:
926-934, 2011.

Moseley GL. Impaired trunk muscle function in sub-acute neck pain:
etiologic in the subsequent development of low back pain? Man Ther 9:
157-163, 2004.

Natarajan RN, Andersson GB. The influence of lumbar disc height and
cross-sectional area on the mechanical response of the disc to physiologic
loading. Spine 24: 1873-1881, 1999.

Panjabi MM. The stabilizing system of the spine. Part I. Function,
dysfunction, adaptation, and enhancement. J Spinal Disord 5: 383-389,
1992.

Panjabi MM. The stabilizing system of the spine. Part II. Neutral zone
and instability hypothesis J Spinal Disord 5: 390-396; discussion 397,
1992.

Pfirrmann CW, Metzdorf A, Zanetti M, Hodler J, Boos N. Magnetic
resonance classification of lumbar intervertebral disc degeneration. Spine
26: 1873-1878, 2001.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

LUMBAR SPINE IN BED REST

Pinheiro JC, Bates DM. Mixed-Effects Models in S and S-PLUS. Berlin:
Springer, 2000.

Ploutz-Snyder LL, Tesch PA, Hather BM, Dudley GA. Vulnerability to
dysfunction and muscle injury after unloading. Arch Phys Med Rehabil 77:
773-777, 1996.

Richardson RS, Frank LR, Haseler LJ. Dynamic knee-extensor and
cycle exercise: functional MRI of muscular activity. Int J Sports Med 19:
182-187, 1998.

Rittweger J, Felsenberg D. Recovery of muscle atrophy and bone loss
from 90 days bed rest: results from a one-year follow-up. Bone 44:
214-224, 20009.

Shackelford LC, LeBlanc AD, Driscoll TB, Evans HJ, Rianon NJ,
Smith SM, Spector E, Feeback DL, Lai D. Resistance exercise as a
countermeasure to disuse-induced bone loss. J Appl Physiol 97: 119-129,
2004.

Sinha RK, Shah SA, Hume EL, Tuan RS. The effect of a 5-day space
flight on the immature rat spine. Spine J 2: 239-243, 2002.

Sivan SS, Tsitron E, Wachtel E, Roughley PJ, Sakkee N, van der Ham
F, DeGroot J, Roberts S, Maroudas A. Aggrecan turnover in human
intervertebral disc as determined by the racemization of aspartic acid. J
Biol Chem 281: 13009-13014, 2006.

Sivan SS, Wachtel E, Tsitron E, Sakkee N, van der Ham F, Degroot J,
Roberts S, Maroudas A. Collagen turnover in normal and degenerate
human intervertebral discs as determined by the racemization of aspartic
acid. J Biol Chem 283: 8796-8801, 2008.

Varma KM, Porter RW. Sudden onset of back pain. Eur Spine J 4:
145-147, 1995.

Wilke HJ, Wolf S, Claes LE, Arand M, Wiesend A. Stability increase
of the lumbar spine with different muscle groups —a biomechanical in-vitro
study. Spine 20: 192-198, 1995.

Yasuoka H, Asazuma T, Nakanishi K, Yoshihara Y, Sugihara A,
Tomiya M, Okabayashi T, Nemoto K. Effects of reloading after simu-
lated microgravity on proteoglycan metabolism in the nucleus pulposus
and anulus fibrosus of the lumbar intervertebral disc: an experimental
study using a rat tail suspension model. Spine 2: E734-740, 2007.
Zander T, Krishnakanth P, Bergmann G, Rohlmann A. Diurnal
variations in intervertebral disc height affect spine flexibility, intradiscal
pressure and contact compressive forces in the facet joints. Comput
Methods Biomech Biomed Engin 13: 551-557, 2010.

J Appl Physiol - VOL 111 « NOVEMBER 2011 « WWW.jap.org

TTOZ ‘Sz JaqwanonN uo 610 ABojoisAyd-del woiy papeojumoq



http://jap.physiology.org/

