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Background: Loss of muscle mass due to prolonged bed rest decreases functional capacity and increases
hospital morbidity and mortality in older adults.
Objective: To determine if HMB, a leucine metabolite, is capable of attenuating muscle decline in healthy
older adults during complete bed rest.
Design: A randomized, controlled, double-blinded, parallel-group design study was carried out in 24
healthy (SPPB � 9) older adult subjects (20 women, 4 men), confined to complete bed rest for ten days,
followed by resistance training rehabilitation for eight weeks. Subjects in the experimental group were
treated with HMB (calcium salt, 1.5 g twice daily e total 3 g/day). Control subjects were treated with an
inactive placebo powder. Treatments were provided starting 5 days prior to bed rest till the end reha-
bilitation phase. DXA was used to measure body composition.
Results: Nineteen eligible older adults (BMI: 21e33; age: 60e76 year) were evaluable at the end of the
bed rest period (Control n ¼ 8; Ca-HMB n ¼ 11). Bed rest caused a significant decrease in total lean body
mass (LBM) (2.05 � 0.66 kg; p ¼ 0.02, paired t-test) in the Control group. With the exclusion of one
subject, treatment with HMB prevented the decline in LBM over bed rest �0.17 � 0.19 kg; p ¼ 0.23,
paired t-test). There was a statistically significant difference between treatment groups for change in
LBM over bed rest (p ¼ 0.02, ANOVA). Sub-analysis on female subjects (Control ¼ 7, HMB ¼ 8) also
revealed a significant difference in change in LBM over bed rest between treatment groups (p ¼ 0.04,
ANOVA). However, differences in function parameters could not be observed, probably due to the sample
size of the study.
Conclusions: In healthy older adults, HMB supplementation preserves muscle mass during 10 days of bed
rest. These results need to be confirmed in a larger trial.
This trial is registered at http://ClinicalTrials.gov under NCT00945581.

� 2013 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.
1. Introduction

Muscle inactivity due a prolonged period of immobility or bed
rest induces rapid muscle atrophy and loss of force and power.1e4

This is an undesirable consequence of hospitalization after illness
or injury. A majority of hospitalized patients are 65 years or older,
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and their hospital lengths of stay tend to be longer.5 About 65%
of older patients experience a decrease in ambulatory function
with hospitalization, and between 30 and 55% report a decline in
activities of daily living.6,7

Healthy older adults have been reported to losew1 kg (about 6%)
of lean tissue from the lower extremities after 10 days of bed rest,
with an associated w16% decline in isokinetic knee extensor
strength.8 In addition, they displayed a significant decline inmaximal
aerobic capacity.9 This dramatic loss of muscle mass and strength is
greater than is observed in young adults after 14 or 28 days of bed
rest.4,10 Muscle atrophy during bed rest is attributed to a marked
decline in the rates of skeletal muscle protein synthesis,4,11 although
the role of accelerated muscle protein degradation in relation to the
rate of synthesis cannot be ruled out. Resistance exercise has been
utrition and Metabolism. All rights reserved.
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shown to provide a potent anabolic stimulus during bed rest.12,13

However, exercise may not always be a feasible option, especially
in situations involving physical impairments, surgery or severe
injury. Thus dietary interventions have been considered and are
currently being explored for their efficacy in ameliorating the
debilitating impact of muscle atrophy due to bed rest.

Strategies for nutritional intervention have included increasing
dietary protein intake from 0.5 g protein/kg/day to more than 1 g
protein/kg/day in malnourished hospitalized patients. Increasing
protein intake resulted in improved nitrogen balance and greater
rates of whole body protein synthesis.14 Another study showed that
supplementation of the diet with essential amino acids (EAA)
stimulatedmuscle protein synthesis and improved some functional
outcomes in healthy older adults, confined to 10 days of bed rest,
with no effect on muscle mass.15 In addition, daily ingestion of EAA
plus carbohydrate ameliorated the loss of lean body mass and
muscle strength during 28 days of bed rest in young subjects.10

Some of the beneficial effects of EAA have been attributed to the
anabolic stimulus provided by branched chain amino acids (BCAA),
leucine, isoleucine and valine.16,17 However to date, no intervention
has been identified that prevents the progression of muscle mass
decline in older adults on bed rest.

Beta-hydroxy-beta-methylbutyrate (HMB) is a metabolite of
leucine that, when ingested in combination with the amino acids
glutamine and arginine, has been shown to preserve lean body
mass in chronic disease conditions such as cancer and AIDS.18,19

HMB has been shown to have an anabolic effect on muscle when
ingested in conjunction with exercise (reviewed in20). In healthy
exercising older adult subjects, HMB (3 g/d) when consumed for 8
weeks tended to increase fat-free mass gain (p ¼ 0.08) and signif-
icantly increased the percentage of body fat loss (p ¼ 0.05)
compared with the placebo group.21 In addition, a recent study
has demonstrated that daily supplementation of non-exercising
older women with HMB (plus arginine and lysine) for 12 weeks
significantly improved their functionality and strength, with a
trend toward improvement of whole body protein synthesis
(p ¼ 0.08).22Thus it seems plausible that supplementation of the
diet with HMB would ameliorate the decrease in muscle protein
synthesis and attenuate loss of muscle in older adults confined to
bed rest. In addition, a recent preclinical study has demonstrated
the positive effects of HMB on long term immobilized muscles and
recovery from immobilization.23

In the current study we have tested the efficacy of HMB sup-
plementation on the declines in muscle mass, strength and func-
tion that occur over 10 days of bed rest in older adults.

