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ABSTRACT
Background: The specific resting metabolic rates (Ki; in kcal �
kg21 � d21) of major organs and tissues in adults were suggested
by Elia (in Energy metabolism: tissue determinants and cellular cor-
ollaries. New York, NY: Raven Press, 1992) to be as follows: 200 for
liver, 240 for brain, 440 for heart and kidneys, 13 for skeletal muscle,
4.5 for adipose tissue, and 12 for residual organs and tissues. How-
ever, Elia’s Ki values have never been fully evaluated.
Objectives: The objectives of the present study were to evaluate the
applicability of Elia’s Ki values across adulthood and to explore the
potential influence of age on the Ki values.
Design: A new approach was developed to evaluate the Ki values of
major organs and tissues on the basis of a mechanistic model: REE =
R(Ki · Ti), where REE is whole-body resting energy expenditure
measured by indirect calorimetry, and Ti is the mass of individual
organs and tissues measured by magnetic resonance imaging. With
measured REE and Ti, marginal 95% CIs for Ki values were calcu-
lated by stepwise univariate regression analysis. An existing data-
base of nonobese, healthy adults [n = 131; body mass index (in kg/m2)
,30] was divided into 3 age groups: 21–30 y (young, n = 43), 31–
50 y (middle-age, n = 51), and .50 y (n = 37).
Results: Elia’s Ki values were within the range of 95% CIs in the
young and middle-age groups. However, Elia’s Ki values were outside
the right boundaries of 95% CIs in the .50-y group, which indicated
that Elia’s study overestimated Ki values by 3% in this group. Age-
adjusted Ki values for adults aged .50 y were 194 for liver, 233 for
brain, 426 for heart and kidneys, 12.6 for skeletal muscle, 4.4 for
adipose tissue, and 11.6 for residuals.
Conclusion: The general applicability of Elia’s Ki values was val-
idated across adulthood, although age adjustment is appropriate for
specific applications. Am J Clin Nutr 2010;92:1369–77.

INTRODUCTION

One of the primary aims of human energymetabolism research
is to explore the specific metabolic rate (Ki value) for individual
organs and tissues under resting conditions. Estimating the Ki

values forms the basis for exploring the relation between resting
energy expenditure (REE) and body composition and for un-
derstanding the daily energy requirements in humans (1–3).
Different approaches, including in vitro and in vivo methods,
have been used to estimate the Ki values of individual organs
and tissues. When isolated organ and tissue slices are used, the
in vitro method usually underestimates Ki values (4), whereas
the in vivo method remains technically demanding (5–7).

On the basis of reported experimental results in humans and
other mammals, Elia (1) presented a review on the Ki values (in
kcal � kg21 � d21) for 7 organs and tissues in adults: liver (200),
brain (240), heart (440), kidneys (440), skeletal muscle (13), ad-
ipose tissue (4.5), and residual mass (12). The residual mass in-
cludes other organs and tissues, such as skin, intestines, bones, and
lungs. According to Elia, the heart and kidneys have the highest Ki

values, twice those for liver and brain. In contrast, the Ki value of
skeletal muscle is only 1/35 that of the heart and kidneys, and
adipose tissue has the lowest Ki value of the 7 organs and tissues.

During the past decade, another approach was applied that
measures masses of major organs and tissues by magnetic res-
onance imaging and then calculates whole-body REE based on
Elia’s Ki values (8, 9). Published studies showed that the pre-
dicted REE well matched the measured REE in young adults,
which supports the applicability of Elia’s Ki values. However,
the predicted REE was significantly higher than the measured
REE in elderly adults, which indicated that the Ki value may
decline from a young age to an elderly age (3, 9, 10). The ob-
jectives of the present study were to critically evaluate the ap-
plicability of Elia’s Ki values across adulthood and to explore
the potential influence of age on Ki values.

METHODS

Development of approach

A new approach was developed by combining a mechanistic
REE model with stepwise univariate regression analysis to
evaluate the applicability of Elia’s Ki values.
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Mechanistic model of REE

This model is based on the concept that whole-body REE
reflects the sum of resting energy consumption in all organs and
tissues in the human body. A mechanistic model was developed
that represents REE as the sum of the products of individual organ
and tissue masses and their corresponding specific resting met-
abolic rates (11):

REE ¼
X

ðKi 3TiÞ ð1Þ

where Ti is the individual organ/tissue mass, i is the organ/tissue
number (i = 1, 2, …, n), and Ki is the specific resting metabolic
rate of the individual organs and tissues.

