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Abstract

Sex differences in the ratio of fat mass (FM):fat-free mass (FFM) during weight change should differentially affect the extent of weight
change during energy imbalance in men and women. In the present study, we determined FM and FFM contents by dual-energy X-ray
absorptiometry and calculated the P-ratios (protein energy/total energy) of excess weight and weight loss during a randomised controlled
trial of four commercial weight loss regimens. Overweight and obese women (7 210) and men (7 77) were studied at baseline and at 2 and
6 months during weight loss on four dietary regimens: Dr Atkins’ New Diet Revolution; The Slim-Fast Plan; Weight-Watchers
programme; Rosemary Conley’s Diet and Fitness Plan. At baseline, the percentage of FFM (%FFM) and P-ratios of excess weight were
40% and 0-071 for men and 27 % and 0-039 for women. At 2 months, men had lost twice as much weight as women and three times
more FFM than women, indicating higher FFM content and P-ratios of weight loss for men, 0:052, than for women, 0-029, with no dietary
effects. Between 2 and 6 months, the rate at which weight was lost decreased and the %FFM of weight loss decreased to similar low levels
in men (7 %) and women (5%): i.e. P-ratios of 0-009 and 0-006, respectively, with no dietary effects. Thus, for men compared with women,
there were greater FFM content and P-ratios of weight change, which could partly, but not completely, explain their greater weight loss at
2 months. However, protein-conserving adaptations occur with increasing weight loss and over time, more extensively in men, eventually
eliminating any sex difference in the composition of weight loss.
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Although sex differences in psychosocial and behavioural
aspects of weight gain and weight loss have been
described' =, very little attention has been paid to sex differ-
ences in potential physiological factors. One such factor is the
composition of weight change in terms of fat-free mass (FFM)
and fat mass (FM). FFM and FM differ by 9-fold in their energy
content/kg, and a lower percentage of FFM (%FFM) and 37 %
higher energy content of weight gain have been reported in
obese women, compared with men, by Pietrobelli et al?.
According to these authors, this implies more weight change
in men than in women for a unit energy imbalance. However,
some years ago, a dynamic model of human body weight

regulation was proposed by Payne & Dugdale®™'” which
predicted the opposite influence, i.e. less weight change and
a lower equilibrium body weight for subjects who partitioned
a higher proportion of their energy intake into protein and
FFM than into FM. The reason for this was that, compared
with that of FM, the deposition of dietary energy as protein
and FFM was identified as much less energetically efficient
and the metabolic rate of the deposited FFM was much higher
than that of FM. This reduced the magnitude of positive
energy balance when FFM was deposited and more than
compensated for the lower tissue energy density of FFM.
Within this model®~!?, the %FFM of weight gains or losses is

Abbreviations: %FFM, percentage of FFM; BMC, bone mineral content; DEXA, dual-energy X-ray absorptiometry; FFM, fat-free mass; FM, fat mass;
RC, Rosemary Conley’s Diet and Fitness Plan; SF, The Slim-Fast Plan; WW, Weight-Watchers programme.
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defined as a phenotypic energy-partitioning P-ratio (protein
energy as a fraction of total energy gained or lost). Thus,
men who have a higher P-ratio should exhibit less weight
change and achieve a lower equilibrium weight than women
with the same energy imbalance. Subsequent models of
weight regulation modelling the relative FFM and FM contents
have used different assumptions and approaches related to
the determination of FFM change relative to FM“!'~'7,
the main assumptions of the Payne and Dugdale model have
been criticised #1827 It is also not clear whether the observed
sex dimorphism in the %FFM of weight gain'” is generalisable
to weight loss, especially given the potential influence of
time-dependent protein-sparing adaptive changes''®!%#!:22
and external factors such as dietary protein content®®. Taken
together, these raise several questions about the predictability
of any sex dimorphism in the %FFM of weight loss as a
potential influence on the extent of weight loss.

Diet Trials, a multi-centred, large-scale, UK randomised
controlled study, was designed to examine the efficacy of four
popular commercially available weight loss programmes®?.
It involved measurements of initial body composition by
dual-energy X-ray absorptiometry (DEXA) and of anthro-
pometry in 300 overweight and obese adults before and at
2 and 6 months during weight loss on four different dietary
regimens and in a no-diet control group. Sex was not taken
into account in the study design, and more women than
men were recruited. Nevertheless, the relative number of

and

men and women studied does allow the effects of sex on
the P-ratio of excess weight at baseline to be determined
from a cross-sectional analysis and the P-ratio of weight loss
to be determined from the longitudinal measurements. The
results obtained from these investigations allow the hypothesis
to be tested that contrary to the Payne and Dugdale
prediction®™'”  men with a higher P-ratio (lower energy
density) of their excess weight exhibit greater weight loss
than women with a lower P-ratio (higher energy density)
during similar, albeit unsupervised, dieting regimens. The
results also allow the effects of dietary composition and
duration of the dieting regimen on the relationship between
the extent of weight loss and its P-ratio to be examined,
albeit to a very limited extent, since the study was not
powered to examine any diet and sex interactions.

Methods

The present study was conducted according to the guidelines
laid down in the Declaration of Helsinki.

Participants

The study design has been described in detail elsewhere®**>

where the effect of dietary regimen on weight and fat loss and
cardiac risk factors has been described on an intention-to-treat
basis and for completers. The study was a multi-centred,
randomised controlled trial of four diets: Dr Atkins’ New
Diet Revolution; The Slim-Fast Plan; Weight-Watchers Pure
Points programme; Rosemary Conley’s ‘Eat yourself Slim’
Diet and Fitness Plan, against a control diet, in parallel for

6 months. From five regional UK university centres, Surrey
(Guildford), Nottingham, Ulster (Coleraine), Bristol and
Edinburgh (sixty participants per centre), 300 overweight
and obese men and women, aged 21-60 years with a BMI
between >25 and <40kg/m? were recruited. Exclusion
criteria for potential participants were prior histories of
CHD, known type 1 or 2 diabetes, liver or respiratory failure,
gout, use of lipid-lowering or antihypertensive drugs, history
of obesity with known cause (i.e. Cushing’s disease and
hypothyroidism), previous gastric or weight loss surgery, use
of any weight loss drug (including Orlistat or Sibutramine),
clinical depression, eating disorders, drug or alcohol abuse,
any malabsorptive state (including lactose intolerance),
treatment for a malignancy, pregnancy or breast-feeding.
The participants gave
participation in the study. Ethical approval for the study was
obtained from the South East Multi-centre Research Ethics
Committee: approval number MREC 01/01/44. Local ethics
committee approval was also obtained at each centre.

written informed consent for

Study design

The participants visited the test centres at the start of the study
and 12 and 24 weeks after the commencement of the study.
They were weighed in light clothing, blood pressure and
waist circumference were measured, and fasting venous
blood samples were collected for the measurement of insulin,
glucose and lipid concentrations. Waist circumference was
measured at the midpoint between the iliac crest and the
lower ribs.

