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Body fat content of seven lean women (body mass index (BMI) 20.6 (SD 1.8) kg/m2) and seven overweight 
women (BMI 31.1 (SD 3.3) kg/m2) was estimated by six different methods: underwater weighing 
(UWW), body-water dilution (BWD), whole-body counting ('@K), skinfold thickness (SFT), bio- 
electrical impedance (BEI) and magnetic resonance imaging (MRI). Using UWW as the reference 
method, the differences between percentage fat by each other method and the percentage fat by UWW 
were calculated for each subject. The mean difference was lowest for SFT and highest for BWD. MRI 
showed the lowest variability in individual results, and '@K the highest. "K and BWD methods used in 
combination gave better agreement with UWW results than either "K or BWD methods alone. There 
was a weak negative correlation between the difference from the UWW results and percentage fat in the 
SFT measurements, but not in the BWD, QK, BE1 or MRI measurements, suggesting that for these 
methods the assumptions involved produced no greater inaccuracy in the overweight women than in the 
lean women. In all subjects the BE1 offered little improvement over the traditional SFT measurements. 
The agreement between MRI and UWW estimates in both lean and overweight women suggests that 
MRI  may be a satisfactory substitute for the more established methods of body fat estimation in adult 
women. 

Body composition: Methodology : Obesity 

Estimates in vivo of body fat content in man are made in a wide variety of research and 
practical situations, such as the assessment of normal and abnormal growth and 
standardization of metabolic measurements. Until the last 10 years the majority of 
estimates relied on underwater weighing (UWW), body-water dilution (BWD) or whole- 
body counting (40K), or on the relationship between skinfold thickness (SFT) and body 
density (Durnin & Womersley, 1974). All these methods are limited by assumptions of 
relationships between the different compartments of the body, which in reality are likely to 
vary between and possibly within individuals. UWW has often been accepted as the method 
of choice, although the cooperation required and the need for total immersion limit the 
suitability to particular groups of subjects. Several comparisons of different methods for 
estimating body fat or fat-free mass have, however, shown considerable disagreement 
between both individual and group mean results by the accepted methods of UWW, BWD, 
40K and SFT in women (Womersley et al. 1972; Kryzwicki et al. 1974; Webster et al. 1984; 
Maughan et al. 1988). The aim of the present study was to extend these comparisons by 
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including estimates of body fat by the more recent methods of bio-electrical impedance 
(BET) and magnetic resonance imaging (MRT) in both lean and overweight women. 

M E T H O D S  

Subjects and experimental timetable 
Fourteen women were recruited from the Rowett Research Institute volunteer register and 
from a local slimming group. The women were chosen to provide two groups of seven 
subjects, one lean and one overweight, with similar mean age and height. The age and other 
anthropometric characteristics of the subjects are given in Table 1.  The mean body mass 
index (BMI) of the lean subjects was 20.6 (SD 1.8) kg/m2, while that of the overweight group 
was 31.1 (SD 3.3) kg/m2. 

On the first morning of the study each woman came to the Rowett Research Institute 
without having had anything to eat or drink for at least 12 h. Weight was measured to the 
nearest 0.1 kg on a beam balance scale, with the subject wearing only underwear and a light 
cotton gown, and height was measured to the nearest 1 mm using a portable stadiometer. 
Breakfast with a water content of 400 g was then provided, and 15-30 min later a baseline 
venous blood sample was taken. Water containing "0 was then given orally, in an amount 
proportional to the estimated body water of the subjects (see pp. 96-97). This was followed 
by a drink of 100 ml tap water, No further food or drink was taken over the next 4 h, and 
measurements of BE1 were made in this period. After 4 h a second venous blood sample 
was taken and lunch of the subject's choice was provided. During the afternoon and 
evening of this or a subsequent day the UWW and MRI measurements were made at 
Aberdeen Royal Infirmary. All measurements were completed within an average of 4 
(range 1-9) d. 

uww 
Subjects were weighed before the UWW, wearing a loose cotton gown, to the nearest 
0.1 kg. They were then weighed underwater while seated on a chair suspended from a steel 
plate fixed rigidly to the ceiling. Distortion of this plate was measured by four strain gauges 
arranged to form a Wheatstone bridge circuit, and the amplified output of this circuit was 
displayed on a pen recorder which was calibrated using known weights. Underwater weight 
was recorded with the subject's head fully immersed underwater after a forced maxima1 
expiration. At least three and usually six to eight determinations of underwater weight were 
made after the subject had become familiar with the procedure. Residual lung volume at 
forced expiration was then determined three or more times by rebreathing from a 3 litre bag 
of pure oxygen (Wilmore et al. 1980). Body fat (% body-weight) was calculated as 
((4.95/density) -4.50) x 100 (Siri, 1961). 