2. Subjects and methods

2.1. Subjects

A total of 24 subjects was randomized to treatment of which 6
subjects did not complete the study for the following reasons: 3
subjects had a positive D-dimer test so were considered a risk for
bed rest and not allowed to go on bed rest, 1 subject (HMB group)
had knee pain which prevented her from participating due to re-
quirements for subject to be able to do lower extremity strength
testing, 1 subject (Control group) had an adverse event (AE)
(vomiting) resulting in an early exit and 1 subject (Control group)
had a serious adverse event (SAE) (pulmonary embolism) during
the recovery portion of the study (this subject was considered
evaluable for the bed rest portion of the study). There were 8
Control subjects who were evaluable for bed rest (Phase I) and 7
Control subjects evaluable for entire study. For the HMB group,
there were 11 subjects whowere evaluable for the entire study (See
CONSORT Diagram; Supplemental figure).
No major changes were made to eligibility criteria after trial
commencement with the exception of allowing subjects with
sporadic fish oil supplementation (<7 consecutive days) to be
eligible, since we anticipated that short term supplementation
would not impact muscle metabolism in the present trial. The
number of subjects used was selected based on power analysis of
our previous bed rest study in older adults that demonstrated
significant declines in muscle mass and strength over bed rest. No
interim analysis was planned or carried out.

All subjects provided written informed consent and signed au-
thorizations for Health Insurance Portability and Accountability Act
before enrolling in the study. The following inclusion criteria were
verified at screening: male or female �60 to�79 years of age; body
mass index (BMI) � 20 but �35; ambulatory with a Short Perfor-
mance Physical Battery (SPPB) score of �9 (fully functional with no
mobility limitations); compliance with prescribed activity level.
Exclusion criteria ruled out subjects who had undergone recent
major surgery, had active malignancy (exception basal or squamous
cell skin carcinoma or carcinoma in situ of the uterine cervix);
history of Deep Vein Thrombosis (DVT) or other hypercoagulation
disorders; refractory anemia; history of diabetes or fasting blood
glucose value> 126mg/dL; presence of partial or full artificial limb;
kidney disease or serum creatinine > 1.4 mg/dL; evidence of car-
diovascular disease assessed during resting or exercise electrocar-
diography (EKG); untreated hypothyroidism; liver disease; chronic
or acute gastrointestinal (GI) disease; uncontrolled severe diarrhea,
nausea or vomiting; were actively pursuing weight loss; were
enrolled in other clinical trials; could not refrain from smoking over
the bed rest study period or could not discontinue anticoagulant
therapy over bed rest period. Potential subjects were also excluded
if they were taking any medications known to affect protein
metabolism (e.g. progestational agents, steroids, growth hormone,
dronabinol, marijuana, HMB, free amino acid supplements, dietary
supplements to aid weight loss).

All subjects signed an informed consent after being informed of
the procedures involved and of all possible risks. The study was
performed at the University of Arkansas for Medical Sciences
(UAMS) Clinical Research Center, Little Rock and approved by the
Institutional Review Board of UAMS.

2.2. Study design

The study design was a prospective, randomized, double-
blinded, placebo-controlled trial conducted at a single site
(Table 1). At every screening visit, the subject eligibility status was
verified, medication history collected and adverse events (AEs)
recorded. The duration of the study was 13 months including
recruitment, starting in late January 2010 and ending in late
February 2011 when the last subject exited.

Eligible subjects were randomized to one of two groups. Sealed
envelopes containing the subject treatment group assignment were
prepared from randomization schedules generated by Abbott.
Randomization schedules were computer-generated using a
pseudo-random permuted blocks algorithm. The randomization
was stratified by gender and age (60e69 years, 70e79 years). As
eligible subjects were enrolled in the study by the UAMS site,
they were sequentially assigned a subject number in ascending
numerical order starting with the first envelope of the
appropriate randomization stratum. Inside the envelope was a
form indicating which study product should be given to the
subject during the study period. Forms containing subject number
assignments were prepared by Abbott, completed by the site and
sent back to Abbott when a subject was enrolled. The groups
were Control or Ca-HMB and each subject received 2 sachets of
product per day.



Table 1
Study timeline and procedures.

Visits Procedures

Screening visit 1 Eligibility criteria, informed consent, medical history, medication history
Screening visit 2 Physical examination, SPPB, fasting blood tests, resting EKG, distribute activity monitor and questionnaire (7-day collection)
Screening visit 3 VO2 peak stress test, collect activity monitor and questionnaire
Pre-bed rest (Days 1e5) Diet stabilization, treatment with HMB or placebo, 24 h urine collection, pre-bed rest strength and functional testing (day 3),

pre-bed rest DXA (day 2), D-dimer test (day 4), AEs
10 days of bed rest (Day 6e15) e

daily assessments
Diet stabilization, treatment with HMB or placebo, 24 h urine collection, 24 h nursing assessment, vital signs, fasted body weight,
passive range of motion exercise, TED hose & SCD to prevent DVT, AEs

Day 6 (first day of bed rest) Muscle protein synthesis study (8 h infusion), RMR, fasting blood draw
Day 13 (bed rest) D-dimer test and ultrasound if positive D-dimer
Day 15 (final day of bed rest) Muscle protein synthesis study (8-hr infusion), RMR, fasting blood draw
Day 16 (post bed rest) Vital signs, fasted body weight, strength and functional testing, DXA, distribute product and product consumption records,

discharge from CRC
Day 17 (post bed rest) Return to CRC, VO2 peak test, distribute activity monitor and questionnaire (7-day collection), Initiate rehabilitation session
8 weeks (post bed rest) Rehabilitation program (resistance training 3�/week), product consumption records, DXA (week 4 and week 8), strength

measurement (week 2, 4, 6, 8), functionality measurements (week 4 and 8), AEs (weekly)

