Body Composition and Energy Expenditure: Relationship and Changes in
Obese Subjects Before and After Biliopancreatic Diversion
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Changes in total and segmental body composition were studied in 101 obese women before and 2, 6, 12, and 24 months after
biliopancreatic diversion (BPD) and data 24 months after surgery were matched to 53 control subjects. The patients were studied
by anthropometry, indirect calorimetry, and double-emission x-ray absorptiometry (DXA). The combination of calorimetry and
body composition analysis allowed estimation of visceral and muscle lean mass. We observed a significant (analysis of variance
[ANOVAI: P < .05) progressive reduction of fat and lean body mass (LBM) following BPD, with stabilization of both parameters
between 12 and 24 months at levels not different from controls. Fat loss was significant in the arms, legs, and trunk segments.
After 24 months, there was no significant difference in segmental fat mass between post-BPD patients and controls. Calorimetric
data seem to confirm lean body mass (LBM) reduction. Visceral lean mass (kg) was significantly reduced from 8.1 + 2.2 in obese
subjects to 6.5 = 1.8 in post-BPD patients at 24 months (P < .05); the control value was 7.2 + 1.8. Muscular lean mass (kg) was also
significantly reduced, from 50.2 + 5.8 to 39.8 + 5.7 in the same subjects (P < .05), with a control value of 42.5 + 5.9. The decrease
in muscle and visceral LBM reached control values without significant differences. Viscera/muscle ratio in pre-BPD patients was
preserved in post-BPD patients at 24 months, but it was reduced during weight loss. Body composition studies showed a
logarithmic relationship between fat and lean mass and a physiological contribution of lean mass to weight loss in the BPD
patients. In conclusion, weight loss after BPD was achieved with an appropriate decline of LBM and with all parameters reaching,

at stable weight, values similar to weight-matched controls.
© 2003 Elsevier Inc. All rights reserved.

BESITY is a very common condition in Western society
affecting both sexes and all ages. Although there are
ethnic or sex variations in prevalence, obesity occurs mainly in
communities where there is an abundant food supply: it is a
behavioral as well as nutritional disease. More recent studies
attribute a participating role to genetic factors in the etiology of
obesity, but the energy balance between food intake and met-
abolic consumption is still key for weight accumulation or
loss.! It has been known for a long time that obese subjects
have an elevated basal metabolic rate (BMR), when compared
to subjects of the same age,? but it is not generally appreciated
that they must also have an increase in lean body mass
(LBM).? This increase in LBM may explain the increased
BMR, the increased glomerular filtration rate, and the greater
urinary excretion of creatinine and steroids in these patients.*
Only 2 conditions of human obesity are associated with a
decreased LBM: Cushing’s syndrome and hypothalamic obe-
sity,> such as in Prader-Willi syndrome. Thus an increase in
LBM is usually associated with the increased weight in obesity.
Several investigators have established a relationship between
body fat and LBM.%7 However, the reasons for increased LBM
are not known. It is evident” that certain organs, such as the
heart, kidney, liver, and muscle, participate. Possible explana-
tions include hypertrophy of skeletal muscle in response to the
greater weight, the increased number of adipocytes, each with
its component of intracellular fluids, and hypertrophy of the
gastrointestinal tract as a consequence of increased food intake.
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Hormonal modifications might play a role. Insulin and adrenal
steroids are increased and both are anabolic.*

The objective of the current study was to evaluate in a
longitudinal way the quantitative relationship between LBM
and body fat over a wide range of weight, and across the
intervention of surgically induced weight loss.

MATERIALS AND METHODS

We studied sequential body composition changes in a group of obese
subjects before and after biliopancreatic diversion (BPD). This surgical
procedure, first described by Scopinaro® in 1978, consists of distal
gastrectomy with a Roux-en-Y reconstruction. The residual gastric
volume is 200 to 400 mL. The Roux-en-Y is constructed with a
common tract of 50 cm from the ileocecal valve, 200 cm of alimentary
tract, and a variable length, according to small bowel length, of the
biliary tract. The rationale of this procedure is to avoid the contact and
mixing of food with biliary and pancreatic secretions beyond the
stomach. All patients are allowed to ingest food ad libitum, as there is
a fixed length of ileum where the absorption of fat and polysaccharides
is allowed. The malabsorptive mechanism due to biliary and pancreatic
juices diversion continues to operate and is responsible for maintenance
of weight loss.”