Because 4 organs (ie, liver, brain, heart, and kidneys) have
particularly high basal specific metabolic rate and 2 tissues (ie,
skeletal muscle and adipose tissue) have particularly large
masses, the following body-composition model at the organ-
tissue level was applied in the present study:

BM ¼ Tliver þ Tbrain þ Theart þ Tkidneys þ TSM

þ TAT þ Tresidual ð2Þ

where BM is body mass and SM and AT are skeletal muscle and
adipose tissue, respectively. Residual mass includes other tissues
and organs such as skeleton, blood, skin, gastrointestinal tract,
lung, and spleen. Residual mass in our study was calculated as
BMminus the sum of liver, brain, heart, kidneys, skeletal muscle,
and adipose tissue.

On the basis of the Ki values suggested by Elia, a working
REE model was expressed as follows:

REE ¼ 200Tliver þ 240Tbrain þ 440Theart þ 440Tkidneys

þ 13TSM þ 4:5TAT þ 12Tresidual ð3Þ

Stepwise univariate regression analysis

Our approach to evaluating Elia’s Ki values was to examine
each organ and tissue separately. We constructed separate mar-
ginal 95% CIs for each of the 7 Ki values via univariate linear
regression analysis (12).

First, we evaluated the specific metabolic rate of liver (Kliver)
with the statistical hypothesis Kliver = 200, suggested by Elia (1).
According to Equation 3, we fitted a linear regression model:

REE ¼ Kliver 3Tliver þ 240Tbrain þ 440Theart þ 440Tkidneys

þ 13TSM þ 4:5TAT þ 12Tresidual ð4Þ

In other words, we considered the following univariate linear re-
gression:

REE� ðliverÞ ¼ Kliver 3Tliver ð5Þ

where

REE� ðliverÞ ¼ REE2 ð240Tbrain þ 440Theart þ 440Tkidneys

þ 13TSM þ 4:5TAT þ 12TresidualÞ ð6Þ

An estimate with SE (95% CIs) for Kliver was obtained by using
the least-squares method. We then compared the 95% CIs with

the hypothesized Kliver value suggested by Elia. Testing statistical
hypothesis Kliver = 200 at a significance level 0.05 was tantamount
to checking whether Kliver = 200 falls inside the 95% CIs.

Second, we evaluated the specific metabolic rate of brain
(Kbrain) and fitted a linear regression model according to
Equation 3:

REE ¼ 200Tliver þ Kbrain 3Tbrain þ 440Theart

þ 440Tkidneys þ 13TSM þ 4:5TAT þ 12Tresidual ð7Þ

An estimate with SE (95% CIs) for Kbrain was obtained by
using the least-squares method. We then compared it with the
hypothesized value Kbrain = 240 suggested by Elia (1). The same
process was repeated for each of the remaining coefficients,
ie, Kheart, Kkidneys, KSM, KAT, and Kresidual.

Age-stratified mechanistic model of REE

The working REE model (ie, Equation 3) was based on an
assumption that the Ki value of each organ and tissue is stable
across adulthood. However, previous observations showed that
the Ki value may decline from a young age to an elderly age (3).
In the present study, the adult subject pool was divided into 3
age groups to assess the potential influence of age on the Ki

values of major organs and tissues. An age-stratified mechanistic
model of resting energy expenditure was applied:

REE ¼
X

ðAi 3Elia’s Ki 3TiÞ ð8Þ

where Ai is the age-adjusted coefficient for Elia’s Ki value for
each age group. In the present study, an assumption was made
that the age-adjusted Ai are the same across all organs and
tissues for each age group, or Ai = A. A simplified age-stratified
REE model was thus applied:

REE ¼ A3 ð200Tliver þ 240Tbrain þ 440Theart þ 440Tkidneys

þ 13TSM þ 4:5TAT þ 12TresidualÞ ð9Þ

The A values of major organs and tissues were predicted in
different age groups, respectively. The age-adjusted Ki values
can then be calculated in each age group as

Age-adjusted Ki ¼ A3Elia’s Ki ð10Þ

Subjects

Existing REE and organ and tissue data were collected at the
Institute of Human Nutrition and Food Science, Christian-
Albrechts University, Kiel, Germany. The Institutional Review
Board at Christian-Albrechts University approved the original
studies, and the subject signed an informed consent form. The
subjects have been recruited since 2000. Healthy nonobese adult
subjects (n = 131) were divided into 3 age groups: 21–30 y
(young), 31–50 y (middle-age), and .50 y. Obese subjects
[body mass index (BMI; in kg/m2) � 30] were excluded from
this study. The subjects in the present study had participated in
other studies (9, 13).
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Measurements

The existing database contains anthropometric measures;
measured REE; measured organ and tissue masses including
liver, brain, heart, kidneys, skeletal muscle, and adipose tissue;
and percentage of body mass as fat.

Anthropometric measures

Anthropometric measurements were made by experienced
observers using standardized procedures as reported by Lohman
et al (14). Body mass was measured to the nearest 0.1 kg in
fasting subjects wearing minimal clothing. Height was measured
with a stadiometer to the nearest 0.1 cm.