Body composition in terms of FM, FFM and bone mineral
content (BMC) was measured by DEXA. The instruments
used were Hologic QDR 4500 fan beam (two centres), Lunar
Prodigy fan beam (two centres) (GE Healthcare) and a
Lunar DPX-1 pencil beam (one centre) (GE Healthcare).
A single phantom was used to assess the varying character-
istics of the five instruments with respect to a sixth reference
centre on two occasions. Because systematic variation in the
absolute estimates of body composition determined by
DEXA can arise from different hardware and software combi-
nations®*~?% the performance of individual instruments was
assessed in terms of z-scores (difference between each instru-
ment and the mean value for all the six instruments expressed
as a fraction of the overall standard deviations (7 12)). In
addition, the characteristic relationships between body
weight and body FM and FFM recorded at each centre were
also examined. These investigations indicated between-
instrument variations in FM and FFM measurements. In the
absence of any absolute independent measure of FM and
FFM, a body weight-dependent adjustment algorithm was
constructed. This involved initially generating sex-specific
regressions of FM and FFM on body weight for the entire
cohort and for each centre. Data obtained from centres with
similar instrument performances were combined, resulting in
two groups, namely centres 1 and 2 (Hologic QDR 4500 fan
beam) and centres 3 and 4 (Lunar Prodigy fan beam) and
5 (Lunar DPX-1 pencil beam). Sex-specific regressions of FM
and FFM on body weight were derived from the data obtained
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for the two instrument groups and from those obtained for the
entire cohort. Each of the two combined regressions was then
used to predict FM and FFM for body weights ranging from
the minimum to the maximum for the entire cohort. These
values were compared with FM and FFM values predicted by
the overall cohort regression, enabling the calculation of body
weight-dependent error values for FM and FFM for the two
instrument groups. The slopes and intercepts of the regression
of these error terms on body weight were then used to adjust
(increase or decrease) the original values of FM and FFM as a
function of body weight and centre. In this way, the measured
values were adjusted for average instrument differences while
retaining any other variance in the measurements. This adjust-
ment, by its nature, will not influence the overall mean values
of FM or FFM as a function of sex, time of measurement or
diet, but will influence the magnitude of the variance.

It should be noted that because of the cross-sectional nature
of the measurements at baseline, the interrelationships
between FM, FFM and body weight, which indicate the
sex-specific FM and FFM contents of excess body weight,
are not strictly the same as might be obtained from the longi-
tudinal measurements of weight gain if such studies could be
carried out. However, the study at baseline did include BMI
values that varied over a wide range (from 26-4 to 39-1 in
women and 26-6 to 37-7 in men) so that the relationships
between increasing FM and FFM and body weight can
reasonably be assumed to be similar to the actual longitudinal
changes during weight gain.

Statistical analysis

The analysis of the effect of dietary regimen on weight and fat
loss and cardiac risk factors on an intention-to-treat basis and
for completers has been reported previously®”. Herein, the
main focus of the analysis was to (1) establish the magnitude
of the P-ratio for men and women during weight gain and
weight loss and (2) test whether any sex differences in the
P-ratio influenced sex differences in weight loss in terms of a
direct relationship as commonly assumed” or inversely as
predicted by the Payne and Dugdale model. The effect of diet
and sex on the composition of weight loss was also examined
recognising that the study was insufficiently powered to
examine diet—sex interactions securely. No attempt was made
to examine the results in relation to any other models of
weight regulation™ =7 This will be done in a separate report.

The composition of increasing body weight for the entire
cohort was examined as the non-standardised multiple
regression coefficients of unadjusted FM, FFM and BMC on
weight and height. This assumes linear relationships within
the range of body weights represented by this cohort
(BMI from 26-4 to 39-1). The validity of the assumption was
examined by visual inspection of the linear regressions of
height-adjusted FM and FFM with body weight. It was clear
that the assumption of linearity was reasonable with no
indication of more complex relationships. The slopes of the
linear regressions of FM and FFM on weight after height
adjustment should be similar to the non-standardised multiple
regression coefficients of FM and FFM on weight and height.

The adjustment of height to the sex-specific average height
of the cohort, 1-63 m for women and 1-78 m for men, involved
multiplying individual values of FFM and FM by 1-63%/H? for
women and by 1-78%/H * for men. In this analysis, body weight
was the value derived from the DEXA (i.e. FM + FFM + BMCO).

The influence of the four intervention diets on the compo-
sition of weight loss in terms of FM and FFM was examined
by an analysis of all the subjects scanned at least twice, i.e. at
baseline and 2 months, baseline and 6 months, and at both
2 and 6 months. As a result of this, the 0—2-month population
group was slightly larger than the 0—6-month group owing to
some dropouts after the 2-month scan. The control non-inter-
vention group was not included in the analysis because
weight change in this group was generally small and involved
highly variable amounts of gains and losses. FM loss was
analysed by a factorial ANCOVA of sex and diet with FM, as a
covariate. For FFM loss, ANOVA of sex and diet was used
without a covariate, because baseline FFM was not correlated
with FFM loss within each sex. Contrast analysis was used to
test the significance of the group differences.