The difference in body fat between two repeat measures 1-30 d apart in six weight-stable 
subjects who were thoroughly familiar with the experimental system was on average +0.1 
(range -0.4 to + 0.5) % body fat. 

BWD 
The subjects were given water containing l*O (approximately 10.5 YO enrichment) at a dose 
of 850 pg/l body water predicated from the equation : 

body water (1) = 0.1069 x ht (cm) 
+ 0.2466 x wt (kg) - 2.097 (Watson et  al. 1980). 

Enrichment of '*O in the dose and in pre- and post-dose plasma samples was determined 
by an Aqua-SIRA mass spectrometer (VC Isogas, Middlewich), as described by Wong 
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Table 1. Anthropometric details of subjects 
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~~ _ _ _ ~ _ _ _ ~ _ _ _ _ _ _ _ _ _ _ _ _  __ ~ ~~ ___ ___ ~ ~ ___. ___ - 
Age (years) Wt (kg) Height (m) BMI (kg/mz) 

~ _ _ _ . _ _ _  __ 
Lean subjects 

A 
B 
C 
D 
E 
F 
G 
Mean 
SD 

24 
41 
37 
54 
29 
37 
36 
37 
10 

56.1 1.710 
59.4 1.726 
48.3 1.617 
57.7 1,585 
57.3 1.701 
61.3 1.607 
61.1 1.701 
57.3 1.664 
4.4 0.058 

19.2 
19.9 
18.5 
223 
21.1 
23.7 
21.1 
20.6 

1.8 

Overweight subjects 
H 48 78.6 1.697 27.3 
1 20 65.7 1.561 27.0 
J 41 88.8 1.621 33.5 
K 53 78.9 1.614 302 
L 46 80.2 1,629 30.2 
M 27 92.5 1.621 35 2 
N 25 87.9 1,598 34.4 
Mean 37 81.8 1.62 1 31.1 
SD .lf 13 9.0 0.041 3.3 

_ _ _ _ _ _ _  ___.___ ______ ___ ~ 

BMI, body mass index 

et al. (1984). '$0 dilution space was determined by the method of Schoeller et al. (1986), and 
body water was calculated assuming a 1 % overestimate of body water by lM0 (Schoeller 
et al. 1980). Body fat (% body-weight) was calculated assuming 73.2 YO of the fat-free mass 
to be water (Pace & Rathbun, 1945), with the value for weight being adjusted for the weight 
of gown and underwear, breakfast, and the isotopic and washout water given to each 
subject. 

2H was also given to the subjects, but although the results have been given in an earlier 
communication (McNeill et al. 1989), the estimates of body fat derived from the 'H,O 
dilution were subsequently found to be technically unreliable and are not presented here. 

Triplicate measurements of plasma "0 enrichment (expressed as pg/l) had coefficients of 
variation ranging from 0.004 to 0.051 YO of the mean value in predose plasma and from 
0.012 to 0.069 % in the post-dose plasma. 

40K 
Measurements of whole-body K content were made by 40K counting with a scanning 
shadow-shield whole-body counter. The counter has four Nal (Ti) detectors (100 x I50 mm 
diameter), two above and two below the subject. These are screened by 100 mm lead and 
20 mm steel. Each subject was counted twice, with each measurement lasting 25 min. The 
sensitivity calibration was provided by counting anthropomorphic bottle phantoms of 
variable size filled with potassium chloride solution. The size of the phantom was matched 
to that of the subject to within 5 kg: for overweight subjects the active volume of the 
phantom was equal to the estimated lean mass of the subject and the weight difference was 
made up by a layer of pure water surrounding the active volume. This technique has been 
found to agree with results for absorption of 40K radiation determined by 42K counting 
(Gvozdanovic & Gvozdanovic, 1987). Background radiation was counted on the same day 
as the 4UK measurement, using plain water phantoms of similar weight to that of the 
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phantom used for each subject: days with increased atmospheric radon levels were not used 
for counting. The mean values of total body K were used to estimate body fat assuming 
60 mmol K/kg fat-free mass (Garrow, 1988). 

