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The reduction in resting metabolic rate (RMR) during weight loss exceeds that accounted for by
changes in body composition by 15 %, suggesting that factors other than fat-free mass (FFM)
explain the metabolic adaptation during food restriction in obesity. Our study aimed to establish
if changes in the sympathoadrenal system activity, as inferred from an integrated measure such as
24 h urinary excretion of catecholamines, may play a role in the RMR adaptation observed during
dietary restriction in obese patients. Ninety-three obese female subjects consumed a low-energy
diet (LED) (2930 kJ/d (700 kcal/d)) for a 3-week period. At the beginning and at the end of the
study, 24 h urinary excretion of catecholamines, FFM and RMR were measured. The LED
induced a signi®cant reduction in body weight (-3×3 (SEM 0×4) kg; P , 0×01), FFM (-1×9 (SEM

0×7) kg; P , 0×01) and in the fat mass (-1×2 (SEM 0×5) kg; P , 0×01). Noradrenalin excretion
(24 h) decreased during the LED from 264 (SEM 26) during a weight-maintenance period to 171
(SEM 19) nmol/24 h after consumption of the LED for 3 weeks (P , 0×001); mean 24 h adrenalin
excretion did not change during the LED (22 (SEM 3) during the weight-maintenance period v. 21
(SEM 3) nmol/24 h after consumption of the LED for 3 weeks; NS). The LED induced a signi®cant
decrease in RMR (7300 (SEM 218) v. 6831 (SEM 138) kJ/24 h; P , 0×001). The only independent
variable that signi®cantly explained variations in RMR both before and after consumption of the
LED for 3 weeks, was FFM (r2 0×79 and r2 0×80 respectively). Urinary noradrenalin excretion
explained a further 4 % of the variability in RMR, but only before the diet, so that a role of
sympathoadrenal system on RMR seems to be present in obese patients in basal conditions but
not at the end of the LED.

Resting metabolic rate: Fat-free mass: Catecholamines: Low-energy diet

Resting metabolic rate (RMR) accounts for about 50±70 %
of total daily energy expenditure (EE) and represents the
cost of processes such as the maintenance of transmembrane
ion gradients and resting cardiopulmonary activity (Ravussin
& Bogardus, 1992). As a consequence, fat-free mass (FFM)
together with total body weight, age and sex account for
about 80 % of the variance in RMR (Ravussin & Bogardus,
1992).

It has also been demonstrated that RMR displays a familial
aggregation, thus suggesting that variance in RMR may be
determined, at least in part, by genetic in¯uences (Bogardus
et al. 1986; Bouchard et al. 1989).

The thermic effect of feeding, which is the energy
required for the digestion, transport and deposition of nutri-
ents, accounts for about 10 % of total 24 h EE while non-
resting EE, i.e. all the remaining energy consumption, which

mainly occurs in the form of physical activity, represents
about 30 % of daily EE.

As obesity stems from an imbalance between energy
intake and EE, it has been proposed that a low 24 h EE
predisposes to weight gain (Ravussin et al. 1988). RMR in
obese subjects is low when expressed per kg body mass, but
it is normal if FFM is accounted for; this suggests that
alterations in EE components other than RMR, such as
diet-induced thermogenesis, may be important in the devel-
opment of obesity (Webber et al. 1994).

Several studies in animals have shown that the sympatho-
adrenal system plays an important role in determining daily
EE (Bray et al. 1989). The infusion of small amounts of
adrenalin (A) into healthy human subjects stimulates thermo-
genesis, increases heart rate and respiratory frequency; more-
over, it has been shown that plasma A levels for stimulating
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thermogenesis are well within the physiological range
(Webber & Macdonald, 1993). b-Adrenoceptor blockade
reduces glucose-induced thermogenesis (Astrup et al. 1989),
so that about 33 % of the thermic effect of feeding could be
ascribed to changes in sympathetic nervous system (SNS)
activity (Schwartz et al. 1988). Furthermore, it has been shown
that plasma A levels increase up to values able to stimulate
thermogenesis during physical activity (Cryer, 1980).

Maintenance of a reduced or elevated body weight is
associated with compensatory changes in EE, which oppose
the maintenance of a body weight different from the usual
weight (Leibel et al. 1995). A decrease in RMR has been
reported in obese patients during weight loss induced by a
low-energy diet (LED) (Fricker et al. 1991). A reduced EE
has been reported to persist in subjects who have maintained
a reduced body weight for periods ranging from 6 months to
more than 4 years (Leibel & Hirsch, 1984) although other
studies do not con®rm this phenomenon (De Peuter et al.
1992). The reduction in RMR during a LED is accompanied
by a concomitant reduction in FFM, as well as by a decrease
in urinary noradrenalin (NA) excretion (Del Rio et al. 1989;
Schwartz et al. 1990), and may account for the poor long-
term ef®cacy of obesity treatment. Since the reduction in
RMR during weight loss exceeds that accounted for by
changes in body composition by 15 % (Leibel et al. 1995), it
is likely that factors other than FFM can account for the
metabolic adaptation during food restriction in obesity.