The composition of weight gain and weight loss was
calculated in terms of an energy-partitioning parameter, the
P-ratio, which is protein energy (gained or lost) as a fraction
of total tissue energy (protein+fat) gained or lost. This can
be expressed in terms of changes in FM and FFM by the
following equations:

AFFM
AFFM + 905 X AFM’

P-ratio =

where 9:05 is the ratio of energy equivalents for FM
(389MJ/kg) and FFM (43 Mj/kg)(M) . For P-ratiog,,, the
cross-sectional analysis at baseline only allowed calculation
of the mean values from the multiple regression coefficients
for FM and FFM against weight at baseline. For P-ratiojqs,
because calculations of the ratios of losses of FFM and FM
as the difference between successive scans can result in spur-
ious values when such differences are small and may include
some gains as well as losses, for the entire cohort, the best
estimates of mean sex and dietary treatment-specific P-ratioys
were calculated from the observed mean values of AFM and
AFFM of all the subjects between baseline and 2 months,
2 and 6 months, and baseline and 6 months. Because no
statistical analysis was possible for this set of mean P-ratio
values, individual values of P-ratioy,s were also calculated
after trimming to remove spurious values. The trimming
approach involved cut-off levels that were based on the mag-
nitude of smallest detectable values of AFM and AFFM by the
DEXA scanners calculated from the CV of repeat measure-
ments of the phantom at each centre (FM: 2:25% and FFM:
2:47%). These were 0-8kg FM (men and women) and
1-67kg FFM (men) and 1'1kg FFM (women). The subjects
were excluded from the analysis if FM or FEM losses were
less than these values. Such trimming should not, by its
nature, influence sex differences, but will allow the analysis
of the characteristics of the P-ratios in relation to the extent
of weight loss within a secure set of values. However, because
the trimming will remove unsecure P-ratios unpredictably, the
sex- and diet-specific means of this subsample cannot be
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assumed to be the same as the overall population group
means. Trimming was not attempted for FM and FFM losses
after 2 months, because FFM loss decreased to levels below
the detection threshold for most subjects and only a very
small number of subjects fulfilled the selection criteria
(fourteen women and five men).

For this trimmed subset, FM and FFM losses and P-ratios
were analysed by ANOVA of sex and diet, because neither
baseline FM or FFM correlated with FM or FFM loss within
each sex. Contrast analysis was used to test the significance
of the differences.

Data are reported as means with standard deviations or
95% CI, and P values <0-05 were considered statistically
significant. Data were analysed using the Statistica statistical
package v6 (Statsoft).

Results

Dual-energy X-ray absorptiometry instrument
characteristics

ANOVA showed no effect of test centre on weight, height or
BMI, but it did show differences in FM and FFM as a function
of the different DEXA instruments. This was apparent on
comparing the measured FM or FFM values at each centre
with the values predicted from body weight by means of the
sex-specific regression equations of measured FM or FFM on
body weight derived from the overall dataset. This indicated
that in men and women examined at centres 1 and 2 the
measured amounts of FM were lower (2:3-2-6kg) and FFM
higher (2:3-2-7kg), while at centres 3, 4 and 5, those of
FM were higher (1-5-1-8kg) and FFM lower (1-6-1-9kg).
The adjustment algorithm removed any significant between-
centre differences in FM and FFM and reduced the variance
in the cohort mean values of FM and FFM by up to 15% for
women and 10% for men, but did not change those of FM,
FFM or total DEXA-measured body weight. The minor correc-
tions did not influence any conclusion reported herein about
the interrelationships between FFM and FM at baseline or
P-ratios for tissue loss. The sum of the adjusted DEXA-derived

values for men and women together (i.e. FM+FFM + BMC)
was 98:7% of weight (sp =16, maximum = 107-7 and
minimum = 93-3), with the linear regression indicating
DEXA total = 1-66 4 0-968 X weight, r 0-99.

Anthropometry and body composition of the cohort

For subjects for whom a complete set of measurements
was taken at baseline (2 287), BMI, FM, FFM and BMC (data
not shown) were independent of age. As shown in Table 1,
mean BMI was slightly higher for men than for women (32-0
(sp 2:7) v. 31:0 (sp 2:5)kg/m?, P = 0:005), with fewer men
with BMI values in the overweight range (between >25 and
<30kg/m? than women (28 v. 41%). Waist circumference
was higher in men than in women (111 (sp 83) v. 97
(sp 86)cm, P=0-0001), as was the waist circumference:
height ratio (men: 0-62 (sp 0-04); women: 0-59 (sp 0:05);
P<0-0001). Although women were, on average, lighter
and shorter, FM was higher in absolute terms, more so after
correction for height. FEFM was higher in men, a difference
that persisted after correcting for height.

Interrelationships between fat-free mass and fat mass
at baseline

The multiple regression results are given in Table 2. Within the
age range studied (20-61 years), there were no significant
effects of age for either sex. FM was significantly predicted
by weight and height (inversely) in women and by weight
in men. FFM was significantly predicted by weight and
height (positively) in women and by weight in men. BMC
was significantly predicted by height in women and by
weight in men. The coefficients for weight and their 95% CI
indicate that at the same height for each sex, FM and FFM
comprise 73 (67-78) and 27 (22-33)% of increasing weight
for women and 58 (47-68) and 40 (30-51)% for men.
These values were very similar to the slopes of the linear
regressions shown in Fig. 1. For these data, linear relationships
of FM and FFM with body weight, each adjusted to the
sex-specific mean height, best explained the variance in FM

Table 1. Characteristics of the study population of overweight and obese men and women

(Mean values and standard deviations; minimum and maximum values)

Women (n 210) Men (n 77)
Mean SD Minimum Maximum Mean SD Minimum Maximum P (sex)

