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Abstract

Physical activity in an inpatient setting is often limited to brief periods of walking. For healthy 

adults, public health agencies recommend a minimum of 150 min/week of moderate intensity 

exercise. We sought to determine if meeting this activity threshold, in the absence of incidental 

activities of daily living, could protect skeletal muscle health during bed rest. Healthy older adults 

(68 ± 2 y) were randomized to 7-days bed rest with (STEP; n=7) or without (CON; n=10) a 2000 

step/day intervention. Performing 2018 ± 4 steps/day did not prevent the loss of lean leg mass and 

had no beneficial effect on aerobic capacity, strength or muscle fiber volume. However, the insulin 

response to an oral glucose challenge was preserved. Performing a block of 2000 steps/day, in the 

absence of incidental activities of daily living, was insufficient to fully counter the catabolic 

effects of bed rest in healthy older adults.
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Introduction

Compromised muscle mass, function and metabolic control are hallmarks of muscular 

disuse. As little as 5 days of inactivity can significantly compromise muscle health, 

particularly in middle-aged and older adults (Covinsky et al., 2003; Hirsch, Sommers, Olsen, 

Mullen, & Winograd, 1990; Sager et al., 1996). Over 70% of hospitalized adults are 

discharged below their preadmission level of function and many experience long-lasting 

physical and metabolic impairment. Compelling data support the muscle-health benefits of 

moderate-to-high intensity resistance and aerobic exercise training in ambulatory older 

adults (Dela & Kjaer, 2006; Evans, 2002; Fiatarone et al., 1994; Fielding, 1995; Frontera, 

Meredith, O’Reilly, & Evans, 1990; Melov, Tarnopolsky, Beckman, Felkey, & Hubbard, 

2007; Parise & Yarasheski, 2000). Physical activity guidelines call for 150–300 min/week of 

purposeful, moderate intensity exercise, in addition to regular, incidental activities of daily 
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living (U.S. Department of Health and Human Services. Physical activity guidelines 

advisory committee report, 2008; Chodzko-Zajko et al., 2009). At a typical walking cadence 

of approximately 90–100 steps/min, this represents 20 to 40 min of activity. However, in an 

inpatient setting, incidental activities of daily living are greatly curtailed and purposeful 

physical activity is often limited to comparatively brief periods of standing and/or walking 

(Blocker, 1992; Landefeld, Palmer, Kresevic, Fortinsky, & Kowal, 1995; Mahoney, Sager, & 

Jalaluddin, 1999; Suesada, Martins, & Carvalho, 2007).

Investigators recently demonstrated that reducing and limiting step count to 1413±110 

steps/day for 14 days had a negative effect on myofibrillar protein synthesis, lean leg mass 

and glucose tolerance in a cohort of free-living, healthy older adults (Breen et al., 2013). In 

clinical populations, increasing purposeful physical activity beyond 1400 steps/day may 

confer health benefits, but may also be contraindicated, inefficient, or place a burden on 

patients and health care delivery system (Baldwin, van Kessel, Phillips, & Johnston, 2017; 

Fisher et al., 2011).

To mimic the overt physical inactivity experienced during hospitalization, while separating 

the catabolic, disease-related effects from the intrinsic effects of skeletal muscle disuse, we 

subjected a cohort of healthy, community-dwelling older adults to a 7-day bed rest protocol 

with and without a 2000 steps/day intervention. While lacking direct clinical translation, our 

protocol represents a “best case” research model, with healthy volunteers and (clinically) 

ambitious physical activity intervention. We hypothesized that performing 2000 steps/day, 

despite the absence of most other incidental activities of daily living, would counter the 

catabolic stress of inactivity and protect key markers of skeletal muscle health.

Methods

Subjects

17 healthy, physically untrained older adults were recruited, provided written informed 

consent, medically screened, and compensated for their participation. The study protocol 

was conducted in accordance with the Declaration of Helsinki, approved by the Institutional 

Review Board and registered at ClinicalTrials.gov (NCT01846130). At the time of 

submission, additional data collection and analysis for nutrition-related study arms were 

ongoing; these data are not directly/statistically comparable to the STEP intervention data 

presented here.

