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ABSTRACT: Introduction: Muscle X-ray attenuation (MXA) in
Hounsfield units (HU) is decreased in dystrophy, aging, and
immobilization. We hypothesized a decrease also during bed
rest (BR). Methods: Twenty-five healthy men performed BR for
90 days, 8 of whom performed flywheel exercise 2–3 times per
week. Muscle cross-sectional area (CSA) and MXA were
assessed by computed tomography. Results: In the control
group, calf muscle CSA decreased during 89-day BR by 26.6
(SD 3.8) %, while MXA increased by 1.2 HU on day 28 and
almost reached baseline values on day 89. Changes were miti-
gated in the flywheel group for the calf (P < 0.001). All changes
were reversed within 90 days after BR. Conclusions: Results
contradict the initial hypothesis. Increased intramuscular blood
content, interstitial fluid space shrinkage, and reduction of intra-
muscular lipid stores are possible explanations for the moderate
increase in MXA during the initial phase of bed rest.
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Immobilization, clinical conditions, aging, and
spaceflight are characterized by reductions in
muscle size.1,2 In addition, alteration of muscle
composition is another emerging feature in muscle
atrophy and dystrophy. In Duchenne muscular
dystrophy, for example, there is inter- and intra-
muscular fatty infiltration,3 and in the elderly, the
term ‘‘myosteatosis’’ has been coined to describe
the intramuscular accumulation of lipids.4 Such
alterations in muscle composition can be assessed
by computed tomography as muscle X-ray attenua-
tion (MXA). Results are typically represented in
Hounsfield units (HU), where tissue attenuation is
expressed in relation to attenuation in water:

MXA HU½ � ¼ 1000:
lTissue � lH 20

lH 20
(1)

In practice, muscle tissue has values around 50
HU, and adipose tissue yields negative HU values
as low as �100 HU, depending on the scanner
properties. Hence, MXA is negatively correlated
with muscle fiber lipid content,5 and MXA is
reduced in patients with Duchenne dystrophy6 and
other types of dystrophic and inflammatory muscle

disorders.7 These muscle disorders have a uniform
disease-related pattern,7,8 while neurogenic muscle
atrophy is characterized by anatomically specific fat
infiltration in the sub-lesional regions.7 Both clini-
cal disorders are concordant, however, in showing
negative HU values for muscle.

MXA also decreases as a function of age,9–11

although the reduction seems to be more than 10
times smaller than in dystrophy and neurogenic
atrophy. Of note, MXA can explain variation in
muscle strength11 and locomotion performance12

in the elderly. Strength training leads to concomi-
tant changes in MXA and muscle size in elderly
women,13 and de-training and re-training produce
MXA effects in very much the same sense.4 More-
over, reduced MXA in the elderly can predict falls
and fractures.14 These latter studies indicate that
MXA could serve as an independent, objective
indicator of muscle function.

One might expect on the basis of existing liter-
ature that MXA should decrease in response to
immobilization. Indeed, Berg et al. reported an
MXA decrease in the vastus lateralis muscle after 4
weeks of immobilization by unilateral lower limb
suspension (ULLS).15 In apparent contrast to this,
Desplanches et al. reported a 42% decrease in the
volume density of lipids, as assessed by electron
microscopy, in the deltoid muscle after 37 days of
bed rest.16 It is unclear whether this seeming
discrepancy is due to anatomical (arm vs. leg) or
methodological (X-ray vs. electron microscopy) dis-
crepancy with Berg’s study.

To the best of our knowledge, no study has yet
investigated the effects of bed rest upon MXA. Ex-
perimental bed rest, in particular with �6� head
down tilt (HDT), is a ground-based model to simu-
late the effects of microgravity,17 and it is also of
obvious clinical relevance. One should note here
that HDT bed rest is associated with fluid shifts,18

arising for a great part from the intramuscular
fluid space.19 HDT and ULLS therefore are dis-
cordant at least with regards to fluid re-
distribution.

Due to its position in the periodic table of ele-
ments, potassium (K) has greater X-ray absorption
than sodium (Na). This suggests that any alteration
in the ratio between intracellular space [rich in K
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and phosporous (P), mainly as energy-rich phos-
phates and macromolecules such as DNA] and
extracellular space (rich in Na) will affect MXA.
MRI examinations which show a decrease in the
transversal spin relaxion (T2) after space flight and
bed rest may indicate that the decrease in leg mus-
cle volume may be more strongly affected by losses
in free intracellular water than by reductions in
muscle protein content.1,20 However, it is currently
unclear to what extent fluid re-distribution in HDT
and ULLS affects the intra- and extra-cellular com-
partments. Therefore, and based on the findings
by Berg et al.15 we hypothesized that MXA would
be reduced as a result of experimental bed rest.
Moreover, we were interested to explore any rela-
tionship between individual changes in MXA and
changes in muscle cross-section.

