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Amanda Brown, and Marcas M. Bamman. Resistance
training increases total energy expenditure and free-living
physical activity in older adults. J Appl Physiol 89: 977-984,
2000.—The purpose of this study was to determine what
effects 26 wk of resistance training have on resting energy
expenditure (REE), total free-living energy expenditure
(TEE), activity-related energy expenditure (AEE), engage-
ment in free-living physical activity as measured by the
activity-related time equivalent (ARTE) index, and respira-
tory exchange ratio (RER) in 61- to 77-yr-old men (n = 8) and
women (n = 7). Before and after training, body composition
(four-compartment model), strength, REE, TEE (doubly la-
beled water), AEE (TEE — REE + thermic response to
meals), and ARTE (AEE adjusted for energy cost of standard
activities) were evaluated. Strength (36%) and fat-free mass
(2 kg) significantly increased, but body weight did not
change. REE increased 6.8%, whereas resting RER decreased
from 0.86 to 0.83. TEE (12%) and ARTE (38%) increased
significantly, and AEE (30%) approached significance (P =
0.06). The TEE increase remained significant even after
adjustment for the energy expenditure of the resistance
training. In response to resistance training, TEE increased
and RER decreased. The increase in TEE occurred as a result
of increases in both REE and physical activity. These results
suggest that resistance training may have value in increas-
ing energy expenditure and lipid oxidation rates in older
adults, thereby improving their metabolic profiles.

RESTING ENERGY EXPENDITURE (REE) has been shown to be
reduced in older adults, at least in part as a result of
age-related reductions in fat-free mass (FFM) (12, 13,
24, 25, 29, 38, 44). Resistance training has previously
been shown to increase both FFM and REE in older
adults (5, 32, 42). Additionally, fat oxidation rates may
be increased after resistance training. Respiratory ex-
change ratio (RER) has been found to be reduced in
young men 15 h after a resistance training bout, sug-
gesting an increase in lipid oxidation (14, 28). Further-
more, we have previously observed, in a group of older
women (60-77 yr), an almost twofold increase in lipid
oxidation after a 16-wk resistance training program
(42). Posttraining metabolic measures were evaluated
from 22 to 44 h (measured in a room calorimeter) after
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the last exercise bout. Therefore, it is likely that the
lowered RER is not due to the acute effects of the last
exercise session. Because both energy and macronutri-
ent balance are important factors for body weight and
body composition control, further study of the effects
resistance training has on metabolism in older adults
is warranted.

Controversy exists concerning the effects that train-
ing has on total energy expenditure (TEE) of older
adults. Withers et al. (47) recently compared REE,
TEE, and activity-related energy expenditure (AEE) of
chronically active and chronically inactive women, 49—
70 yr old. They reported that the chronically active
older women had increased REE, TEE, and AEE. Fur-
thermore, they found an almost identical AEE adjusted
for the estimated energy expenditure of the planned
training sessions. However, Goran and Poehlman (17)
have previously reported increased REE, but not in-
creased TEE, after an 8-wk high-intensity aerobic
training program in 58- to 78-yr-old men and women.
This suggests that a compensatory decrease in AEE
may exist consequent to high-intensity aerobic train-
ing in older adults. To our knowledge, no one has
examined the effects that resistance training has on
TEE and AEE in older adults. Therefore, the purpose
of this study was to examine the effects of 26 wk of
resistance training on REE, TEE, AEE, and RER in a
group of older adults.

METHODS

Subjects

Eight women and seven men, 61-77 yr old, participated in
a 26-wk resistance training program. All subjects were
healthy, Caucasian, and of normal body weight (mean body
mass index of 24.8 = 3.9 kg/m?) and were free of any meta-
bolic disorders or medications that might affect energy ex-
penditure. All subjects were nonsmokers and were weight
stable (defined as within 1% body weight during the previous
4 wk). None of the subjects had ever participated in resis-
tance training before, and all subjects except one were sed-
entary (defined as exercising less than once per week for the
past year). One male subject was a runner and ran between
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6 and 7 miles per week in 3—4 exercise sessions. He continued
running at the same level throughout the course of the study.
All the women were postmenopausal. Institutional review
board-approved informed consent was obtained before par-
ticipation in the study, in compliance with the Department of
Health and Human Services regulations for the protection of
human research subjects. Subjects were evaluated before and
after 26 wk of resistance training.

Strength Testing

One-repetition maximum. For the first three exercise ses-
sions, the subjects trained with a resistance that allowed
them to become familiar with both the equipment and the
exercises. In the third session, the subjects performed a one-
repetition maximum (1 RM) test on the leg press, leg exten-
sion, leg curl, chest press, elbow flexion, and seated press
using methods previously described (19, 22, 41). 1-RM testing
was repeated during the last scheduled exercise session. The
1-RM results of the three upper- and three lower-body exer-
cises were summed. Depending on the type of 1-RM test, the
test-retest reliability in our laboratory for 1-RM testing var-
ies from 0.95 to 0.99 for intraclass correlation coefficients
with standard error of measurements varying from 1.5 to 4.0
kg for samples that have standard deviations that vary from
9 to 22 kg (19, 22, 41).