REE

Indirect calorimetry was applied to estimate REE with par-
ticipants in a postabsorptive state. No food or calorie-containing
beverages were consumed after 1900 until the REE and all body-
composition tests were completed. The subjects did not drink
water before measurement. All subjects had been investigated in
a metabolic ward at constant room temperature and humidity.
REE was measured between 0700 and 0900 with subjects resting
comfortably on a bed with a plastic transparent ventilated hood
placed over their heads for 30 min. Continuous gas exchange
measurements were taken to analyze the rates of O2 consumption
and CO2 production by using a SensorMedics calorimeter (Vmax
Spectra 29n; SensorMedics, Bilthoven, Netherlands). All gas
exchange data were collected in the early morning after waking
up, in a resting state 8 h after physical activity, at an environ-
mental temperature of ’ 25�C, and in a postabsorptive state 10–
12 h after feeding (2).

Organ and tissue mass

Organ and tissue masses were obtained by summing pixels
from images obtained with a 1.5-T Magnetom Vision scanner
(Siemens, Erlangen, Germany). The magnetic resonance imaging
(MRI) protocol details have been previously described (13).

In brief, for the brain, a T1-weighted fast low-angle shot
(FLASH) breath-hold sequence was performed with repeti-
tion time of 174.9 ms, echo time of 4.1 ms, and flip angle of 80�.
For the heart, ultrashort scans were made by electrocardiogram-
triggered, T2-weighted half-single-shot turbo spin-echo (HASTE)
sequences (breath-hold, repetition time 800 ms, echo time 43.0
ms, and acquisition time 20 ms). Liver and kidney images were
produced by using an axial T1-weighted spin echo sequence.
Total body SM and AT volumes were evaluated and involved the
acquisition of ’40 axial images across the whole body.

All MRI images were manually segmented with a software
(TomoVision 4.3 Software; Slice-O-Matic, Montreal, Canada).
Each organ and tissue was analyzed by the same observer who
was blinded to the time point and subject identity. Visible AT
areas within organ/tissue cross-sectional area were removed,
including the small amount of visible AT within skeletal muscle
bundles. The intraobserver CVs based on comparison of repeated
segmentations were 0.07% for liver, 1.8% for brain, 1.7% for
heart, and 1.0% for kidneys. The technical errors for measure-
ment of the same scan on 2 separate days by the same observer of
skeletal muscle and adipose tissue volumes were 0.76 0.1% and
1.1 6 1.2% (mean 6 SD), respectively.

The mass of each organ and tissuewas determined from the sum
of all cross-sectional areas multiplied by the slice thickness, the
gaps between slices, and the density of each organ and tissue (15):

organ=tissue mass ¼ d3 ðt þ gÞ3
X

½ðSi þ Siþ1Þ=2� ð11Þ

where S is the cross-sectional area of each organ/tissue image, i
is the image number, t is the thickness of each image, g is the
gap (distance) between consecutive images, and d is the density
of organ/tissue. The t, g, and d values of major organs and
tissues are summarized in Table 1.

Dual-energy X-ray absorptiometry

Total body fat and bone mineral content were measured with
a dual-energy X-ray absorptiometry scanner (software version
V8.26a:3, model QDR 4500A; Hologic, Waltham, MA). The
subjects lay supine with arms and legs at their sides during the
10-min scan. The between-measurement technical error for fat in
the same person is 1.2% (16). The percentage of body mass as fat
was then calculated. In some subjects, skeletal muscle and ad-
ipose tissue masses were calculated from dual-energy X-ray
absorptiometry estimation, as previously described (13). Skeletal
muscle mass was predicted from appendicular lean soft tissue
(17), and adipose tissue mass was predicted from fat mass, as-
suming a fat content of 80% (18).

Statistical analysis

Descriptive statistics from the data were expressed as the
group mean 6 SD. Statistical analyses were performed by
using SPSS for Windows 13.0 (SPSS Inc, Chicago, IL). Dif-
ferences in body composition and REE between the 3 age
groups were analyzed by analysis of variance (ANOVA) and
pairwise comparisons with Bonferroni adjustment. Statistical
significance was set at P , 0.05. Elia’s Ki values for the 7
organs and tissues were applied to predict REE and examine
the association between measured REE (REEm) and predicted
REE (REEp) with the use of simple linear regression analysis.
We then explored for bias in the REEm and REEp relation by
using the method reported by Bland and Altman (19). The
marginal 95% CIs for the 7 Ki values were predicted via the
simple univariate linear regression method (12). The database
was analyzed by the programming in R version 2.10.1, a soft-
ware program for statistical computing and graphics, initially
written by Robert Gentleman and Ross Ihaka, Statistics De-
partment, University of Auckland.