Patients

We studied 101 obese women before and after BPD and 53 female
controls matched to the subjects at 24 months after surgery. All
operations were performed in the period from 1990 to 1997. The age
(mean * SD) of the presurgical patients was 41 = 8 years (range, 18
to 58), height (cm) 161.2 = 8.9 (range, 144 to 177), weight (kg)
123.3 + 24.1 (range 79-203), body mass index (BMI; kg/m?) 45.5 +
7.7, and excess body weight (%) 113.7 = 35.2. The age of the control
subjects was 40 = 5 years (range, 22 to 55), height (cm) 162.7 = 9.0
(range, 146 to 188), weight (kg) 82.3 = 9.8 (range, 51 to 101), and BMI
(kg/m?) 30.1 = 3.5.

We performed a metabolic evaluation in our patients before surgery
and at 2, 6, 12, and 24 months after BPD. All data were collected
during standard follow-up control visits.
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Table 1. Weight, BMI, Body Composition, and REE in Our Patients

Weight BMI REE LBM FAT
(kg) (kg/m?) (kJ/d) (kg) (kg)
Obese 123.3 = 24.1 455 + 7.7 9,229 + 75 58.0 = 6.6 63.9 = 20.1
Post-BPD
2 mo 113.0 = 24.8* 42.2 = 7.8% 8,354 + 193 57.8 = 10.6 52.3 + 15.6*
6 mo 91.6 + 20.0* 34.1 + 6.0* 6,889 + 255* 51.9 + 8.7* 37.0 + 12.6*
12 mo 80.0 + 15.3* 30.4 + 4.5*% 6,789 + 301* 49.3 + 6.6* 27.9 = 11.4%
24 mo 77.3 £ 15.7* 29.6 = 5.6* 6,986 *+ 1,666* 47.9 = 10.6* 29.4 + 14.0*
Controls 82.3 + 9.8* 30.1 + 3.6% 7,680 + 1,506* 47.9 + 10.6* 33.5 + 11.6*%

Note stabilization of values between 12 and 24 months at levels similar to controls.

*P < .05 v obese.

Statistics

Means and standard deviations of the mean are presented. Analysis
of variance (ANOVA) was used to determine the statistical significance
of differences. Tukey’s method was used for simultaneous post-hoc
comparisons of means. The software used was Statistica for Windows
4.5 StatSoft (Tulsa, OK).

Body Composition Study

All patients were evaluated by anthropometry (weight, height, and
BMI), hematochemical parameters, calorimetric studies, and dual-pho-
ton emission x-ray absorptiometry (DXA).

In the morning, after an overnight fast, the subjects were brought
from the general surgery ward to the metabolic unit in light clothing, to
determine barefoot heights and weights. They were familiarized with
the indirect calorimetric equipment and then assumed a supine position
at complete bed rest. Room temperature was 22 to 24°C and humidity
was about 40 %.

Respiratory gas exchange was measured with a Deltatrac Metabolic
Monitor (Datex, Helsinki, Finland). The machine was calibrated before
each measurement.

DXA (LUNAR DPX, Madison WI) with photon emission of 40 and
70 KeV was used for a whole-body rectilinear scan to estimate seg-
mental (left and right arm, leg, and trunk) and total LBM and body
fat.!011 The DXA system was calibrated weekly with 7 bags of ground
beef in which the fat content ranged between 3% and 83% based on
chemical analysis.'> The reproducibility of percent fat, bone mineral
content, and bone density by DXA ranged between 0.97 and 0.99 in
human subjects measured 5 times, and was 0.99 in phantom studies.'?
The total radiation dose EDE (energy dose equivalent) was less than
0.03 milliSievert.

