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Abstra
tIntramus
le water 
ontent is assumed to be 
onstant in humans independently of their anthro-pometri
 
hara
teristi
s. To verify if this assumption is 
orre
t, intramus
le water, proteins,gly
ogen, and both total and intramyo
yti
 trigly
erides, were measured in 51 samples of re
-tus abdominis mus
le obtained from 16 lean and 35 overweight and obese subje
ts (BMI 
uto�24.9 Kg/m2). Data (referred to wet tissue) were analyzed by means of a 
omposition modelat the 
ellular level of the skeletal mus
le (SM). The average SM water 
ontent was 76.3�3.3%in normal-weight individuals and 65.7�5.8% in obese subje
ts (P <0:0001). Total trigly
erideswere 5.5�2.3% in 
ontrols, and 19.0�7.0 in obese subje
ts (P < 0:0001). The intramyo
yti
trigly
eride fra
tion was also in
reased in obese subje
ts. The 
omposition model provides anexplanation for the negative 
orrelation between total trigly
erides and intramus
le water, andsome of model parameters were determined from the data. In 
on
lusion, although the hydrationof fat-free SM mass may be un
hanged in obese subje
ts, the hydration of in toto mus
le massde
reases as its lipid 
ontent in
reases.Key words: Mus
le hydration, mus
le trigly
erydes, mathemati
al model





3.1. Introdu
tionSkeletal mus
le (SM) a

ounts for up to 40% of body weight (36) and is a major determinant ofwhole body energy expenditure, even at rest, be
ause of its large mass. Quanti�
ation of mus
lemass is important for 
ross-se
tional studies and when normalizing various physiologi
al param-eters su
h as mus
le for
e produ
tion, metaboli
 rate of oxygen uptake, blood 
ow, and proteinturnover. Furthermore, investigations into the 
auses of skeletal mus
le loss with advan
ing agehave stimulated a renewed interest in the quanti�
ation of this important 
omponent of body
omposition (3,5,10,17).Whilst it is well established that myo
ytes represent the largest body reservoir of 
arbohy-drates, in the form of gly
ogen, their role in lipid storage and metabolism is not 
ompletelyunderstood. Skeletal mus
le is thought to be the major site for removal of both non-esteri�edfatty a
ids (NEFA) and trigly
erides (TG) from the 
ir
ulatory stream, although the exa
t roleand fun
tion of the intramyo
yti
 TG pool has not been thoroughly as
ertained. A

ording tothe few studies whi
h have addressed this topi
, the TG pool appears to be in dynami
 andrapid equilibrium with substrate utilization and supply (7,24). In addition, high levels of either
ir
ulating NEFA (25,26,29-32) or TG (14,27) along with supranormal levels of intramyo
yti
TG (TGm) (28) may play a pivotal role in the pathogenesis of insulin resistan
e in humans.Ele
tron mi
rographs reveal that the storage of TGm in lipid droplets is less homogeneousthan the storage of gly
ogen (1,9,18,19,40). However, attempts to quantify the TGm 
ontentin skeletal mus
le biopsies have been so far te
hni
ally inadequate due to 
ontamination withadipose tissue lipids (11,33,47). On the other hand, the small spe
imens (75�100 mg) of needlebiopsy mus
le tissue available for testing make it diÆ
ult to perform the analysis of TGm indupli
ate or in tripli
ate, thus explaining the large 
oeÆ
ients of variation (20 to 50%) observed(47). Re
ently, the use of 1H magneti
 resonan
e spe
tros
opy has been validated to quantita-tively di�erentiate between adipo
yte and intra
ellular TGm stores in both animals and humans(38). However, in spite of the ex
ellent results obtained, this te
hnique is still too advan
ed andexpensive to be used for large population studies.Another related problem is the intramus
le water 
ontent, whi
h is assumed to be 
onstantin humans independently of their anthropometri
 
