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Abstract: Skeletal muscle (SM) is the largest component at the tissue-organ level of human body compo-

sition and is the material basis of all physical activities. Several methods are now available to quantify total

body SM mass in vivo, including property-based and component-based methods. Computerized tomography

(CT) and magnetic resonance imaging (MRI) can be used as the criteria for evaluating SM mass measurement

methods. The newly-developed method by using dual-energy X-ray absorptiometry (DXA) offers a reason-

able alternative to CT and MRI for accurately estimating total body SM mass in vivo.

Key words: skeletal muscle mass; in vivo measurement; computerized tomography; magnetic resonance

imaging; dual-energy X-ray absorptiometry

PO1-DK 42618 1R21DK074877

Tel: 1-212-523-3562

Fax: 1-212-523-3571 Email: ZW28@Columbia.edu

Obesity Research Center St. Luke’s - Roosevelt Hospital Columbia University 1090 Amsterdam Avenue, 14th Floor New York, NY 10025, USA

Clarys et al

skeletal muscle,SM

adipose tissue free mass,ATFM SM/

ATFM ATFM

Clarys et al.

SM/ATFM

Valentin Wang MRI

SM/ATFM



Sport Science Research

2

Brussels cadaver study

Clarys et  a l .

SM/ATFM

SM/ATFM

SM/BW

SM/

ATFM SM/BW Clarys

e t  a l .

C T M R I

Mitsiopoulos et al.

Wang et al.

S M f Q

SM Q

f Q SM

Q

property,based methods

h

h

component,based methods

K

SD Wang et

al

SM/ATFM

ATFM

  (kg)     (kg)

ATFM

 (kg)      (kg)

I C R P

Valent in  e t  a l ATFM

adipose tissue free mass

Table    Reference Value of Total Body SM Mass

C T

M R I

B I A H2/R

h

h

T B N T B K

TBK

  R SEE(kg)

      MRI

      MRI

      MRI

       CT

       CT

       CT

      MRI

H R T B K t o t a l  b o d y  p o t a s s i u m T B N t o t a l  b o d y  n i t r o g e n

Table  Classification of the Methods for Measuring Total Body SM Mass



  Sport Science Research

3

anthropometry

CAG AG S

AG S

CAG

Martin et al.

SM H CTG FG CCG

S M g H

cm CTG cm FG

cm CCG

cm R SEE

kg

Doupe et al.

SM H MUThG CCG CAG

MUThG

cm CCG cm

CAG cm

R SEE kg

N

L e e  e t  a l .

SM H CAG CTG CCG

sex age race

SM kg H m CAG

cm CTG

cm CCG

cm Sex kg Race

kg kg

R SEE kg

Lee et al

SM BW H age sex race

B W k g H m S e x

kg Race

kg kg R

SEE kg

bio-impedance analysis

BIA

Brown et al BIA

resistivity ohm m

CT

R SEE cm

BIA

Janssen et al MRI

BIA BIA

SM H2/R sex age

SM kg H cm R

BIA ohms Sex kg

R SEE kg Janssen et al.

BIA

BIA

BIA

BIA

BIA

urinary creatinine excretion

Schffer Colemen Burger

Heymsfield et al. creatine

creatine phosphate

creatinine



Sport Science Research

4

Heymsfield et al.

creatinine equivalance

g kg

kg/g

Picor et al

kg/g kg/g

Forbes

Cr,g SM,kg

SM Cr

Cr

Cr g SM/Cr kg/g Cr

g SM/Cr kg/g

Forbes total

body potassium fat free mass,

FFM Forbes FFM

FFM Wang et al.

F F M

Wang et al. Forbes

Wang CT

h

Wang et al.

SM Cr

R P SEE kg

Wang

CT

MRI

DXA

Lee et al.

SM Cr

h

h

CT MRI

urinary 3-methylhistidine

excretion

h

actomyosin

Lukaski et al. h

MH

SM MH

SM kg MH umol/day

R SEE kg Lukaski

Burkinshaw

et al. Wang et al.

Wang CT

h MH

Wang et al.