Age (years) 40-7 107 20 61 39-0 8.7 23 60 NS
Weight (kg) 83 9-3 60-3 116 101 115 74.2 127 <0-0001
Height (m) 1.63 0-06 1.45 1.84 1.78 0-07 1.61 1.91 <0-0001
BMI (kg/m?) 31.0 2-51 26-4 391 32.0 2.74 26-6 377 <0-005
Waist circumference (cm) 97 8-6 80-0 123 111 8-3 93-0 128 <0-0001
Waist circumference:height (cm:cm) 0-59 0-05 0-46 0-72 0-62 0.04 0-54 0-74 <0-0001
FM (kg) 35-5 5-99 21-3 52.7 326 7-2 19.0 50-8 <0-0001
FM/H? (kg/m?) 13-3 2.08 822 187 10-3 2.04 6-35 15-3 <0-0001
%FM weight 42.6 413 30-1 53-9 319 4.75 226 44.9 <0-0001
FM:FFM x 100 79-5 13-4 45.5 123 49-8 11.3 30-6 86 <0-0001
FFM (kg) 45.0 5.2 32-8 73-0 65-7 7-0 41-6 79-3 <0-0001
FFM/H? (kg/m?) 16-8 1-3 13.9 22.5 208 1.8 16-1 25.4 <0-0001

FM, fat mass; FFM, fat-free mass.
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Table 2. Multiple linear regression of fat mass (FM), fat-free mass (FFM) and bone mineral content (BMC) on weight and height in subjects at baseline

(Regression coefficients, 95% confidence intervals and P-ratios)

Weight (kg) Height (m)
P-ratiot
Intercept P Coefficient* 95% CI P Coefficient™ 95 % Cl P R? (weight gain)
Women (n 210)
FM 25-3 <0-0001 0-73 0-67, 0-78 <0-0001 —30-6 —387, —22.7  <0-0001 0-81 0-04
FFM -23 <0-0001 0-27 0-22, 0-33 <0-0001 277 20.0, 35-6 <0-0001 0-68
Bone -23 <0-0002 0 —0-005, 0-007 0-83 2.9 2.0, 3-8 <0-0001 0-26
Men (n 77)
FM -87 0-54 0-58 0-47, 0-68 <0-0001 -101 -29,89 0-29 0-71 0-071
FFM 10-2 0-47 0-40 0-30, 0-51 <0-0001 86 -10.0, 27-0 0-36 0-61
Bone -1.5 0-32 0-02 0-007,0-030  <0-005 1.6 -0-4,3-6 0-12 0-30

*Non-standardised regression coefficient (weights) in multiple regressions of FM, FFM and BMC on weight and height.
1 P-ratio, protein energy as a fraction of total energy of increasing weight: i.e. FFMcoefiicient/(FFMcoefficient + 9-05 X FMcoefficient)-

(61-78%) and FFM (33—46 %) within this weight range. Thus,
the data are explained by a simple model in which increasing
weight involves the sex-specific fixed ratios of increases in
FFM and FM. For men, the regressions for FFM and FM have
heights and slopes, which ensure that FFM exceeds FM up to
(and beyond) the highest weights examined: i.e. at any level
of obesity. In contrast to women, the much steeper slope for
FM than for FFM (0-73 v. 0-27) indicates that at weight
values in excess of 105kg (BMI values in excess of 30),
FM may exceed FFM.

The slopes of the regressions shown in Fig. 1 are reasonably
accurate estimates of the proportions of weight gain
accounted for by FM and FFM and are similar to the values
obtained by the multiple regressions of FM, FFM and BMC
on weight and height (Table 2). This indicates P-ratios for
the increasing weight of 0-040 for women compared with
0-071 for men. Some of the subjects included in the regression
given in Table 2 did not lose weight or were not scanned at
2 months and so represent a population group that is slightly
different from those for whom the %FFM and P-ratios of
weight loss at 2 months were measured. For this population,
baseline regression coefficients and 95 % CI were not substan-
tially different from the values given in Table 2: i.e. women
(n 143): FM=0-71 (0:64—0-77) and FFM = 0-29 (0-23-0-30);
men (n 56): FM =054 (040-068) and FFM = 0-44
(0-30—0-58). The overall body composition as indicated by
these regressions at baseline was not altered by weight loss
over the 6-month study period: i.e. the regression coefficients
for FM and FFM were not significantly different at baseline
and 6 months for the subgroup of women and men who
lost some weight at 6 months (data not shown).

Weight loss

As has been described previously®”, when analysed on

an intention-to-treat basis with no sex separation, there
were no between-intervention diet differences in loss of
body fat and weight over the 6-month trial. For the present
analysis of sex-separated completers, weight loss (which can
be inferred from the values for FM and FFM losses in
Table 3) was significantly higher for men than for women at
2 months (7-34 v. 3-80kg) and at 6 months (10:3 v. 6:27kg).

Dietary treatment was not a significant factor either at 2 or
6 months. The distribution of men and women between
dietary groups did not differ markedly, ranging from 23-3%
(RC, Rosemary Conley’s Diet and Fitness Plan) to 31:4%
(WW, Weight-Watchers programme), and did not appear to
be a confounding factor in the analysis of dietary effects.
Thus, the Atkins group, which exhibited the highest mean
value for weight loss, had a proportion of men (28:3%)
that was similar to the mean proportion in the entire
cohort (28:2%). For diet—sex interactions on weight loss, at
2 months, there were no dietary effects for women, but
for men, the effects were greater for the Atkins group than
for the WW group, although these groups did not differ
from the RC or SF (The Slim-Fast Plan) group. At 6 months,
there were no diet—sex interactions.