hara
teristi
s and is derived from the data ofthe so 
alled \Referen
e Man" (36). For instan
e, the ratio of tissue water to lean tissue masswas assumed to be 
onstant (and equal to 0.81 in SM) in the analysis of data of 1H magneti
resonan
e spe
tros
opy (38). This point is a relevant one in the assessment of body 
omposition,sin
e it is on the above data as well as on animal studies (8,15) that the mean whole body 
ellularhydration is assumed to be equal to 0.70 (43). This fa
tor is used in the fat-free body masshydration model re
ently proposed (43) as the most reliable method for the 
al
ulation of theratio of total body water to fat free mass, and also serves as the basis of the dual-energy X-rayabsorptiometry body 
omposition model.In order to 
larify the hydration level of SM a
ross subje
ts di�ering in body weight, a largesample of SM tissue, taken during abdominal surgi
al operations in subje
ts with body massindex (BMI) ranging between 17.1 and 66.7 kg/m2, was 
hemi
ally analyzed. An improvedte
hnique to avoid 
ontamination of mus
le �bers by adipo
yte lipids, and employing a largeamount of skeletal mus
le tissue to obtain a low within-biopsy variability, was used. Data wereanalyzed by means of a 
omposition model at the SM 
ellular level and estimates of modelparameters were obtained.



4.2. Materials and MethodsSubje
tsSubje
ts were 51 non-diabeti
 patients, 26 males and 25 females, who underwent abdominalsurgery for 
ole
yste
tomy, due to the presen
e of 
holesterol gallstones (21 patients) or bilio-pan
reati
 diversion for morbid obesity (30 patients). The subje
ts were divided into a lean(
ontrol) group and a group in
luding overweight and obese subje
ts, denoted in the presentpaper as the obese group. Subje
ts with BMI larger than 24.9 kg/m2 were in
luded in theobese group, so some of the gallstone patients were 
lassi�ed as obese. The average age was52.2�11.2 years in lean subje
ts (n=16) and 45.1�15.6 years in obese subje
ts (n=35); weightwas 59.9�11.0 vs. 117.7�35.2 kg and BMI was 21.8�2.4 vs. 43.0�11.3 kg/m2 (P < 0:001),respe
tively, in the two groups. None of the subje
ts had abnormalities in renal fun
tion orserum ele
trolytes.The study was approved by the Institutional Review Board as designated by the HelsinkiDe
laration. All the patients gave their informed 
onsent prior to their enrollment in the presentstudy.Body 
ompositionThe day pre
eding the surgi
al pro
edure, body weight was measured to the nearest 0.1 kg bya beam s
ale and height to the nearest 0.5 
m using a stadiometer (Holatin, Crosswell, Wales,UK). Subje
ts were measured in the morning after an overnight fast, in a hospital gown, andfollowing emptying of the bladder.Mus
le biopsyDuring surgery, a re
tus abdominis mus
le biopsy (at least 6 g) was obtained after opening of itsinvesting fas
ia. Ea
h sample was free of any visible 
ontamination from sub
utaneous adiposedepot store and was divided in three parts in order to determine 
hemi
al 
omponents. All theanalyses were performed in tripli
ate.Skeletal mus
le water and protein analysisSM water (�1 g of tissue) was determined by freeze drying with 
ontinuous pumping. Thedi�eren
e between wet weight and dried weight was used to 
al
ulate the water 
ontent of thesample examined. The CV for SM water determination on 3 aliquots of mus
le for the samebiopsy (within-biopsy variability) was 2.3�0.9% (mean�SD). The dried samples were stored at�80 oC for no more than 1 month until the analyses were performed.To measure the protein 
ontent, the dried tissue was suspended in 200 �l of a lysis bu�erand homogenized by using a homogenizer (Ultra-Turrax TP 18-10; Janke and Kunkel, Ikawerk,Breisgau, Germany). The lysis bu�er was 
omposed by a 100 ml solution of TRIS-HCL 1 M, 2ml at pH 7.4; NaCl 5 M, 2 ml; MgCl2 1 M, 0.5 ml; Tween 20 0.1%, 10 ml. The homogenatewas 
entrifuged for 20 min at 6000 rpm at 4 oC. Protein 
ontent was determined from the 
learsupernatant by spe
trophotometry at a wavelenght of 565 nm, by using a 
olorimetri
 test kit(Bio-rad Protein Assay; Bio-rad Laboratories, Her
ules, CA).