Isometric strength tests. Measurement of maximal elbow
flexion strength, using methods previously described, was
used to determine how much weight each subject would carry
during the weight-loaded walking test (20). Briefly, the sub-
ject stood with arms fixed to the side wearing a harness
designed to limit shoulder movement during the task. Force
was measured on the right forearm at the level of the styloid
process. Subjects were asked to attempt to flex the elbow as
hard as possible with the elbow fixed at a position of 110°
elbow flexion. Isometric knee extension strength was ob-
tained at 110° extension while subjects were seated, and the
legs and upper torso were strapped to the chair to prevent hip
movement. Subjects were instructed to attempt to straighten
the leg as hard as possible. Force was measured with a
universal shear beam load cell (LCC 500, Omega Engineer-
ing, Stamford, CT). A digital transducer (DP2000, Omega
Engineering) gave instantaneous force measurement feed-
back to the subjects. After three practice trials, three maxi-
mal isometric contractions were recorded. Sixty seconds rest
was allowed between trials. The average of the two highest
maximal forces generated was used for statistical purposes.
The test-retest reliability in our laboratory for isometric tests
is 0.95-0.96 for intraclass correlation coefficients with a
standard error of measurement of 10.4-32.9 N for samples
with standard deviations of 33 and 118 N (41).

Resistance training. Resistance training took place at a
local fitness center, where the subjects exercised for 26 wk, 3
times per week for ~45 min per session. Each session was
supervised by exercise physiologists, and average adherence
rate of the subjects was >90%. Each exercise session began
with a 5-min warm-up on either a bicycle ergometer or a
treadmill at a low intensity followed by 10 static stretches.
The resistance exercises were elbow flexion, elbow extension,
lateral pulldown, seated row, chest press, leg extension, leg
curl, seated press, back extensions, and bent-leg sit-ups (15—
25 repetitions). In addition, four of the women and four of the
men performed squats, and four of the women and three of
the men performed leg presses. Subjects were instructed to
complete two sets of 10 repetitions in all exercises with a
2-min rest between each set. The three initial training ses-
sions were to allow subjects to become familiar with the
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equipment and exercises; afterward subjects trained at an
intensity within 65—80% of 1 RM. Progression was incorpo-
rated into the program with daily training log evaluations
and 1-RM testing every 3 wk.

Estimated energy cost of resistance training. We did not
measure the energy cost of the resistance training with this
group of subjects. However, we have previously measured
energy expenditure for resistance training for a number of
different exercises, exercise intensities, and age groups (19,
22, 41). These include unpublished measurements of energy
expenditure of three older adults after a resistance exercise
program identical to the one used in this study. On the basis
of these measurements, the relative intensities used, and the
amount of work completed, estimates of energy expended and
work performed during training were made for each subject.
Briefly, the methods for determining the energy cost in these
studies were as follows: O, uptake (Vo,) was determined
continuously during the resistance-training session and dur-
ing recovery until the 1-min value for Vo, returned to resting
Vo,. Expired O, and CO, percentages were determined by
use of Vista/Turbofit (Vacumetrics, Ventura, CA) medical gas
analyzers, and volume was determined on a Vista/Turbofit
turbine. The analyzers were calibrated before and after each
measurement with Micro-Scholander analyzed gases, and
the Vista/Turbofit turbine was calibrated with a 3-liter cali-
bration syringe. Net Vo, was determined by subtracting
resting Vo, from the total Vo, consumed during work and
recovery. The energy equivalent of 1 liter of O, was assumed
to be 20.9 kJ, so net kilojoules expended was calculated by
multiplying 20.9 times net Vo, (19). Total work completed
was calculated using previously described procedures (19).
The model included a summation of the product of vertical
distance moved times the mass of each component moved in
an exercise (i.e., weight stack, upper arm, lower arm, trunk,
upper leg, or lower leg). Resistance-training energy cost-to-
work ratio was calculated by dividing net kilojoules expended
by total joules vertical work completed (19). The intraclass
correlation was >0.998, and standard error of measurement
for estimating energy expended on the basis of vertical work
and exercise intensity average was <3 kd/min (14%) for
sample standard deviations averaging 21 kdJ. These esti-
mates were used to adjust posttraining energy expenditure
and physical activity index measures for the energy expen-
diture of the resistance training sessions.

Body Composition Measures

Four-compartment model. Body composition was evalu-
ated by use of the four-compartment model, as described by
Baumgartner et al. (2). This model assumes densities of 0.9
g/ml for fat, 0.99 g/ml for water, 3.042 g/ml for bone mineral,
and 1.34 g/ml for the unmeasured fraction of the body com-
posed of protein and glycogen. The model calculates percent
body fat from the independent measures of total body density
(by BOD POD, as described below), the fraction of body
weight that is water (by isotope dilution, as described below),
and the fraction of body weight that is bone mineral [by
dual-energy X-ray absorptiometry (DXA), as described be-
low]. Although it is acknowledged that there is a potential for
the propagation of measurement error when using the four-
compartment model, we feel that this potential error is more
than compensated for, because the assumption that bone
mineral content and total body water are similar in all older
adults and the same as that in younger adults does not have
to be made. On the basis of standard error of prediction for
measurement of body density, total body water, and bone
density in our laboratory (reported at the end of respective
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methods sections), potential propagation error would be 2.3%
fat. This assumes that each component (body density, total
body water, and bone mineral content) is measured with an
error equal to one standard error of measurement and in the
direction favoring maximum error.

Body density. Body density was evaluated with the BOD
POD version 1.69 (Body Composition System; Life Measure-
ment Instruments, Concord, CA), as we have previously
described (10). Calibration of chamber pressure amplitudes
occurred before all tests with use of a 50-liter calibration
cylinder. While the subject wore a tight-fitting swimsuit, raw
body volume was determined in the chamber. Thoracic gas
volume was measured in a separate step. Thoracic gas vol-
ume measurement required the subject to sit quietly in the
BOD POD and breathe through a disposable tube and filter
connected to the reference chamber in the rear of the BOD
POD. After four or five normal breaths, the airway was
occluded during midexhalation, and the subject was in-
structed to make two quick light pants. Body density (Db)
from the BOD POD was calculated as follows

Db = M/(raw body volume + 0.40 Vtg — SAA)

where SAA (surface area artifact) and 0.40 Vtg (thoracic gas
volume) are used to correct for the isothermic conditions
within the chamber and M is the mass of the subject.