Volunteers were randomized to a bed rest only control (CON: n=10, 7 male, 3 female; no 

weight bearing) or intervention group (STEP: n=7, 4 male, 3 female; 2000 steps/day) and 

completed a 3 day run-in, followed by 7 days of horizontal bed rest and a final day of post-

testing. At baseline there were no differences between the groups in age (CON: 68 ± 2 y; 

STEP: 68 ± 2 y), body mass (CON: 72.1 ±3.0 kg; STEP: 72.9 ± 4.1 kg) or BMI (CON: 25.2 

± 0.7 kg/m2; STEP 27.1 ± 1.4 kg/m2).

Study Design

The general experimental design and timeline is depicted in Figure 1. Our bed rest model 

included subject monitoring, safety and comfort provisions. Volunteers received isoenergetic 
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diets with protein and energy evenly distributed across three daily meals. Daily energy 

intake was pre-determined by the Harris-Benedict equation. Activity factors of 1.6 and 1.3 

were used during the run-in and bed rest periods, respectively. Macronutrient intake and 

plate-waste were analyzed using Nutrition Data System for Research software (v 2006, 

Nutrition Coordinating Center University of Minnesota, Minneapolis, MN USA).

During the 7-day bed rest phase, the CON group performed no weight bearing. Bathing and 

toiletry activities were performed in bed, or with a bedside commode. CON group volunteers 

were encouraged to change position frequently to prevent postural discomfort during bed 

rest. The CON groups were also required to passively sit upright in a chair for 30 min each 

day prior to lunch as a postural control for the STEP condition.

Subjects in the STEP cohort performed 2000 steps/day during the bed rest period. The 

sessions consisted of a single daily bout of supervised, self-selected, moderately-paced 

walking. Step count was captured with a pedometer worn at the subject’s waist (Yamax, 

Digi-Walker-SW-701 pedometer, Tokyo, Japan). Walking sessions were preceded by 10 

minutes of upright sitting to reduce dizziness, postural hypotension and the risk of falling. 

Walking bouts were completed within approximately 18–22 minutes between 10:00–11:00 

each morning.

Vastus lateralis muscle samples (approximately 200 mg/biopsy) were obtained pre-and post 

bed rest on study days 4 and 11 using a 5 mm Bergström biopsy needle with subjects in the 

post absorptive state.

Outcome measures

The sequence and timing of all pre-and post-testing events was standardized to maintain data 

integrity, limit any confounding influence on subsequent measures, and minimize subject 

burden (see Figure 1).

Whole body lean tissue mass (WBLM), whole body fat mass (WBFM) and leg lean tissue 

mass (LLM) were assessed using dual energy x-ray absorptiometry (DXA) on days 3 and 10 

(Lunar iDEXA, GE Medical Systems, Madison, WI USA). To minimize and standardize the 

acute effects of postural fluid shift, subjects were asked to lie supine for at least 15 minutes 

prior to each scan.

Muscle for immunohistochemical analysis was mounted on foil-covered cork with Tissue 

Tek (O.C.T. Compound, Sakura Finetek, Torrance CA, USA) and frozen in liquid nitrogen 

for later analysis. Muscle for cross-sectional area (CSA) analysis was cut into 7 um sections 

using a cryostat (HM525-NX, Thermo Fisher Scientific, Waltham, MA USA) and stained for 

fiber type (Arentson-Lantz, English, Paddon-Jones, & Fry, 2016).