METHODS

The Long Term Bed Rest (LTBR) study21 was
designed to scrutinize 2 proposed countermeas-
ures. First, the efficacy of pamidronate, a bone
anti-resorptive drug, to prevent HDT-induced bone
loss was tested.22 Second, flywheel resistive exercise
(see below) was tested as a countermeasure against
muscle atrophy and bone loss.

Twenty-five healthy male subjects were
recruited based on predefined inclusion and exclu-
sion criteria.22 Complete lack of physical activity
and participation in competitive sports were exclu-
sion criteria, so that the cohort studied can be
considered as moderately active. Subjects were ran-
domly assigned to 1 of 3 groups: a group that did
bed-rest only (N ¼ 9), a group that received a sin-
gle infusion of 60 mg i.v. pamidronate before bed
rest (N ¼ 7), or a group (N ¼ 9) that performed
flywheel training.

Baseline data collection started 2 weeks before
the onset of bed rest. Participants underwent 90
days of strict bed rest, and adherence to the proto-
col was ascertained by closed circuit television plus
force transducers that were integrated into the bed
mattresses. After reambulation, the participants
spent 14 more days in the MEDES facilities for
early recovery measurements.23 During this entire
period, an isocaloric diet was administered,21 and
body weight was assessed every morning with an
Arjo scale with integrated lift trolley (Arjo Bolero
CEB 6000-01, ARJO Hospital Equipment AB, Eslov,
Sweden). This scale has an accuracy of 6 50 g.

Follow up visits were scheduled at 45, 90, 180,
and 360 days after re-ambulation. The study was
approved by the local Ethics Committee, and all
participants gave their written informed consent
before inclusion in the study.

Flywheel Training. Resistance exercise was per-
formed during the HDT phase with a ‘‘flywheel’’,
i.e. a device that is gravity independent and uses
the inertia of a rotating flywheel.24 Training ses-
sions were scheduled 2 to 3 times per week. Dur-
ing each session, 4 sets of supine squat (aiming at
the knee and hip extensors) and calf press (aiming
at the ankle plantarflexors) exercises were per-
formed. Each set consisted of 7 maximum contrac-
tions (concentric and eccentric) for the supine
squat and 14 maximum contractions for the calf
press. Calf press exercise was performed with the
forefoot on the footplate, and the heel was free.
Between sets, 2 min were given for rest, and 5 min
were allowed between exercises.

pQCT Scans. Muscle scans were obtained by pe-
ripheral computed tomography (pQCT), using an
XCT2000 scanner (Stratec Medizintechnik, Pforz-
heim, Germany) as described previously.25 The
XCT2000 device is dedicated to measure ‘‘volumet-
ric bone mineral density’’. More precisely, it is cali-
brated to assess hydroxyl apatite density with olive
oil as reference ¼ 0. The scanner’s tube voltage
was set to 58 kV, and the beam width was 2.2 mm.
Cross-sectional images were obtained in the hori-
zontal plane at two-thirds of the tibial and the
ulnar lengths for the gross calf and forearem cross-
sections, respectively. These measurement sites
were chosen because they coincide with greatest
muscle cross-section.

Scans were performed twice during baseline
data collection (BDC), namely 14 and 7 days
before bed rest commencement, and on the 28th
and on the 89th days of bed rest (HDT28 and
HDT89, respectively), as well as 14, 90, 180, and
360 days after re-ambulation (Rþ14, Rþ90, Rþ180,
and Rþ360, respectively). Results from the 2 base-
line scans were lumped together to yield a single
BDC value and also to assess the reproducibility of
measurements.