5.Skeletal mus
le trigly
eride analysisTo measure total trigly
erides, a skeletal mus
le sample of about 500 mg was homogenized(Ultra-Turrax TP 18-10; Janke and Kunkel, Ikawerk, Breisgau, Germany) in a 2 ml solutionof 
hloroform-methanol (2:1, v/v) a
idi�ed with 5�10 mg of tri
hloroa
eti
 a
id to pre
ipitateproteins. Lipids were extra
ted twi
e with 8 volumes stirring the solution at 6 oC for 30 minutes.To measure intramyo
yti
 trigly
erides, another spe
imen of about 500 mg was taken andimmediately pla
ed into a 
al
ium free Hanks solution added with EDTA and bubbled with95% O2 and 5% CO2. The sample was washed and then immersed in a fresh Hanks solutionadded with 
ollagenase type IV 50 mg and 
al
ium ions and agitated in a Dubno� water-bathmaintained at 37 oC until the tissue appeared soft. At this point the spe
imen was gentlyremoved, 
ells were brushed with a blunted spatula, �ltered, suspended in PBS and 
entrifugedtwi
e at 50�g for 2 minutes. The supernatant was dis
arded and the mus
le 
ells were driedunder a nitrogen stream. After protein pre
ipitation with 5�10 mg of tri
hloroa
eti
 a
id, lipidswere extra
ted twi
e with 8 volumes of 
hloroform-methanol (2:1, v/v) stirring the solutionsat 60 oC for 15 minutes. The 
ombined extra
ts were dried in a GyroVap apparatus (GV1,Gio. DeVita, Rome, Italy) operating at 60 oC, 
oupled with a va
uum pump and a gas trap(FTS System, Stone Ridge, NY, USA). The dry weight of lipid extra
ts was obtained by weighingthe sample tube before and after drying the extra
ts. The low within-biopsy variability (about5%) suggested that the TGm measurement te
hnique was reliable and that the between-biopsyvariability was not a result of measurement error.Skeletal mus
le gly
ogen analysisAfter a 10 minute in
ubation with 0.1 M NaOH at 80 oC of the fat-free material to destroyba
kground hexose monophosphates and glu
ose, gly
ogen was degraded to glu
ose by amyloglu-
osidase and glu
ose was measured by a Be
kman Glu
ose Analyzer II (Be
kman Instruments,Fullerton, CA) as des
ribed by Bergmeyer (4). Gly
ogen was 
orre
ted for the highest total
reatine 
ontent in the skeletal mus
le spe
imens of a given subje
t.Skeletal mus
le 
omposition model at the 
ellular levelTaking as a referen
e the model presented in (42) and the model of the fat-free body mass at the
ellular body 
omposition level, developed by Wang et al., 1999 (43), we propose the skeletalmus
le model shown in Fig. 1. This model 
ontains three 
omponents: the mus
le 
ell mass(MCM), the extra
ellular spa
e (ECS) 
ontaining 
uids and the solid matrix, and the adiposetissue mass (ATM). Thus mus
le mass (MM) is equal to sum of the three 
omponentsMM = MCM+ECS+ ATM : (1)These three 
omponents 
onsist of an aqueous and a solid 
ompartment. Following (43), anddenoting by ICW the intramyo
yti
 water, by ECW the extra
ellular water and by E=I theratio ECW/ICW, we write MCM=ICW=a and ECS=ECW=b=ICW�(E=I)=b, where a and bare the fra
tions of water in the myo
ytes and in the extra
ellular spa
e, respe
tively. Further,denoting by ATW (adipose tissue water) the water 
ontent of adipose tissue, we may writeATM=ATW=�, � being the fra
tion of water in adipose tissue. The total mus
le water (TMW)is thus expressed as TMW = ICW+ECW+ATW (2)



6.

MCM

ICW ECW

ATW

ECS ATM

MLM

MMFig. 1. Model of skeletal mus
le 
omposition at the 
ellular level. MM mus
le mass, MLM mus-
le lean mass, MCM mus
le 
ell mass, ECS extra
ellular spa
e, ATM adipose tissue mass,ICW intramyo
yti
 water, ECW extra
ellular water, ATW adipose tissue water. The fra
tionof intramus
le water is represented by the hat
hed area.and we note that this amount of water was a
tually measured as skeletal mus
le water in theSM samples examined.We 
an now 
onsider the fra
tion of intramus
le water, TMW/MM, as the (observed) hydra-tion level of the in toto skeletal mus
le mass. This ratio di�ers from the hydration of fat-freemass de�ned in (43) be
ause it takes into a

