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Changes in abdominal subcutaneous fat water content
with rapid weight loss and long-term weight
maintenance in abdominally obese men and women
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OBJECTIVE: Insulin resistance decreases blood flow and volume in fat tissue. We hypothesised that fat tissue nutritive blood flow
and volume, and thereby water content, would increase during weight loss and weight maintenance in obese persons.
DESIGN: Longitudinal clinical intervention with a 9-week very-low-calorie diet (VLCD) followed by one year of weight
maintenance.
SUBJECTS: Obese men (n ¼ 13) and women (n ¼ 14) with the metabolic syndrome.
MEASUREMENTS: Water content of abdominal subcutaneous fat tissue as estimated by a sensor on the skin surface measuring
the dielectric constant at 300 MHz. Anthropometric measures of fatness and fat distribution. Biochemical measures related to
insulin resistance.
RESULTS: Subjects lost 14.573.4% of body weight during the VLCD, and generally sustained this weight loss during weight
maintenance. Insulin sensitivity as estimated by an index (qualitative insulin sensitivity check index) increased during the VLCD,
and remained increased throughout weight maintenance. The dielectric constant increased from 23.372.3 to 25.072.1
(Po0.001) during the VLCD, and further to 27.871.9 (Po0.001) during weight maintenance, indicating an increase in the
water content of subcutaneous fat. The increase in subcutaneous fat water content did not correlate with weight loss and other
measures of adiposity during the VLCD, but there was an inverse correlation that strengthened in significance from baseline to 6,
9 and 12 mo (r ¼ 0.32 to 0.64, P ¼ 0.079–0.002). Increases in subcutaneous fat water content also correlated with
improvements in insulin sensitivity at 6, 9 and 12 months of weight maintenance (r ¼ 0.34–0.54, P ¼ 0.094–0.006).
CONCLUSIONS: Water content of abdominal subcutaneous adipose tissue increases with weight loss in obese persons with the
metabolic syndrome, and may reflect increased subcutaneous fat tissue nutritive blood flow. The increase in water content
correlates with the increase in insulin sensitivity, suggesting that weight loss and consequent improved insulin sensitivity could
mediate the increase in abdominal subcutaneous fat hydration.
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Introduction
Insulin plays a key regulatory role in many major physiological functions related not only to lipids and glucose, but
also to blood flow and fat tissue metabolism. 1–6 Disturbances in the regulatory functions of insulin are a hallmark
of the metabolic syndrome and type II diabetes mellitus.
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Decreased subcutaneous adipose tissue blood flow has
been found in obesity.7–9 In obesity, the insulin-stimulated
increase in skeletal muscle and adipose tissue blood flow2,4
also appears to be blunted.2 These findings suggest that the
decrease in basal and postprandial adipose and skeletal
muscle blood flow9 is because of insulin resistance. Decreased adipose tissue blood flow affects metabolism by
decreasing delivery of glucose, fatty acids and hormones
to adipose tissue, and by decreasing release of lipolysis
products and peptides from fat tissue into the general
circulation. The coupling of insulin-mediated glucose uptake
and blood flow has been demonstrated in skeletal muscle,
although not yet in fat tissue.10 Tissue blood volume reflects
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nutritive blood flow.11–13 Similarly, both skeletal muscle
basal and insulin-stimulated blood flow and blood volume
have been shown to be decreased in hypertension, a
condition characterised by insulin resistance.5 The effect of
insulin on interstitial tissue fluid volume has been less well
described, but insulin also has been shown to increase
acutely interstitial fluid volume, which partly explained the
increase in muscle glucose uptake.14
The metabolic syndrome is characterised by abdominal
obesity, insulin resistance, dyslipidaemia, disturbed glucose
metabolism and hypertension.1 The amount of both visceral
and subcutaneous abdominal fat is strongly associated with
insulin resistance.15,16 Weight loss improves insulin sensitivity and most of the metabolic risk factors associated with
the insulin-resistance syndrome.17 Weight loss in response to
a hypocaloric and to a very-low-calorie diet (VLCD) has been
shown to enhance nutritive subcutaneous abdominal fat
blood flow in the short term.3,18 There have been no studies
on the effects of long-term weight loss and weight maintenance on subcutaneous abdominal fat tissue blood flow or
fluid volume, nor have there specifically been studies on the
effects of weight loss on fat tissue blood flow or fluid volume
in obese patients with the metabolic syndrome.
A novel open-ended coaxial probe allowing noninvasive
measurement of subcutaneous tissue water content without
the use of radioisotopes has recently been developed.19 The
dielectric constant of biological tissue at 300 MHz is a
measure of tissue water content.20–22 We have validated
dielectric measurements with human skin using an experimental three-layer setup including a movable acrylic piston
that simulated subcutaneous fat with a low concentration of
water.23 Using the dielectric model that we developed the
dielectric constant of the acrylic piston could be determined
with an accuracy of 75% in situations where the thicknesses
of upper layers (representing stratum corneum, epidermis
and dermis) were changed. This technique has also been
applied to the measurement of changes in subcutaneous fat
tissue in breast cancer patients undergoing radiation therapy.23
We hypothesised that the water content of subcutaneous
abdominal adipose tissue as assessed by this probe would
increase following rapid weight loss and extended weight
maintenance in abdominally obese men and women with
the metabolic syndrome. We also assessed the correlation of
changes in abdominal subcutaneous fat hydration with
changes in body weight, insulin sensitivity and other
measures associated with the metabolic syndrome.

