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Previously, we showed that FI
34

, a frailty index based on 34 health and function ability variables, is heritable and a reli-
able phenotypic indicator of healthy aging. We have now examined the relationship between major components of energy 
expenditure and the FI

34
 in participants of the Louisiana Healthy Aging Study. Resting metabolic rate was associated 

with FI
34

, even after adjustment for fat-free mass, fat mass, age, sex, thyroid hormones, and insulin-like growth factor 1 
levels, in multiple regression analyses. In contrast, there was no association between total daily energy expenditure and 
FI

34
. Circulating creatine phosphokinase, a clinical marker of muscle damage, was also significantly associated with FI

34
. 

However, these associations of resting metabolic rate with FI
34

 were restricted to the oldest old (≥90 years) and absent 
in younger age groups. In oldest old men, the association of FI

34
 with creatine phosphokinase persisted, whereas in the 

oldest old women, only the association with resting metabolic rate pertained with the appearance of an effect of body 
size and composition. These results point toward an increasing metabolic burden for the maintenance of homeodynamics 
as health declines in nonagenarians, and this has implications for contraction of metabolic reserve that may potentially 
accelerate the path to disability.
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Energy metabolism is essential to life. Total daily 
energy expenditure (TDEE) in homeothermic organ-

isms is usually partitioned into resting metabolic rate 
(RMR), energy cost of physical activity (PA), and diet-
induced thermogenesis (1–3). RMR is the rate of energy 
expenditure in the postabsorptive state under resting condi-
tions and accounts for the bulk (60%–70%) of TDEE. It 
refers to the amount of energy used “to preserve the integ-
rity and functionality of the ‘body machinery’” (3). The 
basal metabolic rate is measured under more defined condi-
tions, but RMR and basal metabolic rate are closely related 
and often used interchangeably. PA and diet-induced ther-
mogenesis contribute to TDEE approximately 20%–30% 
and 10%, respectively.

Energy metabolism and body composition are inter-
related (4). For example, activity energy expenditure 
(AEE) is closely correlated with body weight, whereas 

RMR is related to fat-free mass (FFM), fat mass (FM), 
age, and sex. For that reason, RMR is usually normalized 
for FFM at the least. FFM can be further divided into dif-
ferent components with different metabolic rates, such as 
organ tissues and skeletal muscle. In a study of individu-
als ranging in age from 18 to 50 years who were within 
the normal body mass index range (18–27 kg/m2), 58% 
of the RMR was accounted for by the brain, liver, heart, 
and kidneys, whereas only 22% was accounted for by 
skeletal muscle (5). In these individuals, the organ mass 
contributed only 7% of FFM, whereas the skeletal mus-
cle occupied 50% of FFM. These observations highlight 
a significant contribution of active tissue/organ mass to 
the RMR. In addition to body composition, other factors 
influencing RMR include age, sex, nutritional state, and 
thyroid function. RMR is also known to have a substantial 
genetic basis (6,7).
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RMR tends to decline with age along with AEE, resulting 
in overall decrease in TDEE (2). One account for the decline 
in RMR with age is loss of FFM (8,9), especially reduction 
in the mass of the major organs and tissues (4). However, 
the loss of FFM may not be the only cause for the decline 
in RMR in the elderly persons because measured RMR is 
significantly lower than predicted RMR calculated from 
body composition (9,10). In contrast, some studies report 
that RMR may not decrease and may even increase with 
older age. A study comparing a sample of 91- to 96-year 
olds with a control group of 73-year olds found virtually no 
difference in RMR (11). Studies that report an increase in 
basal metabolic rate with age typically involve participants 
with chronic diseases or inflammatory conditions (12). In a 
report of the Baltimore Longitudinal Study of Aging, higher 
basal metabolic rate was associated with increased risk of 
mortality (13). Thus, it is possible that energy metabolism 
is altered by some chronic conditions in elderly people, and 
consequently the age-associated profile of RMR in frail 
individuals with chronic conditions may differ from that of 
RMR in nonfrail individuals.