To analyze single fiber volume, 15–20 mg of muscle was fixed in 4% paraformaldehyde for 

48 h. Single fibers were isolated using a 40% NaOH digestion for 2 h followed by 

mechanical separation and washes in phosphate-buffered saline (PBS) (Finnerty et al., 

2017). Suspended fibers were stained with 4’,6-diamidino-2-phenylindole (DAPI) for nuclei 

visualization and mounted on a slide with Vectashield fluorescence mounting medium 

(Vector Laboratories, Burlington, CA USA).
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Immunohistochemical images of CSA and fiber type were captured at x100 and x200 total 

magnification, respectively, at room temperature with a Zeiss upright microscope 

(AxioImager M1; Zeiss, Oberkochen, Germany) and analysis was performed using 

AxioVision Rel software (v4.9). Due to issues with sample integrity only muscle from a 

subset of subject for CSA (CON, n=6; STEP, n=6) and single fiber volume (CON; n=6; 

STEP: n=7) were successfully analyzed. The average number of fibers analyzed at each time 

point for CSA was 209± 32 fibers Pre-BR and 183 ± 38 fibers Post-BR. Eight to ten fibers 

from each subject at each time point were analyzed with z-stack analysis to measure fiber 

volume by calculating π x 1/2 fiber width (radius)2 x length of the measured fiber segment 

to give a fiber segment volume (μm3).

Single leg isokinetic knee extensor peak torque at 60°/s was measured using isokinetic 

dynamometry (Biodex System 4, Biodex Medical Systems, Inc., Shirley, NY USA) on days 

2 and 12. Peak aerobic capacity (VO2-peak) (Monark Ergomedic 828E; Monark Exercise, 

Vansbro Sweden) was assessed using graded cycle ergometry (Vmax Encore 29; Care 

Fusion, Yorba Linda, CA USA) approximately 2 h following strength testing on study days 2 

and 12.

A standard 75 g oral glucose challenge was performed on days 3 and 10 with blood draws at 

0 min, 30 min, 60 min, 90 min and 120 min for measurement of blood glucose (YSI 

Incorporated, Yellow Springs, OH USA) and plasma insulin via ELISA (Millipore Sigma, 

Burlington, MA USA). Glucose and insulin area under the curve (AUC) was calculated 

using the trapezoidal method (Tai, 1994).

Statistical analysis

Statistical analyses were performed using SPSS v24 software (IBM, Chicago IL USA). Two-

factor mixed ANOVA were used to analyze dependent variables with fixed effects of bed rest 

(pre/post time points) as the within subject factor and group (CON/STEP) as the between 

subject factor. If the interaction of group by time was significant (p<0.05), individual post 

hoc tests with a Bonferroni adjustment were performed. Residual normality was tested using 

the Shapiro-Wilk test (p<0.05) and Levene’s Test of Equality of Error variance was used to 

check for equal variance. Muscle fiber volume studentized residuals were not normally 

distributed so values were natural log transformed; means were back transformed and 

reported as physiologically relevant values with a 95% confidence interval (CI). Data points 

greater than two standard deviations from the average were excluded from the analysis to 

better meet model assumptions. Data are expressed as mean ± SEM; significance was set at 

p < 0.05.

Results

Diet

Energy and macronutrient consumption were similar in the CON and STEP groups. Full 

dietary intake data during the 7-day bed rest phase are presented in Table 1.
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Physical Activity and Step Count

The STEP group completed 2018 ± 4 steps/day during the bed rest phase for a 7-day total of 

155 ± 8 minutes of activity. During the walking bouts, subjects averaged 94 ± 4 steps/min 

for 22 ± 1 min at an exercising heart rate of 102 ± 5 beats/min (vs. resting: 65 ± 3 beats/

min). The bed rest protocol ensured that all other weight bearing and most other incidental 

activities of daily living (particularly of the lower body) were minimized.

Body Composition

Bed rest had a characteristically negative effect on lean body mass (Table 2). Total fat mass 

was not influenced by bed rest, but body fat percentage increased. Performing 2000 

steps/day during bed rest had no effect on total body mass or fat mass and did not 

significantly protect lean leg mass (Change in leg lean mass: CON vs. STEP: −1006 vs. 

−609 ± 149 g; p=0.094; Figure 2a).

Immunohistochemistry

Following bed rest, the pooled fiber CSA demonstrated substantial variability and did not 

significantly change (Figure 2); fiber-specific CSA also did not change (data not shown). 

However, single fiber volume was significantly reduced (p<0.05) by 7 days of inactivity 

(Figure 2).