Abbreviations: AEse adverse events, CRCe Clinical Research Center, DXAe dual X-ray absorptiometry, DVTe deep vein thrombosis, EKGe electrocardiogram, RMRe resting
metabolic rate, SPPB e Short Physical Performance Battery, TED hose e Thrombo-Embolism Deterrent hose, SCD e Sequential Compression Device.
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Each HMB sachet contained 1.5 g Ca-HMB (TSI, Salt Lake city,
Utah), 4 g maltodextrin and 200 mg calcium with additional
sweetener and flavoring agents. The composition of the Control
sachet was identical to the HMB sachet with the exclusion of Ca-
HMB. Both supplements were packaged indistinguishably by a
third party manufacturer, except for the study code that was a 5-
digit number that were identical for the two products except for
the last digit. This study was a double-blinded study. Neither the
investigators, their staff, Abbott scientists and staff involved in the
study, or subjects were informed of the identity of any of the study
products over the entire study period. The blind was maintained
through the entire course of the study including the bed rest phase,
rehabilitation phase and analysis of the data. The study center
personnel were instructed not to analyze the contents of the study
products or in any way seek to learn the identity of the study
products. Subjects were instructed to consume twice daily
(morningeevening) by mixing each sachet into a non-caloric, non-
caffeinated, non-carbonated, non-milk-based beverage of their
choice around or with their meal. Generally water was used to
dissolve the product, Treatment with HMB or Control was initiated
5 days prior to bed rest and was continued until the end of the
rehabilitation period.

For diet stabilization over the pre-bed rest and bed rest period,
subjects were fed a metabolically controlled diet providing the RDA
for protein intake (0.8 g protein/kg body weight per day). Total
calorie needs were estimated using the Harris-Benedict equation
for resting energy expenditure according to the following equation:
For women¼ [655þ (9.56� body weight in kg)þ (1.85� height in
cm)�(4.68 � age in years)] � AF, or, For men ¼ [66 þ (13.7 � body
weight in kg) þ (5 � height in cm)�(608 � age in years] � AF,
where AF¼ activity factor of 1.6 for the ambulatory and 1.35 for the
bed rest periods. Given the total calorie and protein intakes, the
remainder of the diet was manipulated to keep the non-protein
calories at about 60% from carbohydrates and 40% from fat. Water
was provided ad libitum.

Subjects were exited from study if they permanently dis-
continued product during the pre-bed rest period (Day 1 to Day 5),
or if they discontinued product during the bed rest period and had
completed less than 8 days of bed rest. Subjects with a positive D-
dimer test or ultrasound for deep vein thrombosis (DVT) diagnosis
were also exited from the study.

A subject’s outcome data were classified as not evaluable for the
analysis if one or more of the following events occurred: A. Subject
received wrong product, contrary to the randomization scheme, B.
Subject received excluded concomitant treatment defined as
medications or dietary supplements that affect weight or meta-
bolism (e.g. progestational agents, steroids, growth hormone, dro-
nabinol, marijuana, HMB, free amino acid supplements, dietary
supplements to aid weight loss, and fish oil supplements), C. sub-
ject had <67% of total study product consumption at final visit/exit
as determined by product consumption records.

2.3. Bed rest and rehabilitation

After a diet stabilization of 5 days (ambulatory period), subjects
remained in bed continuously for 10 days. While confined to bed
rest, subjects were allowed to use the bedside commode for uri-
nation or were taken in a wheelchair for toileting. Subjects were
given the option of taking a sponge bath or showering in a
wheelchair. Prophylactic measures were taken to detect and pre-
vent deep vein thrombosis including a blood D-dimer test followed
by an ultrasound examination if D-dimer test was positive, passive
range of motion exercise during bed rest, the use of Thrombo-
Embolism Deterrent hose (TED) hose and Sequential Compression
Device (SCD) over the bed rest period. Subjects were offered
medication to help mitigate reflux problems associated with being
supine. Subjects were constantly monitored by nursing staff and
received a daily physical examination by the study physician.

During the 8 weeks following the bed rest period, subjects un-
derwent resistance exercise training rehabilitation. Strength
training consisted of circuit training for combined hip and knee
extensors and flexors, and light upper body exercises. Subjects
participated in strength training for 1 h, 3 days per week (24 total
sessions). Three sets of each exercise were performed with a
resistance that will allow 8e10 repetitions (approximately 80% of
1 RM) with appropriate rest periods between sets. Subjects were
required to walk at their usual pace before and after strength
training to allow for a warm-up and cool-down. Speed of contrac-
tion for the concentric component was approximately 2 s for full
extension and the eccentric component was 4e6 s in duration.
The 1 RM was determined weekly to ensure that each subject
was exercising at the appropriate pace. The purpose of the
rehabilitation phase of the experiment was to ensure that
subjects regained their functional status after bed rest and also to
determine if HMB had additional benefits in context of exercise.

2.4. Body composition

Body weight was measured at baseline, after bed rest, and
weekly during the 8 weeks of rehabilitation to the nearest 0.1 kg on



N.E.P. Deutz et al. / Clinical Nutrition 32 (2013) 704e712 707
an Ohaus scale (Ohaus Corporation, model 15S, Florham Park, NJ).
Nude body weight was calculated as total body weight minus
hospital robe weight. Body height was measured to the nearest
0.1 cm without shoes using a stadiometer. Body mass index (BMI)
was calculated as weight/height2 (kg/m2). Measurements of body
composition were conducted prior to and at the end of the 10-day
bed rest period, and at the end of the rehabilitation period (week 8).
DXA (Hologic DelphiW running QDR System Software Version 11.2)
was used to estimate total and lower extremity lean body mass
using a standard protocol.8,15,24

2.5. Strength testing

Strength measurements included: isokinetic knee extensor and
flexor force (60� and 180�), leg press, standing plantar flexor force,
and stair ascent and descent power. Dynamic concentric strength of
the muscles involved with unilateral (dominant, unless contra-
indicated by pain or history of joint replacement) leg press, knee
extension, and knee flexion were determined as the maximal load
the subject could lift through the full range of motion one repeti-
tion only (1 RM) using Keiser pneumatic training equipment (Keiser
Sports Health Equipment, Fresno, CA). One repetition maximum
measurements were taken at baseline, after bed rest, and weekly
throughout the rehabilitation period. Two baseline strength mea-
surements were obtained, to account for learning effects. Standing
plantar flexor strength measurements were determined as
described before.15

2.6. Functionality

Lower extremity performance was measured using SPPB,25

timed Get-Up-&-Go26 and by the 5-item physical performance
battery.27 These tests were conducted prior to bed rest, after 10
days of bed rest, and at the end of the 8-week rehabilitation period.