Few studies are available examining the relationship 
between energy metabolism and frailty. Schrack and 
coworkers and Weiss and coworkers (14,15) used walk-
ing speed as an indicator of frailty in elderly people and 
found a potential association between frailty and RMR. 
Recently, we developed a measure of relative health, the 
frailty index FI

34
, composed of 34 common health and 

function variables, and showed that it increases exponen-
tially with age, indicating declining health and function 
ability (16). The rate of increase accelerates 2.0% annu-
ally for offspring of long-lived parents (≥90  years old) 
and 2.7% annually for offspring of short-lived parents 
(<76 years old at death). The patterns of aging of these 
groups of offspring are distinct, as suggested by the hier-
archical clustering of the 34 variables, and, thus perhaps 
not surprisingly, the heritability (narrow sense) of FI

34
 is 

relatively high (0.39). Our purpose here was to examine 
phenotypic factors (independent variables) that may con-
tribute to FI

34
 (dependent variable) by testing parameters 

related to energy metabolism.

Methods

Participants
The Louisiana Healthy Aging Study has been described 

elsewhere (17). Its participants (N = 869) were residents of 
the southeastern part of Louisiana, around Baton Rouge. 
They were unrelated individuals aged from 20 to 100 years 
and older at the time of data collection (2002–2008). Their 
ethnic origins were inferred from structure analysis of 100 
Alu genotypes with .8 assignment probability (17,18). Ages 
of participants were based on documentary evidence and 
demographic questionnaires. All participants provided 

informed consent according to protocols approved by the 
respective Institutional Review Boards. The summary sta-
tistics for the 109 Caucasian participants for whom all varia-
bles were collected are shown in Table 1. These participants 
were recruited in age groups of 60–74 and 90 years and 
older. An additional group of 20- to 34-year-old Caucasians 
for whom these data were collected is not included in the 
analyses.

Data Management
Collection of the data used in this study was described 

by Frisard coworkers (10,19) and Kim and coworkers 
(16). Only Caucasian participants were included in the 
analyses to avoid confounding by population admixture. 
The variables used to construct FI

34
 are 34 items cover-

ing various diseases, symptoms, conditions, and func-
tional abilities (see Supplementary Appendix). They are 
adrenal disease, anemia, angina, asthma, bathing, body 
mass index, bronchitis, cataracts, chair stand, conges-
tive heart failure, chronic obstructive pulmonary disease, 
diabetes, dressing, emphysema, feeding, family history 
of cancer, Geriatric Depression Scale, heart attack, high 
blood pressure (at the test), high cholesterol, history of 
high blood pressure, heart murmur, heart problem, kidney 
disease, liver disease, Mini-Mental State Exam, osteo-
porosis, seizure, self-rated health, semitandem balance, 
stroke, thyroid disease, transient ischemic attack, and 
urinary infection. The data were collected from medical 
history questionnaires, and they were either quantitative 
or categorical. Binary categorical responses were numeri-
cally coded 0 for the absence of the deficit and 1 for the 
presence of the deficit. Quantitative data and multicat-
egorical responses were recoded essentially in the same 
way as reported previously (20) or with modifications as 
described (16).

Table 1.  Basic Characteristics of the Subjects (mean ± SD)

Variable All (n = 109) Men (n = 51) Women (n = 58)

Age (y) 83 ± 12 83 ± 12 83 ± 11
FI

34
0.190 ± 0.072 0.174 ± 0.066 0.204 ± 0.075

TDEE (kcal/d) 2097.5 ± 611.5 2439.6 ± 631.1 1796.7 ± 402.9
AEE (kcal/d) 628.5 ± 352.5 760.7 ± 393.9 494.6 ± 245.7
RMR (kcal/d) 1259.2 ± 263.8 1414.9 ± 242.2 1122.4 ± 199.2
FM (kg) 23.4 ± 8.9 22.3 ± 7.9 24.3 ± 9.7
FFM (kg) 48.0 ± 11.5 57.1 ± 8.4 39.9 ± 6.9
CPK (IU/L) 89.9 ± 70.7 105.8 ± 85.8 76.0 ± 50.8
IGF1 (ng/mL) 158.2 ± 79.4 177.3 ± 80.6 141.5 ± 75.1
T3 (ng/mL) 133.4 ± 32.8 132.0 ± 34.6 134.6 ± 31.5
T4 (ng/mL) 7.8 ± 1.4 7.5 ± 1.2 8.0 ± 1.5