Fat mass loss: all subjects on intervention diets

Those allocated to the intervention diets lost, on average,
35 and 6:1kg FM at 2 and 6 months, respectively; weight

75
65
55
45

35

FM and FFM (kg:height adjusted)

25

60 70 80 90 100 110 120
Weight (kg:height adjusted)

Fig. 1. Relationship of height-adjusted fat-free mass (FFM, O, B) and fat
mass (FM, O, @) with weight in overweight and obese men (M, ®) and
women (O, O). Regression equations: men — FM = —25.9 4 0-57 x weight
(r? 061, P=0-0001), FFM = 24.8 + 0-41 x weight (r? 0-46, P=<0-0001);
women - FM=—25.1+0.73xweight (r> 0.77, P=0.0001), FFM
= 22.72 4 0-26 x weight (r? 0-32, P<0-0001).
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loss was more in men at 2 and 6 months (499 and 7-68 kg)
than in women (2-95 and 5-38kg). FM loss varied with initial
FM in women and men (P = 0-03) and was analysed by
ANCOVA with baseline FM as a covariate. Weighted means
for FMoss (Table 3) indicate that FM loss was significantly
higher in men at all time intervals (0—2 months, 2—6 months
and 0-6 months), although post hoc testing at 2—6 months
showed no difference. The significant dietary effect at 0-2
months (P<0-0001) reflected the greater loss for male subjects
in the Atkins group, compared with all the other intervention
subjects. After 2 months, subjects in the Atkins and SF groups
did less well and those in the RC group did better, so that by
6 months there were no significant differences between the
intervention groups. Overall, these responses indicate that
there were only minor differences in the effectiveness of the
intervention groups in achieving FM loss, apart from an initial,

D. J. Millward et al.

but not sustained, better response among men in the Atkins
group. There was a similar pattern of FM losses between
those who lost weight (data not shown), except that
no dietary effects were observed for FM loss between 2 and
6 months.

Fat-free mass loss: all subjects on intervention diets

As shown in Table 3, FFM loss at 2 months was much more
marked than that between 2 and 6 months. Men lost three
times more FFM than women (P = 0:0001) at 2 months and
over the entire 6-month study period, and there were no diet-
ary effects. As indicated by the higher P-ratio at 2 months for
men, the FFM content of weight loss was also almost twice
that for women. After 2 months, FFM loss was markedly
reduced over the remaining 4 months, and because of the

Table 3. Fat mass (FM) and fat-free mass (FFM) loss and P-ratios of weight loss for all subjects

(Mean values, 95 % confidence intervals and P-ratios)

0-2 months 2-6 months 0-6 months
n Mean 95% ClI P-ratio* n Mean 95% ClI P-ratio* n Mean 95% Cl P-ratio*
FM losst
Sex (P) <0-0001 <0-05 <0-0002
Women 135 2.952 262, 3-27 115 2.132 1.-68, 2.58 115 5.382 4.69, 6-07
Men 53 4.99° 4.25,5.73 48 2.712 1.84, 3-57 49 7-68° 6-37, 8-98
Diet (P) <0-0001 <0-05 NS
A 46 451  3.67,5-35 40 1.822P 0-98, 2-66 40 6-49 5.06, 7-92
RC 43 3.28° 2.73, 3-83 36 3.27° 244,410 37 6-80 5.62, 7-98
SF 48 2.89° 2.28, 3-51 41 1.692 0-79, 2.58 41 4.79 3-42, 6-16
ww 51 3.43° 2.79, 4.07 46 2.50%P 1-81, 3-19 46 6-24 5.08, 7-40
Sex x diet (P) <0-002 NS NS
Women: A 33 3.28% 2.61,3.95 27 1.54 0-70, 2-39 27 5.02 3-55, 6-50
Women: RC 33 2.89% 2-30, 3-48 27 3-07 2-09, 4-06 27 6-50 5.15, 7-84
Women: SF 34 2.322 1-60, 3-05 29 1.24 0-37, 2-11 29 3-79 2-49, 5-09
Women: WW 35 3.292 2-63, 3-95 32 2:64 1.75, 3-53 32 6-17 4.76, 7-58
Men: A 13 7-62° 6-20, 9-05 13 241 0-31, 4-50 13 9-53 6-83, 12:23
Men: RC 10 4.56*  3.42,5.69 9 3-86 1.99, 5.72 10 7-62 4.79, 10-45
Men: SF 14 4.282 3-36, 5-20 12 277 0-38, 5-16 12 7-20 3.71, 10-69
Men: WW 16 3.742 2:17,5-31 14 2-19 1.01, 3-37 14 6-40 4.10, 8-70
FFM losst
Sex (p) <0-0001 NS <0-0001
Women 135  0-81®  0-60, 1-02 0-029 115 012 -0-10, 0-34 0-006 115  0-90* 0-62,1.17 0-018
Men 53 2.48° 1-95, 3-00 0-052 48 0-21 —-0-30, 0-72 0-009 49 2.71° 2.09, 3-32 0-037
Diet (P) NS NS NS
A 46 1.42 0-86, 1-98 0-034 40 -0-03 —-0-55, 0-49 - 40 1.42 071,213 0-024
RC 43 1-04 0-60, 1-48 0-034 36 0-14 —-0-29, 0-56 0-005 37 1.26 0-66, 1-87 0-020
SF 48 1.29 0-78, 1-80 0-047 4 0-09 -0-30, 0-47 0-006 41 1.37 0-74,1-99 0-031
ww 51 1-34 0-95,1.74 0-041 46 0-35 —0-05, 0-76 0-015 46 1.65 118, 2.12 0-028
Sex x diet (P) NS NS NS
Women: A 33 0-92 0-49,1-34 0-030 27 0-06 —-0-50, 0-62 0-004 27 0-89 0-22, 1.57 0-019
Women: RC 33 0-61 0-16, 1-05 0-023 27 0-11 -0-33, 0-55 0-004 27 0-71 013, 1-29 0-012
Women: SF 34 0-61 0-22, 1-01 0-028 29 0-09 —0-35, 0-54 0-008 29 0-70 0-15, 1-26 0-020
Women: WW 35 1.09 0-64, 1-54 0-035 32 0-20 -0-22, 0-61 0-008 32 1.23 0-75, 1-71 0-022
Men: A 13 2.72 1-11, 4.32 0-038 13 -0-20 —1-45, 1.05 - 13 2.52 0-83, 4-20 0-028
Men: RC 10 2.46 1.75, 3-17 0-056 9 0-22 -1.11, 1.55 0-006 10 2.76 1.45, 4.07 0-038
Men: SF 14 2.93 1.79, 4-.07 0-070 12 0-07 -0-82, 0-96 0-003 12 2.97 1.54, 4.39 0-044
Men: WW 16 1-89 1-10, 2-68 0-053 14 0-71 -0-32,1.73 0-034 14 2-62 1-61, 3-64 0-043

A, Atkins Diet; RC, Rosemary Conley’s Diet and Fitness Plan; SF, The Slim-Fast Plan; WW, Weight-Watchers programme.