2.7. Mixed skeletal muscle protein fractional synthesis rate (FSR)

Muscle FSR is an estimate of the capacity of the muscle to syn-
thesize protein over time. Muscle FSR of mixed muscle protein was
measured by the rate of incorporation of a stable isotope amino acid
tracer (L-[13C6]phenylalanine) in muscle protein from the vastus lat-
eralis over a fixed period of time. The tracer study encompassed an 8-
h period in order to discern the overall effects of feeding and fasting
on muscle protein synthesis. In order to maintain a relatively steady
state during the 8 h of tracer infusion, in contrast to bolus feeding
approaches,24 subjects were given a small amount (30 ml) of a
standardized liquid meal replacement (Ensure, Abbott Nutrition,
Columbus, OH) every 30 min. The two sachets of HMB (3 g total) or
placebo were dispensed to subjects in 3-dose intervals at approxi-
mately 2 h, 4 h and 6 h from the start of the study. This design was
thought to be the most practical method of both minimizing subject
discomfort due to fasting while assessing the overall effects of
nutritional intervention on muscle protein metabolism. We per-
formed muscle FSR measurements at day 6 and 15 (Table 1).

To initiate the isotope infusion study, an 18-gage polyethylene
catheter was inserted into a vein on each forearm, one for blood
sampling and the other for infusion of the stable isotope tracers.
After a fasted blood sample was obtained for background amino
acid enrichment, a priming dose (4.2 mmol/kg) of L-[ring-13C6]
phenylalanine (Cambridge Isotope Labs, Andover, MA) was given.
This was immediately followed by a continuous (0.07 mmol/kg/min)
infusion of 13C6-phenylalanine that was maintained throughout the
experiment. Isotopic plateau of the infused tracer was achieved at
2 h, and a biopsy sample (w50 mg) was taken from the lateral
portion of the vastus lateralis approximately 10e15 cm above the
knee under local anesthesia (lidocaine HCl 1%) with a 5-mm
Bergstrom needle with suction. The muscle was then cleansed of
excess blood, connective tissue, and fat and immediately frozen in
liquid nitrogen (�190 �C) until analysis. The two sachets of HMB or
placebo were dispensed to subjects in 3-dose intervals at approx-
imately 2 h, 4 h and 6 h from the start of the study. Subjects
consumed the first dose of HMB or placebo immediately following
the first muscle biopsy, and the final dose of HMB or placebo
approximately 120 min before the second biopsy. The second bi-
opsy was collected at the end of the 8-h infusion period. Subjects
were fed several small meals during the 8-h infusion period to
achieve steady state kinetics. Meals were provided in small doses at
approximately 30min intervals after the start of the procedure, and
consisted of w16 oz (total volume) of a standardized (HMB-free)
meal replacement beverage (Ensure, Abbott Laboratories). Blood
was sampled periodically for venous amino acid concentrations.
From the two biopsy samples the synthesis rate of muscle protein
was determined over 6 h (see calculations below).

Blood and muscle samples were processed and derivatized and
used for the isotope enrichment measurements as described pre-
viously.24 Mixed muscle fractional synthesis rate (FSR) for intra-
cellular phenylalanine enrichment (intracellular enrichment) was
calculated as the rate of L-[ring-13C6]phenylalanine tracer incor-
poration into muscle protein with the use of the following equa-
tion: FSR (%/h) ¼ {(Et1�Et0)/[Ep � (t1�t0)]} � 100, where Et0 is the
enrichment of the protein-bound L-[ring-13C6]phenylalanine tracer
from the first biopsy, Et1 is the enrichment in the protein-bound L-
[ring-13C6]phenylalanine tracer from the second biopsy, (t1�t0) is
the L-[ring-13C6]phenylalanine tracer incorporation time (i.e. the
time between biopsies), and Ep is the mean L-[ring-13C6]phenylal-
anine enrichment in the precursor pool. FSR was calculated using
both the muscle intracellular free phenylalanine pool and the
plasma phenylalanine enrichment as the precursor.3,34

2.8. Urinary HMB

Urinary HMB was conducted by Metabolic Technologies (Ames,
IA) and was measured at the start of-bed rest and end of the bed
rest period (Phase I) by a modified method of Nissen et al.28 to
verify compliance of product consumption over bed rest (See
supplemental on-line table).

2.9. Statistical analysis

Analyzes were performed on the actual values (single time point
or repeated measures, as appropriate), change from baseline to end
of bed rest, and change from end of bed rest to end of study.
Analysis of variance with treatment group in the model is the basis
for the majority of the statistical analyzes that were performed. For
variables with anticipated gender differences, gender and treat-
ment by gender interaction were added to the model. Analysis of
covariance was used for models that include baseline values. If the
residuals from the analysis of variance were non-normal, Wilcoxon
rank sum test was used to compare treatment groups. Paired t-tests
by treatment group were used to test for differences from baseline
to end of bed rest. Categorical variables were analyzed using
CochraneManteleHaenszel test. All main effects were tested using
2-sided, 0.05 level tests. Tests of interactions were 2-sided, 0.10
level tests. No adjustments were made to the significance levels for
multiple variables. If a treatment group interaction with another
factor in the model was significant, then treatment groups were
compared at each level of the other factor using the stepdown
Bonferroni (Holm) procedure to control for the number of com-
parisons made. All values are presented as means � standard error
of mean (SEM).
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Fig. 1. Change in total lean mass in individual subjects over 10-day bed rest in Control
(C) and HMB (-). Line with error bars represent mean � SEM for each group. Values
from all subjects (Control n ¼ 8; HMB n ¼ 11). X indicates potential outlier from HMB
group. Difference between treatment groups was non-significant (p ¼ 0.16, ANOVA).
When data are analyzed from all Control subjects (n ¼ 8) and HMB subjects excluding
potential outlier, thus a total of 10 subjects, the difference between treatment groups is
significant (p ¼ 0.02, ANOVA).
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3. Results