Notes: AEE  =  activity energy expenditure; CPK  =  creatine phosphoki-
nase; FM =  fat mass; FFM =  fat-free mass; IGF1 =  insulin-like growth fac-
tor 1; RMR = resting metabolic rate; TDEE = total daily energy expenditure; 
T3 = triiodothyronine; T4 = thyroxine. Participants were recruited in three age 
groups 20–34, 60–74, and ≥90 y, of which the latter two groups were considered 
in this study.

http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glt150/-/DC1
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Body Composition and Measures of Metabolism
Measurement of all the metabolic parameters used in this 

study was described previously (10,19). Briefly, body com-
position was measured using dual-emission x-ray absorp-
tiometry. FFM is the total body weight multiplied by the 
proportion of non-FM. TDEE was calculated by the dou-
bly labeled water method using 2H and 18O. AEE is TDEE 
− (RMR + 0.1 × TDEE), which corresponds to the energy 
expenditure associated with physical activities after exclu-
sion of the thermic effect of food (10% of TDEE). RMR was 
measured by indirect calorimetry (oxygen consumption and 
CO

2
 production) during rest (reclining position and keep-

ing still) using a Deltatrac II metabolic cart (Sensormedics, 
Yorba Linda, CA), and the measurement of the last 20 min-
utes was averaged to calculate RMR expressed in kilocalo-
ries per 24 hours. The Deltatrac II is considered the “gold 
standard” in the field (21). However, deviations of cart read-
out from the true value can exist, resulting in variability that 
may level out as the sample size increases.

Levels of fasting serum total thyroxine (T4) and total 
triiodothyronine (T3) were measured using immunoassays 
(DPC 2000; Diagnostic Product Corporation, Los Angeles, 
CA). Creatine phosphokinase (CPK) levels were measured 
using an enzymatic assay (Beckman Coulter DXC 600 
Pro System; Beckman Coulter, Fullerton, CA). The serum 
levels of insulin-like growth factor 1 (IGF1) were meas-
ured using ELISA (Diagnostic System Laboratories, Inc. 
Webster, TX).

Statistical Analysis
All the statistical analyses were performed using R (22). 

The lm function in the base installation was used for multiple 
linear regression tests. The test used for data normality was 
the ad.test (Anderson–Darling test in nortest). Body mass 
and composition are the major contributors to resting energy 
expenditure, so RMR will vary greatly depending on FFM 
and FM. Therefore, we included FFM and FM as covariates. 
Sex and age were also included as covariates in the multiple 
linear regression, as RMR is known to vary as a function of 
these two variables. FI

34
 was normally distributed across the 

entire sample included here, according to the normality test.

Results

RMR, But Not TDEE, Is Associated With FI
34

Our goal in this study was to evaluate the relationship 
between energy expenditure and FI

34
 accurately, after adjust-

ing for known covariates. RMR was significantly associated 
with FI

34
 (b = 1.60 × 10−4, p = 3.4 × 10−3; Table 2). This means 

that it is associated with higher RMR, even after adjust-
ment for body mass and composition (FFM and FM). As 
expected, FI

34
 was highly correlated with age, and men were 

healthier than women on average in our study population. 
Neither FFM nor FM was associated with FI

34
. In contrast 

to RMR, there was no association between TDEE and FI
34

 
(Table 2). Indeed, the presence of TDEE in the regression 
did not affect the association of RMR with FI

34
. AEE was 

not included in this analysis because it is calculated from 
TDEE and RMR, and statistical tests show that it is not 
orthogonal to those variables. An additional interaction term 
between age and RMR (age × RMR) was not significant, and 
it did not alter the model, indicating that these two variables 
affect FI

34
 independently (data not shown).

Association of RMR With FI
34

 Does Not Depend on 
Thyroid Hormones or IGF1

Thyroid hormones are known to affect energy expendi-
ture, especially RMR, and levels of T3 and T4 are lower in 
elderly individuals compared with the levels in a younger 
group (10,23,24). IGF1 induces skeletal muscle growth 
and regeneration by activating the Akt-mammalian target 
of rapamycin pathway (25,26). IGF1, thus, has the poten-
tial to affect RMR by modulating the lean body mass. We 
tested for any impact of thyroid hormones and IGF1 on the 
association of RMR with FI

34
. As shown in Table 3, none of 

these altered the association of RMR with FI
34

 in this study, 
suggesting that endocrine control does not play a role. 