TABLE 1

Thickness and gap of magnetic resonance imaging (MRI) for major organs

and tissues1

Liver Brain Heart Kidneys SM AT

t (cm) 0.8 0.6 0.7 0.8 1.0 1.0

g (cm) 0.24 0.12 0.21 0.24 4.0 4.0

d (g/cm3) 1.06 1.036 1.06 1.05 1.04 0.92

1 d, density of organ and tissue; g, gap (distance) between consecutive

MRI scans; t, thickness of each MRI scan; AT, adipose tissue; SM, skeletal

muscle.
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RESULTS

Physical characteristics

In this secondary analysis study, 131 (67 men, 64 women)
nonobese healthy adults were included and divided into 3 age
groups: 43 young adults aged 21–30 y, 51 middle-age adults aged
31–50 y, and 37 adults aged 51–73 y. The baseline characteristics
and body composition of all subjects and the 3 age groups are
presented in Table 2. No differences in height, fat mass, and
bone mineral content were observed between the 3 age groups
(both ANOVA test and pairwise comparisons with Bonferroni
adjustment, all P . 0.1). However, body mass and BMI were
significantly different between the young, middle-age, and.50-y
groups (ANOVA, P = 0.034 for body mass, P = 0.001 for BMI).
Pairwise comparisons with Bonferroni adjustment showed
that the differences in body mass and BMI were significant only

between the young and .50-y groups (P = 0.04 for body mass,
P , 0.001 for BMI). Fat-free mass in the .50-y group (58.4 6
11.0 kg) was greater than that in the young group (53.36 10.0 kg),
by 5.1 kg (Table 3). The major reason was the imbalance in
subject number between men and women (26 men and 11
women in the .50-y group compared with 16 men and 27
women in the young group). However, this difference was not
statistically significant (pairwise comparisons with Bonferroni
adjustment, P . 0.1).

Organ and tissue masses and REE

The masses of 4 high-metabolic-rate organs (ie, liver, brain,
heart, and kidneys) and 3 low-metabolic-rate tissues (ie, skeletal
muscle, adipose tissue, and residual mass) for all subjects and 3
age groups are presented in Table 3. No significant differences in

TABLE 2

Subject characteristics and body composition by age group1

All subjects 21–30 y (young) 31–50 y (middle-age) 51–73 y P2

Subjects (n) 131 43 51 37 —

Men 67 16 25 26

Women 64 27 26 11

Age (y) 41.8 6 14.83 25.9 6 2.0 40.5 6 5.1 62.0 6 5.3 —

Body mass (kg) 73.7 6 12.4 70.0 6 11.3 74.8 6 12.5 76.7 6 12.7 0.0344

Height (m) 1.74 6 0.08 1.74 6 0.06 1.75 6 0.09 1.73 6 0.08 0.5945

BMI (kg/m2) 24.2 6 2.9 23.0 6 2.7 24.4 6 2.8 25.4 6 2.7 0.0016

Fat (kg) 17.9 6 6.7 16.6 6 6.7 18.6 6 6.6 18.3 6 6.7 0.3245

Fat (%) 25.0 6 8.3 24.3 6 8.7 25.8 6 8.2 24.6 6 8.1 0.6615

FFM (kg) 55.9 6 11.4 53.3 6 10.0 56.2 6 12.3 58.4 6 11.0 0.1225

BMC (kg) 2.58 6 0.46 2.53 6 0.40 2.61 6 0.46 2.62 6 0.54 0.6035

1 BMC, bone mineral content; FFM, fat-free mass.
2 Tests of group mean differences by ANOVA and pairwise analyses with Bonferroni adjustment.
3 Mean 6 SD (all such values).
4 Young compared with middle-age (P. 0.1), young compared with.50 y (P = 0.04), and middle-age compared with

.50 y (P . 0.1).
5 Pairwise comparisons with Bonferroni adjustment, P . 0.1.
6 Young compared with middle-age (P = 0.07), young compared with .50 y (P , 0.001), and middle-age compared

with .50 y (P . 0.1).

TABLE 3

Major organ and tissue masses and whole-body resting energy expenditure (REE)1

All subjects 21–30 y (young) 31–50 y (middle-age) 51–73 y P2

Liver (kg) 1.39 6 0.253 1.35 6 0.23 1.41 6 0.25 1.41 6 0.28 0.5134

Brain (kg) 1.33 6 0.11 1.33 6 0.11 1.34 6 0.10 1.32 6 0.12 0.7664

Heart (kg) 0.31 6 0.08 0.31 6 0.09 0.30 6 0.08 0.33 6 0.07 0.3274

Kidneys (kg) 0.29 6 0.06 0.28 6 0.06 0.28 6 0.05 0.31 6 0.06 0.0425

SM (kg) 26.3 6 6.3 25.0 6 5.9 26.7 6 6.6 26.9 6 6.4 0.5324

AT (kg) 19.4 6 6.4 18.4 6 6.4 19.9 6 6.3 19.9 6 6.5 0.4434

Residual mass (kg) 24.7 6 5.2 22.8 6 3.9 24.9 6 6.0 26.5 6 4.6 0.0046

REEm (kcal/d) 1575 6 241 1547 6 241 1590 6 248 1586 6 234 0.6494

REEp (kcal/d) 1588 6 234 1535 6 220 1596 6 239 1636 6 236 0.1474

REEm 2 REEp (kcal/d)7 213 6 80 (0.068) 11 6 80 (0.36) 26 6 79 (0.59) 250 6 67 (,0.001) —