*P-ratios (P=(AFFM)/(AFFM + 9-05 X AFM)) calculated from weighted mean values for loss of FFM and FM for all groups at the stated time periods apart from for the two
groups shown where the average change in FFM was a gain (AFFM = negative): i.e. diet group A, 2—6 months; and subgroup men, A, 2—6 months.

1 Values are weighted means from factorial ANCOVA for all subjects with 95 % CI with baseline FM as covariate. Where ANCOVA indicates a significant effect, homogeneous

groups are shown with the same superscript.

1 Values are weighted means from factorial ANOVA for all subjects with 95% CIl. Where ANOVA indicates a significant effect, homogeneous groups are shown with the same

superscript.
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continued FM loss during this period, FFM accounted for
only a very small proportion of weight loss during this
period: i.e. P-ratios of only 0-009 and 0-006 for men and
women with no sex effects. Because of this, the pattern of
absolute FFM losses calculated over the entire 6-month
study period was similar to that observed at 2 months, i.e. a
marked sex effect but no dietary effect. However, FFM loss
as a proportion of weight loss over the 6 months was much
lower than that in the 2-month period, i.e. P-ratios of 0-037
and 0-018 for men and women, respectively. This indicates a
change in the composition of weight loss with time in both
men and women involving some protein conservation. For
those who lost weight (data not shown), there were no dietary
effects for FFM loss at 0—2, 2—6 or 0—6 months. Overall, these
responses indicate an obvious effect of sex on both absolute
and relative amounts of FFM loss, with higher values for
men than for women being observed for all the diets, a
difference that was reduced over time. However, all the
intervention diets appeared to be similar in terms of FFM
loss over the 6 months.

Fat mass and fat-free mass losses and P-ratios of the
selected subset at 2 months

A total of seventy-eight subjects fulfilled the selection criteria
for smallest detectable values of AFM and AFFM at 2 months
(Table 4). The individual P-ratios are shown in Fig. 2, plotted
as a function of weight loss. Although the weight loss
threshold for inclusion was set higher for men, 2-47 kg, than
for women, 1-9kg, a higher proportion of women than men
were excluded, with the subset representing 33% of the

women and 62% of the men. This indicates that more
women exhibited only very small amounts of weight loss
than men. The cut-off levels for FM and FEM losses would
correspond to P-ratios of 0-13 (women) and 0-19 (men), but
did not preclude subjects with P-ratios greater than these
values, as indicated in Fig. 2 for one woman. However, it is
clear that the selected subjects mainly had P-ratios less than
these values. The characteristics of the subset reflect those of
the entire cohort, a significant sex dimorphism, with greater
losses of FM and FFM and overall weight in men than in
women and a higher %FFM loss as indicated by the higher
P-ratio for men. The mean values for P-ratios; s at 0—2 and
2—6 months for men and women for the whole cohort are
also shown in Fig. 2.

Within each sex, there was a significant inverse relationship
between P-ratio and weight loss best fit by inverse power
curves explaining 14 and 38% of the variance for men
and women, respectively. These relationships indicate that
P-ratiog_2 months 1S lower over the observed range of weight
loss levels at any weight loss level for women compared
with men, although at the subthreshold weight loss level,
the predicted sex differences become less. For the entire
cohort, the sex-specific mean P-ratiog_»monms values were
below the sex-specific regressions for the subset, but for this
larger population group, their values in relation to weight
loss, higher for men than for women, were nevertheless
consistent with comparable sex-specific regressions. Fig. 2
also shows that after 2 months with further weight loss, the
cohort mean values for P-ratio,_gmonths Were lower than
those at 2 months, especially for men, so that the values
were no longer related to weight loss or sex.

Table 4. Fat mass (FM) and fat-free mass (FFM) losses at 2 months for the selected subset of subjects*

(Mean values and 95 % confidence intervals)

FMt FFMt P-ratiot
n Mean 95% ClI Mean 95% ClI Mean 95% ClI
Sex (P) <0-002 <0-00001 <0-05
Women 45 3.80% 3.33, 4.27 1.932 1.78, 2:09 0-0622 0-053, 0-071
Men 33 5.35° 4.40, 6-30 3.55° 3.08, 4-07 0-083° 0-065, 0-100
Diet (P) <0-05 NS NS
A 20 5-352 4.15, 655 2.96 2.19, 3.72 0-062 0-049, 0-075
RC 19 3.712 2.92, 4.49 2.27 1.89, 2.64 0-075 0-055, 0-095
SF 18 4.37° 3.49, 5.24 2.88 2.11, 3-65 0-076 0-052, 0-099
wWw 21 4.352 3.18, 553 2.39 1.93, 2.84 0-071 0-050, 0-092
Sex X diet (P) <0-05 <0-05 NS
Women: A 12 3.832 2.84, 4.81 1.992 1.71,2:27 0-064 0-043, 0-085
Women: RC 12 3.162 2.29, 4.03 1.892 1.59, 2:19 0-073 0-048, 0-099
Women: SF 8 4.243 2.85, 563 1.70% 1.40, 2.00 0-047 0-032, 0-062
Women: WW 13 4.09° 3.06, 5-12 2.06° 1.67, 246 0-059 0-044, 0-074
Men: A 8 7-64° 5.98, 9-29 4.40° 2.96, 5-84 0-060 0-044, 0-076
Men: RC 7 4.64%° 3.04, 6-24 2.912P 2.18, 3-65 0-077 0-033, 0-122
Men: SF 10 4.47° 3-10, 5-84 3.82° 2.76, 4-88 0-098 0-061, 0-136
Men: WW 8 4.7830 1.67, 7-88 2.9120 1.84, 3.99 0-092 0-038, 0-145

A, Atkins Diet; RC, Rosemary Conley’s Diet and Fitness Plan; SF, The Slim-Fast Plan; WW, Weight-Watchers programme.

*Subjects selected fulfilled the selection criteria for the smallest detectable values of AFM and AFFM: i.e. 0-8kg FM
(men and women) and 1-67 kg FFM (men) and 1-1 kg FFM (women).