ount adipose tissue and the water asso
iated withthis tissue. Following the approa
h in (43), from Eqs. 1 and 2 we haveTMWMM = ICW+ECW+ATWMCM+ECS + ATM= ICW+ ICW�(E=I) + �ATMICW=a+ ICW�(E=I)=b +ATM : (3)To rewrite Eq. 3 in a more suitable form, we introdu
e as a new parameter the ratio of adiposetissue mass to mus
le lean mass (MLM), ATM/MLM, with MLM=MCM+ECS (MLM in
ludesthe intramyo
yti
 trigly
erides). This parameter 
an be 
onsidered as an \adiposity index" ofskeletal mus
le. Thus we have:TMWMM = ICW+ ICW�(E=I) + �(ATM=MLM)�MLMICW=a+ ICW�(E=I)=b + (ATM=MLM)�MLM :Sin
e MLM=ICW=a+ICW�(E=I)=b, we obtainTMWMM = 1 +E=I + �(ATM=MLM)�(1=a+ (E=I)=b)(1=a + (E=I)=b)(1 + ATM=MLM) : (4)Other important quantities that have been found to exhibit di�eren
es in SM samples fromnon-obese and obese patients are the fra
tions of intramyo
yti
 trigly
erides and of total trigly
-erides in skeletal mus
le mass, TGm=MM and TT=MM respe
tively, where TGm denotes the
ontent of intramyo
yti
 trigli
erides and TT denotes the total 
ontent of trigly
erides in the



7.mus
le mass. We will indi
ate by TGat the 
ontent of trigly
erides in SM adipose tissue, by �the fra
tion (referred to myo
yte mass) of trigly
erides in the myo
ytes, and will assume thatadipose tissue is essentially 
omposed of water, proteins (5% a

ording to (36)) and lipids (75%a

ording to (42)). Negle
ting the lipids in the ECS and following the same pro
edure as above,we may write TTMM = TGmMM + TGatMM= �MCMMCM+ECS+ ATM + 0:75ATMMCM+ECS+ ATM= �=a(1=a+(E=I)=b)(1+ATM=MLM) + 0:75(ATM=MLM)1+ATM=MLM : (5)Another quantity that 
an be derived from the model is the fra
tion of proteins (P) in theSM mass. Denoting the fra
tions of proteins in myo
ytes and extra
ellular spa
e as 
 and 
0,respe
tively, and sin
e the fra
tion of proteins in adipose tissue has been assumed equal to 0.05,the fra
tion P/MM 
an be expressed by the following equation:PMM = 
=a+ 
0(E=I)=b + 0:05 (ATM=MLM)�(1=a + (E=I)=b)(1=a + (E=I)=b)(1 + ATM=MLM) : (6)Similarly, assuming that gly
ogen in the SM sample is almost ex
lusively present in myo
yteswith a fra
tion Æ (referred to myo
yte mass), an equation for the gly
ogen fra
tion in the SMsample, G=MM=(Æ=a)=(1=a+(E=I)=b)(1+ATM=MLM), 
an be easily obtained.The pre
eding equations show that the quantites that have been measured in the SM samples:TMW/MM, TGm=MM (given by the �rst term in the right hand side of Eq. 5), TT/MM,P/MM and G/MM 
an be expressed in terms of the following fa
tors: a, b, E=I, �, ATM/MLM,�, 
, 
0 and Æ. Although these parameters will exhibit variability from sample to sample, it isnot possible to estimate all their individual values on the basis of the present measurements.However, some of these parameters 
an be assumed to be 
onstant in the population of samples.Parameters a and b are likely to have a redu
ed variability between samples sin
e they appearto be maintained stable by regulatory me
hanisms (43). On the basis of data reported in (43)for the SM 
ells, we assumed a'0:72. For parameter b, we note that the organi
 extra
ellularsolids like the �bers are in
luded in the extra
ellular spa
e in the present model, whereas theywere in
luded in a 
ompartment of extra
ellular solids in (43); thus, we took for b a smallervalue than in (43), b ' 0:97. The value of � was set to 0.14, a