Table 2.  Association of RMR With FI
34

Variable b SE (b) p Value

Age 4.30 × 10−3 7.45·× 10−4 8.6 × 10−8

Sex (male) −5.58·× 10−2 2.34·× 10−2 .019

FM 1.88·× 10−5 8.95·× 10−4 .98

FFM −4.73·× 10−4 1.56·× 10−3 .76

TDEE −1.50·× 10−5 2.22·× 10−5 .50

RMR 1.60·× 10−4 5.35·× 10−5 3.4 × 10−3

Notes: FM = fat mass; FFM = fat-free mass; RMR = resting metabolic rate; 
TDEE = total daily energy expenditure. For the model FI

34
 = b

0
 + b

1
·age + b

2
·sex 

+ b
3
·FM + b

4
·FFM + b

5
·TDEE + b

6
·RMR, adjusted R2 = .327 (p = 1.78 × 10−8) 

with 102 df. b is the regression coefficient and SE (b) is the standard error of 
the coefficient.

Table 3.  No Association of IGF1 and Thyroid Hormone  
Levels With FI

34

Variable b SE (b) p Value

Age 4.43 × 10−3 7.56 × 10−4 6.2 × 10−8

Sex (male) −5.01 × 10−2 2.34 × 10−2 .035
FM 8.32 × 10−5 8.88 × 10−4 .93
FFM −1.19 × 10−3 1.59 × 10−3 .46
TDEE −1.26 × 10−5 2.21 × 10−5 .57
RMR 1.66 × 10−4 5.41 × 10−5 2.8 × 10−3

T3 −2.88 × 10−4 1.84 × 10−4 .12
T4 3.19 × 10−3 4.35 × 10−3 .46
IGF1 1.23 × 10−4 8.28 × 10−5 .14

Notes: FM = fat mass; FFM = fat-free mass; IGF1 =  insulin-like growth 
factor 1; RMR = resting metabolic rate; TDEE = total daily energy expenditure; 
T3 = triiodothyronine; T4 = thyroxine. For the model FI

34
 = b

0
 + b

1
·age + b

2
·sex 

+ b
3
·FM + b

4
·FFM + b

5
·TDEE + b

6
·RMR + b

7
·T3 + b

8
·T4 + b

9
·IGF1, adjusted 

R2 = .339 (p = 6.27 × 10−8) with 99 df. b is the regression coefficient and SE (b) 
is the standard error of the coefficient.
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Although not directly related to metabolism, we probed 
inflammatory status by examining circulating interleukin-6 
levels and found no significant association with FI

34
 (data 

not shown).

Circulating CPK Levels Are Associated With FI
34

 
Alongside RMR

Skeletal muscle is considered the largest reservoir of 
CPK, and damage to muscle of various etiologies can give 
rise to elevation of its levels in serum (27). CPK is clinically 
used as an indicator of muscle damage and a diagnostic of 
such conditions as myocardial infarction and severe muscle 
breakdown (28,29). Loss of muscle function during aging 
might be expected to increase the metabolic cost (RMR) 
of tissue maintenance and of the organism’s homeodynam-
ics in general. Therefore, we tested the association of CPK 
with FI

34
. As shown in Table  4, CPK levels were signifi-

cantly associated with FI
34

 (b = 2.60 × 10−4, p = 2.0 × 10−3) 
alongside RMR (b = 1.64 × 10−4, p = 1.8 × 10−3). The notion 
that the association of CPK with FI

34
 is a reflection of the 

effect of muscle dysfunction on RMR was bolstered by the 
lack of the main effect of CPK on FI

34
 when its interaction 

with RMR was included in the model (Table 5), support-
ing the conclusion that muscle metabolism is an important 
contributor to FI

34
.