Despite the high degree of adiposity in very obese patients, DXA can
be a reliable method to estimate body composition in such individu-
a15.13‘14

LBM consists of several components: muscle, brain, liver, lung, etc
(ie, muscle and viscera); each component has its own specific resting
energy expenditure (REE/kg). Specific organ energy consumption (or-
gan metabolic rate per killogram) does not appear to be different among
individuals.!> Animal and human studies have determined the specific
energy consumption of different tissues.!>'® Adding up the individual
organ oxygen consumption and derived REE, according to de Weir, the
REE of visceral mass, muscle, and fat can be calculated as follows:
muscle REE = 45.45 kJ/kg/d, visceral REE = 675.67 kl/kg/d, and fat
REE = 20.93 kJ/kg/d. We included in viscera the sum of brain, heart,
lungs, liver, kidneys, and intestines, ie, the high-energy-consumption
organs; the muscular mass comprised the sum of muscle, skin, and
connective tissues, because of their similar low specific REE. Bone
mass, as measured by DXA, was not included in the model because of
its very low specific REE (9.6 kJ/kg).!” Combining data derived from
body composition analysis and indirect calorimetry, it is possible to

solve a system equation in order to infer muscular and visceral lean
mass. So,

tREE — FAT X fREE — LBM X vREE

mLBM = mREE — vREE

tREE — FAT X fREE — LBM X mREE

VLBM = VREE — mREE

where: fREE = specific fat REE (20.93 kJ/kg/d); mLBM = muscle
LBM (kg); mREE = specific muscle REE (45.45 kJ/kg/d); vLBM =
visceral LBM (kg); VREE = specific visceral REE (675.67 kl/kg/d);
FAT = fat mass (kg); and tREE = total REE (kJ/d) (see Appendix 1).

Blood samples were collected at 24 months after operation in order
to value plasmatic albumin, total proteins, and hemoglobin as nutri-
tional parameters.

RESULTS

Sequential body composition changes in the post-BPD pa-
tients are shown in Table 1. We observed a progressive de-
crease in BMI with stabilization after 12 months. REE showed
a clear reduction at 6 months with stabilization in the following
months at values not different from controls. We obtained a
significant decrease both in FAT and LBM at 12 months
without further significant variations at 24 months.

Segmental variations in body composition are shown in
Table 2. Arms, legs, and trunk participated in FAT decrease,
but only trunk segment reached statistical significance in LBM
decrease. Visceral lean mass (kg) was significantly reduced
from 8.1 *= 2.2 in obese subjects to 6.5 * 1.8 in post-BPD
patients at 24 months (P <.05), with a mean decrease of 1.6 kg
(19.8%); the control values was 7.2 * 1.8. Also muscular lean
mass (kg) was significantly reduced from 50.2 = 5.8 to 39.8 =
5.7 in the same subjects (P <.05), with a mean decrease of 10.4
kg (20.7 %). The control value was 42.5 £ 5.9. The decrease
in muscle and visceral LBM reached control values without
significant differences.

Viscera/muscle ratio in pre-BPD patients was preserved also
in post-BPD patients at 24 months (0.171 v 0.167, respectively;
P = not significant [NS]), but it was reduced during weight loss
(0.141 at 6 months, P <.05 v pre-BPD patients and post-BPD
patients at 24 months).

The REE/total weight ratio increased progressively from
76.2 = 11.7 kJ/kg in presurgical patients to 97.5 = 21.3 kl/kg
in postsurgical subjects at 24 months (P < .05), while the
REE/LBM ratio showed an initial reduction from 158.6 = 28.0
to 139.4 = 20.5 kJ/kg at 6 months after operation (P < .05) and
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Table 2. Segmental Changes in Body Composition in Our Patients

FAT (kg) LBM (kg)
Trunk Legs Arms Trunk Legs Arms
Obese 26.9 £7.1 17.4 = 4.6 5.9+ 4.0 29.0 £ 6.7 16.9 = 3.5 5.2+ 3.2
BPD 24 mo 12.8 £ 6.4* 10.9 = 4.1* 2.9+ 1.3*% 22.4 = 5.5* 15.3 £ 2.3 4.0+ 13
% Change —52% —37% -51% —23% —9.5% —23%
Controls 17.8 = 8.1* 13.5 = 7.6* 3.2 +1.7% 27.4 £ 8.2 16.9 = 3.5 43 +1.6

NOTE. % Change indicates percent segmental composition changes after 24 months. Leg, trunk, and arm fat reveals significant segmental

variation after BPD. Lean mass loss is evident only in trunk segment.
*P < .05 v obese.

a subsequent increase to 149.8 £ 28.9 at 24 months, reaching
control values of 154.4 = 25.1 kJ/kg (P = NS between pre-
surgical, postsurgical at 24 months, and control values). It is
notable that the REE/LBM ratio followed the trend of the
viscera/muscle ratio.