ording to (42). Moreover,be
ause the term representing the extra
ellular proteins is s
ar
ely in
uent in Eq. 6, at leastin the absen
e of atrophy or �brosis when the 
ontent of extramyo
yti
 proteins may be
omelarge, we gave to 
0 the 
onstant value of 0.02 (2,36). Finally, we note that almost all presentdata of TMW/MM in the 
ontrol group are in the range 0.73{0.79. For lean subje
ts, wherethe adiposity index is likely to be small, Eq. 4 gives TMW=MM' (1+E=I)=(1=a+(E=I)=b).Thus, for a and b as previously �xed, a reasonable estimate of E=I in the SM samples from leansubje
ts is around E=I =0:4. Be
ause E=I appears to be in
reased in obese subje
ts (42), weassumed E=I =0:4+0:5(ATM=MLM) whi
h is thus substantially larger than the experimentalvalue of 0.2 found for SM in rats and humans (6,13).With the previous assumptions, the remaining parameters of the model: ATM/MLM (andthus E=I whi
h is a given fun
tion of ATM/MLM), �, 
 and Æ were reliably determined for ea
hsample from the experimental data of TMW/MM, TGm=MM, TT/MM, P/MM and G/MM.



8.Table 1. Chemi
al 
omposition of the skeletal mus
le spe
imens.Control group Obese group P(n= 16) (n= 35)H2O (%) 76:3� 3:2 65:7 � 5:8 < 0:0001Total TG (%) 5:5 � 2:3 19:0 � 7:0 < 0:0001Intramyo
yti
 TG (%) 2:4 � 1:1 3:1 � 0:5 < 0:05Proteins (%) 15:5� 3:7 12:6 � 5:9 NSGly
ogen (%) 1:4 � 0:5 1:6 � 0:8 NSH2O/Proteins 5:3 � 1:6 6:9 � 4:3 < 0:05The values (mean�SD) reported are referred to 100 mg of wet tissue.Statisti
al analysisEa
h single value represents the average of tripli
ate determinations. The results are presented asmean�SD, unless otherwise spe
i�ed. The variability of the determinations from three samplesof the same biopsy was expressed as the 
oeÆ
ient of variation (CV=100�SD/mean).The Fisher's exa
t test was used to 
ompare sex proportions between the two groups. In-tergroup 
omparisons were performed using a Student's t-test for the di�eren
e of means, withsigni�
an
e at P <0:05. The linear 
orrelations between anthropometri
 data and total lipids orintramyo
yti
 trigly
erides were assessed by the 
orrelation 
oeÆ
ient. In the linear regression,the sum of absolute deviations was minimized, in order to redu
e the e�e
t of outliers. Theestimates of the regression parameters are given as estimate�SE (34,37).The values of ATM/MLM, E=I, �, 
 and Æ were determined for ea
h sample from the mea-surements of TMW/MM, TGm=MM, TT/MM, P/MM and G/MM by least squares solution ofmodel equations, with the other parameters set to the values spe
i�ed above. The solution wasfound with the 
onstraint that the sum a+�+
+Æ of water, trigly
erides, proteins and gly
ogenin the myo
yte mass, a sum that represents all the main 
ellular 
omponents ex
luding nu
lei
a
ids and mis
ellaneous metabolites, has to be 
lose to 97%. The standard errors were evaluatedfrom the inverse Hessian matrix of the least squares index at the minimum (34).3. ResultsTable 1 reports the data on tissue 
omposition in the two groups: mean values and SD arereferred to 100 mg of wet mus
le tissue. The fra
tions of total and intramyo
yti
 trigly
erideswere signi�
antly smaller in the 
ontrol group with respe
t to the obese group. The fra
tion ofintramus
le water was signi�
antly lower in the obese group. A positive 
orrelation was foundbetween BMI and both the fra
tions of intramyo
yti
 trigly
erides (r=0:52; P < 0:0001) andof total trigly
erides (r = 0:87; P < 0:0001). A negative 
orrelation was found between thefra
tion of intramus
le water TMW/MM and the fra
tion of total trigly
erides TT/MM (r =�0:67; P < 0:0001). The experimental data of TT/MM vs. TMW/MM are reported in Fig. 2,where it is noted that lean subje
ts are represented in the region of the plane with high fra
tionof intramus
le water and low lipid 
ontent. The dotted line in the �gure is the regression line(slope �1:044�0:032, inter
ept 0:874�0:025).The individual estimates of ATM/MLM, E=I, �, 
 and Æ were found with standard errorsthat were generally mu
h smaller than 10% of the estimate. Table 2 gives the mean values and
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T
T
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M