Blood Samples. During the bed rest study, routine
blood samples were obtained during BDC-14 and
on days HDT14, HDT30, HDT60, HDT90, Rþ13,
and Rþ45 and analyzed for hemoglobin concentra-
tion (Hb). These data are included here as a surro-
gate measure for the hemoconcentration effect
associated with bed rest and the recovery from
it.26,27

Phantom Measurements. To assess machine-spe-
cific X-ray attenuation of the relevant chemical
elements (Ca, Cl, Fe, K, Na, P, S), solutions were
prepared in graded concentrations. Soluble com-
pounds were chosen in which the counter ion was
of low chemical order (Ca-nitrate, ammonium
chloride, ferrous sulphate, lime potash, Na-acetate,
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Na-phosphate, sulphuric acid). These solutions
were prepared in concentrations of 50, 100, 200,
400, and 1000 mM (exceptions: ferrous sulphate
concentrations were 5, 25, 50, 100, and 250 mM).
The range of concentrations used was in excess of
the expected range for physiological variation to
arrive at robust estimates. Moreover, a blood sam-
ple was drawn for an additional phantom and
diluted 1:1 and 1:3 in distilled water. These phan-
toms were then stored in plastic containers and
scanned with the XCT device with the same scan
parameters as for the muscle scans.

Data Processing. Visual inspection of the muscle
scans suggested that bed rest did not result in
inter-muscular lipid accumulation. Hence, a deci-
sion was made to consider MXA within the entire
anatomical outline of the muscle. To this end,
regions of interest (ROI) were placed so that the
gross muscle cross-section was included by setting
the ROI exactly on the limit between muscle and
fat and between muscle and the tibia (or ulna in
the forearm), respectively. To suppress a bias by
the partial volume effect, 2 layers of pixels were
peeled off by pressing the ‘‘cursor-down’’ function
in the XCT software twice so that the analyzed
ROI had its entirety within the muscle. Next,
another ROI was placed on the limit between mus-
cle and the fibula (radius in the forearm), and
then increased by 2 pixels so that the ROI to be
excluded was entirely within the muscle. Pixel
hydroxyl apatite density (PHAD) was computed for
the muscle area after subtraction of the fibula/
radius ROI. X-ray attenuation (l) was then com-
puted from PHAD values as:

l ¼ PHAD � xInter

xSlope
(2)

where xInter and xSlope are the calibration param-
eters specific for each XCT scanner type with spe-
cific values of 322 mg�cm�3 and 1724 mg�1�cm4 in
our case. The attenuation coefficient of water
turned out to be 0.220 cm�1 for our scanner.

Finally, changes from BDC were computed for
days HDT28, HDT89, and Rþ14 for muscle cross-
section (DmCSA, in cm2) as well as for muscle
X-ray absorption (DMXA, in HU).

Statistical Analysis. Reproducibility of MXA and
CSA was assessed as the short term error, i.e., the
standard deviation between the 2 baseline meas-
urements on BDC-14 and BDC-7.28 Effects of bed
rest and flywheel training were assessed with linear
mixed effect (LME) models that were generated
for MXA, CSA, and Hb values, with time and
group as fixed effects and subject ID as random
effect. Variances were allowed to differ between
participants and group, and LME models were

optimized according to the Akaike information cri-
terion (see p. 353 and p. 652 in Crawley29). Corre-
lation and regression analysis were carried out
after visual inspection of the data to explore the
relationship between DmCSA, DMXA and Hb
values. Correlation analysis was likewise performed
for values obtained on days HDT89 and Rþ14.
This was done separately for DmCSA and DMXA to
explore how far MXA changes reflect individual
characteristic information persisting through the
re-ambulation phase. Differences in anthropomet-
ric variables between groups were tested by the
Student t-test. Phantom measurements were ana-
lyzed by linear correlation and regression for the
relationship between concentration and X-ray
attenuation.

Statistical analyses were carried out in the ‘‘R’’
statistical environment (version 2.9.2, www.r-project.
org). Post hoc power analyses were performed, where
desired, using the G*Power software in its version
3.1.2 (www.psycho.uni-duesseldorf.de/aap/projects/
gpower). Data are given as means and standard
deviations (SD) if not indicated otherwise. The level
for statistical significance was set to a ¼ 0.05.

RESULTS

During the study, 1 participant (K2) in the
flywheel group (FW) group had to discontinue
the flywheel training during the second half of
the bed rest phase, which made an assignment to
either of the groups impossible. Data of this partic-
ipant have been excluded from this publication
accordingly. As anticipated, pamidronate had no
effect on muscle,23 and data from the control
group and the group that received pamidronate
were therefore lumped together into 1 control
group (Ctrl) and compared with the FW. Baseline
anthropometric data were comparable between the
Ctrl and FW groups, as can be seen from Table 1.