1 AT, adipose tissue; REEm, REE measured by indirect calorimetry; REEp, REE predicted by the Ki values suggested by Elia (1); SM, skeletal

muscle.
2 Tests of group mean differences for organ and tissue masses and REE by ANOVA and pairwise analyses with Bonferroni adjustment.
3 Mean 6 SD (all such values).
4 Pairwise comparisons with Bonferroni adjustment, P . 0.1.
5 Young compared with middle-age (P . 0.1), young compared with .50 y (P = 0.06), and middle-age compared with .50 y (P . 0.1).
6 Young compared with middle-age (P . 0.1), young compared with .50 y (P , 0.01), and middle-age compared with .50 y (P . 0.1).
7 Values in parentheses are the P values for the difference between REEm and REEp within relevant groups by paired t test.
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liver, brain, heart, skeletal muscle, and adipose tissue mass were
observed between the 3 groups (both ANOVA and pairwise
comparisons with Bonferroni adjustment, all P . 0.1). For
kidneys, a significant difference was observed between the 3
groups (ANOVA, P = 0.042). Pairwise comparisons with
Bonferroni adjustment showed that the differences in kidneys
were not significant, although it was nearly significant between

the young and .50-y groups (P = 0.06). For residual mass,
a significant difference was observed between the 3 groups
(ANOVA, P = 0.004). Pairwise comparisons with Bonferroni
adjustment showed that the difference in residual mass was
significant only between the young and .50-y groups (P ,
0.01).

The REEm for all subjects and the 3 age groups are presented
in Table 3. There was no significant difference in REEm between
the 3 groups (both ANOVA and pairwise comparisons with
Bonferroni adjustment, all P . 0.1).

Evaluation of Elia’s Ki values in all subjects

According to Equation 3, REEp was calculated for all sub-
jects. The REEm and REEp (mean 6 SD) were 1575 6 241 and
1588 6 234 kcal/d, respectively (Table 3). No significant dif-
ference was observed between REEm and REEp for all subjects
(paired Student’s t test, P = 0.068), with a mean difference (ie,
REEm 2 REEp) of 213 6 80 kcal/d. A Bland-Altman plot
showed that no significant trend (r = 0.09, P . 0.20) was ob-
served between the REEm and REEp difference compared with
the average of REEm and REEp (Figure 1).

The stepwise univariate analysis method was used to calculate
the 95% CIs for each Ki value of the organs and tissues for all
subjects (Table 4). As shown in Figure 2, Elia’s Ki values were
within but close to the right boundary of 95% CIs for the 7
organs and tissues.

FIGURE 1. The difference between measured and predicted resting
energy expenditure (ie, REEm – REEp) compared with the mean of
REEm and REEp for all subjects. (REEm – REEp) = 0.0306 · mean –
61.2; r = 0.09, P . 0.20; n = 131. REEp was calculated by using the Ki

values suggested by Elia (1), according to Equation 3. The regression line,
zero difference line, and the lines representing 2 SDs for the differences
(146, 2172 kcal/d; indicated by the upper and lower lines) are shown.

TABLE 4

95% CIs of specific metabolic rates of major organs and tissues1

Organ/tissue and Elia’s Ki value All subjects 21–30 y (young) 31–50 y (middle-age) 51–73 y

Liver (200 kcal � kg21 � d21)

95% CIs for corresponding Ki values (182, 201) (191, 227) (181, 212) (150, 181)

P value from t test of H02 0.087 0.31 0.67 ,0.001

Marginal R2 value3 0.92 (0.92) 0.93 (0.93) 0.93 (0.93) 0.93 (0.89)

Brain (240 kcal � kg21 � d21)

95% CIs for corresponding Ki values (220, 241) (230, 267) (219, 252) (186, 219)

P value from t test of H02 0.073 0.34 0.57 ,0.001

Marginal R2 value3 0.94 (0.94) 0.95 (0.95) 0.94 (0.94) 0.94 (0.91)

Heart (440 kcal � kg21 � d21)

95% CIs for corresponding Ki values (348, 434) (402, 554) (338, 479) (213, 338)

P value from t test of H02 0.024 0.32 0.37 ,0.001

Marginal R2 value3 0.72 (0.71) 0.79 (0.79) 0.73 (0.72) 0.68 (0.44)