Our study aims to establish if changes in the sympatho-
adrenal system activity, as inferred from an integrated
measure such as 24 h urinary excretion of catecholamines,
may play a role in the induction of RMR adaptation during
dietary restriction in obese patients.

Materials and methods

Ninety-three female obese patients aged from 17 to 56 years,
with no history of diabetes and systemic disease, were
included in this study. However, only seventy-one patients
(age 36 (SEM 1×6) years; height 160 (SEM 7) cm; BMI 40×3
(SEM 7) kg/m2; waist : hip ratio 0×84 (SEM 0×1)) completed
the 3-week period of the study.

The study protocol was approved by the local ethical
committee. Each patient gave informed consent and was
hospitalized at the Department of Internal Medicine of
Modena, Italy, twice during the study. The protocol consisted
of an initial 9 d period of a weight-maintenance diet (60 % of
energy from carbohydrate, 25 % from fat, 15 % from protein)
including 2 d of hospitalization for initial assessment

which consisted of routine basal samples and a 24 h urine
collection for determination of urea, creatinine, NA and A
excretion. Measurement of body weight, waist : hip ratio,
BMI (kg/m2), blood pressure, heart rate and electrocardio-
gram and RMR were carried out at the time of the admission
to hospital.

In order to avoid the confounding effect of changes in
SNS activity and metabolic rate during the menstrual cycle,
the women started the weight-maintenance diet when in the
early follicular phase (day 2 or 3).

After 9 d of the weight-maintenance diet all the patients
started a 20 d period of a LED (2930 kJ/d (700 kcal/d) with
the following composition: 55 % of energy as carbohydrate,
9×4 % as lipid, 39 % as protein), consumed at home. The
collection of urine for urea, creatinine and catecholamines
was repeated together with measurement of body compo-
sition and RMR at the end of the diet period (day 29±30)
during a 2 d period of hospitalization (see Fig. 1).

Waist circumference was measured at the point halfway
between the lower costal margin and the iliac crest; hip
circumference was measured as the maximum circumfer-
ence round the buttocks posteriorly and the symphysis pubis
anteriorly. Urinary excretion of urea and creatinine was
detected by spectrophotometric method (AU 5000 Analyzer
System; Merck, Whitestation, NJ, USA).

The urine for measurement of free catecholamines was
immediately acidi®ed with 6 M-HCl and stored at 48C until
analysis. Urinary excretion rate of NA and A was measured
in the 24 h urine specimens by reverse phase HPLC with
electrochemical detection (Del Rio et al. 1992). FFM and fat
mass (FM) were estimated by bioelectrical impedance (BIA
109; RJL Systems, Detroit, MI, USA) using a formula pre-
viously validated during a weight-reducing period (Kushner
et al. 1990).

Resting EE was measured by indirect calorimetry (Delta-
trac; Datex Instrumentarium, Helsinki, Finland), with a con-
stant air ¯ow of 40 l/min through a transparent canopy over
the head of the subject in order to bring the expired gas to
the metabolic monitor. The monitor measures the inspira-
tory O2 concentration and the difference between inspira-
tory and expiratory O2 concentration with a paramagnetic
differential O2 sensor, and expired CO2 concentration con-
tinuously with an infrared sensor (the inspiratory CO2 level
of the room air is measured every 2 min). Prior to measure-
ments, the sensors are calibrated with a gas mixture of known
composition. CO2 output (VCO2), as well as O2 uptake
(VO2), are calculated each min and converted to standard
temperature and pressure, dry gas conditions. EE was
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Fig. 1. Experimental design of the study.
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calculated with the abbreviated Weir formula (Mansell &
Macdonald, 1990). The minute values of VO2, VCO2, RER
and EE were sent to a microcomputer for later analysis.

Dietary compliance was ascertained by weekly ambula-
tory interviews and by a 3 d diet record in the middle of the
20 d LED period.

Data are presented as mean values with standard errors of
the means. Student's t test for paired data was used when
appropriate. The relationship between different variables
was evaluated using Pearson-product moment correlation
and multivariate regression. In each regression model the
variability in the dependent variable that is not accounted
for by the predictor variables was calculated as described by
Bogardus (1986). Stepwise multiple regression analysis
with test of equality of regression lines across periods was
also used (Jennrich, 1981).