The repeat measures between consecutive days for body
density derived from the BOD POD in eight healthy women
has an intraclass correlation of » = 0.98 and a standard error
of measurement 0.0036 g/cm® in our laboratory. In addition,
we have previously demonstrated good agreement between
BOD POD and hydrostatic weight-determined density (r =
0.97 and standard error of measurement = 0.005 g/cm3) (10).

Total body water. Total body water was determined by
isotope dilution techniques using both deuterium- and oxy-
gen-18-labeled water, as previously described (15). Briefly, a
mixed dose of doubly labeled water was administered orally
after collection of a baseline urine sample (10 ml). The iso-
tope loading dose was ~0.1 and 0.08 g of oxygen-18 and
deuterium, respectively, per kg body mass. Two samples
were collected the morning after dosing, and an additional
two samples were collected in the morning 14 days later. All
samples were analyzed in triplicate for deuterium and oxy-
gen-18 using the off-line zinc reduction method (23) and
equilibration technique (7), respectively, as previously de-
scribed (18). Zero-time enrichments of deuterium and oxy-
gen-18 were calculated from the intercepts of the semiloga-
rithmic plot of isotope enrichment in urine vs. time after
dosing. Isotope dilution spaces were calculated using the
equation of Coward et al. (8). Total body water was taken as
the average of the oxygen-18 dilution space divided by 1.01
and the deuterium dilution space divided by 1.04. Test-retest
analysis of samples from eight older adults has an intraclass
correlation of 0.97 and a standard error of prediction of 1.38
liters.

DXA. Bone mineral content was determined by DXA
(DPX-L, Lunar Radiation, Madison, WI). The scans were
analyzed using the Adult Software (Version 1.33). The bone
mineral content was used in the calculation of percent body
fat using the four-compartment model (2).

TEE. TEE was measured before and during the last 2 wk
of resistance training by use of the doubly labeled water
technique as previously described (15). Four timed urine
samples were collected after oral dosing of the doubly labeled
water: two urine samples were taken in the morning after
dosing and two more urine samples were taken 14 days later
with a loading dose of 1 g of premixture (10% H,'®0 and 8%
?H,0) per kilogram of body weight. The isotopic dilution
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spaces (in liters) were calculated from the H,'#0 and ?H,0
enrichments in the body by the extrapolation of the log
enrichments back to zero time (8) by use of the following
equation (36)

Dilution space = d/20.02-18.02-1/R-E

where d is grams of H,'®0 and ?H,O given, R is the standard
ratio for 20 to %0 (0.002005) and 2H to 'H (0.00015576),
and E is the enrichment of the H,'®0 and 2H,O at the
extrapolated zero time (the % above background). The rate of
carbon dioxide production (rCO,) was calculated from the
equation by Schoeller et al. (35)

rCO, = 0.4554 - N(1.01%, — 1.04k;)

where rCO,, is the amount of CO, produced (mol/day) cor-
rected for fractionation, N is total body water (mol), and %,
and k,, are the turnover rates of H,'®0 and ?H,0 (days ~ '),
respectively. TEE was then calculated from CO, production
using the equation from de Weir (9)

TEE = 3.9(CO,/FQ) + 1.1rCO,

where TEE is total energy expenditure (kcal/day), rCO, is the
rate of carbon dioxide production (I/day where 1 mol of CO, is
equivalent to 22.4 liters), and FQ is the food quotient. Sam-
ples were analyzed in triplicate for H,"®0 and *H,0 by
isotope ratio mass spectrometry at the University of Alabama
at Birmingham as previously described (16). When samples
for H,'®0 and ?H,0 were reanalyzed in seven subjects, the
values of TEE between days were in close agreement (coeffi-
cient of variation = 4.3%), thus demonstrating a high level of
reproducibility.

REE. REE was measured between 5:00 and 8:00 AM after
a 12-h fast. Subjects were not allowed to sleep, and measure-
ments were made in a quiet, softly lit, well-ventilated room.
Temperature was maintained between 22 and 24°C. Mea-
surements were made with the subject supine on a comfort-
able bed, head enclosed in a Plexiglas canopy. Posttraining
REE was measured an average of 96 h after the last resis-
tance exercise session. After 15 min of rest, REE was mea-
sured for 30 min with a computerized, open-circuit, indirect
calorimetry system with a ventilated canopy (Delta Trac II,
Sensor Medics, Yorba Linda, CA). The last 20 min of mea-
surement were used for analysis. Vo, and CO, production
(Vco,) were measured continuously, and values were aver-
aged at 1-min intervals. Energy expenditure and RER were
calculated from the Vo, and Vco, data.

Measurement of submaximal Vo, during three stan-
dardized tasks. Submaximal Vo, was obtained in the steady
state, during the third and fourth minutes of three standard-
ized exercise tasks (variation between the third and fourth
minutes was no greater than 0.4 ml O, - kg ' - min ™' for any
subject, and the mean Vo, between the third and fourth
minutes varied less than 1%). Vo, and Vco, were measured
continuously via open-circuit spirometry and were analyzed
with the use of a metabolic cart (Model 2900, Sensormedics,
Yorba Linda, CA). Before each test, the gas analyzers were
calibrated with certified gases of known standard concentra-
tions. The three tasks selected to reflect typical activities of
older adults in free-living conditions were level walking (0%
grade, 3 mph, 4 min), stair climbing (7-in. step, 60 steps/min,
4 min), and level walking carrying a loaded box (0% grade, 2
mph, 4 min). The weight of the box was equivalent to 30% of
the subjects’ pretraining maximal isometric elbow flexion
strength and was intended to simulate carrying a small load.
A shoulder harness was worn to standardize shoulder posi-
tion, and the elbow was maintained at 110° flexion through-
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out the test. Average energy cost (AEC) of the three tasks
was determined by converting Vo, for the tasks to kilojoules
per minute by assuming 20.9 kJ/I of O, consumed per minute,
as previously described (19). Average Vo, for the three tasks
adjusted for body mass was considered exercise economy. We
have previously reported a standard deviation of 0.05 liters
for differences between repeat measurements of submaximal
exercise Vo, measured ~4 days apart (11).