The short term error was 130 mm2 [coefficient
of variation (CV) ¼ 1.8%] for calf mCSA, 1.5 HU
(CV ¼ 2.9%) for calf MXA, 76 mm2 (CV ¼ 2.0%)
for forearm mCSA, and 1.4 HU (CV ¼ 2.5%) for
forearm MXA.

Calf Muscle Changes Over Time. Statistical analysis
of calf mCSA revealed significant effects of time

Table 1. Anthropometric characteristics at baseline.

N

Age
[years]

Height
[cm]

Weight
[kg]

BMI
[kg/m2]

Ctrl 16 32.5 174.2 71.4 23.5
(3.4) (3.9) (6.7) (1.7)

FW 8 30.8 175.5 71.0 23.1
(5.8) (4.9) (5.7) (1.6)

P-value 0.36 0.48 0.89 0.54

Data are listed as mean values (and SD in brackets).
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and a time * group interaction (P < 0.001 in both
cases), but not for group (P ¼ 0.29, see Fig. 1).
The time effect indicated significant reductions in
calf mCSA on days HDT28, HDT89, and Rþ14
(P < 0.001 in all instances), but significant
increases over baseline on days Rþ180 and Rþ360
(P ¼ 0.001 and P < 0.001, respectively). The decre-
ment in calf mCSA was smaller in the FW (�18.6
%, SD 3.0%) group compared with the Ctrl group
(�26.6 %, SD 3.8%) on day HDT89 (P < 0.001),
and so was the increase over baseline values on day
Rþ180 (�0.2% vs. 3.8%, P ¼ 0.046) and on day
Rþ360 (0.8% vs. 4.3%, P ¼ 0.037), indicating that
the ‘‘super-recovery’’ cleared away and thus was
limited in time in the FW group.

For calf MXA, a main effect was found for time
as well as a time * group interaction (P < 0.001 in
both cases, see Fig. 1.A), but no main effect for
group (P ¼ 0.086). MXA increased between BDC

and day HDT28 (P ¼ 0.007). The increase
amounted to 1.2 HU (SE 0.44) in FW, and to 2.1
HU (SE 0.46) in Ctrl (P for time * group effect ¼
0.045). On day HDT89, MXA was increased in Ctrl
only (P < 0.001). Conversely, a pronounced
decrease by �3.7 (SE 0.44) HU was observed on
day Rþ14 compared with baseline values (P <
0.001). This change was more pronounced in Ctrl
than in FW (P < 0.001), and the Ctrl group
depicted greater increases during follow up on
days Rþ90 and Rþ180 (P ¼ 0.005 and P ¼ 0.019,
respectively).

Forearm Muscle Changes Over Time. Forearm mCSA
yielded a significant main effect for time (P <
0.001), but no group effect or group * time inter-
action was found (P ¼ 0.72 and P ¼ 0.75, respec-
tively, see Fig. 2). Accordingly, forearm mCSA was
reduced by 1.8 (SE 0.4) cm2 on day HDT28, by 2.8
(SE 0.4) cm2 on HDT89, and by 2.5 (SE 0.4) cm2

on R þ 14 (P < 0.001 in all instances).
For forearm MXA, significant group and time

effects were found (P < 0.001 in both cases), but
no group * time interaction (P ¼ 0.53). However,
the magnitude of these effects was small, amount-
ing to a group difference by 0.5 (SE 0.86) HU,
and the time effect was isolated to an increase by
1.7 (SE 0.6) HU on day Rþ90 (P ¼ 0.006).

FIGURE 1. Calf muscle cross-sectional area (mCSA, upper

panel) and X-ray absorption (MXA, lower pane), expressed in

Hounsfield units (HU), for the control group (Ctrl) and the group

that did resistive flywheel exercise during 90 days of bed rest.

Data are displayed for baseline data collection (BDC), for days

28 and 89 of bed rest (HDT28 and HDT89, respectively), and

14, 90, 180, and 360 days following re-ambulation (Rþ14,

Rþ90, Rþ180, and Rþ360, respectively). Calf mCSA

decreased during bed rest, but super-recovery was observed

180 and 360 days after re-ambulation. Both effects were more

pronounced in Ctrl than in FW. For MXA, a small but significant

increase over baseline was observed during the bed rest phase

(HDT28 and HDT89), whereas values were decreased 14 days

following re-ambulation (Rþ14). Again, these changes were

more pronounced in the Crl than in the FW group. No further

change was observed during the follow-up visits on days 90,

180, or 360 after re-ambulation. Data are means and their

standard errors. Time effects: ***P < 0.001, **P < 0.01; Time *

group interaction: þþþP < 0.001, þþP < 0.01.