TMW/MMFig. 2. Experimental data of the fra
tion of total intramus
le water vs. the fra
tion of totaltrigly
erides in the skeletal mus
le samples (
ontrols, bla
k squares; obese, open squares). The-oreti
al lines predi
ted by the model of skeletal mus
le 
omposition at the 
ellular level (Eqs. 4and 5), with the parameter values indi
ated in the text (
ontinuous lines: upper line E=I=0:68and �=9:7; lower line E=I=0:40 and �=1:5). Regression line (dotted line).Table 2. Mean�SD of model parameters determined from data of 
hemi
al 
omposition of skeletalmus
le spe
imens. Control group Obese group P(n= 16) (n= 35)ATM/MLM 0:05 � 0:03 0:28 � 0:14 < 0:0001E=I 0:42 � 0:02 0:54 � 0:07 < 0:0001� 3:1� 1:3 5:6 � 1:6 < 0:0001
 19:8 � 3:6 17:4 � 6:7 NSÆ 1:9� 0:8 2:7 � 1:1 < 0:0025H2O/Proteins 5:14 � 1:01 6:59 � 2:97 < 0:01The values of mean and SD of the estimates of �, 
 and Æ are given in % of myo
yte mass.the standard deviations of model parameters over the 
ontrol and the obese group. As expe
ted,the mean value of � (fra
tion of intramyo
yti
 trigly
erides referred to myo
yte mass) is largerthan the mean value of the intramyo
yti
 trigly
erides referred to the wet mass of the sample,reported in Table 1, and similarly for 
 and Æ 
ompared to the fra
tions of proteins and gly
ogenin Table 1. The predi
ted values of the ratio H2O/Proteins are also reported in Table 2. Allthe parameters of the model, ex
ept 
, are signi�
antly di�erent between the two groups. Thevalues of the adiposity index, ATM/MLM, were found to range from 0.01 to 0.1 in 
ontrols andfrom 0.06 to 0.56 in the obese group. The fra
tion of SM lean mass, that 
an be 
omputed fromthe adiposity index as MLM=MM=1=(1+ATM=MLM), ranges thus from 0.91 to 0.99 in 
ontrolsand from 0.64 to 0.94 in obese.
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TT/P (measured+predicted)/2Fig. 3. Bland-Altman plot of measured values and of theoreti
al predi
tions of TT/P in the SMsamples (
ontrols, bla
k 
ir
les; obese, open 
ir
les). The solid line indi
ates the mean di�eren
eand the broken lines indi
ate the mean di�eren
e � 2 SDs of the di�eren
e.The negative 
orrelation observed between intramus
le water 
ontent and total trigly
eride
ontent 
an be explained on the basis of the skeletal mus
le 
omposition model at the 
ellularlevel of Fig. 1. The 
ontinuous lines in Fig. 2 were plotted by 
omputing abs
issae and ordinatesby Eqs. 4 and 5, respe
tively, with the model parameters a, b, and � �xed at the values given inMethods, and E=I and � at the extreme values found in the SM samples (see legend of Fig. 2).The adiposity index ATM/MLM was 
hanged from 0 to 0.9 to 
over the entire range of themeasured intramus
le water fra
tions. These lines, that are easily shown to be straight lines,are thus parametrized by the adiposity index, and the terminal point at the right 
orrespondsto ATM=MLM= 0. If a subje
t would 
hange from lean to obese, while maintaining the SMparameters a, b, �, �, and E=I 
onstant, its representative point on the plane of Fig. 2 shouldmove on a straight line from right to left. The two lines of Fig. 2 show the e�e
t of the variabilityof three parameters of the model, the adiposity index ATM/MLM, E=I, and the fra
tion ofintramyo
yti
 trigly
erides �.The model in Fig. 1 shows that the hydration level of skeletal mus
le 
an be reasonably de�nedin various ways. The ratio TMW/MM is the observed hydration of the in toto mus
le mass:this quantity was seen to 
hange in the range from 0.5 to 0.8 in the SM samples examined (seeFig. 2). We 
an also 
onsider the hydration referred to the mus
le lean mass, TMW/MLM,and the hydration de�ned as (ICW+ECW)=MLM. This latter quantity is given by Eq. 4 forATM=MLM= 0, as seen above, and depends on the obese or non-obese status of the subje
tonly through the parameters a, b and E=I. In 
ontrast, the quantity TMW/MM de
reases withthe adiposity index be
ause it takes into a