SM MH

SM kg MH

R SEE kg

h

K

total body nitrogen total body

potassium

Burkinshaw et al. FFM

SM non-SM

SM non-SM



  Sport Science Research

5

K/N mmol/g

K / N m m o l / g

Burkinshaw et al. TBK

T B N

SM TBK TBN

SM TBK TBN

g TBN

K TBK

K/N

Wang et al. CT

Burkinshaw

Burkinshaw

total body potassium

Reference Man

Snyder et al.

TBK

Wang et al.

BMI

kg/m K

TBK P

TBK SM/TBK

kg/mmol TBK

P TBK

SM TBK

TBK

SEE kg

TBK

Wang

et  al .

MRI kg

kg TBK K

mmol mmol

TBK P

TBK SM/TBK

kg/mmol

kg/mmol SM/TBK

SM/TBK kg/mmol

TBK-SM

TBK

R P

TBK

SM TBK

SM TBK kg mmol

SEE kg

TBK

TBK

whole

body K counter

TBK

computerized tomography, CT

C T

Housfield, CT X

X

CT CT

CT

X

L L L L

CT

CT

CT cm

CT

SM d S
i

S
i

S
i

S
i

cm d

cm CT

kg/cm

Snyder et al.

R

Figure 1    Linear Relationship between Total Body SM Weight
and K Quantity(R=0.98)

SM kg TBK mmol

SEE kg

Wang et al.

SM TBK sex race age

SM kg sex

race



Sport Science Research

6

Mitsiopoulos et al. CT

CT

R cm P

CT

CT

CT

CT

CT

magnetic resonance imaging, MRI

MRI

MRI CT

CT

Ross et al. MRI

MRI

Mitsiopoulos cm

MRI

MRI Tesla MRI

L L

L L

MRI cm

MRI cm

L L

MRI MRI

MRI

MRI

SliceOmatic Image Analysis Software,TomoVision Inc.

Montreal , Canada

MRI

MRI

M R I

coefficient of variance,CV

MRI

C T

Figure 2   CT Measurement of SM Mass, with 30 Specific
Anatomical Positions

SM d S
i

S
i

S
i

S
i

cm d MRI cm

kg/cm

Snyder et al.

MRI

MRI

Figure 3    Total Body MRI Measurement

MRI

Figure 4    42 Original Images Obtained in Total Body MRI
Measurement

M R I

Figure 5    Portfolio Analysis of the Original Images of Abdo-
men MRI

MRI
Figure 6     Portfolio Analysis of the 42 Original MRI Images in
Figure 4



  Sport Science Research

7

CT MRI MRI

MRI CT

MRI

MRI

MRI

DXA

X dual-energy X-ray absorptiometry,

DXA MRI DXA

bone mineral

DXA

DXA min

DXA DXA

DXA

lean

soft tissue

DXA

Heymsfield et al. DXA

appendicular lean soft tissue,ALST

Wang et al.

CT DXA

R P

Snyder et al.

Kim MRI N

Kim et al.

SM ALST

SM ALST kg R

SEE kg

SM ALST age sex

SM ALST kg Sex

ALST

R SEE kg

Kim MRI

Kim et al.

SM ALST

SM ALST kg R

SEE kg BW

SM ALST BW

SM BW kg ALST

R SEE kg

Kim DXA

FFM

Kim

DXA

M R I

ALST ALST

ALST SM

ALST SM

DXA CT MRI CT MRI

DXA

DXA DXA

CT DXA

DXA

Wang et al.,1999,Shih et al.

DXA

D X A

Figure 7   Total Body Images divided by DXA Software into
Left and Right Upper Limbs, Head, Chest, Abdomen and Left
and Right Lower Limbs

S M

A L S T
Figure 8      Relations between Total Body SM, Four Limbs SM
and ALST



Sport Science Research

8

DXA

DXA

DXA

DXA

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Brown BH. Karatzas T, Nakielny R, Clark RG. (1988).Determi-

nation of upper arm muscle and fat areas using electrical imped-

ance measurements .  Cl inical  Physics  and Physiology

Measurement;9:47-55

Burger MZ. (1919). Beitrage zum Kreatininstoffwechsel: I. Die

Bedeutung des Kreatininkoefizenten fur die quantitative

Bewertung der Muskulatur als Korpergewichtskompononte. II.