The coefficient of variation (%) of the duplicate counts for the subject, background and 
KCI phantoms were on average 1.26 (range 1.15-1.52), 1.14 (range 0.92-1.19), and 0.73 
(range 0.66-0.88) respectively. These differences lead to a standard error of a single estimate 
of total body K of, on average, 8.6 (range 6.3-1 1.1) YO of the mean value. 

SFT 
Measurements of SFT were made to the nearest 0.2 mm by one observer (GMcN) using 
Holtain skinfold calipers. Biceps, triceps, subscapular and supra-iliac skinfolds were 
measured in triplicate on the left side of the subject at the sites described by Durnin & 
Womersley (1974), and the equations given by these authors were used to estimate body fat 
content from the skinfold thickness measurements. 

Repeat measures of body fat by the same observer in nine women of widely varying body 
fat measured 12 d apart on a weight-maintaining diet differed by on average -0.3 (range 
-4.1 to + 1.2)% body fat. 

BEI 
A tetra-polar bio-electrical impedance analyser (BMR 2000 : Berkeley Medical Systems, 
California, USA) was used to measure the subjects after breakfast on the first morning of 
the study. Two measurements were made which were separated by at least 30 min. The 
analyser uses measurements of upper, middle and lower body impedance to an alternating 
current of 20-1 00 kHz in conjunction with measurements of twelve anthropometric 
variables to estimate body fat content. The assumptions used in the calculation have not 
been made available by the manufacturers. 

The duplicate measures of body fat by BE1 in these subjects differed on average by f O 4  
(range - 0.7 to + 2.5) YO body fat. The mean of the two values for each subject was used 
as the value for body fat content by BEI. 

MRI 
MRI of twenty-eight transverse sections of the body (twenty-one sections between the 
sternal notch and the upper border of the patella, three along the arms and four between 
the patella and ankle) were made using a whole-body NMR imager (Redpath et ai. 1987). 
The imager operates at 0.08 T and a fast inversion recovery sequence which takes 47 s to 
collect and which gives good discriminalion between fat and lean tissues (Foster et al. 1984; 
Fowler et al. 1 9 9 0 ~ )  was used. In subjects A, B, I and L only seventeen sections were 
measured, but no significant difference between estimates of body fat from seventeen or 
twenty-eight sections was found in the other ten subjects (P > 0.05 by ANOVA). Estimates 
of adipose tissue area in each section were calculated using a semi-automated thresholding 
technique, and the results corrected for an overestimate of 9.2 % determined by imaging a 
test object of animal tissue of which the adipose tissue was subsequently determined by 
weighing. Estimates of total body adipose tissue volume were made using a truncated cone 
model (Kvist et al. 1988) and body fat was calculated assuming that adipose tissue contains 
78.3 % lipid in lean subjects and 83.2 YO in obese subjects (Garrow, 1974). This method has 
been validated by animal carcass studies (Fowler er al. 1990b) and has been shown to 
measure tissue volumes accurately. (For precise details of the MRI method used in these 
subjects see Fowler et aE. 1991.) 

Repeated measures of adipose tissue content in a test object of animal tissue using this 
method agreed to 4.3 (SD 2.7) (% of mean volume. 
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Combined B WD and 4nK method (W+K)  
The results of the estimates of body water and whole-body K obtained in the present study 
were used to estimate body fat by a combined method suggested by Bruce et af .  (1980) 
which is designed to take into account assumptions inherent in both methods. Body fat is 
calculated from the equation : 

body fat (kg) = weight-(0.12 x NBW+0.75 x BCM+(TBW-BCM)), 

where NBW is 'normal' body-weight-for-height, BCM is body cell mass (kg), calculated as 
8.33 x total body K (mol), and TBW is body water (1). 

99 

Statistical analysis 
The agreement between the estimates of percentage body fat by BWD, SFT, BE1 and MRT 
are compared with the estimates by UWW according to the method described by Bland & 
Altman (1986). This approach is based on calculation of the difference between the estimate 
of percentage body fat by the method in question and by UWW for each subject, and on 
investigation of the relationship between this difference and the average of the estimates by 
the method and by UWW. 