The initial content of fat is in relationship with initial LBM.
Figure 1 shows this relationship (R = 0.60; P < .001) in obese
patients and a group of control subjects.

The LBM/FAT relationship is logarithmic: LBM = 26.55 X
log,, (FAT) + 10.56. Figure 2 shows how the initial fat content
influences the relative changes in LBM. The dLBM/dW ratio
represents the LBM loss for every unit of weight loss (see
Appendix 2).

In pre-BPD patients the hematochemical parameters were:
glycemia 101.44 *= 35.21 mg/dL, total proteins 6.63 * 2.16
mg/dL, albumin 3.87 = 1.41 mg/dL, and hemoglobin 13.40 =
1.89 g/dL.

Hematochemical evaluation of post-BPD patients showed
good nutritional status: glycemia was 91.25 * 24.59 mg/dL,
total proteins 6.77 = 0.74 mg/dL, albumin 3.76 = 0.49 mg/dIL,
and hemoglobin 12.40 = 1.62 g/dL.

DISCUSSION

Body composition studies in obesity clearly show that the
increase in body mass is due to accumulation of both fat and
LBM in variable but measurable proportions. Significant
weight gain both in animals and humans, whether induced by

overfeeding, observed during nutritional rehabilitation, or oc-
curring under natural circumstances, almost always consists of
a mixture of lean mass and fat mass.”-?° The relative contribu-
tions of these 2 components to the total weight gain depends on
the initial status of body composition and the age of the
subjects, given that protein intake is adequate.?! Also during
weight loss, fat mass and lean mass participate in the process.
It has been known for many years that people who fast continue
to excrete nitrogen in the urine, and so must be losing lean mass
as well as fat mass. This has always been considered a detri-
mental effect of weight-loss programs. The construction of
special diets claiming “protein-sparing” effects has revitalized
the application of body composition studies in weight loss. The
evidence shows that the loss of LBM is more marked in thin
than in fat individuals, ranging from 50% to 60% of total
weight loss in thin to 20% to 30% in fat subjects, demonstrating
a clear relationship between initial body fat content and the
relative composition of weight loss. All of the data support the
idea that, similarly to what happens during weight gain, when-
ever significant amounts of body weight are lost, both LBM and
fat participate in the process.”-20-21

We can consider 3 aspects of the problem: the sequential
changes in absolute and percent body composition, the absolute
changes in visceral and muscular body mass, and the influence
of the initial patient status on the final results.

Most of weight loss is due to fat. Patients do lose LBM, on
the average 11 kg, but their preoperative values were above
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Fig 2. Relative LBM loss in hypocaloric diet subjects and after
different surgical procedures, in relationship to initial body fat. VBG
indicates patients after vertical banded gastroplasty. JIB indicates
patients after jejunum-ileal bypass. BPD indicates our patients after
biliopancreatic diversion, divided into 3 groups based on the initial
FAT value: <60 kg, 60 to 80 kg, and >80 kg. Very-low-calorie diet
patients ingested =900 kcal/d (215.03 kJ/d) diet; hypocaloric diet
patients, 1,000 to 1,900 kcal/d (238.92-453.95 kJ/d). Symbols repre-
sent groups of patients from the literature.21.29-51 The line represents
the differential equation dLBM/dWeight = 11.5/(11.5 + FAT). See
text for details.

normal (58.0 kg v an expected value of 50.1), as typical of
obese patients; their final LBM is still slightly above normal
and not significantly lower than the estimated LBM for their
height, weight, and age. This means that in a patient who
initially has a supranormal LBM, becoming normal after 1
year, the weight loss is primarily due to fat, (mean) 34 kg (see
Table 1). The percent fat decreased markedly and, even if the
final fat is slightly above normal, the patient has a body
composition much closer to physiological values. The patients,
in summary, lose a physiological mixture of fat and lean mass.

There is growing interest in studying body segment compo-
sition and, in particular, limb skeletal muscle mass in physio-
logical and pathological processes.?>23 The introduction of
DXA makes this aim easier due to its lower cost and less
radiation exposure compared, for example, with computerized
axial tomography. A sequential assessment of regional body
composition can be useful in monitoring weight loss in post-
surgical patients. Here, we have shown a good preservation of
extremity lean mass in post-BPD patients.