Kidneys (440 kcal � kg21 � d21)

95% CIs for corresponding Ki values (336, 430) (396, 568) (328, 481) (200, 332)

P value from t test of H02 0.016 0.34 0.35 ,0.001

Marginal R2 value3 0.68 (0.66) 0.75 (0.74) 0.69 (0.69) 0.65 (0.37)

SM (13 kcal � kg21 � d21)

95% CIs for corresponding Ki values (12.0, 13.0) (12.5, 14.4) (12.0, 13.6) (10.3, 11.9)

P value from t test of H02 0.051 0.35 0.59 ,0.001

Marginal R2 value3 0.95 (0.95) 0.95 (0.95) 0.95 (0.95) 0.96 (0.93)

AT (4.5 kcal � kg21 � d21)

95% CIs for corresponding Ki values (3.21, 4.57) (3.85, 6.37) (3.14, 5.26) (1.16, 3.34)

P value from t test of H02 0.077 0.34 0.58 ,0.001

Marginal R2 value3 0.50 (0.49) 0.61 (0.60) 0.56 (0.55) 0.32 (0.00)

Res (12 kcal � kg21 � d21)

95% CIs for corresponding Ki values (10.9, 12.0) (11.5, 13.6) (10.9, 12.6) (9.3, 11.0)

P value from t test of H02 0.051 0.32 0.59 ,0.001

Marginal R2 value3 0.93 (0.93) 0.93 (0.93) 0.94 (0.94) 0.94 (0.91)

1 AT, adipose tissue; Res, residual mass; SM, skeletal muscle.
2 H0: Ki = Elia’s Ki value.
3 The proportion of marginal variability reduction; for liver, reduction was due to fitting least squares with Equation 5. The value within parentheses is the

corresponding reduction by taking Kliver = 200 (Elia’s value). This is likewise defined for other organs and tissues.
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Evaluation of Elia’s Ki values in 3 age groups

A plot between REEm – REEp and age for all subjects showed
that the REEm and REEp difference was significantly associated
with age (r = 20.27, P , 0.01; Figure 3). We thus further
evaluated Elia’s Ki values in different age groups.

According to Equation 3, REEp, as well as the differences
between REEm and REEp, were calculated for the 3 age groups
(Table 3). No significant differences were observed between
REEm and REEp within the young (11 6 80 kcal/d; P = 0.36)
and middle-age (26 6 79 kcal/d; P = 0.59) groups. However,
the REEm – REEp values were significant in the .50-y group
(250 6 67 kcal/d, P , 0.001).

The stepwise univariate analysis method was used to calculate
the 95% CIs of Ki values for the 3 age groups (Table 4). For the
young and middle-age adults, Elia’s Ki values were located
within the 95% CIs for the 7 organs and tissues. For the .50-y
group, however, Elia’s Ki values were outside the right boundary
of 95% CIs for the 7 organs and tissues (Figure 4). This ob-
servation indicated that Elia’s study overestimated Ki values in
the adults aged .50 y.

Modification of Elia’s Ki values in the .50-y group

According to Equation 7, age-adjusted coefficients were de-
rived: A = 1.008 (P = 0.30) for the young adults, A = 0.996 (P =
0.54) for the middle-age adults, and A = 0.969 (P , 0.001) for
the adults aged.50 y. According to Equation 8, the age-adjusted
Ki values (in kcal � kg21 � d21) and their 95% CIs were calculated
for the .50-y group (Table 5): 194 for liver, 233 for brain, 426
for heart and kidneys, 12.6 for skeletal muscle, 4.4 for adipose
tissue, and 11.6 for residual mass.

DISCUSSION

Exploring the specific resting metabolic rates of individual
organs and tissues is one of the primary aims for energy me-
tabolism research. Several approaches have been applied to es-
timate the Ki values in humans and several species of mammals.
The innovation of the present study was to develop and apply
a new approach to critically evaluate the applicability of Elia’s
Ki values across adulthood.

In vitro and in vivo approaches of estimating Ki values
in humans

Since the 1920s, major efforts have been applied to the esti-
mation of Ki values in isolated organ and tissue slices in several
mammalian species by varying the substrates and estimation
conditions (20, 21). However, a critical question raised by the in
vitro technique is whether the estimated Ki values from isolated
organ and tissue slices are comparable with the in vivo specific
metabolic rates of the same organ and tissue in the intact living
animal. On the whole, in vitro estimated Ki values are under-
estimated (4).

In vivo studies were then developed so that the Ki value of an
organ or tissue could be estimated by measuring the arteriove-
nous difference in oxygen concentrations across the organ, com-
bined with the assessment of blood flow perfusing the organ
(6, 7). More recently, the Ki values of the individual organs were
assessed by positron emission tomography with 13C, 15O, 18F, or
31P markers, such as 2-deoxy-2[18F]fluoro-D-glucose (5, 22).
However, assessment of Ki by positron emission tomography has

FIGURE 2. The 95% marginal CIs for Ki values of major organs and
tissues, fitted by stepwise univariate analysis and shown on a logarithmic
scale, for all adult subjects. The Xs represent the Ki values suggested by Elia
(1). AT, adipose tissue; Res, residual mass; SM, skeletal muscle.