There was no significant difference between groups at baseline
for any of the characteristics indicated (Table 2). Additionally, at the
end of bed rest, there was no significant difference in SPPB score
(Wilcoxon rank sum test), bodyweight, total body fat, bonemineral
density, fasted glucose, serum albumin, CRP or total cholesterol
(ANCOVA). There were no statistically significant differences be-
tween the two study groups for the number of subjects reporting
adverse events (AEs) in any system organ class (SOC) or for any
specific preferred term (PT). Most of the AEs reported were com-
mon complaints associated with extended bed rest (back pain,
constipation, headache) reported in previous bed rest studies.
There were no serious adverse events (SAEs) associated with back
pain or headaches. Two SAEs were reported during the study, one
event in each group, both unrelated to study product. The SAE in
the Control group was related to a pulmonary embolism and hy-
pertension. The SAE in the HMB group was related to hypona-
tremia. Both subjects were discharged from the hospital in stable
condition. Tables with more detailed information about the results
are provided as supplemental material.

3.1. Body composition

There was no significant change in total body weight over the
bed rest period (Table 2). Fig. 1 also shows the change in total lean
mass for individual subjects within each group over the bed rest
period. Total lean mass measured by DXA significantly declined in
the Control group at the end of the 10 d bed rest period
(�2.05 � 0.66 kg; p ¼ 0.02, paired t-test) (Figs. 1 and 2). The HMB
group preserved lean mass with an average loss of �0.60 � 0.47 kg
(p ¼ 0.23, paired t-test) (Fig. 1). On a percent basis, the Control
group lost an average of �4.6 � 1.4% total lean mass over 10 days of
bed rest whereas the HMB group lost an average of �1.2 � 0.9%.
Comparison of the change value in total lean mass over the bed rest
period between treatments was not statistically significant
(p ¼ 0.16, ANOVA).

Within the HMB group (n ¼ 11 subjects), all but one subject
(indicated by X) showed preservation of total lean mass over bed
rest (Fig. 1). This one subject showed a disproportional loss of total
lean mass (>2 standard deviations above group average) over bed
rest, and did not show a gain/recovery of muscle mass even after
the exercise rehabilitation (data not shown). Thus this suggests an
error in his baseline DXA measurement. This subject was consid-
ered an outlier and removed from subsequent DXA analysis. With
the omission of the outlier, the HMB group lost an average of
�0.17 � 0.19 kg total lean mass (p ¼ 0.42, paired t-test) versus
Control (�2.05 � 0.66 kg, p ¼ 0.02, paired t-test) (Figs. 1 and 2A).
Comparison of the change value in total lean mass over the bed rest
Table 2
Subject characteristics at baseline and post bed rest.

Female/Male Control (n

Age (yrs) 67.1 � 1.7
BMI (kg/m2) 26.5 � 1.2
25-OH-vitamin D (ng/ml) 25.26 � 3.3

Pre-bed rest Po

Body weight (kg) 71.36 � 5.55 69
Total body fat (kg) 26.15 � 2.38 26
Bone mineral density (g/cm2) 1.14 � 0.04 1.
Fasted glucose (mg/dL) 90.88 � 4.79 82
Total cholesterol (mg/dL) 228.88 � 20.28 20
Serum albumin (g/dL) 4.33 � 0.12 3.
CRP (mg/L) 2.71 � 0.63 7.
SPPB score 11.63 � 0.26 11
period between treatment groups was statistically significant
(p ¼ 0.02, ANOVA). Similar results were obtained for leg lean mass
(Fig. 2B) with the HMB group showing an average loss
of �0.08 � 0.17 kg (p ¼ 0.65, paired t-test) versus the Control
(�1.01 � 0.35 kg, p ¼ 0.02, paired t-test). There was a statistically
significant difference between treatment groups for the change in
leg lean mass over the bed rest period (p ¼ 0.02, ANOVA).

We carried out a sub-analysis on female subjects, since there
was a greater number andmore equal distribution of females in the
study (Control n ¼ 7; HMB n ¼ 8). This sub-analysis revealed that
compared to the Control group, HMB significantly attenuated
muscle loss (total lean and leg lean mass) over bed rest. For total
lean mass, HMB group lost �0.2 � 0.24 kg and Control group lost
�1.89 � 0.75 kg (p ¼ 0.04, ANOVA).

At the end of the exercise rehabilitation period, there was no
significant difference from baseline in the change value for total
lean mass fromwithin each group: Control:�0.43� 0.67 (p ¼ 0.55,
paired t-test) and HMB: 0.07 � 0.26 (p ¼ 0.80, paired t-test).
However, when comparing the overall change value for leg lean
mass from baseline to end of rehabilitation, the HMB group showed
a tendency of a gain of 0.71 � 0.33 kg (p ¼ 0.06, paired t-test),
whereas the change value for the control group was
�0.06 � 0.22 kg (p ¼ 0.78, paired t-test; Fig. 2B).