ount the water 
ontained in the adipose tissue thathas a small water 
ontent. For instan
e, with E=I equal to 0.6, the ratio TMW/MM de
reases
ontinuously from a value of 0.797 for ATM/MLM=0 (0.797 is thus the hydration of mus
le leanmass for these values of SM parameters) up to a value of 0.492 for ATM/MLM=0.9.To assess the predi
tive 
apa
ity of the model, we 
omputed the theoreti
al values of theratio total trigly
erides to proteins (TT/P) and of the ratio total mus
le water to proteins(TMW/P), as predi
ted by equations 4{6 with the parameters estimated on the individual



11.samples as des
ribed above. A Bland-Altman plot of the experimental and theoreti
al values ofTT/P is shown in Fig. 3. It is seen that the experimental ratios exhibit a remarkable variabilityfrom sample to sample, espe
ially in the obese group, mainly be
ause of the presen
e in thisgroup of �ve samples in whi
h a very redu
ed protein 
ontent (from 5.5% to 3.6%) was measuredand thus a high value of the ratio was obtained. The 
orrelation 
oeÆ
ient for experimental andpredi
ted values of TT/P is equal to 0.997. For the TMW/P ratio, whose experimental valuesare in the range from 2 to 18, the predi
ted mean and SD are reported in Table 2 for the twogroups, and the 
orrelation 
oeÆ
ient is equal to 0.995.4. Dis
ussionOnly re
ently, the importan
e of maintaining the SM mass in dynami
 disease 
onditions hasstimulated new approa
hes to the in vivo assessment of this variable (12,16,17,45). A funda-mental limitation to the availability of a useful te
hnique for the measurement of SM mass isrepresented by the relative la
k of dire
t information on anatomi
 tissue 
omposition. In fa
t,data on SM mass by 
adaver disse
tion have been reported in only 25 subje
ts (23,39,41,46). Ina re
ent report (21), total body water, fat, protein, minerals and 
arbohydrates were measuredin 2 
adavers, one underweight (BMI=19.35 kg/m2) and the other with 
a
hexia (BMI=10.92kg/m2). Indeed, the study in (21) was addressed to demonstrate the usefulness of the in vivoneutron a
tivation analysis in severely wasted patients. However, the extrapolation of dataobtained by 
adaver disse
tion to the assessment of body 
omposition, and of SM mass inparti
ular, in living individuals with a wide range of body weights, appears at best ina

urate.Few studies have been performed on the SM 
omposition in humans, but without addressingthe question whether the lipid 
ontent of the SM mass may in
uen
e the assessment of body
omposition. Landin et al. (22) found in mus
le biopsies that only obese men, but not women,had a higher fat 
ontent than did lean men. Using CT of the thigh, Kelley et al. (20) reportedsimilar �ndings in obese men, and these data were later 
on�rmed in women (35). However,these investigations failed to demonstrate if fat is a

umulated in the 
onne
tive tissue betweenmus
le �bers or is stored within mus
le 
ells. Using data obtained in the \referen
e man"studies (36), the water 
ontent of human skeletal mus
le as per
entage of its total weight hasbeen generalized for all humans to be a 
onstant value of 81%. However, the assumption that thewater 
ontent of skeletal mus
le is 
onstant throughout the population may turn to be in
orre
tin light of di�erent amounts of fat mass among di�erent subje
ts (44).In the present paper, the 
omposition of samples of skeletal mus
le from subje
ts with awide range of BMI was analyzed. The fra
tions of intramus
le water, proteins, gly
ogen, andboth total and intramyo
yti
 trigly
erides, whi
h represent the typi
al lipids stored for energysupply, were measured. Our data showed that obese subje
ts have a signi�
antly larger amountof SM total trigly
erides, whose fra
tion was found to be tripled in the obese subje
ts. Also the
ontent of intramyo
yti
 TG in
reased with the BMI, although to a lesser extent. The in
reaseof SM trigly
erides in obese subje
ts was thus mainly due to the a