Muscle Function

Muscle strength (isokinetic knee extension peak torque) decreased by 12% during bed rest 

(p<0.001) and was not influenced by the STEP intervention (Table 2). Aerobic capacity 

(VO2 peak, expressed as absolute L/min or relative to body mass (mL/kg/min) was not 

significantly altered by bed rest or the STEP intervention (Table 3).

Blood glucose and Insulin

Fasting plasma glucose concentrations and glucose area under the curve following an OGTT 

exhibited considerable inter-subject variation and did not significantly change in response to 

bed rest (CON) or the STEP intervention. (Figure 3). In response to bed rest, plasma insulin 

AUC following the OGTT increased in the CON group, but did not change in the STEP 

cohort (Figure 3).

Discussion

Physical inactivity is a common feature of the inpatient experience. While bed rest may be 

unavoidable in some situations, even brief periods of inactivity accelerate catabolism and 

contribute to metabolic and musculoskeletal dysfunction (Dirks et al., 2016; Galvan, 

Arentson-Lantz, Lamon, & Paddon-Jones, 2016). In this paper, we have demonstrated that 

2000 steps/day, performed as a single daily bout of exercise, has a minimal effect on most 

markers of skeletal muscle health, and is insufficient to fully counter the catabolic effects of 

bed rest in healthy older adults.

The rapid decrease in lean leg mass and muscle fiber volume following only 7 days of bed 

rest reinforces the fact that even healthy, well nourished older adults are susceptible to the 

Arentson-Lantz et al. Page 5

J Aging Phys Act. Author manuscript; available in PMC 2019 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



catabolic impact of brief periods of physical inactivity. The discrepancy between the gross 

measurement of lean mass (DXA) and changes at the cellular/muscle fiber level (CSA) 

likely reflect the relative heterogeneity of the muscle samples. While some groups have 

reported a 25% decrease in muscle fiber CSA in older adults following 5 days of disuse 

(Reidy et al., 2017), others have reported smaller changes (Wall et al., 2014; Wall et al., 

2015). In contrast, the pattern of changes in vastus lateralis, single fiber volume (Figure 2d) 

was consistent with the loss of lean leg mass measured by DXA. To our knowledge this is 

the first time single fiber volume has been reported in humans, particularly in conjunction 

with the atrophy response to disuse, and appears to be a sensitive and useful technique for 

detecting changes in muscle fiber size.

While glucose AUC following 7 days of inactivity did not change in either group, 

maintenance of glucose control in the CON group was achieved at the expense of increasing 

insulin output. In comparison, the moderate amount of activity in STEP group was sufficient 

to maintain insulin sensitivity during disuse.

The rationale for subjecting healthy volunteers to a bed rest intervention is to isolate the 

effects of physical inactivity on aging skeletal muscle and provide an uncomplicated, 

comorbidity-free baseline for future clinical trials in patient populations at risk of disuse 

atrophy. To this end, we were able to eliminate most incidental (lower body) activities of 

daily living and precisely control daily physical activity. For the STEP cohort this 

represented a ~60% reduction in pre-bed rest step count and the complete removal of all 

other standing or weight bearing activities. Performing 2000 steps/day for 7 days is 

equivalent to 155 min/week of low-to-moderate intensity activity. For healthy ambulatory 

adults also engaged in typical activities of daily living, this amount of exercise is broadly 

consistent with the World Health Organization (WHO) and the American College of Sports 

Medicine (ACSM) recommendation of 150–300 min/week of purposeful, moderate intensity 

exercise (or 75–150 min/week of vigorous exercise), (U.S. Department of Health and 

Human Services. Physical activity guidelines advisory committee report, 2008; Chodzko-

Zajko et al., 2009).