Most investigators have generally considered a 2-compart-
ment model of body composition, consisting of fat mass and
fat-free mass (lean mass). It is known that most of the REE is
derived from the metabolic activity of the principal internal
organs (brain, heart, lungs, kidneys, liver, and intestine) and
there is no interindividual difference in specific metabolic rates
of various tissues.!>-17

To date, several studies have investigated the REE-LBM
relationship and have predicted REE from tissue-organ mass
measurements.!%-24-28 All are in agreement about the correlation

555

of a lower REE-LBM ratio with a greater body mass. This is
explained by a nonenergetic homogeneity of LBM: the greater
the LBM, the lower the increasing rate of high-metabolism
tissues versus low-energy consumption tissues.'?

A simple mathematical elaboration of body composition and
calorimetric data distinguishes between the high-energy-con-
sumption component of LBM, the visceral LBM, and the
low-energy-consumption component, the muscular LBM. It is
possible, therefore, to elaborate a physiologic 3-compartment
model of body composition: fat, muscle, and viscera, each of
which is characterized by quite different, quite consistent,
REEs. We assume that LBM composition in these patients is
normal, ie, it has a normal water content, and, therefore, spe-
cific consumptions are those reported in literature. The patients,
in fact, were well-nourished, as indicated by clinical examina-
tion and hematochemical analysis. So, we postulate that vari-
ations in REE per kilogram of LBM are expression of propor-
tional changes in LBM components, ie, viscera and muscle, and
not expression of changes in specific muscle or visceral energy
consumption; for example, an increase in REE per kilogram of
LBM is attributed to increased percentage of visceral versus
muscular mass.

We have found that REE is strictly dependent on viscera and
muscle mass and on the viscera/muscle ratio, whereas LBM is
not in relationship with viscera/muscle ratio: thus, for the same
LBM more combinations of muscle and viscera percentage and
more values of REE are possible. Subjects with the same LBM
but whose visceral mass is higher have a more active metabo-
lism with a higher energy consumption and thus they reach a
lower weight of stabilization. Thus, the percentage composition
of LBM and, therefore, the metabolic status of the patient is a
major factor influencing weight loss after BPD.

It is not predictable, therefore, what is the value of REE on the
basis of LBM and its water content, whereas the composition of
weight gain or loss from LBM or FAT percentage is predictable.

Viscera/muscle ratio is reduced during weight loss and set-
tles 24 months after operation at values similar to the presur-
gical ones. We postulate that more visceral than muscular mass
is lost in the first months and the viscera/muscle ratio is not
constant in the same subject during weight loss, but it is
preserved in the steady state. Furthermore, the REE/LBM ratio
showed a temporal behavior similar to viscera/muscle ratio:
this confirms the importance of viscera/muscle composition of
LBM in determining the metabolic status of the subject.

The third aspect is how the final results are influenced by the
initial status of the patient. As shown in Fig 1, the preoperative fat
content and LBM are highly correlated; this relationship is main-
tained during weight loss. This means that, in each subject, a
change in fat content is accompanied by a proportional change in
LBM, a change that is dependent on the initial composition. This
equation holds for all weight and fat ranges. The regression equa-
tion of Fig 1 can also be differentiated to give:

dLBM 11.5

dFAT  FAT

If we look at the data of Fig 1, we are convinced that the
obese patients indeed have an increased body fat content, but
the relationship with LBM holds in the whole range of weights
from normal values to extremely overweight. There cannot be
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an increase in fat without an increase in LBM. Thinner subjects
acquire relatively more lean mass during weight gain than
obese subjects, or, inversely, lose more lean mass during
weight loss, while obese subjects modify fat mass during
weight changes. The reason why this happens is not entirely
clear, as mentioned earlier, but obese subjecta have supranor-
mal LBM.