FIGURE 3. The difference between measured and predicted resting
energy expenditure (ie, REEm – REEp) compared with age for all
subjects. (REEm – REEp) = 47.7 2 1.45 · age; r = 20.27, P , 0.01;
n = 131. REEp was calculated by using the Ki values suggested by Elia
(1), according to Equation 3. The zero difference line is shown.

FIGURE 4. The 95% marginal CIs for Ki values of major organs and
tissues, fitted by stepwise univariate analysis and shown on a logarithmic
scale, for the young (upper line), middle-age (middle line), and .50-y
(lower line) groups. The Xs represent the Ki values suggested by Elia (1).
AT, adipose tissue; Res, residual mass; SM, skeletal muscle.
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limited value depending on the tracer used, because the most
frequently used glucose tracer is not specific for energy me-
tabolism. Moreover, the in vivo techniques are expensive and
remain technically demanding for humans.

The REEm 2 REEp approach of evaluating Elia’s Ki

values in humans

Another approach has been applied to evaluate the applica-
bility of Elia’s Ki values that compares REEp with REEm (8).
The predicted REE is calculated by Equation 3 with the Ki

values suggested by Elia. If the REEm – REEp difference is
close to zero, we may consider that Elia’s Ki values should be
applicable as a whole.

This approach is dependent on simultaneous measurements of
REE and organs and tissues from the same subjects. Currently,
only 2 laboratories have measured REE and organs and tissues
using magnetic resonance imaging: Christian-Albrechts Univer-
sity, Kiel, Germany and St Luke’s–Roosevelt Hospital, Columbia
University, New York, NY (8, 23, 24). The REEm – REEp dif-
ferences reported in the previous and present studies are sum-
marized in Table 6.

The St Luke’s research group reported that Equation 3 un-
derpredicted REE in children and adolescents, which indicated
that Ki values are higher during growth and development than in
adulthood (25, 26).

In contrast, the present study found that the REEm – REEpwas
, 0 in the .50-y group and was negatively associated with age
(r = 20.27, P , 0.01; Figure 3). The St Luke’s research group
also showed that Equation 3 overpredicts REE in the elderly
adults, although well-predicts REE in young and middle-age
adults (3, 10). Caution should be taken that the age ranges in the
previous studies of elderly adults were at the upper limit or even
above the range of the subjects in the present study. This may
explain the even greater REEm – REEp difference observed in
the previous studies (9, 10).

New approach of evaluating Elia’s Ki values in adult
humans

To critically evaluate the applicability of Elia’s Ki values
across adulthood, a new approach was developed that combines
the mechanistic REE model with the stepwise univariate anal-
ysis method. Our results showed that Elia’s Ki values were close
to the right boundary of 95% CIs for the 7 organs and tissues in
all subjects (Figure 2). This observation validated the applica-
bility of Elia’s Ki values in whole adulthood. Also, Elia’s Ki

values were located within the 95% CIs for the 7 organs and
tissues in the young and middle-age adults (Figure 4). The age-
adjusted coefficients were close to 1 and nonsignificant: A =
1.008 (P = 0.30) for the young group and A = 0.996 (P = 0.54)
for the middle-age group. This observation supports the appli-
cability of Elia’s Ki values in young and middle-age adults.

TABLE 5

Age-adjusted Ki values (and their 95% CIs) of specific metabolic rates of major organs and tissues1

Organ/tissue Elia’s Ki value 21–30 y (young) 31–50 y (middle-age) 51–73 y

kcal � kg21 � d21 kcal � kg21 � d21 kcal � kg21 � d21 kcal � kg21 � d21

Liver 200 202 (199, 205) 199 (197, 202) 194 (191, 197)

Brain 240 242 (238, 245) 239 (236, 242) 233 (229, 236)

Heart 440 443 (437, 450) 438 (432, 444) 426 (420, 433)

Kidneys 440 443 (437, 450) 438 (432, 444) 426 (420, 433)

SM 13 13.1 (12.9, 13.3) 12.9 (12.8, 13.1) 12.6 (12.4, 12.8)

AT 4.5 4.54 (4.47, 4.60) 4.48 (4.42, 4.54) 4.36 (4.29, 4.43)

Res 12 12.1 (11.9, 12.3) 12.0 (11.8, 12.1) 11.6 (11.4, 11.8)

1 AT, adipose tissue; Res, residual mass; SM, skeletal muscle.

TABLE 6

Differences between measured and predicted resting energy expenditure (REE) for the different age groups1