Table 1 Clinical characteristics of the 27 men and women with abdominal
obesity and the metabolic syndrome
Age (y)
Sex
Body mass index (kg/m2)
Smokers, n (%)
Hypertension, n (%)
Antihypertensive medication, n (%)
Diabetes, n (%)
Impaired fasting glycaemia, n (%)
Serum total cholesterol (mmol/l)
LDL cholesterol (mmol/l)

49.0 (range 32–61)
13 men, 14 women
35.873.4
6 (22%)
20 (74%)
10 (37%)
4 (14.8%)
5 (18.5%)
5.971.1
3.771.1

Data are means (range), 7s.d., or ordinal numbers (%).
LDL, low-density lipoprotein.

(Table 1). All 27 subjects completed the 1-y weight
maintenance phase. This is a substudy of a still ongoing
multicentre randomised controlled double blind trial on the
effects of the lipase inhibitor orlistat on weight maintenance
after a VLCD in the abdominally obese with the metabolic
syndrome. The inclusion criteria were (1) a body mass index
(BMI) between 30 and 45 kg/m2 and waist circumference
greater than 102 cm for men and 90 cm for women; and (2)
diabetes mellitus (plasma glucose concentrations at least
7.0 mmol/l24) treated by diet only or two of the three
following metabolic abnormalities: impaired fasting glycaemia24 (fasting plasma glucose concentration between 6.1 and
6.9 mmol/l), high-density lipoprotein (HDL) cholesterol
level o1.0 for men and 1.2 for women, or triglyceride levels
between 2.0 and 10.0 mmol/l. All had the metabolic
syndrome as defined by the National Cholesterol Education
Program criteria25. Exclusion criteria included poorly controlled diabetes (HbA1c at least 10%), uncontrolled hypertension (blood pressure Z180/120), ischaemic heart disease,
significant psychiatric illnesses or psychiatric medications
and significant kidney disease. The Research Ethics Committee of Kuopio University Hospital approved the study.
Usual blood pressure medication was maintained during
the study, except for two for whom blood pressure medication was decreased, and one for whom medication was
started. Exclusion of these individuals from analyses had no
qualitative effect on the results.

VLCD
A VLCD of 3350 kJ/day (800 kcal/day) using Nutrilet VLCD
products (Leiras Co., Espoo, Finland) was carried out for 9
weeks. Subjects were instructed to supplement the Nutrilet
products with low-calorie vegetables as desired.

Methods
Subjects
Subjects were recruited into the study after giving informed
written consent. In all, 27 subjects (14 women and 13 men)
for whom measurements of subcutaneous fat hydration were
made before and after the VLCD are included in this study
International Journal of Obesity

Weight maintenance
Persons having lost at least 5% of their initial body weight at
the end of the VLCD were randomised to receive orlistat
120 mg or placebo three times daily with meals for the
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weight maintenance phase of the study. All were prescribed
mildly hypocaloric low-fat (o30 E%) diets of at least
5.020 kJ/day (1200 kcal/day), individualised to allow a
2512 kJ (600 kcal) deficit from the estimated daily caloric
expenditure.

Measurements of adiposity
BMI was computed as the ratio of weight (kg) to the square of
height (m). Waist circumference was taken as the average of
two measurements at the midpoint between the lowest rib
and the iliac crest.

Measurement of percent body fat
Percent body fat was determined using bioelectrical impedance analysis (BioElectrical Impedance Analyzer System,
RJL Systems, Detroit, MI, USA).

Biochemical determinations
Subjects were asked to fast for 12 h before blood sampling.
They were also asked to refrain from smoking for 12 h and
from consuming alcohol for 3 days before blood was drawn.

Glucose and insulin determinations
Fasting plasma glucose levels were measured using a glucose
dehydrogenase method after precipitation of proteins by
trichloroacetic acid. The serum samples for insulin determination were stored at 201C. Serum insulin was determined
with a radioimmunoassay kit (Pharmacia Diagnostics,
Uppsala, Sweden).