R E S U L T S  

Table 2 shows the estimates of body fat for each subject by the six methods. Using the 
UWW results as a reference, it can be seen that the body fat contents of the subjects lay 
in a continuous range, with the percentage fat of subject D in the lean group higher than 
that of subject I in the overweight group in spite of her BMI being only 22.3 kg/m2. There 
were large differences between the individual results by the different methods in both lean 
and overweight groups, the greatest difference being between SFT and UWW in the subject 
with the highest body fat by UWW (subject M). Compared with UWW, the BWD, 40K and 
MRI results overestimated body fat content in both lean and overweight groups, while BE1 
underestimated body fat content in both groups. SFT results were higher than those of 
UWW in the lean group and lower than those of UWW in the overweight group, notably 
in the subjects with the highest body fat content (subjects K and M). 

Fig. 1 shows the difference between UWW and each of the five other methods for each 
subject, plotted against the body fat content. Also shown are the results by the W + K  
calculations and the mean difference and its standard deviation for each of the methods. 
BWD results showed the largest mean difference from the UWW measurements, and a 
variability similar to that seen in SFT and BE1 results. *"K results showed a mean value 
more close to the mean UWW value but the highest variability for individual measurements, 
while SFT measurements showed the smallest mean difference from UWW, but high 
variability in individual differences. BE1 results showed a larger mean difference from 
UWW than SFT, and the variability in individual measurements was similar to that in 
BWD and SFT. MRI showed a mean difference intermediate between SFT and BWD 
measurements, but a lower variability in individual differences than in the other three 
measurements. The combined W + K  method gave a mean difference and a variability of 
differences from UWW between individuals which was less than either the BWD or the 4"K 
methods alone. 

Fig. 1 also shows that there was little evidence of a relationship between the difference 
from UWW and the body fat content for any of the six methods. In the SFT measurements 
the two subjects with the highest body fat content showed a greater tendency to 
underestimation of body fat content than the remaining subjects, which may reflect the 
difficulty of obtaining accurate skinfold measurements in subjects with high body-fat 
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Table 2. Estimates of body fa t  by underwater weighing (UWW),  body water dilution (BWD),  
whole body counting (40K), skinfold thickness (SFT), bio-electrical impedance (BEI), magnetic 
resonance imaging (MRI) and a combined method ( W +  K )  in lean and overweight women* 
- 

Body fat (YO body-wt) 
Range ~ . _ _ _  

U W W B W D  4"K SFT BE1 MRI W + K  ( % b o d y  fat) 

Lean 
A 
B 
C 
D 
E 
F 
G 
Mean 
SD 

19.6 
25.0 
18.8 
31.2 
23.1 
26.4 
269 
25.4 
6.1 

27.7 24.4 26.0 23.0 25.7 23.4 8.1 
29.4 22.0 29.3 22.5 24.9 23.1 7.4 
25.9 19.5 23.8 16.5 25.0 20.4 9.4 
38.6 33.1 36.2 29.3 36.9 34.5 9.3 
32.9 38.4 24.2 24.6 26.6 29.3 14.1 
39.3 21.9 34.2 31.5 29.6 34.0 11.4 
26.1 34.9 26.2 25.8 28.8 24.1 10.2 
31.4 21.1 28.6 24.1 28.2 27.1 10.9 
5.7 1.5 4.9 4.9 4.2 5.6 3.7 

Overweight 
H 39.6 46.1 41.5 38.4 36.1 43.8 44.3 
I 35.8 39.1 32.3 34.2 35.2 36.3 36.6 
J 43.5 51-4 523 41.1 434 41-3 501 
K 41.4 50.5 45.1 41.2 35.1 44.1 41.7 
L 38.2 36.5 45.3 43.3 31.6 43.8 37.4 
M 50.0 53.0 42.9 40.6 48.5 48.9 50.6 
N 42.1 38.5 39.0 39.6 40.4 44.4 39.2 
Mean 424 45.1 43.5 39.8 39.6 44.1 43.1 
SD 5.1 6.9 6 4  2.9 4.9 4.0 6 0  

____ ______ _____ 

* For anthropometric details see Table 1. 

10.8 
6.8 

10.3 
15.4 
8.8 

12.4 
5.9 

10.1 
3.3 

~. 

content. The correlation between the difference between SFT and UWW and body fat 
content was statistically significant ( r -0 .7;  P < 0.05). 

DISCUSSION 

The wide range of values of percentage fat for individual subjects in the present study 
underlines the observations of other workers that there may be significant differences 
between results by different methods, even in lean subjects. These differences may arise 
from errors in the primary data, errors in the assumptions on which the methods are based, 
or from other biological variation. The possible impact of the assumptions is illustrated by 
the BWD method: Sheng & Huggins (1979) have pointed out that the value of 73.2% of 
fat-free mass as water is based on the average of results which cover a range of at least 
70--76 O h  in most species and which could result in a significant error in the calculation of 
body fat. It is not possible to assess from these results which of the previously mentioned 
factors contributes most to the discrepancies seen. 