FIGURE 2. Forearm mCSA (upper pane) and MXA (lower

pane). Similar to calf mCSA in Figure 1, forearm mCSA

decreased during bed rest. However, there was no group differ-

ence, and changes in forearm mCSA were much smaller than

those in calf mCSA. For forearm MXA, statistical analyses

yielded group and time effects (P < 0.001), but no group*time

interaction. Follow-up tests showed that this group*time interac-

tion was limited to Rþ90, which seems to be a somewhat

inconsistent finding. Data are means and their standard errors.

P < 0.001; Time effects: ***P < 0.001, **: P < 0.01.
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Blood Hemoglobin Concentration. No group * time
interaction was found for blood hemoglobin con-
centration (P-values 0.12 and 0.95), and we report
averages across groups here. Hemoglobin values
increased from 146 (SD 7.0) g/L by 6.9 g/L (SE ¼
1.3 for all changes from baseline) g/L on day
HDT14 (P < 0.001) and by 6.7 g/L on day
HDT60. Conversely, values were decreased below
BDC levels on day R þ 13 by 12.0 g/L (P < 0.001)
and by 3.6 g/dl on day R þ 45 (P ¼ 0.067).

Inter-relationship of Changes. The correlation ma-
trix for changes between baseline and the end of
bed rest is given in Table 2. Significant correla-
tions were found between calf DMXA and forearm
DmCSA (P ¼ 0.038), between calf DmCSA and
forearm DMXA (P ¼ 0.019), and between calf
DMXA and forearm DMXA (P ¼ 0.025). Correla-
tion analyses between DmCSA and DMXA within
the calf and within the forearm revealed negative
r-values, but failed to achieve statistical significance
(P ¼ 0.086 for the calf and P ¼ 0.73 for the fore-
arm). Of note, DHb was unrelated to any of the
other variables (P > 0.59 in all cases).

By contrast, highly significant correlations were
found when changes at the end of bed rest
(HDT89) were compared with changes after 2
weeks recovery, except for calf DmCSA (see
Table 3). This suggests that individual MXA-

changes as well as forearm mCSA changes, but not
calf mCSA changes, were persistent through the
re-ambulation phase.

Phantom measurements. The X-ray attenuation
characteristics of the various elements tested are
given in Table 4. Of those tested, Fe had the
strongest attenuation properties, and Na had the
weakest, as can be seen from the column ‘‘slope’’
in the Table. Moreover, the table gives the contri-
bution of each ion to the X-ray attenuation within
the intracellular and extracellular compartments.
Lumping these together, a sum of 40.3 HU and
22.5 HU can be derived for the ionic contribution
to the intra- and extracellular X-ray attenuation,
respectively.

The scanned blood sample had a hemoglobin
concentration of 153 g/L, a hematocrit of 44.1%,
and a serum Fe concentration of 15.5 lM; it
yielded a slope of 0.72 (SE 0.030) HU per %
dilution.

DISCUSSION

We undertook this retrospective analysis to explore
whether experimental bed rest elicits alterations in
the X-ray attenuation of skeletal muscle, and to
generate hypotheses about the possible mecha-
nisms behind such changes. Along with the well
documented atrophy of the calf musculature, and
with the somewhat unexpected decrease in fore-
arm muscle size, MXA in the calf muscles was
found to not decrease, but to even increase during
bed rest (Fig. 1, lower pane), and to dip during
early recovery. It should be considered, though,
that the increase was only moderate, and that the
between-group variation almost reached statistical
significance (P ¼ 0.086). On the other hand, the
observed changes appeared quite systematic, and
very recent data suggest that MXA, as assessed with
the same device as in this study can predict fragil-
ity fracture in older women,30 which suggests that

Table 2. Correlation matrix for changes at the end of bed rest.

Forearm
DmCSA

Calf
DMXA

Forearm
DMXA DHb

Calf DmCSA n.s. n.s. �0.46* n.s.
Forearm DmCSA �0.42* n.s. n.s.
Calf DMXA 0.45* n.s.
Forearm DMXA n.s.

Changes between baseline and the end of bed rest for calf muscle
cross-section, calf muscle X-ray attenuation, forearm muscle cross-
section, forearm muscle X-ray attenuation, and hemoglobin. This table
thus highlights the commonality of responses to bed rest in these
variables.
*P < 0.05.