Insulin sensitivity
The so-called qualitative insulin sensitivity check index
(QUICKI)26 was calculated ([log (glucose)+log(insulin)]1.
This index has been previously validated and has been
shown to correlate closely with insulin sensitivity as
measured by the euglycaemic hyperinsulinaemic clamp
(r ¼ 0.78)26.

C-peptide
The serum samples for C-peptide determination were stored
at 201C. C-peptide concentrations were determined with
an ELISA kit (Dako A/S, Santa Barbara, CA, USA).

Lipoprotein and triglyceride determinations
Fractions of low-density lipoprotein (LDL) and HDL cholesterol were separated from fresh serum by combined ultracentrifugation and precipitation. The cholesterol contents of
lipoprotein fractions and serum triglycerides were measured
enzymatically.

Blood pressure
Casual office blood pressure was measured with an automatic digital sphygmomanometer (Omron HEM-907, Omron Corporation, Tokyo, Japan). The average of two
measurements with the subject at a sitting position were
taken at a 2- to 3-min interval after resting for at least 15 min.
Hypertension was defined by use of hypertensive medication
or casual office blood pressure Z140/9027. The 24-h blood
measurements were conducted using a digital ambulatory
blood pressure system (SpaceLabs 90207, SpaceLabs Medical,
Inc., Redmond, WA, USA). The blood pressure measurements
were performed at 15-min intervals except at night, when
the interval was 30 min.

Dielectric probes for measurement of tissue water
content
Open-ended coaxial probes were used to measure the
dielectric constants of skin and subcutaneous fat.23 The
information measured by a 10 mm probe is principally from
the skin while that of the 30 mm probe is mainly from the
subcutaneous fat. The applied frequency of the electromagnetic field was 300 MHz. The coefficient of variation (CV) for
a single measurement estimated from 10 consecutive
measurements was 2.0%. The long-term CV over 8 weeks
was 5.0%.

Statistical analysis
Normally distributed data are presented as means7s.d.
Skewed data are presented as medians (lower quarter, upper
quarter), but are analysed after natural log transformation.
Repeated-measures ANOVA was used to analyse changes of
variables during the study. Pearson and partial correlation
analysis was carried out to assess the association between
changes of selected baseline measures during weight loss and
weight maintenance. Po0.05 was considered to be statistically significant.

Results
Weight loss and changes in adiposity
Subjects lost 15.6 kg of weight (15.2%) during the VLCD.
Body weight was still 14.3 kg (14.0%) lower than baseline
after 1 y of weight maintenance (Table 2). The corresponding
decreases in percent body fat and waist girth during the
VLCD were well maintained throughout the weight maintenance period.

Changes in insulin sensitivity and fasting blood glucose
levels with weight loss and weight maintenance
Insulin sensitivity as estimated by the insulin sensitivity
index increased markedly during the VLCD. The improvement in insulin sensitivity persisted throughout the weight
International Journal of Obesity
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Table 2 Changes from baseline in measures of adiposity; insulin, glucose and lipid metabolism; blood pressure; and subcutaneous abdominal fat and skin water
content as estimated by the dielectric constant at 300 MHz during the 9-week very-low-calorie diet and weight maintenance (6, 9 and 12 months).
Rapid weight loss

Weight maintenance

Baseline

9 week

6 months

9 months

12 months

P

Weight (kg)
Percent body fat
Waist girth (cm)

102.5712.8
33.776.4
11578

86.9710.4
28.377.5
10378

86.2711.3
26.478.9
10279

87.7710.8
10279

88.2712.4
29.879.4
103710

o0.001
o 0.001
o 0.001

Insulin sensitivity (QUICKI)
Fasting plasma glucose (mmol/l)
Fasting C-peptide (nmol/l)

0.3270.03
6.271.8
0.8970.37

0.3670.03
5.570.6
0.6470.32

0.3570.02
5.470.5
0.6770.22

0.3570.03
5.470.6
0.6370.26

0.3570.04
5.370.8
0.7270.34

o 0.001
o 0.001
o 0.001

1.0970.18
2.2 (1.6, 2.8)

1.1770.22
1.0 (0.8, 1.4)

1.1770.22
1.6 (1.1, 2.2)

1.3370.33
1.6 (1.2, 2.3)

1.2270.26
1.4 (1.2, 1.8)

o 0.001
o 0.001

Ambulatory SBP (mmHg)
Ambulatory DBP (mmHg)

129.478.6
79.475.9

119.978.4
74.475.6

125.278.5
77.375.6

126.578.5
77.876.8

o 0.001
o 0.001

SAF dielectric constant
Skin dielectric constant

23.372.3
28.474.5

25.072.1
26.474.6

24.372.4
26.674.7

27.871.9
30.476.4

o 0.001
0.012

Fasting serum HDL (mmol/l)
Fasting serum TG (mmol/l)

27.572.0
28.979.2

P in the right-hand column represents the statistical significance of the overall changes during the study (repeated-measures ANOVA).
Data are means7s.d. or medians (lower quartile, upper quartile). HDL, high-density lipoprotein cholesterol; TG, triglyceride; SBP, systolic blood pressure; DBP,
diastolic blood pressure; SAF, subcutaneous abdominal fat.

maintenance period (Table 2). Fasting plasma glucose levels
also decreased during the VLCD and weight maintenance.