Die Kreatin und Kretininausscheidung: die Storungen des

Muskelstoffwechsels. (I. The meaning of creatinine coefficient

[10]

[11]

[12]

[13]

[14]

[15]

for the quantitative measurement of muscle mass and body

composition. II. Creatine and creatinine excretion: relationshipto

muscle mass.) Z Gesamte Exp Med;9:361-399

Burkinshaw L, Hill GL, Morgan DB. (1978). Assessment of the

distribution of protein in the human body by in vivo neutron

activation analysis. In: International Symposium on Nuclear

Activation Techniques in the Life Sciences. Vienna: International

Atomic Energy Association;787-798

Clarys JP, Martin AD. (1985).The concept of the adipose tis-

sue-free mass. In: Norgan NG, editor. Human Body Composi-

tion and Fat Distribution. The Hague: CIP-Gegevens Koninklijke

Bibliotheek (EURO-NUT).p 49-63

Clarys  JP, Martin AD, Drinkwater DT. (1984). Gross tissue

weights in the human body by cadaver dissection. Human Biology;

56:459-473

Clarys JP, Martin AD, Marfell-Jones MJ, Janssens V, Caboor D,

Drinkwater DT. (1999 ).Human body composition: a review of

adult dissection data. American Journal of Human Biology;11:

167-174

Doupe MB, Martin AD, Searle MS et al. (1997).A new formula

for population-based estimation of whole body muscle mass in

males. Canadian Journal of Applied Physiology;22:598-608

Engstrom CM, Loeb GE, Reid JG, Forrest WJ, Avruch L. (1991).

Morphometry of the human thigh muscles: A comparison be-

tween anatomical sections and computer tomographic and mag-

netic resonance images. Journal of Anatomy;176:139-156

CT

MRI

BIA

h

h

Table    Comparison between the Methods for Measuring Total Body SM Mass



  Sport Science Research

9

Forbes GB. (1987).Human Body Composition, Growth, Aging,

Nutrition, and Activity. New York: Springer-Verlag,

Hymsfield SB, Arteaga C, McManus C, Smith J, Moffitt S. (1983).

Measurement of muscle mass in humans: validity of the 24-

hour urinary creatinine method. American Journal of Clinical

Nutrition.;37:478-493

Heymsfield SB, Smith R, Aulet M, Bensen B, Lichtman S, Wang

J, Pierson RN Jr. (1990). Appendicular skeletal muscle mass:

measurement by dual-photon absorptiometry. American Jour-

nal of Clinical Nutrition;52:214-218

Housfield GN. (1973). Computerized transverse axial scanning

(tomography). British Journal of Radiology;46:1016

Janssen I, Heymsfield SB, Baumgartner RN, Ross R. (2000).

Estimation of skeletal muscle mass by bioelectrical impedance

analysis. Journal of Applied Physiology;89:465-471

Kim J, Shen W, Gallagher D, Horlick M, Jones A Jr, Wang ZM,

Wang J, Heshka S, Heymsfield SB. (2006). Total-body skeletal

muscle mass: Estimation by dual-energy X-ray absorptiometry

in children and adolescents. American Journal of Clinical

Nutrition.;84:1014-1020

Kim J, Wang ZM, Heymsfield ZM, Baumgartner RN, Gallagher

D. (2002). Total-body skeletal muscle mass: estimation by a

new dual-energy X-ray absorptiometry method. American Jour-

nal of Clinical Nutrition;76:378-383

Lee RC, Wang ZM, Heo M, Ross R, Janssen I, Heymsfield SB.

(2000). Total body skeletal muscle mass: Development and

cross-validation of anthropometric prediction models. Ameri-

can Journal of Clinical Nutrition;72:796-803

Lee RC, Wang ZM, Heymsfield SB. (2001). Skeletal muscle

mass and aging: Regional and whole-body measurement methods.