Figure 2 shows LBM changes per unit change of weight in
relationship to initial fat content. The higher the dLBM/dW
ratio, the higher the contribution of LBM to weight loss. The
data show that the contribution of LBM is strongly determined
by the initial body composition. The higher the initial fat
content, the lower the percentage loss of LBM. The line shown
is obtained by graphing the differential equation

dLBM 11.5

dW  11.5 + FAT

We can see that it very well describes the patient pattern,
meaning that fat and LBM are strictly related to each other,
both in preoperative obese and normal subjects, as well as in
operated patients. The physiological relationship is preserved.
In this respect the most obese subjects are privileged compared
to thinner patients: as mentioned earlier, they in fact lose more
fat mass and less lean mass.

Another contributing factor might be the dietary deficit. The
higher the dietary deficit, the higher the dLBM/dW ratio and
the lean mass waste for the same initial fat content.

If we compare our results with those derived from previous
studies in the literature,?!-2°-5! we note that there is a significant
difference with jejuno-ileal bypass (JIB) patients: these patients
lose significantly more LBM, probably because of the induced
malabsorption. The gastric stapling and BPD patients are very
similar. The line drawn represents the ideal change of LBM per
unit change of weight if the patient preserves the physiological
LBM/FAT ratio: patients lying above this line lose an excess
LBM, those below preserve it. It is interesting how data derived
from studies on hypocaloric diets of 1,000 kcal are very close
to ideal, almost as are the BPD patients.

These 2 body components, LBM and fat mass, are so tightly
linked that a change in one is accompanied by a change in the
other; they are not completely independent entities.'® This
relationship between LBM and fat predicts reasonably well the
relative changes in body composition when body weight is
gained or lost. An increase in weight is always accompanied by
an increase in LBM.”7-!8 Both muscle and viscera contribute to
gains in LBM, although muscle represents quantitatively the
major factor.

In conclusion, we can state that the patient after BPD has a
body composition close to physiological values. Despite the
large amount of weight loss, LBM decreased to values compa-
rable to control values, meaning that the composition of lost
weight is that of the excess weight.

APPENDIX 1

Indicating with:
r = total REE (kJ/d) (tREE);
a = specific REE of LBM (kJ/kg/d);
b = specific fat REE (20.93 kJ/kg/d);
¢ = specific muscle REE (45.45 kJ/kg/d) (mREE);

TACCHINO ET AL

d = specific visceral REE (675.67 kJ/kg/d) (VREE),
L = lean body mass (kg) (LBM);
M = muscle LBM (kg) (mLBM);
V = visceral LBM (kg) (VLBM);
F = fat mass (kg) (FAT)

we can write the following system equation:
(hLXa+FXb=r
2)L=M+V
B)LXa=MXc+VXd

We can solve for M substituting L X a in (1):
AWDMXc+VXd+FXb=r
G)MXc+VXd=r—FXb

Substituting V with (L — M) from 2) we obtain:
OG)MXc+(L-MXd=r—FXb
(MHMXc=r—FXb—-(L—-M)Xd
BMXc=r—FXb—-LXd+MXd
ODOMXc—MXd=r—FXb—-LXd
(I1O)M X (c—d =r—FXb—-LXd

r— FXb—-LXd

(IHDM = —

Solving for V yields:
r—FXb-LXc¢
d —c¢
Using text abbreviations we can write:
tREE — FAT X fREE — LBM X VvREE
mREE — vREE
tREE — FAT X fREE — LBM X mREE
VvREE — mREE
For example, putting the mean control values from Table 1 in the
equation 13 yields:
7680 — 33.5 X 2093 — 47.93 X 675.67

12yv =

(13) mLBM =

(14) vLBM =

mLBM = 4545 — 675.67
7680 — 701.155 — 32364.593
- 4545 — 675.67
— 25385748
ITILBM = W = 4028

This is a result comparable with the reported mean of 42.5 kg.

APPENDIX 2

Indicating with “W” total weight and with prefix “d” differential

value, and using text abbreviations, we can write:
(1) W = FAT + LBM
(2) LBM = 26.55 X log,, (FAT) + 10.56 (see text)

Differentiating for LBM yields:

FAT
Substituting LBM in (1) we obtain:

(4) W = FAT + LBM = FAT + 26.55 X log,, (FAT) + 10.56
Differentiating for W yields:
1 + 115

FAT

Thus, the dLBM/dW ratio may be calculated from the equations (3)
and (5):

(3) dLBM = X dFAT

(5)dw = dFAT

dLBM 115 1+ 115
115
~ 115 + FAT
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