In free-living adults, attempting to meet physical activity goals with a single daily bout of 

exercise, in the absence of all other incidental or routine daily activities, is clearly a 

contrived research construct. However, our results do provide general insight into clinical 

exercise-prescription and exercise patterns in excessively sedentary individuals. For 

example, in clinical environments there is a cost, and some risk, associated with walking or 

weight bearing interventions (Fisher et al., 2011; Lewis et al., 2016). While we did not titrate 

activity levels or recruit clinically compromised older adults, a “bolus” 2000 step/day 

protocol is clearly at the very upper end of what could be tolerated by most inpatient 

populations (Fisher et al., 2011). In clinical surveys, the average step count in inpatient 

settings is approximately 400 steps/day. Increasing the duration or intensity of exercise 

would almost certainly confer additional/improved muscle health benefits in healthy 

individuals, but is increasingly unrealistic in older, compromised patients (Evans, 2010; 

Glover & Phillips, 2010).
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There is a considerable body of observational data supporting the positive relationship 

between low-intensity activity or breaks in sedentary behavior and metabolic health and 

physical function (Dunstan et al., 2012; Healy et al., 2007, 2008). However, in a cohort of 

healthy, older adults whose step count was purposely restricted to 1400 steps/day for 2-

weeks, a low level of activity and frequent breaks in sedentary behavior distributed at 

varying intervals throughout the day, was insufficient to preserve markers of muscle mass 

and metabolic health.

Alternate strategies to preserve skeletal muscle mass and function during periods of physical 

inactivity have included neuromuscular electrical stimulation (Dirks, Hansen, Van Assche, 

Dendale, & Van Loon, 2015; Dirks et al., 2014), artificial gravity (Symons, Sheffield-Moore, 

Chinkes, Ferrando, & Paddon-Jones, 2009). While these interventions have the potential to 

reduce the negative consequences of inactivity in cohorts of hospitalized patients and healthy 

research volunteers, there are practical challenges that limit their scalability for use on a 

large population. Higher intensity exercise interventions, such as those employed during 

microgravity and flight analogue studies, are clearly beneficial, but are generally not 

translatable to a compromised patient population (Ploutz-Snyder et al., 2014).

In terms of study limitations, we acknowledge that our study was moderately underpowered 

and unable to detect a between-group difference in our primary outcome: leg lean mass. 

While enrolling additional volunteers may have yielded a statistically significant outcome, 

our general thesis, that 2000 steps/day is insufficient to fully protect muscle mass and 

function during bed rest, would still hold true. Moving forward, we encourage researchers to 

build on our data and explore the many knowledge gaps that remain, including sex 

differences and the potential synergistic effects of combining and optimizing physical 

activity, nutrition and/or pharmacological interventions.

In conclusion, in the absence of incidental activities of daily living, simply performing 2000 

steps/day, and broadly meeting physical activity guidelines, was insufficient to fully counter 

the negative effects of physical inactivity in healthy older adults. In compromised patient 

populations, avoiding complete bed rest is clearly beneficial. However, meeting a threshold 

of purposeful activity that preserves muscle-and metabolic-function may be unrealistic. 

Instead, it may be prudent to adopt strategies that optimize the efficacy of moderate physical 

activity interventions by introducing concurrent nutrition and/or pharmaceutical support.
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Figure. 1. 
Study timeline. The 3 d ambulatory, run-in included baseline testing of dependent measures, 

activity tracking and dietary control. During the 7 d bed rest phase, subjects were 

randomized to 2000 steps/day (STEP) or bed rest alone (CON). Dependent measures were 

re-assessed on day 10–12. Subjects were encouraged to minimize physical activity between 

completion of bed rest on the afternoon of day 11 and completion of muscle function testing 

on day 12.
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Figure 2. 
Seven days of bed rest significantly decreased leg lean mass (a) and muscle fiber volume (d), 

and was not rescued by 2000 steps a day. However, there was no change in muscle fiber 

cross sectional area (c) and (e) are representative of images used for muscle fiber cross 

sectional area (pink fibers = Type 1, green fibers = Type 2a, orange fibers = Type 2a/2x) and 

single fiber volume (stacked z-stack image, yellow dots represent individual myonuclei), 

respectively. The 95% confidence interval for fiber volume was (1867292, 4273740). The 

black bars represent the CON group and the white bars represent the STEP group. * 
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significant difference from pre-bed rest (p < 0.05); *** significant difference from pre-bed 

rest, (p < 0.001)
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Figure 3. 
Blood glucose and plasma insulin were measured at baseline (0 min) and 30, 60, 90 and 120 

min following a 75 g oral glucose tolerance test and the area under the curve was calculated. 