Results

In the seventy-one subjects who completed the study the
LED induced signi®cant weight loss of 3×3 (SEM 0×4) kg
(P , 0×01, Table 1) and a reduction in BMI of 1×3 (SEM 0×1)
kg/m2 (P , 0×01, Table 1). The FFM decreased by 1×9
(SEM 0×7) kg during the LED (P , 0×01, Table 1) and the
FM by 1×2 (SEM 0×5) kg (P , 0×01, Table 1).

Urinary urea excretion did not show any signi®cant
modi®cation during the observation period (714 (SEM 46)
v. 633 (SEM 47) mmol/24 h, NS), nor did urinary creatinine
excretion (99×0 (SEM 8×8) v. 98×1 (SEM 7×0) mmol/24 h, NS).
NA excretion (24 h) was found to decrease during the LED
(mean decrease 95 (SEM 22) nmol/24 h; P , 0×001), while
mean 24 h A excretion did not change with LED (mean
decrease 1×8 (SEM 2×9) nmol/24 h; NS) (Fig. 2).

The LED induced a signi®cant decrease in RMR (7300
(SEM 218) v. 6831 (SEM 138) kJ/24 h; P , 0×001). At the
beginning of the study signi®cant correlations between
RMR and body weight, FFM, FM and NA excretion were
found (Table 2). A signi®cant negative correlation was found
between 24 h urine A excretion and body weight (r -0×37)
but RMR was not related to A excretion (Table 2). The
relative importance of the independent variables was assessed
by multiple regression analysis, which demonstrated that
RMR was signi®cantly correlated with FFM, FM and NA
excretion at the beginning of the study. FFM, FM and
urinary NA excretion explained 88 % of the variability in
RMR before the diet. The residual standard deviation of the
RMR after these covariates were accounted for was 607 kJ/d
(145 kcal/d).

At the end of the study period RMR was found to
correlate signi®cantly with the same variables in obese
subjects (Table 2); no signi®cant correlation was found
between changes in NA and A excretion and changes in
RMR induced by the LED (r 0×17 and r 0×09 respectively;
NS). Regression analysis indicated that 80 % of the variance
in RMR during the diet period was accounted for FFM while
FM, NA, A, waist : hip ratio and age did not enter in the
equation. The residual standard deviation of the RMR after
this covariate was accounted for was 624 kJ/d (149 kcal/d).
The relationship between RMR and FFM both before and
after the diet is shown in Fig. 3. Slopes and intercept of the
two regression lines did not differ before and after the diet
(F 0×6; NS).

Discussion

RMR is in¯uenced by factors such as age, sex, genetic traits,
FFM and hormonal pattern (Ravussin & Bogardus, 1992).
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Table 1. Physical characteristics of the subjects during a weight-
maintenance period and after consumption of a low-energy diet for

3 weeks²

(Mean values with standard errors for seventy-one female subjects)

During weight End of low-energy-
maintenance diet period

Mean SE Mean SE

Weight (kg) 105×2 2×6 102×0*** 2×4
BMI (kg/m2) 41×1 1×0 39×8*** 0×9
Fat-free mass (kg) 58×4 1×2 56×6*** 1×2
Fat mass (kg) 46×4 1×7 45×3* 1×6

Mean values were signi®cantly different from those during weight maintenance:
*P, 0×05, ***P, 0×001 (Student's t test).

² The low-energy diet provided 2930 kJ/d (700 kcal/d) with 55 % of energy as
carbohydrate, 39 % as protein and 9×4 % as lipid.

Table 2. Simple correlations between resting metabolic rate and variables assessed in
subjects during a weight-maintenance period and after consumption of a low-energy

diet for 3 weeks²

(Correlation coef®cients for seventy-one female subjects)

Correlation with RMR (r)

During weight End of low-energy-
maintenance diet period

Weight (kg) 0×84*** 0×86***
Fat-free mass (kg) 0×78*** 0×75***
Fat mass (kg) 0×83*** 0×77***
24 h urinary noradrenalin (nmol/24 h) 0×49* 0×29*
24 h urinary adrenalin (nmol/24 h) 0×10 0×19
Age (years) 0×14 0×15

RMR, resting metabolic rate.
Correlation was signi®cant: *P, 0×05, ***P, 0×001.
² The low-energy diet provided 2930 kJ/d (700 kcal/d) with 55 % of energy as carbohydrate, 39 % as

protein and 9×4 % as lipid.
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A strict correlation exists between FFM and RMR in both
sexes (Ferraro et al. 1992). Indeed, 82 % of variability in
RMR can be attributed to differences in FFM (Ravussin &
Bogardus, 1992). Therefore age, sex and FFM can explain
the large part of individual variability of RMR although
genetic factors and familial predisposition can account for
a further 7 %. Among the factors in¯uencing RMR the
hormonal pattern, particularly the sympathoadrenal system,
seems to play an important role (Saad et al. 1991).