Additional DXA data analysis revealed that bed rest caused a
significant loss of lean mass in arms of the Control group but not
the HMB group (Table 3). In addition there was a significant
¼ 7/1) HMB (n ¼ 8/3)

67.4 � 1.4
24.9 � 1.0

7 (n ¼ 7) 28.63 � 4.03 (n ¼ 11)

st bed rest Pre bed rest Post bed rest

.99 � 5.37 67.24 � 2.98 66.16 � 2.99

.45 � 2.66 22.69 � 1.91 22.64 � 1.82
14 � 0.04 1.11 � 0.03 1.11 � 0.03
.13 � 4.35 89.55 � 3.25 84.18 � 4.00
1.88 � 12.07 205.73 � 8.60 185.82 � 7.35
83 � 0.1 4.42 � 0.06 4.00 � 0.07
99 � 5.95 1.99 � 0.39 2.06 � 0.51
.50 � 0.27 11.55 � 0.25 11.45 � 0.28
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Fig. 2. Body composition (DXA) changes over bed rest. Top panel (A): change in total
lean mass over 10-day bed rest (bed rest) and change from baseline to end of exercise
rehabilitation (bed rest þ rehab). Values are presented as mean � SEM for Control
(n ¼ 8) and HMB (n ¼ 10, excluding potential outlier). (þ) Difference from pre-bed rest
value (p ¼ 0.02, paired t-test); (*) difference between treatment groups (p ¼ 0.02,
ANOVA). Bottom panel (B): change in leg lean mass over bed rest and rehabilitation.
(þ) Difference from pre-bed rest value (p ¼ 0.02, paired t-test); (*) difference between
treatment groups (p ¼ 0.02, ANOVA); trend toward increase from baseline to end of
rehabilitation for HMB group (p ¼ 0.06, paired t-test) and non-significant for Control
group.
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increase in fat mass of the arms in Control but not the HMB group.
The HMB group also had a significant loss of total body fat mass
(�0.52 � 0.22, p ¼ 0.04, paired t-test) over bed rest which was not
observed in the Control group (Table 3). Additional data are avail-
able in a supplemental on-line table.
3.2. Muscle strength and functional changes

A number of different strength measurements were performed.
These included knee extensor strength (Isokinetic e 60� and 180�;
Isotonic e 1RM), knee flexor strength (Isokinetic e 60� and 180�)
and standing plantar flexor. In general, there was a greater nu-
merical loss of strength in the Control group compared to the HMB
Table 3
Body composition by DXA over bed rest period.

Control (n ¼ 8)

Pre-bed rest Post bed rest Change

Total lean Mass (Kg) 42.22 � 3.60 40.18 � 3.26 �2.05 �
Appendicular Lean Mass (ALM) (arms þ legs) (Kg) 16.99 � 1.73 15.66 � 1.52 �1.33 �
Leg Lean (Kg) 12.80 � 1.28 11.79 � 1.09 �1.01 �
Arm Lean (Kg) 4.19 � 0.47 3.87 � 0.44 �0.32 �
Trunk Lean (Kg) 21.91 � 1.79 21.36 � 1.65 �0.55 �
Total body fat mass (Kg) 26.15 � 2.38 26.45 � 2.66 0.30 �
Leg fat mass (Kg) 9.13 � 0.79 9.22 � 0.93 0.10 �
Arm fat mass (Kg) 2.91 � 0.29 3.14 � 0.32 0.22 �
Trunk fat mass (Kg) 13.22 � 1.52 13.25 � 1.66 0.03 �

Data represents mean � SEM. Bold values represent p < 0.05.
a Change within group by t-test.
group over the 10-day bed rest period, although the changewas not
statistically significant within each group. In addition, the differ-
ence between treatment groups did not reach statistical signifi-
cance at the end of bed rest.

Figure 3 represents changes in isokinetic knee extensor (60� and
180�) strength over the bed rest and recovery period. Over the bed
rest period, isokinetic knee extensor (60�) strength declined in the
Control group (�12.54� 7.84 Nm/s, p¼ 0.15, paired t-test) whereas
it was maintained in the HMB group (0.67 � 6.91 Nm/s, p ¼ 0.93,
paired t-test). This represented a percent decline of �8.6 � 4.5% in
Control compared to HMB (0.0 � 5.2%). There was no statistical
difference between the change value for the treatment groups at
the end of bed rest (p¼ 0.84, ANOVA) (Fig. 3A). Both groups showed
significant improvement in knee extensor (60�) strength from the
end of bed rest value to the end of the recovery period: Control
(22.24� 8.16 Nm/s, p¼ 0.03, paired t-test); HMB (23.64� 9.61 Nm/
s, p ¼ 0.03, paired t-test). There was no statistical difference be-
tween the treatment groups at the end of recovery. The HMB group
had a significant increase in strength from baseline to the end of
recovery (p ¼ 0.0041, paired t-test) whereas the Control group did
not (p ¼ 0.24, paired t-test) (Fig. 3A).

Similarly for isokinetic knee extensor (180�) (Fig. 3B), there was
a much larger decline in strength over bed rest in the Control group
(�11.00 � 8.31 Nm/s) than in the HMB group (�0.18 � 7.07 Nm/s)
but the change was not statistically different from baseline within
each group. There was no statistical difference for the change value
over bed rest between the treatment groups (p ¼ 0.10, ANOVA).
Although numerically higher, there was no significant improve-
ment in knee extensor (180�) strength from end of bed rest to end
of recovery: Control (15.90 � 8.06 Nm/s, p ¼ 0.10, paired t-test);
HMB (11.15 � 8.49 Nm/s, p ¼ 0.22, paired t-test). The HMB group
showed significant strength gains above baseline value at the end
of recovery (p ¼ 0.03, paired t-test) whereas the Control group did
not (p ¼ 0.36, paired t-test).