Association of RMR With FI
34

 in the Older Age Group
If resting energy expenditure increases as health declines 

during aging, we would expect the association of FI
34

 with 
RMR to be more evident among older individuals, who are 
likely to have more health deficiencies. The participants 
were divided into two age groups: the “young” age group 
consisting of individuals who were aged 60–74 years and 
the “old” group of those who were aged 90–98 years. No 
significant association of RMR or any of the covariates 
with FI

34
 was seen in either men or women of the “young” 

group (data not shown). As shown in Table 6, the associa-
tion of RMR with FI

34
 was significant in the nonagenarian 

group, whether male (b = 2.05 × 10−4, p = .040) or female 
(b = 3.84 × 10−4, p = .0034), even after adjusting for TDEE. 
However, the association of CPK with FI

34
 was evident only 

in men (p  =  .0012) and not in women (p  =  .82). In con-
trast, body mass and composition became significant deter-
minants in women (FM: p =  .0072, FFM: p =  .012). This 
suggests that the mechanisms underlying the association 
of RMR with decreased health differ markedly in men and 
women, with muscle damage playing a more important role 
in men and muscle mass perhaps more relevant in women.

Discussion
The goal of this study was to examine the components 

of energy metabolism that may contribute to decline in 
health and function ability during aging. Studies have 

shown that resting energy expenditure and activity-related 
energy expenditure take up 60%–70% and 20%–30% of the 
TDEE, respectively, thus accounting for most of the energy 
expenditure. We found a significant association between 

Table 4.  Circulating Creatine Phosphokinase Levels Are Associated 
With FI

34
 Alongside RMR

Variable b SE (b) p Value

Age 4.21 × 10−3 7.14 × 10−4 5.0 × 10−8

Sex (male) −4.68 × 10−2 2.26 × 10−2 .041
FM 4.80 × 10−4 8.69 × 10−4 .58
FFM −1.62 × 10−3 1.54 × 10−3 .29
TDEE −1.07 × 10−5 2.13 × 10−5 .62
RMR 1.64 × 10−4 5.12 × 10−5 1.8 × 10−3

CPK 2.60 × 10−4 8.18 × 10−5 2.0 × 10−3

Notes: CPK = creatine phosphokinase; FM = fat mass; FFM = fat-free mass; 
RMR = resting metabolic rate; TDEE = total daily energy expenditure. For the 
model FI

34
 = b

0
 + b

1
·age + b

2
·sex + b

3
·FM + b

4
·FFM + b

5
·TDEE + b

6
·RMR + 

b
7
·CPK, adjusted R2 = .382 (p = 6.77 × 10−10) with 101 df. b is the regression 

coefficient and SE (b) is the standard error of the coefficient.

Table 5.  No Statistical Interaction Between RMR and CPK

Variable b SE (b) p Value

Age 4.24 × 10−3 7.16 × 10−4 4.3 × 10−10

Sex (male) −4.52 × 10−2 2.27 × 10−2 .050
FM 5.80 × 10−4 8.77 × 10−4 .51
FFM −1.58 × 10−3 1.54 × 10−3 .31
TDEE −1.11 × 10−5 2.13 × 10−5 .60
RMR 1.30 × 10−4 6.31 × 10−5 .042
CPK −2.07 × 10−4 5.11 × 10−4 .69

RMR·CPK 3.54 × 10−7 3.82 × 10−7 .36

Notes: CPK = creatine phosphokinase; FM = fat mass; FFM = fat-free mass; 
RMR = resting metabolic rate; TDEE = total daily energy expenditure. For the 
model FI

34
 = b

0
 + b

1
·age + b

2
·sex + b

3
·FM + b

4
·FFM + b

5
·TDEE + b

6
·RMR+ 

b
7
·CPK + b

8
·RMR·CPK, adjusted R2 = .381 (p = 1.56 × 10−9) with 100 df. b 

is the regression coefficient and SE (b) is the standard error of the coefficient.

Table 6.  Association of RMR and CPK With FI
34

 in “Old” Men 
and Women

Variable

“Old” Male Group  
(90–97 y)

“Old” Female Group  
(90–98 y)

b p Value b p Value

Age 5.05 × 10−3 .44 −3.67 × 10−3 .48
FM 2.86 × 10−3 .28 5.00 × 10−3 7.2 × 10−3

FFM −3.06 × 10−3 .35 −9.28 × 10−3 .012
TDEE −4.20 × 10−6 .91 −1.94 × 10−5 .66
RMR 2.05 × 10−4 .040 3.84 × 10−4 3.4 × 10−3

CPK 4.50 × 10−4 1.2 × 10−3 −6.31 × 10−5 .82
IGF1 −1.22 × 10−5 .95 −5.66 × 10−5 .74
T3 −1.69 × 10−4 .60 −2.29 × 10−4 .53
T4 −6.20 × 10−5 1.0 1.01 × 10−2 .18