1 Values are weighted means from factorial ANOVA for all the subjects with 95% CI. ANCOVA for FM loss indicated that
baseline FM was not a significant predictor. Where ANOVA indicates a significant effect, homogeneous groups are shown

with the same superscript.
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Fig. 2. Relationship between the energy-partitioning parameter (P-ratio) and
the extent of weight loss. Individual P-ratios for weight loss at 2 months
calculated for a subset of subjects fulfilling the selection criteria for minimum
detectable differences in loss of fat mass (FM) and fat-free mass (FFM) (see
text), plotted against weight loss: m, men; 0, women. The lines shown are
power curves fitted separately to male (—) and female (—-) values; i.e. men
(—): P=0-257 x weight loss®¢' (R2 0-14), women (—-): P=0-301 x weight
loss 9% (R2 0.38). Mean P-ratios v. weight loss for all subjects calculated
from (a) baseline regressions given in Table 2, i.e. mean P-ratios of gain,
men (a), women (A); or from mean values for loss of FFM and FM
shown in Table 3 at 2 months, men (m), women (0): or between 2 and 6 months
— men (@); women (O), plotted against weight loss at either 2 or 6 months.

Comparison of P-ratiosos; and P-ratiosgain

The present study does not indicate the magnitude of the
P-ratio of initial weight loss. Compared with the P-ratios for
weight gain (Table 2, 0-040 for women and 0-071 for men),
the mean P-ratios for weight loss at 2 months for all
the subjects on the intervention diets were slightly lower
(Table 3, 0-029 for women and 0-052 for men). This
comparison is made in Fig. 2, with P-ratiosg,, for women
and men being indicated on the Y-axis (i.e. corresponding
to zero weight loss). However, the implication of the relation-
ship between weight loss and P-ratio in Fig. 2 is that for small
amounts of weight loss, the P-ratio,s is much higher than the
P-ratiog,;,. At body weight losses of 2:47 and 1-9kg for men
and women (the cut-off levels for minimum detectable FM
and FFM losses), the inverse power curves predict P-ratios
of 0-148 (men) and 0-159 (women).

Discussion

Although the multi-centre design of Diet Trials enabled a
larger cohort to be tested than could be managed by a
single centre, it does require protocols to be followed strictly
at each centre. In fact, the only identifiable effect of centre
on the results was the small differences associated with the
different types of DXA instruments, which were accounted
for by the adjustment algorithm described above. However,
the present study has several obvious limitations. First, sex
was not a consideration in the study plan and more women
than men were recruited, although randomisation was
stratified by sex to account for this. For the baseline cross-
sectional analysis, the numbers, age and size characteristics

of men and women were such that the analysis could be
assumed to be robust. This can also be assumed for the
analysis of weight loss for sex. However, for the diet—sex
interactions, the study was clearly underpowered, especially
for the subset analysis summarised in Table 4, and we have,
therefore, limited the discussion of these results below.
Second, the analysis of the effects of sex on weight and FFM
loss could not exclude differential compliance to the
regimens, because Diet Trials did not involve any attempt to
control compliance. However, we believe this to be unlikely
since (1) a detailed analysis of dietary change showed that
macronutrient intake altered in the expected direction of the
programme to which the participants were randomised”
and we observed no indication of differences between men
and women in terms of the degree of energy restriction;
(2) the overall ranges of responses in terms of weight loss
over the 6 months were similar: ie. —24-20-0kg for
women and 2:1-24-0kg for men; and (c¢) the effect of sex
on weight and FFM loss was observed in the subset selected
after trimming for minimum detectable differences. This
trimming would have removed non-compliant male and
female subjects.

The present study shows that the well-known sex dimor-
phism in relative FM and FFM for adults of normal body
weight is also observed for the composition of excess
weight in obesity and that of weight loss occurring in response
to weight-reducing regimens. Thus, the %FFM and P-ratios of
both excess weight and initial weight loss in the overweight/
obese are lower for women than for men. For excess
weight, the lower %FFM for women (27%, P-ratio=0-040),
compared with men (40 %, P-ratio=0-071), is consistent with
the sex dimorphism indicated by the regression analysis of
in vivo neutron-activation body composition measurements'”.
In the latter studies, the energy values assigned to FM and
FFM were 39-3 and 3-8kJ/kg, and the overall energy content
calculated for a healthy normal-weight woman or man gaining
20 kg was 28-5MJ/kg for women and 20-9 MJ/kg for men. Our
regression coefficients correspond to energy values for weight
gain of 29-7MJ/kg for women and 24-3M]J/kg for men, i.e.
values that are not dissimilar. The magnitude of the additional
FFM in weight gain in men is consistent with overfeeding
studies, mainly in men, which have indicated FFM to comprise
420V 3892 and 33%%P of weight gains. Fewer studies
have been reported in women, and surprisingly in one
overfeeding study, mainly in women, the %FFM of weight
gain was, on average, 50%“?, although the wide range of
reported values (0—108 %FFM) indicated low precision in the
measurements.

A higher %FFM loss in obese men than in women might
reasonably be expected given the greater accumulation of
FFM in them during weight gain. However, there is no obvious
physiological explanation for the greater FFM content of the
excess weight in men in the first instance. The distribution
pattern of the FM component of excess weight shows a
clear sex dimorphism (e.g. bust and hips in women and
waist in men®®), but this is unrelated to the additional FFM
in the cohort of the present study. WC had no effect as an
additional independent variable in the multiple regression of
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FM and FFM on weight and height for women, but it did
capture a significant fraction of the variation in FM and
exerted a negative effect on FFM in men (data not shown).
Thus, the ‘male’ FM distribution pattern of central obesity is
not associated with increased FFM elsewhere in the body.
Increased skeletal muscle mass is likely to be part of the
additional FFM with weight gain, given that increased
an early observation in obese
women®®. A greater expansion of the skeletal muscle mass

creatinine excretion is

with obesity in men than in women might be expected,
given their greater skeletal muscle mass/lower FM at healthy
weights®”, but it is not obvious why this would occur.
Clearly, this is an important research question that remains
to be answered.