Table 3. Correlation coefficients for changes at the end of bed
rest and after 2 weeks of recovery.

r

DmCSA Calf n.s.
DmCSA Forearm 0.94***
DMXA Calf 0.67***
DMXA Forearm 0.53**
DHb 0.72***

The correlation between changes at the end of bed rest and after 2
weeks of recovery for calf muscle cross-section, calf muscle X-ray
attenuation, forearm muscle cross-section, forearm muscle X-ray attenu-
ation, and hemoglobin. This table thus highlights the persistence of bed
rest-induced changes during early recovery.
**P < 0.01.
***P < 0.001.

Table 4. Results of phantom measurements.

Element Compound
Slope

[HU/mM]
SE

[HU/mM]
CIC

[mM]
XAIC

[HU]
CEC

[mM]
XAEC

[HU]

Fe FeSO4.7H2O 1.123 0.012 0.1 0.1 0 0
Ca Ca-Nitrate 0.323 0.002 2 0.6 5 1.6
K KOH 0.182 0.004 145 26.4 4 0.7
P NaH2PO4.H2O 0.145 0.003 100 9.6 2 0.2
S H2SO4 0.139 0.002 20 2.8 1 0.1
Cl NH4Cl 0.112 0.004 3 0.3 114 12.8
Na NaAc 0.049 0.003 10 0.7 145 7.1

The slope of the regression equation and its standard error (SE) and the
concentrations (C) and in the intra- and extracellular space, respectively
(values are taken from http://physioweb.uvm.edu/bodyfluids/ionic.htm).
From these, the X-ray attenuation (XA) is calculated as XA ¼ slope�C.
For computing XA values for P, the Na-slope was subtracted, and the
S-slope was subtracted for computing XA for Fe. Elements have been
ordered by the slope. For all regressions, P < 0.001 and R2 > 0.95
(except for Na acetate, where R2 ¼ 0.86).
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the methodology applied in this study assesses
meaningful information.

Of interest, the time course of changes in the
forearm (Fig. 2) appeared to be quite similar to
those in the calf, although on a smaller and not
significant scale. It is also interesting to note that
the time course was discordant between mCSA and
MXA changes, both for the calf and the forearm:
While mCSA depicted a simple pattern of loss and
recovery, the MXA pattern was ‘‘bi-phasic,’’ with a
sharp dip during early recovery.

The finding of an increased MXA seems to be
compatible with the decreased lipid droplet density
after bed rest reported by Desplanches et al.16 but
it is at variance with the reported MXA decrease
reported by Berg et al.15 Of note, the latter study
differs from the present not only in terms of dura-
tion (28 days vs. 90 days) and type of immobiliza-
tion (limb-suspension vs. bed rest) but also in the
anatomical site of MXA measurement (thigh vs.
calf) and methodology (scanner type). The fact
that MXA changes in this study were consistent
after 4 weeks and after 90 days discards time as
explanatory factor. For the sake of brevity and par-
simony, we will also not further discuss site-effects
and thus concentrate on model (i.e., alignment of
the main body axis) and measurement (i.e., X-ray
energy) as possible confounders between the 2
studies.

Are X-ray attenuation changes related to changes in

Fe-concentration? As demonstrated in Table 4, Fe
is a potent X-ray absorber. Of all the Fe in the
body, approximately 75% is within the blood, the
largest fraction of which is bound to hemoglobin,
and minor fractions are bound to ferritin, transfer-
rin, or are nonenzymatically bound.31 It is also well
known that total blood volume decreases during
bed rest, predominantly due to plasma losses with
a relative sparing of the blood cell fraction.32 This
so-called hemoconcentration peaks during the initial
phase of bed rest. This is confirmed by Figure 3,
in which Hb depicts a time course that is very simi-
lar to the MXA changes in Figures 1 and 2. Hence,
could hemoconcentration explain the MXA
changes?

The lack of any correlation between individual
changes in Hb and MXA in Table 2 contradicts
this idea. Moreover, one has to consider that the
effective concentration of blood in the resting
vastus lateralis muscle is only 4% of its volume.33

Hence, an increase in hemoconcentration by 2%
will lead to an increase in muscular Hb concentra-
tion of less than 1%. Based on our blood phantom
measurements (see last section of results), the
hemoconcentration observed in this study can

account for an increase in MXA by less than 0.1
HU, i.e., only a fraction of the observed change.