Group Age (range) BMI n REEm 2 REEp (P value) Laboratory Reference

y kg/m2

Children 9.3 6 1.72 (6–12) 16.3 6 3.6 15 (8 M, 7 F) 299 6 121 (,0.001) NY (25)

Adolescence 14.7 6 0.6 20.5 6 3.5 20 M 118 6 165 (,0.01) NY (26)

Young 22.9 6 2.5 (18–50) 22.9 6 2.5 13 (8 M, 5 F) 19.9 6 126 (.0.05) NY (8)

Young 24.8 6 2.4 21.8 6 2.2 13 F 210 6 72 Kiel (9)

Young 25.9 6 2.0 (21–30) 23.0 6 2.7 43 (16 M, 27 F) 11 6 80 (.0.05) Kiel Current study

Young 26.2 6 2.1 22.5 6 1.8 13 M 24 6 120 Kiel (9)

Middle-age 40.5 6 5.1 (31–50) 24.4 6 2.8 51 (25 M, 26 F) 26 6 79 (.0.05) Kiel Current study

.50 y 62.0 6 5.3 (51–73) 25.4 6 2.7 37 (26 M, 11 F) 250 6 67 (,0.001) Kiel Current study

Elderly 64.9 6 2.7 25.0 6 3.0 7 M 279 6 96 Kiel (9)

Elderly 76.5 6 5.5 (.70) 24.5 6 3.9 6 M 2144 6 64 (,0.01) NY (10)

Elderly 80.3 6 7.5 (.70) 23.1 6 3.6 7 F 2146 6 78 (,0.001) NY (10)

1 Kiel, Institute of Human Nutrition and Food Science, Christian-Albrechts University, Kiel, Germany; NY, Obesity Research Center, St Luke’s–

Roosevelt Hospital, Columbia University College of Physicians and Surgeons, New York, NY; REEm, REE measured by indirect calorimetry; REEp,

REE predicted by the Ki values suggested by Elia (1).
2 Mean 6 SD (all such values).
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For the .50-y group, Elia’s Ki values were outside the right
boundary of 95% CIs for the 7 organs and tissues (Figure 4). A
significantly age-adjusted coefficient, A = 0.969 (P , 0.001),
should be applied for this group of adults. On the basis of the
predicted age-adjusted coefficient, the age-modified Ki values
were suggested (Table 5).

Our results showed that the Ki values were significantly lower
by 3% in the adults aged .50 y than in the young and middle-
age adults. There are 3 possible explanations for the ob-
servations. First, the cellular fraction of organs and tissues is
lower in elderly adults than in young and middle-age adults. In
support of this explanation, well-established changes in the
whole body and liver showed an expansion of the extracellular
compartments and a relative loss of cellularity (3, 27, 28). The
effect of organ fat, which may differ between age groups, on the
Ki values should also be considered. Second, the specific meta-
bolic rate of individual cell category may be lower in the elderly
than in young adults. In other words, elderly adults may have
a lower resting energy per unit cell mass than do young adults.
Third, the lower Ki values in the elderly adults may have been
caused by the combination of both the lower cellularity of or-
gans and tissues and the lower specific metabolic rate of in-
dividual cell category. Further study is needed to find the actual
reason of decline in Ki values across adulthood.

The association between REE and organ and tissue masses
(ie, Equation 1) appears to be a natural candidate for the use of
multiple linear regression (MLR), with 7 explanatory variables.
Implementation of MLR method does not require any prior
knowledge on the Ki values of major organs and tissues.
However, because of the high collinearity among some organs
and tissues, the MLR approach produced unstable results in the
database used in the current study. Specifically, the SEs for the
resulting estimators of regression coefficients were exception-
ally large; therefore, the resulting CIs provided little infor-
mation to the true values. For example, the 95% CIs for Kheart

were as wide as (2185, 643) from fitting an MLR model.
Our new approach, which combines a mechanistic REE model

with stepwise univariate regression analysis, can avoid the
limitations of the MLR method. The existence of Elia’s REE
model (ie, Equation 3) allows us to evaluate each Ki value
separately by holding the remaining Ki values at Elia’s proposed
values. The new approach thus provides an effective way to
evaluate Elia’s Ki values. In particular, we were able to construct
tight CIs that can be used to assess Elia’s Ki values and to
predict the direction of any deviation from their coefficients. By
introducing a common scaling factor, we were also able to
quantify the adjustment needed for different age groups to better
predict their respective REE.

In conclusion, the current study validated the applicability of
Elia’s Ki values in whole adulthood. Although correctly esti-
mated in young and middle-age adults, Elia’s study overesti-
mated Ki values in the .50-y group; therefore, age-modified Ki

values should be applied in the elderly. This study can thus help
in understanding the inherent relation between REE and body
composition at the organ-tissue level.
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