The main characteristic of the %FFM or P-ratio of weight
loss observed in the present study is its reduction with the
extent of weight loss and with time in both men and
women. Given the low P-ratios after 2 months with no sex
difference, with the continuing weight loss comprising
mainly FM loss, this implies a greater overall protein-
conserving reduction in FFM loss in men than in women,
and there is no obvious explanation for this. Indeed, although
the preservation of FFM is often an objective of weight-
reducing strategies for the obese, the question can be posed
as to why protein conservation occurs at all if restoration of
‘ideal’ body FFM and FM stores is a regulatory target. Protein
conservation in terms of the reduction of P-ratio to the same
low value, if it was sustained, would mean that an ‘ideal’
body weight would comprise excess FFM, especially for
men. In fact, female subjects who had dieted below a BMI
of 25kg/m* by various conventional self-selected diets
exhibited, at BMI values of 21-22kg/m? body FM and FFM
contents that were the same as those of normal lean
women®®. This is a puzzle.

Much of the literature on body composition during weight
loss assumes that the extent of FFM loss can be influenced
by dietary composition. Thus, low-carbohydrate, high-protein
diets such as the Atkins diet are assumed to limit FFM loss.
Such an effect has been reported in a meta-regression of
the impact of carbohydrate and protein intakes on body
composition during weight loss®?, with higher protein
intakes (>1-05g/kg per d: mean = 1-27 g/kg) being reported
to be associated with less FFM loss compared with lower
intakes (=1-05g/kg per d: mean = 0-74 g/kg), especially in
studies with a duration of more than 3 months. Food intake

@Y indicated

measurements in the studies carried out by us
that at baseline protein intakes were, on average, 1:28 g/kg
(16% energy) and changed little in absolute terms for the
Atkins diet (1-3g/kg at 2 months), but increased as a pro-
portion of energy to 28 % at 2 months because of the decrease
in carbohydrate intake. In contrast, for the other three inter-
vention diets, protein intakes decreased in absolute terms
(to 09g/kg at 2 and 6 months) and increased slightly to
19-20% energy intake at 2 months. Thus, a lower FFM loss
or a lower P-ratio for weight loss might have been expected
with the Atkins diet. However, this was not observed in the
present study with no significant dietary effects on FFM
loss and no difference between dietary group means for

P-ratiog_ s months: HOWever, a lower P-ratiog_zmonths WAaS
observed for the Atkins diet among the men, consistent with
the meta-regression discussed above, but given that this
was not observed for the women and that the diet—sex
interactions were underpowered, it seems to us unlikely that
there is an effect of sex on the response to the Atkins diet.
Thus, in the studies carried out by us where compliance to
the regimens was not supervised by the investigators, there
is no firm evidence that dietary composition had an effect
on the overall tissue pattern of weight loss or contributed to
the variance in P-ratiog_s; months-

In the context of the autoregulatory Payne and Dugdale
dynamic model of body weight regulation®™'?  which
proposes a fixed phenotypic P-ratio during daily cycles of
energy gain or loss, while our data do not identify the P-ratio
for the initial weight loss at the beginning of the dietary
intervention period, our findings suggest that this equivalence
is unlikely. Thus, it is quite clear that the P-ratio for weight loss
decreases with the extent of weight loss (Fig. 2) and with time
(P-ratios_ g months 1S lower than P-ratiog_; months; Table 3). This
suggests that for small amounts of weight loss, P-ratio,ss at an
early time point is higher than the P-ratiog,,. As discussed
previously®”
work carried out by others have indicated examples of
changes in the P-ratio inconsistent with the Payne and
Dugdale model of a fixed phenotypic value. Our animal
work with fasting lean and obese Zucker rats"® showed the
phenotypic P-ratioyss to decrease with time.

The other aspect of the Payne and Dugdale model
examined in the present study is that the extent of weight

, our own animal work and human work and

gains or losses with a specified energy imbalance is inversely
related to the phenotypic P-ratio for weight change: i.e. those
with a low P-ratio (metabolically fat) exhibit more weight
change than those with a high P-ratio (metabolically lean).
The reason for this is that the model assumes that the negative
influence on weight gain of a greater energy density of weight
change for the metabolically fat to be more than offset in the
metabolically lean by the negative influence of greater heat
production associated with weight change. Although the
studies carried out by us were not specifically powered to
assess sex differences in weight loss for each of the four
diets, they did show that at 2 months, weight loss for all
women was only half that for all men, a difference observed
in each dietary group. This is the opposite of that predicted
by the Payne and Dugdale model and is more consistent
with most other models in which weight change mainly
reflects tissue energy density: i.e. the lower energy density
in men (higher P-ratio) results in a greater weight loss for a
fixed energy imbalance than for women. However, this is
not a complete explanation because the greater weight loss
in men than in women at 2 months in the present study was
more than would have been expected from their respective
P-ratioSy_2 months: Values of 0:029 for women and 0-052 for
men imply only a 15% higher energy density of weight loss
or 13% less weight loss for women than for men for the
same dietary energy deficit. Indeed, the men lost not only
more weight and FFM than women but also more FM. The
implication of this is that the greater weight loss for men
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within community-based weight management regimens as in
Diet Trials reflects physiological factors that we have not
identified and/or non-physiological factors such as greater
dietary compliance/energy deficit or more exercise, which
are more important than physiological factors such as a
genotypic P-ratio in influencing weight loss.

In conclusion, we have demonstrated clear sex differences
in the composition of weight gain and initial weight loss in
an overweight and obese population, with greater changes
in FEM than in FM for men than for women, as well as greater
overall weight loss for men than for women on similar weight
loss regimens. There is no obvious physiological or
anatomical explanation for the sex difference in the FFM
content of increasing body weight with increasing adiposity.
However, if it is assumed that the greater FFM content of
excess body weight in obese men indicates a higher
mobilisable protein reserve relative to fat, then the greater
FFM content of weight loss during energy restriction in men
is consistent with this. Protein-conserving adaptations occur
with increasing weight loss and over time, more extensively
in men, which were independent of dietary protein intake in
the studies carried out by us.
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