Particularly striking in this set of data is the discrepancy between the UWW and BWD 
values, which is more marked in the lean group. It is possible that conditions of 
measurement in the present study, such as the timing of the dilution studies in relation to 
eating and drinking, introduced some error in the BWD measurements, but the difference 
between the two methods is consistent with the results of Webster et al. (1984) who found 
percentage fat by BWD to be 6 %  higher than that by UWW in 104 women with varying 
degrees of obesity. A recent re-analysis of the same data (Garrow et al. 1990) showed that 
the difference between estimates of fat-free mass by UWW relative to those by BWD and 
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Fig. 1. Differences between percentage body fat as measured by body water dilution (BWD), whole body counting 
(4"K), skin-fold thickness (SFT), bio-electrical impedance (BE]), magnetic resonance imaging (MRI) and a 
combined method ( W f K )  and percentage body fat by underwater weighing (UWW) v. percentage body fat in 
fourteen women (subjects A-N). For details of subjects see Table 1 ,  and for details of procedures, see pp. 9699 .  

BWD, mean difference = 4.4 (SD 4.6) YO 
40K, mean difference = 1.7 (SD 6 7 ) %  

SFT, mean difference = 0.3 (SD 49)  YO 
BEI, mean difference = - 1.7 (SD 4.3)% 

MRI, mean difference = 2.3 (SD 2.9)% 
W + K ,  mean difference = 1.5 (SD 3.6)Yo 

(r -026) ,  
( r+004) ,  
(r-0.70, P < 0.05), 
( r - 0 3 1 ) ,  
(r-0.42), 
(r-0.01). 

*"K were about 6.8 kg, independent of BMI. Our findings also show a similar pattern of 
estimates in UWW, BWD and 4nK in the lean and overweight groups, but the differences 
in fat-free mass estimates by BWD and 40K were only 2.8 and 1.1 kg respectively. Pittet 
et al. (1978) found fat-free mass to be significantly higher (and by inference, body fat % to 
be lower) by BWD than by UWW in ten women of similar age and weight to the subjects 
of the present study, while Lukaski et al. (1981) also found percentage fat to be higher by 
UWW than by BWD in fourteen young men. 

The high variability in the difference between the 4nK measurements and UWW results 
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suggest that in this set of data the 40K method provides the least accurate estimate of body 
fat for individual subjects. The question must therefore be raised of whether the 40K results 
cited here are prone to greater error than results from other centres. The value for the 
coefficient of variation of the measures of whole-body K can be compared with a value for 
the standard error of the estimate of 4 % cited by Morgan & Burkinshaw (1983), suggesting 
that our results obtained with a scanning whole-body counter are less reliable than those 
made with a cubicle and stationary detectors. The improvement in the variability seen when 
the BWD and 40K results are combined suggests that the errors in these methods are due, 
at least in part, to the assumptions inherent in the models of body compartments used. 

The fact that there is little difference between the variability in difference from UWW 
between SFT and BE1 methods suggests that, in this group, BE1 has little advantage 
over the more traditional SFT method other than the lack of need for experience in 
measurement. By contrast the MRI method shows the lowest variability in difference from 
UWW, suggesting that the method can be considered as a satisfactory substitute for BWD, 
4"K, SFT or BEI, at least in women of this age group and degree of overweight. The method 
has several practical advantages over UWW mentioned previously, but its use is likely to 
be restricted by the limited availability of the necessary instrumentation and skilled 
personnel, although this situation is likely to improve as more hospitals invest in MRI 
equipment. 

In summary, these results reinforce the need for caution in the interpretation of estimates 
in vivo of body fat content and fat-free mass in women. Attempts to standardize other 
variables such as energy expenditure in relation to these body compartments must also be 
seen as open to errors in the estimation of both individual and group values for body 
composition. 

The authors thank Scottish Slimmers, Aberdeen, for their help in the recruitment of 
overweight subjects, Mr G. G. Cameron for assistance in the analysis of the MRI images, 
and Dr P. Haggarty for advice on calculations in the body water dilution method. Above 
all they would like to express their thanks to the subjects for their cooperation in the study. 
P.A.F. was funded by Link-group grant no. LRG 23 from the Agriculture and Food 
Research Council. 
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