umulation of adipo
ytesbetween mus
le �bers. As a 
onsequen
e, the presen
e in obese subje
ts of larger amounts oflipids resulted in a lower fra
tion of intramus
le water, as 
on�rmed by the negative 
orrelationfound. In our study the measured intramus
le water per
entage for normal weight individualswas 76.3�3.3%, and thus 
omparable to the \Referen
e Man" value and to the value of 0.8034obtained from (43), whereas the water per
entage in obese subje
ts was mu
h lower (65.7�5.8%),with a de
rease of about 15% with respe
t to the referen
e value.



12.Our data were interpreted on the basis of a model of SM 
omposition at the 
ellular level, thatwas developed starting from previously des
ribed models (42,43). The present model 
onsiders,in addition to the lean mass, the adipose tissue mass (adipo
ytes between mus
le �bers) andis thus suitable to represent a sample of in toto mus
le mass. The model des
ribes the SM
omposition in terms of fa
tors whose variations 
an a

ount for the interindividual variabilityof SM 
omposition. In parti
ular one of these fa
tors, denoted as adiposity index (ratio betweenadipose tissue mass and lean mass in the skeletal mus
le), takes spe
i�
ally into a

ount theamount of trigly
erides that are present in the adipo
ytes between mus
le �bers. This fa
toris likely to show a wide intersubje
t variability (values from 0.01 to 0.56 were estimated on thepresent samples). A 
ertain degree of variability, both between the 
ontrol and obese groupsand within the two groups, has also to be expe
ted for the other parameters of the model, asseen in Table 2.The model shows that the hydration level of SM (interpreted as ratio of total intramus
lewater to mus
le mass) de
reases when the adiposity index in
reases while all other parametersof the model and hen
e the hydration of SM lean mass, are un
hanged. In other words, SMhydration may still be normal in obese subje
ts after 
orre
ting for intramus
le lipids. However,in the transition from the lean to overweight and eventually to the obese status, all the modelparameters are likely to 
hange to some degree. A 
omplete study of the physiologi
al (orasso
iated to obesity) variability of all the parameters of the model, in 
onjun
tion with theplausible e�e
ts of the experimental errors, 
ould a

ount for the s
atter observed in the data. Ithas to be stressed that the measurement of other quantities in the samples, e.g. the extra
ellularwater, would provide more a

urate determinations of the unknown quantities.The model allowed to reasonably reprodu
e the variability of the data, as shown by Fig. 3.We note that a subgroup of samples from obese subje
ts had a greatly in
reased value of theTT/P ratio, so a larger deviation from model predi
tions was found. This in
reased TT/P ratiois possibly asso
iated with a spe
i�
 loss of mus
le proteins. Ea
h of these subje
ts, in fa
t, inaddition to morbid obesity, also presented with asso
iated 
ompli
ations, namely degenerativearthritis of the hip and knee, that severely restri
ted their walking. For these 
ases, some spe
i�
modi�
ation of the model, to take into a

ount the possible e�e
ts of the loss of proteins, shouldbe 
onsidered.As skeletal mus
le a

ounts for a major portion of body 
ell mass, the �nding that the waterfra
tion of skeletal mus
le is highly variable with BMI implies that the estimation of the fat-freemass should be revised. The assumption of a 
onstant water fra
tion in skeletal mus
le (equalto 0.81) should also be re
onsidered. It is 
lear, therefore, that knowledge of a more a

urateestimate of the SM water 
ontent might allow a more appropriate 
al
ulation of the TGmamount in individuals with di�erent anthropometri
 
hara
teristi
s, with parti
ular referen
e tolean and obese subje
ts. In 
on
lusion, the 
lassi
al 81% as a standard referen
e value for thewater 
ontent in skeletal mus
le is not appropriate when used a
ross lean and obese subje
ts.However, the error in lean subje
ts is smaller 
ompared to that found in obese individuals, inwhi
h the high lipid 
ontent of SM 
auses a de
rease of the per
entage of water.
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