Notes: CPK  =  creatine phosphokinase; FM  =  fat mass; FFM  =  fat-free 
mass; IGF1  =  insulin-like growth factor 1; RMR  =  resting metabolic rate; 
TDEE = total daily energy expenditure; T3 = triiodothyronine; T4 = thyroxine. 
For the model FI

34
  =  b

0
 + b

1
·age + b

2
·FM + b

3
·FFM + b

4
·TDEE+ b

5
·RMR+ 

b
6
·CPK + b

7
·IGF1 + b

8
·T3 + b

9
·T4, adjusted R2 = .325 (p = .015) for the female 

group and .338 (p = .033) for the male group. b is the regression coefficient, and 
the sample size is 30 for “old” men and 37 for “old” women.
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RMR and FI
34

. This association is based on multiple linear 
regression tests adjusted for known covariates, such as age, 
sex, FM, and FFM. Therefore, we conclude that RMR is 
an important phenotypic factor that is involved in healthy 
aging. This raises the question of the mediators or endophe-
notypes associated with this effect.

The FI
34

, which measures “unhealthy aging,” increases 
with age, and it is higher in women than in men, at any 
given age (16). Thus, our analyses were adjusted for age 
and sex. The FI

34
 was higher in those subjects whose 

RMR was higher. This finding was unexpected because 
RMR declines with age in most studies (1,2). In our cur-
rent analyses, both RMR and TDEE, adjusted for FM, 
FFM, and sex, decreased with age (data not shown) and 
as shown previously in our population sample (30), as 
expected, necessitating adjustment for age to examine the 
association with FI

34
. We anticipated a significant negative 

association of FI
34

 with AEE, as PA would be expected 
to be higher in those who are healthier. We did not meas-
ure AEE directly in our study, so our conclusions are 
based on the direct measurement of RMR and TDEE. The 
lack of association of FI

34
 and TDEE implies a decrease 

in AEE as FI
34

 increases (Table 2). AEE and RMR both 
decrease with age after adjustment for FFM (10,19), 
although adjustment for FM and sex in addition makes the 
decrease in RMR not significant at least in some studies 
(30). However, this potential effect of body composition 
on age-related decline in RMR has not been found in all 
studies (9). Precise assessment of the effect of changes 
in organ mass on energy expenditure parameters requires 
careful magnetic resonance imaging during aging, which 
was not carried out in this study.

The association of FI
34

 with RMR was not related to 
thyroid function, as measured by circulating T3 and T4 
(Table  3). Strikingly, circulating CPK levels were a pre-
dictor of FI

34
 (Table 4). Higher enzyme levels were associ-

ated with higher FI
34

 (unhealthy aging). The strong direct 
association of FI

34
 with RMR remained. The fact that the 

association of CPK levels with FI
34

 disappeared when an 
interaction between RMR and CPK was introduced in the 
model, while RMR remained a predictor, suggests that 
muscle functional status may underlie the contribution of 
RMR to FI

34
 (Table 5).

There exists a mutual relationship between aerobic 
capacity and physical function ability. Maximal energy 
expenditure is the upper limit of energy availability. As 
measured by VO

2
 max, it provides an estimate of the capac-

ity for work over a given period of time. VO
2
 max declines 

with age (31), and it has been associated with walking 
speed (32), which in turn also declines with age (33). Not 
surprisingly, aerobic capacity (34) and walking speed (35) 
are predictors of longevity and mortality, respectively. PA, 
measured as TDEE adjusted for RMR, PA level or directly 
by accelerometry, decreases with age, and it is associated 
with loss of physical function ability (19). Reciprocally, 

maintenance of elevated levels of daily PA preserves func-
tional capacity (30,36).