AEE and free-living physical activity. AEE was estimated
by subtracting REE from TEE after reducing TEE by 10% to
account for the thermic response to meals.

Free-living physical activity (min/day) was derived from
AEE (kJ/day) by using the activity-related time equivalent
(ARTE) index (45). The index is determined by dividing AEE
by the subject’s AEC. For this study, the AEE was adjusted
for the AEC of performing three standardized tasks: stair
climbing, walking while carrying a small load, and walking
without a grade. Therefore, ARTE index (min/day) = [AEE
(kd/day)/AEC (kd/min)], where AEC is the AEC of three
exercise tasks above REE. The ARTE index reflects the
amount of time the subject spent in free-living physical
activities similar to the tasks performed in the laboratory.

Statistics

The purpose of this investigation was to evaluate the
effects of resistance training on energy metabolism in older
adults. Two-way repeated measures ANOVA (training X
gender), with repeated measures for the training factor,
showed no significant interaction for any of the body compo-
sition (P range = 0.20-0.77) or energy expenditure (P
range = 0.43-0.60) variables. Therefore, we report paired
t-test analyses on only the training factor in this paper.
Paired ¢-tests were used to evaluate pre- to posttraining
differences with « set at 0.05.

RESULTS

Subjects did not significantly change body weight
during the 26 wk of training. However, percent body
fat significantly decreased 3.4%, fat mass significantly
decreased 3.1 kg, and FFM significantly increased 2 kg.
Strength also significantly increased an average of 14.9
kg in three upper-body exercises and 49.0 kg in three
lower-body exercises. (See Table 1.) Individual data for
doubly labeled water data and the components of en-
ergy expenditure are provided in Table 2.

Energy expenditure results are presented in Table 3.
REE and TEE significantly increased after 26 wk of
resistance training. Furthermore, resting RER signifi-
cantly decreased (Table 3). The ratio of REE to FFM
also was significantly increased after training (Table

Table 1. Body composition and strength changes in
15 older adults after 26 wk of resistance training

Variable Pretraining Posttraining P

Age, yr 66.8 3.7

Body weight, kg 70.4+8.7 69.8+8.3 0.12
Percent fat 28.8+12.1 254+12.1 <0.01
Fat free mass, kg 50.0+10.1 52.0+10.7 <0.01
Fat mass, kg 20.4+9.8 17.7+9.3 <0.01
Upper-body strength, kg 59.0+20.3 73.9+24.2 <0.01
Lower-body strength, kg 117.6 £36.5 166.6 +47.5 <0.01

Values are means = SD.
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3), indicating that REE increased relatively more than
FFM.

Although the mean difference in AEE was >500 kdJ,
the change only approached significance (P = 0.06). No
significant differences in either average body weight,
adjusted Vo,, or AEC were found. However, ARTE was
significantly increased by 37 min/day after the 26 wk of
resistance training. Estimated energy expenditure for
resistance training averaged 615 *= 157 kdJ/exercise
session during the last 2 wk of training. Because the
subjects trained five times during the 14 days that TEE
was evaluated at the end of the training program (one
training day was omitted during the final 2 wk to allow
96 h of washout for any acute residual effects on met-
abolic factors), average daily energy expenditure for
the resistance training was 215 = 55 kJ/day. TEE, with
the average daily energy cost of the resistance training
subtracted, remained significantly increased after
training (+747 kd/day). Although not significantly dif-
ferent from the pretraining values, posttraining ad-
justed AEE (+503 kd/day) and ARTE (+23 min/day)
tended to be higher than the pretraining values.

DISCUSSION

To our knowledge, this is the first study to show that
resistance training in older adults is associated with
increased TEE. This increase was large (963 kdJ/day)
and still remained after TEE was adjusted for the
estimated energy cost of the resistance training. The
TEE increase was associated with increases in both
REE and physical activity (Fig. 1). This TEE increase
is potentially relevant for addressing the problem of
reduced energy expenditure in older adults.

A number of studies have reported increases in TEE
in younger adults after aerobic training (3, 26, 43, 46).
However, Goran and Poehlman (17) have previously
reported no significant increase in TEE in older adults
after an 8-wk high-intensity aerobic training program,
despite increases in REE and planned exercise energy
expenditure. They observed a compensatory decrease
of >544 kd/day in free-living physical activity. The
aerobic training intensity of 85% of maximal Vo, was
very high during the period of time in which the post-
training TEE was measured in the Goran and Poehl-
man study (17). This intensity may have been too
vigorous for this group of individuals, thereby fatiguing
the subjects during the remainder of the day. It is
impossible to determine whether a less intense aerobic
training protocol or one that would allow a longer
adaptation period may have been associated with in-
creased TEE. The resistance training program in the
present study was also of high intensity (65—80% of 1
RM). Meijer et al. (27) have recently reported that a
moderate-intensity combined resistance and aerobic
program in older adults did not influence free-living
physical activity as measured by an accelerometer. The
intensity of training in the Meijer et al. study (27) was
described as moderate, although the intensity of nei-
ther the aerobic nor the resistance training was re-
ported. The duration of this study was only 12 wk, and
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Table 2. Individual data for doubly labeled water variables and energy expenditure