There was no significant decline in functionality as evaluated
using SPPB, Get-Up-&-Go or 5-item physical performance tests in
either group over the bed rest period. The mean SPPB score
remained >11 in both groups at the end of bed rest (Table 2). The
mean Get-Up-&-Go time remained <10 s in both groups pre and
post bed rest. There was also no significant difference between
groups for the cumulative 5-item physical performance score at the
end of bed rest. There was no significant difference between
treatment groups at the end of bed rest for any of the above
described functionality measures. At the end of the recovery period
compared to baseline value, there was a significant improvement
(decrease) in time to Get-Up-&-Go within each group compared
to baseline (Control: �1.35 � 0.35; HMB: �0.74 � 0.30, p < 0.05,
paired t-test). Additional data are available in supplemental on-line
tables.
HMB (n ¼ 10)

over bed rest p-valuea Pre-bed rest Post bed rest Change over bed rest p-valuea

0.66 0.0178 39.67 � 2.03 39.50 � 2.06 �0.17 � 0.19 0.4177
0.41 0.0137 15.44 � 0.85 15.33 � 0.91 �0.10 � 0.17 0.5604
0.35 0.0223 11.37 � 0.54 11.29 � 0.62 �0.08 � 0.17 0.6541
0.09 0.0084 4.07 � 0.31 4.04 � 0.30 0.02 � 0.06 0.6715
0.26 0.0711 21.15 � 1.11 21.15 � 1.10 �0.01 � 0.24 0.9806
0.46 0.5297 23.10 � 2.06 22.58 � 2.01 �0.52 � 0.22 0.0401
0.22 0.6799 8.05 � 0.63 7.87 � 0.65 �0.19 � 0.11 0.1179
0.07 0.0139 2.40 � 0.26 2.44 � 0.29 0.04 � 0.04 0.4414
0.23 0.8898 11.84 � 1.29 11.48 � 1.16 �0.36 � 0.25 0.1819
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Fig. 3. Top panel (A): change in isokinetic knee extensor (60�) strength over 10-day
bed rest and 8-week exercise rehabilitation. Values are presented as mean � SEM.
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3.3. Muscle protein synthesis

Six hour FSR was determined in 8 Control subjects and 10 HMB
subjects (one HMB subject was unable to participate in the proce-
dure) at the start of bed rest and on the last day of bed rest. In the
Control subjects, FSR decreased by 21% (from 0.1028 � 0.0042%/h-
pre-bed rest to 0.0800 � 0.0124%/h- post bed rest). However this
change did not reach statistical significance (p¼ 0.14, paired t-test).
For the HMB group, FSRwasmaintained (from 0.0978� 0.0062%/h-
pre-bed rest to 0.0962 � 0.0129%/h- post bed rest, p ¼ 0.91, paired
t-test). There was no significant treatment difference for the change
values over bed rest (p ¼ 0.30, ANOVA).
4. Discussion

Our study shows that nutritional intervention with HMB (3 g/
day) preservesmusclemass in older adult subjects during extended
bed rest. Consistent with previous findings, bed rest caused a
substantial loss of muscle in older adults,8,9 and HMB was able to
ameliorate this muscle loss.

Subjects were maintained at a protein intake of 0.8 g/kg bw/day
which was chosen to be consistent with the RDA for protein sup-
plementation in adults and mimics the scenario that patients
encounter when hospitalized. Due to the stringent enrollment
criteria for older adult subjects, we predominantly enrolled female
subjects (Control n¼ 7, HMB n¼ 8). We therefore performed a sub-
analysis on females alone which revealed the same trends as seen
in the whole group. We started the HMB supplementation 5 days
prior to the initiation of bed rest to ensure high endogenous levels
of HMB at start of bed rest, since the exact kinetics of HMB in
humans is not well established. We instituted an 8 week exercise
rehabilitation program to help the subjects regain the muscle and
strength lost over 10 days of bed rest. Interestingly, many subjects
who received the HMB treatment had gains in leg muscle mass and
strength above the baseline value at the end of the rehabilitation
period. This could be attributed to either a synergistic effect of HMB
and exercise or because the HMB group had higher lean mass/
strength values at the end of bed rest than the Control group.

Bed rest caused significant loss of FFM at the whole body level
(about 5% loss) as well as from the extremities (about 7% loss from
legs) and HMB preserved muscle mass over bed rest. This effect
attained statistical significance in women and was close to signif-
icance in the fully evaluable sample. Therewas one exception in the
HMB group who showed significant loss of muscle over the bed rest
period (>2 SD greater than the average for the group) along with
further muscle loss over the 8 week exercise/rehabilitation period.
We explored the possibility that this subject was losing muscle
mass due to infection but he did not have elevated CRP concen-
trations or significant changes in body weight over the study. This
subject did not have abnormal loss of muscle strength over the bed
rest period either. We confirmed that this subject had received
HMB supplementation by urine analysis for HMB. Thus we postu-
late that there was an error in this subject’s baseline DXA mea-
surement leading to errors in interpreting subsequent change
values from baseline. This subject was considered an outlier and
was thus excluded from all the body composition analysis.When he
was excluded from analysis, the results were comparable to the
sub-analysis in women, in that HMB significantly preserved muscle
mass over bed rest. We therefore conclude that provision of HMB
starting before bed rest and during the bed rest period attenuates
muscle mass losses in older adults.

Since the subjects were relatively healthy and had good mobility
(SPPB � 9) to begin with, we did not see a decline in the SPPB, Get-
Up-&-Go, or 5-item physical performance test score post bed rest in
either group. This is consistent with what was reported earlier.9

These tests may be more sensitive in evaluating people with lower
functionality (i.e. hospitalized older adult patients) rather than
healthy community dwelling older adults. Interestingly, there was a
significant improvement in Get-Up-&-Go time from baseline time in
both groups at the end of recovery/rehabilitation that points to the
positive effects of exercise rehabilitation on functionality.

The results of all the strength and functional tests show that the
variability is too high in this older adult population to be able to
observe any significant difference between groups in studies using
small numbers of subjects. Although we had powered the current
study based on our previous bed rest study results,15 there appears
to be considerable higher variability in the baseline strength of the
healthy older adult subjects of the present study. A power analysis
using the current strength data revealed that 50e75 subjects per
group would be required to see a statistically significant difference
between groups. We have no logical explanation for the higher
variability in the present study. We therefore think that although
we did our best to perform all the different muscle function tests in
the present study, the variability within each treatment groups are
too high to make a conclusion regarding the effect of HMB on
muscle strength/function over bed rest.