The main aim of our study was to focus on the possible
involvement of the sympathoadrenal system and FFM in
determining metabolic adaptation during weight loss. Our
patients lost less weight than expected from the estimated
body-energy de®cit over the 3 weeks; it is known that
weight loss achieved during restricted dietary treatment
varies between individuals (Astrup et al. 1995) and the
dietary compliance may be lower when the patients are not
hospitalized despite weekly controls being performed.
Taking into account these considerations, we obtained a
weight loss of about 1×2±2×0 kg/week which is comparable

with that obtained in other studies (Ravussin et al. 1985;
Stich et al. 1997).

During weight loss a concomitant decrease in FFM and a
10±28 % reduction in RMR occurs (Davis et al. 1989; Elliot
et al. 1989). This reduction is greater than expected for the
loss of FFM alone (Fricker et al. 1991). Our data con®rmed
a highly signi®cant correlation between FFM and RMR;
RMR depends mainly on FFM both before and during diet
therapy and the part of variance in RMR not attributable to
FFM is similar to that described by Bogardus et al. (1986).
NA excretion contributes signi®cantly to energy expendi-
ture before dietary restriction and this is in agreement with
Jung et al. (1980) who reported that oral administration of
propanolol led to a decrease of 8×6 % in the RMR in obese
women on a weight-maintenance diet. Likewise, clonidine
administration is able to induce a 6 % decrease in basal EE
and to blunt the thermic effect of feeding in healthy subjects
(Schwartz et al. 1988, 1990).

FM and the SNS may play a role in the modulation of
RMR during period of restricted feeding (Ravussin et al.
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Fig. 2. Urinary excretion of noradrenalin and adrenalin during a weight-maintenance
period and after consumption of a low-energy diet for 3 weeks in seventy-one obese
subjects. The low-energy diet provided 2930 kJ/d (700 kcal/d) with 55 % of energy as
carbohydrate, 39 % as protein and 9×4 % as lipid. Values are means with standard errors
of the means represented by vertical bars. Mean values were signi®cantly different: *P
, 0×02 (paired t test). ²Mean values were not signi®cantly different (paired t test).
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1988; Saad et al. 1991). The reduction in FFM is said to
explain most of the variability in RMR during the dietary-
restriction period in several reports (Ravussin et al. 1988;
Leibel et al. 1995) and the resting plasma NA concentration
decreases during energy restriction in normal weight and
obese subjects (Berlin et al. 1990; Kempen et al. 1994), as a
result of reductions in both the appearance and clearance
rates of NA.

RMR correlated with 24 h urinary NA excretion in our
patients at the end of the LED, but not after adjustment for
FFM. This ®nding agrees with data previously obtained by
Christin et al. (1993) where the correlations between RMR
and both plasma NA appearance rate and 24 h urinary NA
excretion disappeared after adjustment for differences in
body size. The changes in SNS activity were not correlated
with changes in RMR after adjusting for FFM variations, a
®nding that may be secondary to the very small variations in
the variables estimated. Another possible explanation could
be that the relative contribution of SNS to RMR during the
period of reduced catecholamine secretion is less relevant
than in basal conditions. We have recently obtained a signi-
®cant effect of clonidine both on plasma NA and RMR
(Valeriani et al. 1998), suggesting that only large reductions
in SNS activity, as those induced by clonidine, are able to
in¯uence RMR.

Although A is the most active thermogenic hormone in
man (Webber et al. 1994), we did not ®nd any relationship
between 24 h urinary A excretion and RMR in our patients.
Since the threshold concentration of plasma A able to
produce an effect on RMR ranges from 90 to 120 pg/ml
(Sjostrom et al. 1983), values not usually found during

supine, resting conditions, it seems likely that adrenomedul-
lary activity is involved in the control of lipolysis and EE in
a number of physiological situations but not during recum-
bent resting conditions. An inverse relationship between the
percentage of body fat and the sympathoadrenal system has
been demonstrated by several authors (Peterson et al. 1988;
Del Rio et al. 1992). We also found a signi®cant correlation
between daily urinary NA excretion and FFM (P , 0×001),
and a negative correlation between A and body weight
(P , 0×05); this agrees with the hypothesis of enhanced SNS
activity and reduced adrenomedullary secretion in obesity
as previously suggested (Young & Macdonald, 1992).
Furthermore a decrease in NA excretion with no change
in A excretion indicates a dissociation between adreno-
medullary secretion and SNS activity in obese patients
consuming a LED and ®ts well with other data regarding
the autonomy of the two systems in response to stimuli (Del
Rio et al. 1989; Young & Macdonald, 1992). In conclusion,
our results indicate that FFM is the major factor related to
RMR both before and during weight loss induced by a LED
in obese patients. The role of SNS activity as inferred by
integrated measures is important in basal conditions in
obese patients but not at the end of the dietary-restriction
period.
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