There was not significant effect of time or group on glucose AUC. However, there were a 

main effect of bed rest (p=0.089), group (p=0.025) and an interaction of bed rest x group 

(p=0.032) on plasma insulin AUC. The control group experienced a significant increase in 

plasma insulin (p< 0.05) that was not exhibited by the STEP group.
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Table 1.

Dietary intake during the 7-day bed rest phase.

Energy
(kcal)

Protein
(g)

Protein
(g/kg)

Carbohydrate
(g)

Fat
(g)

CON

Breakfast 526 ± 129 23 ± 3 0.32 ± 0.03 68 ± 29 19 ± 2

Lunch 532 ± 88 22 ± 4 0.32 ± 0.04 78 ± 10 20 ± 2

Dinner 552 ± 80 23 ± 3 0.33 ± 0.02 77 ± 10 20 ± 2

Total 1610 ± 139 68 ± 6 0.97 ± 0.01 223 ± 3 59 ± 0

STEP

Breakfast 543 ± 111 23 ± 2 0.32 ± 0.03 70 ± 26 19 ± 3

Lunch 576 ± 59 24 ± 3 0.32 ± 0.03 79 ± 8 16 ± 5

Dinner 576 ± 59 23 ± 3 0.32 ± 0.03 79 ± 8 18 ± 4

Total 1695 ± 155 70 ± 7 0.96 ± 0.00 228 ± 3 53 ± 1

Note: Values are presented as means ± SEM.
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Table 2.

Change Body composition for CON and STEP before and after 7 days of bed rest.

Body mass
(kg)

WBLM
(kg)

WBFM
(kg)

CON

 Pre bed rest 72.1±3.1 45.8±1.9 23.9 ± 2.1

 Post-BR (Δ) −1.4±0.5** −1.3±0.3** − 0.09 ± 0.11

STEP

 Pre bed rest 74.9±3.8 46.9±2.7 26.1 ± 2.5

 Post-BR (Δ) −2.0±0.5** −1.8±0.4** 0.02 ± 0.18

Note: Values are presented as means ± SEM pre bed rest and the change following 7 days of bed rest (Post-BR (Δ)). Body composition measures 
were assessed using dual x-ray absorptiometry on days 3 and 10. WBLM =Whole body lean mass. WBFM=whole body fat mass.

*
significant main effect of bed rest, p<0.05

**
significant main effect of bed rest, p<0.001
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Table 3.

Muscle function and aerobic capacity for CON and STEP before and after 7 days of bed rest.

Knee extensor
torque at 60°/sec

(Nm)

VO2 peak
(L/min)

Relative VO2 peak
(mL/kg/min)

CON

 Pre bed rest  133.4 ± 10.0 1.79 ± 0.02 24.6 ± 1.6

 Post-BR (Δ)  16.2 ± 2.4** −0.13 ± 0.09 −1.2 ± 1.0

STEP

 Pre bed rest  119.8 ± 11.9 1.33 ± 0.01
a

18.4 ± 2.1
a

 Post-BR (Δ)  14.4 ± 3.8** −0.01 ± 0.09
a

0.3 ± 1.1
a

Note: Values are presented as means ± SEM pre bed rest and the change following 7 day of bed rest (Post-BR (Δ)). Muscle function measures and 
were assessed on days 3 and 12.

**
significant main effect of bed rest, p<0.001

a.
n=6

J Aging Phys Act. Author manuscript; available in PMC 2019 August 27.


	Abstract
	Introduction
	Methods
	Subjects
	Study Design
	Outcome measures
	Statistical analysis

	Results
	Diet
	Physical Activity and Step Count
	Body Composition
	Immunohistochemistry
	Muscle Function
	Blood glucose and Insulin

	Discussion
	References
	Figure. 1.
	Figure 2.
	Figure 3.
	Table 1.
	Table 2.
	Table 3.