A recent finding indicated that improved strength gains were
only observed when vitamin D concentrations were higher than
30 ng/ml, while improvedmass was found to be independent of the
vitamin D status.29 We therefore performed a post-hoc analysis to
see whether the data from the present study would show a similar
relation. Although we found that a number of our subjects had
vitamin D levels <30 ng/ml, we did not observe a relation between
improved strength only when vitamin D levels were high. This
could possibly be due to the small sample size of the present study,
the relative short duration of supplementation in our study
together with the variability in our strength data.
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We studied muscle metabolism using a stable isotope infusion
protocol, combined with muscle biopsies that enable the mea-
surement of the fractional synthesis rate of muscle protein (FSR).
The protocol involved the provision of sip feeding throughout the
8 h protocol to prevent the effects of prolonged starvation and a
total of 3 g of HMB was provided over 3 doses over the period in
the HMB group. The results showed a numerical advantage to the
HMB group, but were not statistically significant. This result
seems to be inconsistent with the observed preservation of lean
body mass in the HMB group. We have previously found that bed
rest causes a decrease in muscle protein synthesis4 and experi-
mental interventions that reduce loss of muscle mass in bed rest
do so by ameliorating the normal decline in FSR with bed rest in
young subjects.15 However, these studies measured FSR on a 24 h
basis that includes both fasted and fed periods, while in the
present study we only measured during the fed state. Also, over
the course of the bed rest period, HMB was delivered as a bolus,
whereas in the FSR protocol HMB was given in smaller doses. It
could be that a peak concentration of HMB is needed to elicit a
stimulation of FSR but was not achieved in the tracer protocol.
Although our measured values of muscle FSR were not signifi-
cantly different between treatment groups, it is nonetheless
possible that preservation of muscle during bed rest by HMB
could have been due to the stimulation of muscle protein syn-
thesis. We therefore believe that the experimental design
possibly minimized the likelihood of observing a significant
treatment difference. A positive effect of HMB on muscle FSR
would be expected since HMB has been shown to stimulate
muscle protein synthesis via activation of mammalian target of
rapamycin (mTOR) in preclinical models.30,31

Another potential mechanism of action of HMB on preserva-
tion of muscle mass could via down regulation of muscle protein
degradation, as has been demonstrated in catabolic states such as
cancer cachexia and sepsis.18,30,32 In those states, HMB has been
shown to down regulate upstream regulators such as NFkB and
Foxo involved in muscle atrophy.33 It may be possible that an
increase in muscle protein degradation plays a bigger role in bed
rest induced muscle atrophy than previously believed since
changes in LBM over time reflect an altered relationship between
protein synthesis and breakdown. It could be that the HMB effect
is predominantly on breakdown, and we missed that response by
measuring only FSR. Lastly, HMB has been shown to down
regulate myonuclear apoptosis that increases over immobiliza-
tion in muscle leading to muscle atrophy.23 This provides another
mechanism by which HMB could potentially preserve muscle
during bed rest.

We and others have done several interventional studies in
young10 and older adults15 that were confined to bed rest and
provided nutritional supplements or other treatment such as hor-
monal treatment,34 supplements with branched chain16,17 or
essential amino acids10,13,15,35,36 and resistance exercise.12,37 EAA
were found to attenuate muscle mass loss during bed rest in young
subjects in one study10 but not in another.36 The only intervention
study carried out to date in healthy older adults on bed rest
involved the use of EAA supplements for treatment.15 In that study,
EAA treatment resulted in preservation of some functional mea-
sures and stimulated muscle protein synthesis but did not prevent
loss of lean mass.15 This suggests multiple mechanisms may
contribute to preservation of muscle mass and function over bed
rest and a combination of interventions may be more effective than
just one alone.

Our current study shows that HMB is an effective nutritional
intervention for preservation of muscle mass in healthy older
adults confined to bed rest. It may be that a greater availability of
EAAs was required than we provided, by using the RDA as a
guideline for protein intake, for a stimulatory effect of HMB on
muscle FSR to reach statistical significance. In that light, an effective
therapeutic regimen for preventing muscle decline over extended
hospitalization may involve a combination approach of using HMB
plus EAA (or a high quality protein source that provides EAAs) and
possibly vitamin D to effectively preserve muscle mass, strength
and function. In addition, providing calories and micronutrients
may also help address the malnutrition problem that has been re-
ported in large number of hospitalized patients.

It remains to be established whether combining these ap-
proaches are advantageous. However, one can hypothesize that bed
rest/immobilization would induce acute loss of muscle mass in
hospitalized older adults with other co-morbidities such as cancer,
COPD, chronic lung, liver or heart failure or around surgical pro-
cedures. Here a therapeutic combination approach for reducing
muscle loss becomes absolutely necessary to address malnutrition,
inflammation and other confounding factors that contribute to
muscle loss in those situations.

Currently the correlation between muscle mass and strength is
still unresolved. Part of the controversy stems from analysis of data
from longitudinal aging studies that indicates a disproportionate
loss of muscle strength preceding loss of muscle mass.38 Still other
studies do show a correlation between muscle mass and
strength.39,40 Lower extremity muscle mass has also been shown to
predict functionality performance in mobility-limited older
adults.41 In addition, intervention studies in cancer cachexia pa-
tients who experience acute loss of muscle have demonstrated that
preservation of muscle mass leads to improvements in function-
ality and quality of life outcomes.42 Since bed rest causes an acute
loss of muscle over a short period of time with concurrent loss of
strength, this could be analogous to the chronic wasting disease
states that show a strong correlation between muscle mass and
strength. Nevertheless, there is need for more studies in hospital-
ized older adults to better understand the relationship between the
acute loss of muscle mass that occurs during hospitalization and
loss of strength/functionality.

In conclusion, HMB was able to prevent the acute decline in
muscle mass in older adults over 10 days of bed rest and this will
most likely translate into maintenance of muscle strength/function
during extended immobilization (i.e. hospitalization).
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