Canadian Journal of Applied Physiology;26:102-122

Lee RC, Heymsfield SB, Shen W, Wang ZM. (2003). Total-

body and regional skeletal muscle mass measurement methods:

An overview. International Journal of Body Composition

Research;1:93-102

Lukaski HC, Mendez J, Buskirk ER, Cohn SH. (1981). Relation-

ship between endogenous 3-methylhistidine excretion and body

composition. American Journal of Physiology;240:E302

Martin AP, Spenst LF, Drinkwater DT, Clarys JP. (1990). An-

thropometric estimation of muscle mass in men. Medicine and

Science in Sports and Exercise;22:729-733

Mitsiopoulos N, Baumgatner RN, Heymsfield SB, Lyons W,

Gallagher D, Ross R. (1998). Cadaver validation of skeletal

muscle measurement by magnetic resonsance imaging and com-

puterized tomography. Journal of Applied Physiology;85:115-

122

Picou D, Reeds PJ, Jackson A et al. (1976). The measurement of

muscle mass in children using creatine-15N. Pediatric Research;

10:184-188

Ross R. (1996). Magnetic resonance imaging provides new in-

sights into the characterization of adipose and lean tissue

distribution. Canadian Journal of Clinical Pharmacology;74:

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

778-785

Shaffer PA, Coleman W. (1909). Protein metabolism in ty-

phoid fever. Archives of Internal Medicin,;4:538-600

Shen W, Wang ZM, Tang H, Heshka S, Punyanitya M, Zhu S,

Lei J, Heymsfield SB. (2003). Volume estimates by imaging

methods: model comparisons with visible woman as the

reference. Obesity Research;Feb;11:217-225

Shih R, Wang ZM, Heo M, Wang W, Heymsfield SB. (2000).

Lower limb skeletal muscle mass: development of dual-energy

X-ray absorptiometry prediction model. Journal Applied

Physiology;89:1380-1386

Snyder WS, Cooke MJ, Nasset ES, Karhausen LR, Howells GP,

Tipton IH. (1975). Report of the Task Group on Reference

Man. Oxford, UK: Pergamon,

Valentin J. (2003). Basic Anatomical and Physiological Data

for Use in Radiological Protection: Reference Values. ICRP

publication 89. Annals of the ICRP. Oxford: Pergamon Press,

Wang W, Wang ZM, Faith MS, Kotler D, Shih R, Heymsfield

SB. (1999). Regional skeletal muscle measurement: evaluation

of new dual-energy X-ray absorptiometry model. Journal of

Applied Physiology;87:1163-1171

Wang ZM, Deurenberg P, Matthews DE, Heymsfield SB. (1998).

Urinary 3-methylhistidine excretion: Association with total body

skeletal muscle mass by computerized axial tomography. Jour-

nal of Parenteral and Enteral Nutrition; 22:82-86

Wang ZM, Gallagher D, Nelson M, Matthews D, Heymsfield SB.

(1996). Total-body skeletal muscle mass: evaluation of 24-h

urinary creatinine excretion by computerized axial tomography.

American Journal of Clinical Nutrition;63:863-869

Wang ZM, Heshka S, Pierson RN Jr, Heymsfield SB. (1995).

Systematic organization of bod composition methodology: an

overview with emphasis on component-based methods. Ameri-

can Journal of Clinical Nutrition;61:457-465

Wang ZM, Heo M, Lee RC, Kotler DP, Withers RT, Heymsfield

SB. (2001). Muscularity in adult humans: Proportion of adipose

tissue-free body mass as skeletal muscle. American Journal of

Human Biology;13:612-619

Wang ZM, Heshka S, Pietrobelli A, Wang J, Gallager D, Heymsfield

SB. (2007). Total-body skeletal muscle mass in children: A to-

tal-body potassium prediction approach. Journal of Nutrition;

137:1988-1991

Wang ZM, Pi-Sunyer FX, Kotler DP, Wang J, Pierson RN Jr,

Heymsfield SB. (2001). Magnitude and variation of total body

potassium to fat-free mass ratio: A cellular level modeling study.

American Journal of Physiology;281:E1-E7

Wang ZM, Visser M, Ma R, Baumgartner RN, Kotler DK,

Gallagher D, Heymsfield SB. (1996). Skeletal muscle mass: evalu-

a t ion  o f  neu t ron  ac t iva t ion  and  dua l - ene rgy  X- ray

absorptiometry methods. Journal of Applied Physiology;80:

824-831

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]