It is well established that �6� head down tilt
enhances venous return from the legs, and blood
(and Fe) concentration within the calf musculature
should therefore decrease during HDT. However,
we expect this effect to be rather small, because
subcutaneous veins were excluded in the image
analysis, and because the subject had been in the
supine position for 1 h before scanning for BDC
and recovery sessions to preclude a bias by blood
volume shifts.19 Instead, there is evidence to
assume increased blood concentration in immobi-
lized muscle, as for example, nerve compression in
the rat has been demonstrated to increase blood
concentration in resting muscle by 3-fold.34 This
effect may be due partly to relative sparing of capil-
laries during immobilization-induced atrophy.35

This opens the possibility that tilt-induced head-
ward blood volume shifts may have been counter-
acted by immobilization-induced blood pooling in
the calf muscle (the proposition of increased
blood concentration is made notwithstanding the
well-established finding of reduction in skeletal
muscle perfusion by immobilization36). Using the
same numerical figures as above [1 HU/(4% �
(0.72–0.54) HU/%)], we see that a 2.4-fold
increase in muscular blood content can explain an
MXA increase by 1 HU during the bed rest phase.
Thus, blood content is a possible contributor.
However, the lack of a clear correlation between
individual changes in MXA and mCSA (P ¼ 0.086
for the calf) may speak against it, and so probably
does the discordant time course of those 2
variables.

There is, of course, also a remote possibility to
link the observed MXA changes to changes in myo-
globin concentration, provided there was a relative
sparing of myoglobin by the atrophy process. How-
ever, myoglobin concentrations in skeletal muscle

FIGURE 3. Hemoglobin (Hb) concentration over time. Similar

to calf mXA in the calf (Fig. 1) and the forearm (Fig. 2), there is

an increase during the bed rest phase and a dip during early

recovery. Data are means and their standard errors. Time

effects: ***P < 0.001, *P < 0.05. No significant time * group

interaction was found (P-values between 0.12 and 0.95).
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are very low (100 lM), and the lack of correlation
between changes in MXA and in mCSA may speak
against this possibility.

Possible Effects of Electrolyte Changes. Even
though the MXA changes observed in this study
could be explained by accumulation of Fe, in prin-
ciple this seems unlikely to explain fully the dis-
crepancy of MXA changes between this study and
the original ULLS study.15 As discussed above,
HDT and ULLS are fundamentally different with
regard to the gravity vector. Moreover, there is
another discrepancy between this study, where
forearm muscle size was decreased during �6�

HDT bed rest, and the Berlin (horizontal) Bed
Rest (BBR) study, where no such change was
found.37 We would argue that subjects in both
studies were maintaining the habitual usage of
their hands and arms during bed rest, and we are
accordingly denying genuine muscle atrophy (i.e.,
reduction in myofibrillar protein) in the arms in
either study. Considering also that the lower arm is
below the level of hydrostatic indifference in
humans, we also expect position-dependent fluid
shifts from the forearm, albeit on a smaller scale
than from the calf. Hence, bearing the similarity
of the time courses for the calf and the forearm in
mind (upper panels in Figs. 1 and 2) it is tempting
to ascribe the reduction in forearm mCSA to such
fluid shifts. Is it also possible to explain the MXA
increase in the forearm muscle on day Rþ90, and
perhaps also in the calf muscle in terms of fluid
re-distribution?

One way for this to happen would be an
increase of the K:Na-ratio due to increases in intra-
to extracellular space within the tissue. Summing
up the main constituents that cause X-ray attenua-
tion, we arrive at an estimate of 40.3 HU for X-ray
attenuation in the intracellular space and 22.5 HU
for the extracellular space (see Table 4). Based on
these figures, one has to demand that the extracel-
lular space shrink by 1/(40.3–22.5) ¼ 5.6% more
than the intracellular space to explain an increase
in MXA by 1 HU. Although the relative re-distribu-
tion of intracellular and interstitial fluid spaces in
response to bed rest is not well established, it is
well known that K leaks from the skeletal muscle
cell into the interstitial space after acute hemor-
rhage,38 from where it is subsequently removed.
Importantly, the stimulus for these changes is poor
filling of the vessels, and the shifts must therefore
be expected to be greater in the interstitial as com-
pared to the intra-cellular compartment. It seems
therefore likely that a similar process will occur in
the more chronic redistribution in bed rest and
that the interstitial space may shrink more mark-
edly than the intracellular fluid space. Therefore,

and despite the fact that we lack precise informa-
tion on the relative shrinkage of the extra- vs. in-
tracellular space, we believe that this could be a
possible mechanism to explain the observed MXA
changes in this study. However, one would expect
that redistribution of fluid spaces, as well as hemo-
concentration, but not in capillary density, should
be normalized after 14 days of recovery. In this
context, the results of Table 3, i.e., persistent indi-
vidual MXA changes as revealed by the correlation
between changes on days HDT89 and Rþ14, speak
against extra-cellular space shrinkage as the sole
driver.