The considerations above lead to the mechanistic hypoth-
esis that a decline in maximum energy expenditure with age 
and a greater requirement for RMR in unhealthy elderly 
individuals significantly decreases energy reserves for PA in 
those individuals as compared to healthier ones (Figure 1). 
This decrease in energy reserve could in part contribute to 
reduced activity tolerance and early onset of fatigue. The 
range of energy available for PA narrows to a greater extent 
in those who are less healthy and for whom the demands 
on RMR are higher, due to increased energy requirements 
for maintenance, homeodynamics, and integrated function. 
This study extends preliminary attempts made to address 
energetic needs during aging made earlier (14) by examin-
ing RMR alone in addition to simply alluding to the impor-
tance of muscle metabolism in addition to mass for RMR 
(19,37,38). Interestingly, individuals exhibiting no longi-
tudinal decline in RMR (after accounting for FFM) have 

Figure  1.  Model of the impact of changes in energy metabolism during 
healthy and unhealthy aging. (A) Relationship between total daily energy 
expenditure (TDEE), resting metabolic rate (RMR), circulating creatine phos-
phokinase (CPK), and fat-free mass (FFM) with frailty index 34 (FI

34
) in male 

and female nonagenarians. This panel summarizes this study emphasizing the 
results for clarity. (B) The model derived from the results postulates that the 
decrease in maximum energy expenditure (VO

2
 max) with age, coupled with an 

increase in RMR for maintenance and homeodynamics during unhealthy aging, 
results in a contraction of the energy reserve available for physical activity, 
compared to what is available during healthy aging. This occurs on the back-
ground of the same decrease in TDEE in healthy and unhealthy aging, with a 
decline in activity energy expenditure (AEE) with age that is exaggerated in 
the latter.
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higher mortality than those who show the usual decline 
(13). Coincidentally, those individuals who have a higher 
FI

34
 display lower survival and a higher hazard rate for mor-

tality (16) and, as shown here, a higher RMR. Validation of 
the model shown in Figure 1 will require additional studies 
of energy expenditure and metabolic capacity in the old-
est old, combined with measurements of actual PA, VO

2
 

max, and fatigue. Such studies should incorporate direct 
assessments of muscle metabolism and structure to probe 
the functional status of muscle and not only muscle mass. 
This research agenda will be necessary to better understand 
the underlying cause of the association of increase in RMR 
with FI

34
, which is distinct in men and women.

Our study supports the notion that the decrease in 
RMR with age may not continue in all elderly individu-
als. It explains why most studies show a decline in RMR 
with age, while some do not. The explanation is based on 
health status, which declines overall in a population with 
age but not in all individuals to the same extent. Indeed, 
the positive association of RMR with FI

34
 was seen only in 

the oldest old group (Table 6) that has a higher prevalence 
of less healthy individuals. This distinction did not appear 
to be due to a floor effect or less variance in the younger 
group. Furthermore, the association of FI

34
 and age was no 

longer significant when the two age groups were considered 
individually (Table 6, data not shown for younger group), 
which suggests that these age groups are well separated by 
health status. In men, it appears that the functional status of 
muscle plays a predominant role during aging, based on the 
association of CPK with FI

34
, whereas in women, it is body 

mass and/or composition (Table 6). However, it is a muscle 
deficit in both oldest old men and women that is associated 
with an increase in FI

34
 and thus declining health during 

aging. Altogether, these results point to an increasing meta-
bolic burden for the maintenance of homeodynamics as 
health decreases. A good part of this may be related to mass 
and functional status of muscle, but other body systems 
may also be involved. Muscle metabolism constitutes the 
tip of the iceberg, as skeletal muscle accounts for only about 
25% of resting energy expenditure (5), and we suggest that 
our analysis of CPK may extrapolate to dysfunction in other 
organ systems. Support for declining metabolism in various 
organ systems has been provided before (39).

Lower energetic capacity leads to declining PA with age, 
as mentioned earlier. This results in a vicious cycle, because 
PA is needed to preserve functional capacity. The role of 
energy intake will be necessary to address in the future, 
to provide a more complete picture of the dynamics of the 
relationships we have examined here.

In sum, we have shown that declining health in the old-
est old is associated with increased energy demands in the 
form of higher RMR. This increased RMR is likely the 
derivative of greater demands on maintenance of an aging 
organism whose tissue and integrated functions are degrad-
ing. In individuals whose integrated functions are more or 

less intact, as measured indirectly by a lower FI
34

, RMR is 
lower. This explains the discrepancies in the relationship of 
RMR with age found in various studies. It also shifts the 
level of analysis to intermediate phenotypes that mediate 
these effects, some of which may differ between men and 
women.

Supplementary Material

Supplementary material (references 40–45 are cited in the sup-
plementary material) can be found at: http://biomedgerontology.
oxfordjournals.org/
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