1

Turnover Rate, days™ Dilution Space, mol

Dilution Total Energy

Space rH,0, rCO,, Expenditure, Total Body

Subject 2H,0 H,'%0 Dy Do Ratio l/day /day kcal/day Water, g
001

Pre —0.0739 —0.1008 1413.64 1388.02 1.0185 105.73 14.842 1839 24,715

Post —0.0684 —0.0944 1528.42 1464.62 1.0436 104.48 15.411 1910 26,397
002

Pre —0.1003 -0.1184 2259.95 2046.64 1.1042 220.32 13.233 1640 37,959

Post —0.0842 —0.1025 2210.01 2081.21 1.0619 184.40 14.099 1747 37,839
003

Pre —0.0808 —0.1056 2242.88 2133.56 1.0512 180.41 20.852 2584 38,594

Post -0.0799 —0.1041 2382.94 2148.69 1.1090 184.73 20.970 2598 39,940
005

Pre -0.1187 -0.1384 1575.16 1543.89 1.0203 189.08 10.180 1261 27,514

Post —0.1200 —0.1407 1628.85 1622.02 1.0042 199.21 11.302 1401 28,682
006

Pre —0.0784 —0.1067 1775.48 1738.66 1.0212 140.61 19.542 2422 30,999

Post —0.0936 —0.1206 1967.35 1919.12 1.0251 185.72 19.913 2467 34,282
007

Pre —0.0867 —0.1087 1600.42 1602.27 0.9988 141.73 13.076 1620 28,258

Post —0.0868 —0.1101 1786.43 1756.03 1.0173 156.92 15.485 1919 31,250
008

Pre —0.0696 —0.0949 1604.14 1569.53 1.0220 112.76 15.805 1958 217,996

Post —0.0660 —0.0894 1745.82 1694.27 1.0304 115.82 15.823 1961 30,343
009

Pre —0.0978 -0.1113 1845.11 1725.10 1.0696 178.19 7.420 919 31,479

Post —0.0673 —0.0875 1968.26 1892.84 1.0398 132.69 14.912 1848 34,053
011

Pre —0.1402 -0.1671 1541.37 1474.09 1.0456 215.74 14.092 1746 26,594

Post -0.1223 -0.1539 1557.31 1549.30 1.0052 194.06 18.256 2262 27,409
012

Pre -0.0765 —0.0973 2367.06 2217.98 1.0672 179.11 17.847 2212 40,427

Post —0.0901 -0.1124 2612.24 2483.83 1.0517 234.43 20.891 2589 44,940
013

Pre —0.1109 —0.1260 2305.53 2317.68 0.9948 261.83 10.660 1321 40,794

Post —0.0867 —0.1056 2383.86 2358.13 1.0109 210.01 16.077 1992 41,835
016

Pre -0.0750 —0.0960 2509.21 2496.78 1.0050 191.82 19.783 2451 44,167

Post —0.0629 —0.0818 2656.68 2555.10 1.0398 167.45 18.746 2323 45,966
019

Pre —0.0742 —0.0982 2461.82 2403.25 1.0244 184.30 22.593 2800 42,915

Post -0.0743 -0.0979 2551.98 2432.32 1.0492 188.91 22.721 2815 43,956
025

Pre -0.1155 -0.1389 1627.39 1574.66 1.0335 188.77 13.182 1633 28,243

Post -0.1279 —0.1561 1530.78 1464.54 1.0452 195.55 15.191 1882 26,416
032

Pre —0.0890 —0.1096 1817.98 1755.37 1.0357 162.31 13.387 1659 31,517

Post -0.0792 —0.1001 1889.59 1823.32 1.0364 150.06 14.529 1800 32,748

Dy and Dy, ¢time 0 dilution spaces of deuterium and oxygen-18 respectively; rH,0, total body H,O turnover; rCO,, CO, production rate.

the resistance training occurred only once each week.
Because we evaluated energy expenditure after 26 wk,
but not after 8 or 12 wk, comparison of our resistance
training TEE data with the aerobic training study of
Goran and Poelman (17) or the combined training
program of Meijer et al. (27) has its limitations. How-
ever, it is noteworthy that, unlike high-intensity aero-
bic training, the resistance training in the present
study was not associated with a drop in AEE, even
after subtracting the exercise energy expenditure. In
fact, both AEE and adjusted AEE showed strong trends
toward being elevated (503 kJ/day, P = 0.06; 288 kdJ/
day, P = 0.18). ARTE increased 38% after training
(98-135 min/day), although a portion of the increase
(14 of 37 min/day) can be attributed to the five resis-
tance training sessions during the 14-day evaluation

period. The resistance training did not attenuate free-
living physical activity and may have had an invigo-
rating effect in these older adults.

Consistent with other studies, REE increased after
the resistance training program (28, 32, 42). The ma-
jority of the increase found in this study probably
resulted from the increase in FFM. Consistent with
this hypothesis, Taaffe et al. (39) have reported no
increase in basal metabolic rate after 15 wk of resis-
tance training in a group of women aged 65—79 yr who
did not increase FFM. However, the REE differences in
our study persisted even after adjustment for changes
in FFM, suggesting that other factors may also be
contributing to the increase in REE. Although not
measured in this study, protein turnover (37) and sym-
pathetic nervous system activity have both been shown
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Table 3. Energy expenditure changes in older adults
after 26 wk of resistance training

Variable Pretraining Posttraining P

REE, kJ/day 5388 =520 5753 =560 <0.01
REE/FFM, kJ- day - kg ! 28.2+5.3 29.2+5.6 0.04
RER, kJ/day 0.86+0.04 0.83+0.03 0.03
TEE, kJ/day 7831 +2223 8796 = 1629 <0.01
Adjusted TEE, kJ/day 7834 =2223 8581 +1612 <0.02
AEE, kJ/day 16601784 2163 +1193 0.06
Adjusted AEE, kJ/day 1660 = 1784 1948 +1185 0.18
Exercise Vo, ml