Another element that could be thought of in
this context is phosphorus, the concentration of
which is on the order of magnitude of 100 mM in
muscle and which is present mainly in the form of
energy-rich phosphates. However, the concentra-
tion of these energy-rich phosphates is not affected
by bed rest or space flight,39 and we would thus
argue that they are unlikely to have contributed to
the MXA changes.

Alteration of Intramuscular Lipid Content as a Mecha-

nism. Finally, we have to come back to the discus-
sion of intramuscular lipid content. Our findings
clearly refute the notion that myosteatosis is the
determinant of MXA in bed rest, at least in young
recreationally active adults. It rather seems that
results are compatible with the observation by Des-
planches et al. who report a decrease in the vol-
ume density of lipids in the deltoid muscle after
37 days of bed rest.16 Even though myosteatosis is
a hallmark of aging and is associated with deterio-
ration in muscle function,11 it is also the case that
skeletal muscle of endurance athletes is character-
ized by high intracellular lipid content40 as an ad-
aptation to their specific exercise regimen.41 Thus,
there seems to be a U-shaped relationship between
physical activity and lipid content of muscles.
Moreover, intramuscular lipid content is also
affected by diet,42,43 which has been standardized
in this study, but apparently not in the original
ULLS study.15 Lipid content, therefore, remains a
possible, if not likely explanation of the findings
made in this study.

Finally, we have to make a technical remark. As
can be seen from eq. (1), the Hounsfield unit nor-
malizes X-ray attenuation in relation to water.
However, the specific attenuation of a given tissue
is also dependant on the energy of the X-ray.
Greater anode voltage will generate a ‘‘harder
beam’’ that will be less attenuated in relative terms
by higher order elements (K, Na, Fe) than by adi-
pose tissue. In other words, Hounsfield units are
specific to the X-ray spectrum issued by the CT
scanner. The scanner in this study was using an
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anode voltage of 58 kV only, and it would be rela-
tively more sensitive to lipid changes than the
types of clinical scanners used by Berg et al.15 The
scanner type used may also explain why MXA val-
ues in this study were lower than those reported by
Lang et al.,14 although the fact that MXA values in
this study were slightly greater in the forearm than
in the calf may suggest that MXA is also different
in different muscle groups. Unfortunately, how-
ever, there are no adjustments possible to truly
compare MXA results across studies.

In the light of the small but consistent altera-
tions induced by bed rest, the most important out-
come of this study is the quest for a standardized
methodological approach to assess skeletal muscle
composition. The basic idea would be to use X-ray
based technology to assess lipid content and the
intra/extra-cellular fluid ratio. A first step in this
direction would be a phantom that includes water,
different solutions of elements (analogous to Table
4), plus a lipid solution (for the sake of complete-
ness, olive oil yielded a value of �146 HU on our
scanner). In the long run, however, it would be
beneficial to have a coherent approach on the
measurement approach. One way of doing so
could be with dual energy computed tomography
(DECT). This may be fruitful in the field of gen-
eral myology quite as much as for clinical
nutrition.

CONCLUSIONS

In conclusion, X-ray attenuation of the calf muscle
did not decrease during bed rest in this study. Of
the factors discussed here, we hold 3 as possible
explanations, namely (a) increased blood concen-
tration in the muscle tissue, (b) shrinkage of the
interstitial fluid space relative to the muscle intra-
cellular space, and (c) reduction of intramuscular
lipid stores during bed rest. The lack of coherence
in individual changes in muscle size and X-ray
attenuation at the same anatomical site, but not in
comparison to distant sites (Table 2) may suggest
that more than 1 of the 3 explanations mentioned
is substantially involved.

On a practical level, we would argue that sim-
ple inferences from muscle X-ray attenuation upon
myosteatosis can be prone to errors due to fluid
distribution. More importantly, the variety of
results in the literature relative to MXA calls for
standardization of methods.
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