Oy kg™ min~?! 13.3*x1.3 13.6 1.3 0.42
AEC, kJ/min 19.7+3.2 19.9+3.3 0.64
ARTE, min/day 98 =107 13572 0.04
Adjusted ARTE, min/day 98 =107 12172 0.14

Values are means = SD. REE, resting energy expenditure; FFM,
Fat-Free mass; RER, respiratory exchange ratio; TEE, total energy
expenditure over 14 days; AEE, activity-related energy expenditure;
exercise VO,, average O, uptake during the 3 standardized exercise
tasks; AEC, average energy expenditure above resting for the 3
standardized exercise tasks; ARTE, activity-related time equivalent.
Adjusted values for TEE, AEE, and ARTE were derived by reducing
the appropriate energy expenditure measure by the average daily
energy expenditure of the resistance exercise.

to be related to changes in REE (31, 32, 40). Resistance
training has been shown to acutely increase muscle
sympathetic nerve activity (6) and to elevate rates of
muscle protein synthesis and breakdown up to 48 h
postexercise (30). Whether these effects persist at 96 h
is unknown.

Consistent with the RER changes found with train-
ing in this study, we have previously found decreased
RER and increased fat oxidation rates after a 16-wk
resistance training program in older women. Melby et
al. (28) reported a decrease in resting RER 15 h after a
single session of resistance training in young men.
RER was measured 96 h after the last resistance train-
ing exercise session in the present study and ~44 h
after the last exercise session in our previous study
with older women. Therefore, it is unlikely that the
decrease in RER found in our studies is due to any
acute effects of exercise. Broeder et al. (4) and Pratley
et al. (32) did not find any change in RER after resis-
tance training. However, the Broeder study used young
men and also did not find any significant increase in
REE. Pratley and co-workers’ subjects were older men,
and an increase in REE was observed. A few cross-
sectional studies (21, 34, 40) have reported higher lipid
oxidation rates in endurance-trained subjects.

Some research has suggested that at least part of the
training-induced change in lipid oxidation rates may
be caused by changes in energy intake and macronu-
trient intake (1). The subjects in this study were
weight stable and reported very similar macronutrient
and energy intakes before training and during the last
week of training. It is possible that the subjects were in
slight energy imbalance because a shift of 2 kg from fat
to lean stores, as observed in this study, would be
associated with an estimated loss of 12,896 kdJ (based
on estimates of 32,240 kd/kg for fat mass and 25,792
kd/kg for lean mass). Because this estimated loss

RESISTANCE TRAINING INCREASES TOTAL ENERGY EXPENDITURE

would presumably have occurred across the entire 26
wk of training, the estimated daily energy deficit would
be very small (<71 kd/day). This change is presumably
too small to cause measurable differences in RER.
Another possible explanation for the decrease in RER
may include changes in sympathetic nervous system
activity, which would affect lipid mobilization in adi-
pose tissue. Plasma norepinephrine has been shown to
increase after resistance training in men (32). In addi-
tion, attenuation of B-adrenergic activity through the
oral administration of propranolol is associated with
an attenuation of elevated lipid oxidation rates found
in exercise-trained men (40). Sympathetic nervous sys-
tem activity was not measured in this study; however,
it is certainly possible that an exercise-induced in-
crease in sympathetic nervous system tone may be at
least partly related to decreased RER found in this and
other studies.

Absence of a control group is a potential limitation
for this study. For example, seasonal variations in
energy expenditure may occur. Individuals may tend to
be more active during the summer months, at least in
the northern parts of the United States. The pretrain-
ing data were collected in Birmingham, Alabama, dur-
ing June, July, and August, whereas the posttraining
data were collected during December, January, and
February. Using data previously reported (45), we sep-
arated subjects based on the month that the evaluation
occurred. A total of 26 measurements were made dur-
ing June, July, and August, and 34 observations were
made during December, January, and February. No
differences were seen for body weight or any of the
energy expenditure variables, including AEE (2,350
kJ/day in the summer and 2,310 kJ/day in the winter)
and ARTE (124 min/day in the summer and 123 min/
day in the winter). This does not ensure that a seasonal
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Fig. 1. Summary of components of free-living total energy expendi-
ture before and during the last 2 wk of a 26-wk resistance training
program. Subjects were 61- to 77-yr-old men and women. EE, energy
expenditure. *Posttraining significantly different from pretraining,
P < 0.05.
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variation or some other time-related measurement
confounder may not have affected our measurement of
energy expenditure. However, it does suggest that sea-
sonal variations in energy expenditure do not occur in
the moderate environment of middle Alabama and are
not responsible for the significant increases in TEE and
ARTE found in this study.

Although we did not find any difference between men
and women for any of the training-related changes in
energy expenditure and physical activity, our sample
size was too small to adequately address the null hy-
pothesis that older men and women increase energy
expenditure identically after resistance training. It
was not the intent of this study to compare strength
training-induced changes in energy expenditure be-
tween older men and women. The study’s purpose was
to determine what effects resistance training has on
the various categories of energy expenditure in older
adults, and, because we found statistically significant
changes in energy expenditure, the sample size was
adequate for this purpose.

In conclusion, this study shows that in older adults
TEE is increased and RER is decreased in response to
resistance training. The increase in TEE occurs as a
result of increases in both REE and physical activity.
We feel that any healthy older adult can tolerate and in
most cases enjoy the exercise training. This is the
second resistance training program we have completed
using adults aged 60-77 yr, and only 2 of the 45
subjects in the two studies have had adherence rates of
less than 90%. No training-induced injuries occurred.
In addition, all subjects said that they planned to
continue training after the conclusion of the study.
These results suggest that resistance training may
have value in increasing energy expenditure and lipid
oxidation rates in older adults, thereby improving their
metabolic profiles.

This study was funded in part by a grant from the Ralph L. Smith
Foundation, Kansas City, MO.

REFERENCES

1. Almeras N, Lavallee N, Despres JP, Bouchard C, and
Tremblay A. Exercise and energy intake: effect of substrate
oxidation. Physiol Behav 57: 995-1000, 1995.

2. Baumgartner RN, Heymsfield SB, Lichtman S, Wang J,
and Pierson RNJR. Body composition in elderly people: effect
of criterion estimates on predictive equations. Am J Clin Nutr
53: 1345-1353, 1991.

3. Bingham SA, Goldberg GR, Howard WA, Prentice AM, and
Cummings JH. The effect of exercise and improved physical
fitness on basal metabolic rate. Br J Nutr 61: 155—-173, 1989.

4. Broeder CE, Burrhus KA, Svanevik LS, and Wilmore JH.
The effects of either high-intensity resistance or endurance
training on resting metabolic rate. Am J Clin Nuitr 55: 802-810,
1992.

5. Campbell WW, Crim MC, Young VR, and Evans WdJ. In-
creased energy requirements and changes in body composition
with resistance training in older adults. Am J Clin Nutr 60:
167-175, 1994.

6. Carrasco DI, Delp MD, and Ray CA. Effect of concentric and
eccentric muscle actions on muscle sympathetic nerve activity.
J Appl Physiol 86: 558—563, 1999.

7. Cohn M and Urey HC. Oxygen exchange reactions of organic
compounds and water. J Am Chem Soc 60: 679-687, 1938.

983

8. Coward WA, Prentice AM, Murgatroyd PR, Davies HL,
Cole TJ, Sawyer M, Goldberg GR, Halliday D, and Mac-
Namara PdJ. Measurement of CO, and water production rates in
man using 2H, 80 labeled ?H,0: comparisons between calorim-
eter and isotope values. In: Human Energy Metabolism: Physical
Activity and Energy Expenditure Measurements in Epidemiolog-
ical Research Based Upon Direct and Indirect Calorimetry.
Wageningen, The Netherlands: Euro-Nutr, 1984, p. 126-128.

9. De Weir JB. New methods for calculating metabolic rate with
special reference to protein metabolism. J Physiol (Lond) 109:
1-9, 1949.

10. Fields DA, Hunter GR, and Goran MI. Validation of the BOD
POD with hydrostatic weighing: influence of body clothing. Med
Sci Sports Exerc 24: 200-205, 2000.

11. Figueroa-Colon R, Hunter GR, Mayo MS, Aldridge RA,
Goran MI, and Weinsier R. Reliability of treadmill measures
and criteria for determining VO, in prepubertal girls. Med Sci
Sports Exerc 32: 865—-869, 2000.

12. Flynn MA, Nolph GB, Baker AS, Martin WM, and Krause
G. Total body potassium in aging humans: a longitudinal study.
Am J Clin Nutr 50: 713-717, 1989.

13. Fukagawa NK, Bandini LG, and Young JB. Effect of age on
body composition and resting metabolic rate. Am J Physiol
Endocrinol Metab 259: E233-E238, 1990.

14. Gillette CA, Bullough RC, and Melby CL. Postexercise en-
ergy expenditure in response to acute aerobic or resistive exer-
cise. Int J Sport Nutr 4: 347-360, 1994.

15. Goran MI, Carpenter WH, McGloin A, Johnson R, Hardin
JM, and Weinsier RL. Energy expenditure in children of lean
and obese parents. Am J Physiol Endocrinol Metab 268: E917—
E924, 1995.

16. Goran MI, Hunter G, Nagy TR, and Johnson R. Physical
activity related energy expenditure and fat mass in young chil-
dren. Int J Obes 21: 171-178, 1997.

17. Goran MI and Poehlman ET. Endurance training does not
enhance total energy expenditure in healthy elderly persons.
Am J Physiol Endocrinol Metab 263: E950-E957, 1992.

18. Goran MI and Poehlman ET. Total energy expenditure and
energy requirements in healthy elderly persons. Metabolism 41:
744-753, 1992.

19. Hunter GR, Kekes-Szabo T, and Schnitzler A. Metabolic
cost: vertical work ratio during knee extension and knee flexion
weight-training exercise. J Appl Sports Sci Res 6: 42—48, 1992.

20. Hunter GR, Treuth MS, Weinsier RL, Kekes-Szabo T, Kell
SH, Roth DL, and Nicholson C. The effects of strength condi-
tioning on older women’s ability to perform daily tasks. J Am
Geriatr Soc 43: 756-760, 1995.

21. Jansson E and Kaijser L. Substrate utilization and enzymes
in skeletal muscle of extremely endurance-trained subjects.
J Appl Physiol 62: 999-1005, 1987.

22. Kalb JS and Hunter GR. Weight training economy as a func-
tion of intensity of the squat and overhead press exercise.
J Sports Med Phys Fitness 31: 154—-160, 1991.

23. Kendall C and Coplen TB. Multisample conversion of water to
hydrogen by zinc for stable isotope determination. Anal Chem
57: 1437-1440, 1985.

24. Keys A, Taylor HL, and Grande F. Basal metabolism and age
of adult man. Metabolism 22: 579-587, 1973.

25. Klausen B, Toubro S, and Astrup A. Age and sex effects on
energy expenditure. Am J Clin Nutr 65: 895-907, 1997.

26. Meijer GA, Janssen GM, Westerterp KR, Verheven F, Saris
WH, and ten Hoor F. The effect of a 5-month endurance-
training program on physical activity: evidence of a sex-differ-
ence in the metabolic responses to exercise. Eur J Appl Physiol
62: 11-17, 1991.

27. Meijer EP, Westerterp KR, and Verstappen FT. Effect of
exercise training on total daily physical activity in elderly hu-
mans. Eur J Appl Physiol 80: 16—-21, 1999.

28. Melby C, Scholl C, Edwards G, and Bullough R. Effect of
acute resistance exercise on postexercise energy expenditure and
resting metabolic rate. J Appl Physiol 75: 1847-1853, 1993.

29. Morgan JB and York DA. Thermic effect of feeding in relation
to energy balance in elderly men. Ann Nutr Metab 27: 71-717,
1983.

€10z ‘2T AInC uo Alajes pue AlIN2as ‘aauaag ONL Te /Ao AbBojoisAyd-dely/:dny wouy papeojumod



http://jap.physiology.org/

984

30.

31.

32.

33.

34.

35.

36.

37.

38.

Phillips SM, Tipton KD, Aarsland A, Wolf SE, and Wolfe
RR. Mixed muscle protein synthesis and breakdown after resis-
tance exercise in humans. Am J Physiol Endocrinol Metab 273:
E99-E107, 1997.

Poehlman ET and Danforth E. Endurance training increases
metabolic rate and norepinephrine appearance rate in older
individuals. Am J Physiol Endocrinol Metab 261: E233-E239,
1991.

Pratley R, Nicklas B, Rubin M, Miller J, Smith A, Smith M,
Hurley B, and Goldberg A. Strength training increases rest-
ing metabolic rate and norepinephrine levels in healthy 50- to
65-yr-old men. J Appl Physiol 76: 133—137, 1994.

Prentice AM. The Double-Labeled Water Method for Measuring
Energy Expenditure. Technical Recommendations for Use in Hu-
mans. A Consensus Report by the IDECG Working Group. Vi-
enna: International Atomic Energy Agency, 1990.

Romijn JA, Klein S, Coyle EF, Sidossis LS, and Wolfe RR.
Strenuous endurance training increases lipolysis and tri-glycer-
ide-fatty acid cycling at rest. o/ Appl Physiol 75: 108—113, 1993.
Schoeller DA, Ravussin E, Schutz Y, Acheson KdJ, Baerts-
chi P, and Jequier E. Energy expenditure by doubly labeled
water: validation in humans and proposed calculation. Am J
Physiol Regulatory Integrative Comp Physiol 250: R823-R830,
1986.

Schoeller DA, Van Santen E, Peterson DW, Dietz WH,
Jaspan J, and Klein PD. Total body water measurement in
humans with %0 and 2H labeled water. Am J Clin Nutr 38:
999-1005, 1983.

Schutz Y, Rueda-Mazda CM, Zaffanello M, and Maffeis C.
Whole-body protein turnover and resting energy expenditure in
obese, prepubertal children. Am JJ Clin Nuitr 69: 857-862, 1999.
Shock NW, Watkin DM, Yiengst MdJ, Norris AH, Gaffney
GW, Gregerman RI, and Falzone JA. Age differences in the
water content of the body as related to basal oxygen consumption
in males. J Gerontol 18: 1-8, 1963.

39.

40.

41.

42.

43.

43.

44.

46.

47.

RESISTANCE TRAINING INCREASES TOTAL ENERGY EXPENDITURE

Taaffe DR, Pruitt L, Reim J, Butterfield G, and Marcus R.
Effect of sustained resistance training on basal metabolic rate in
older women. J Am Geriatr Soc 43: 465-471, 1995.

Tremblay A, Coveney S, Despres JP, Nadeau A, and
Prud’homme D. Increased resting metabolic rate and lipid
oxidation in exercise-trained individuals: evidence for a role of
B-adrenergic stimulation. Can J Physiol Pharmacol 70: 1342—
1347, 1992.

Treuth MS, Hunter GR, Pichon C, Figueroa-Colon R, and
Goran MI. Fitness and energy expenditure after strength train-
ing in obese prepubertal girls. Med Sci Sports Exerc 30: 1130—
1136, 1998.

Treuth MS, Hunter GR, Weinsier RL, and Kell S. Energy
expenditure and substrate utilization in older women after
strength training: 24-h calorimeter results. J Appl Physiol 78:
214-216, 1995.

Van Etten LM, Westerterp KR, Verstappen FT, Boon BdJ,
and Saris WH. Effect of an 18-wk weight-training program on
energy expenditure and physical activity. J Appl Physiol 82:
298-304, 1997.

Visser M, Deurenberg P, van Staveren WA, and Hautvast
JG. Resting metabolic rate and diet-induced thermogenesis in
young and elderly subjects: relationship with body composition,
fat distribution, and physical activity level. Am J Clin Nutr 61:
772-778, 1995.

Weinsier R, Hunter G, Zuckerman PA, Redden D, Darnell
B, Larson DE, Newcomer BR, and Goran MI. Free-living
physical activity and energy expenditure in black and white
women: comparison before and after weight loss. Am J Clin Nutr
In Press.

Westerterp KR, Meijer GA, Janssen EM, Saris WH, and ten
Hoor F. Long-term effect of physical activity on energy balance
and body composition. Br J Nutr 68: 21-30, 1992.

Withers RT, Smith DA, Tucker RC, Brinkman M, and
Clark DG. Energy metabolism in sedentary and active 49- to
70-yr-old women. JJ Appl Physiol 84: 1333—-1340, 1998.

€10z ‘2T AInC uo Alajes pue AlIN2as ‘aauaag ONL Te /Ao AbBojoisAyd-dely/:dny wouy papeojumod



http://jap.physiology.org/