Table 3 Correlations of the changes in the subcutaneous abdominal fat
water content as estimated by the dielectric constant at 300 MHz with
changes in measures of adiposity, blood pressure and insulin, glucose and lipid
metabolism during the VLCD (9 weeks) and weight maintenance (6, 9 and 12
months

Changes in serum HDL cholesterol and triglycerides
with weight loss and weight maintenance
Fasting serum HDL increased and triglyceride levels decreased during the VLCD (Table 2). The changes were
maintained during weight maintenance.

Change from baseline in the subcutaneous fat
dielectric constant (%)
VLCD
9 weeks

Changes in 24-h ambulatory blood pressure
Twenty-four-h ambulatory blood pressure decreased markedly during the VLCD (Table 2). The decrease in blood
pressure was largely transient, however, and approached
baseline levels at the end of weight maintenance.

Changes in abdominal subcutaneous fat water content
with weight loss and weight maintenance
Subcutaneous fat water content increased during the VLCD
and weight maintenance (Table 2). Cutaneous water content
changed less markedly, and appeared to increase from
baseline only at the end of weight maintenance.

Correlations of the changes in the subcutaneous
abdominal water content with changes in adiposity and
insulin, glucose and lipid metabolism during weight
loss and weight maintenance.
Correlations of the changes in subcutaneous abdominal
water content with changes in body weight were statistically
International Journal of Obesity

Change from baseline (%)
Weight
Percent body fat
Waist girth
Insulin sensitivity index
C-peptide
Fasting plasma glucose
Serum HDL cholesterol
Serum triglycerides
Ambulatory DBP

0.20
0.20
0.30
0.07
0.08
0.06
0.18
0.09
0.06

Weight maintenance
6 months

0.32
0.39
0.01
0.47
0.45
0.29
0.07
0.54
0.35

9 months 12 months

0.55 **
*
*
*

*

0.33
0.54 **
0.61 **
0.13
0.09
0.29

0.64
0.40
0.50
0.34
0.44
0.06
0.47
0.36
0.11

***
*
**
*
**

VLCD, very-low-calorie diet; for Other abbreviations see Table 2.
*
Po0.05, ** Po0.01, ***Po0.001.

most significant after 9 and 12 months of weight maintenance (Table 3). The correlations of the changes in water
content and percent body fat became significant already at 6
months of weight maintenance after rapid weight loss. The
changes of subcutaneous abdominal fat water content and
insulin sensitivity as estimated by the insulin sensitivity
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index were correlated especially at 6 and 9 months of weight
maintenance, but became weaker thereafter. The associations of changes in subcutaneous abdominal fat water
content with triglycerides and HDL cholesterol levels were
less consistent. No association with ambulatory blood
pressure was seen (Table 3). Changes in skin water content
as estimated with the 10 mm dielectric probe did not
consistently correlate with changes in body weight or
changes in characteristics related to insulin resistance (not
shown). Adjusting for the change in the cutaneous water
content had no qualitative effect on the correlations of
changes in subcutaneous abdominal fat water content with
changes in indices of body fat and insulin sensitivity (not
shown).
Adjustment for changes in insulin sensitivity somewhat
weakened the association between changes in subcutaneous
fat water content and changes in body weight during weight
maintenance, especially at 6 months (6 months, r ¼ 0.18,
P ¼ 0.38; 9 months, r ¼ 0.39, P ¼ 0.062; 12 months,
r ¼ 0.58, P ¼ 0.003). Controlling for weight change attenuated the association between the changes in subcutaneous
fat water content and changes in insulin sensitivity during
weight maintenance especially at 12 months (six months
r ¼ 0.40, P ¼ 0.045; 9 months r ¼ 0.38, P ¼ 0.068; 12 months
r ¼ 0.02, P ¼ 0.91).

Discussion
The water content of subcutaneous abdominal fat as
estimated by a novel coaxial probe measuring the adipose
tissue dielectric constant increased during a 9-week VLCD
and remained so throughout the 1-y weight maintenance
period. Changes in abdominal fat tissue hydration correlated
with changes in body weight and insulin sensitivity.
The increase in subcutaneous abdominal fat water volume
as estimated by changes in the fat dielectric constant
indicates an increase in the intravascular or extravascular
extracellular fluid volume. The methodology does not
distinguish between these two fluid compartments. An
increase in subcutaneous fat intravascular volume would
reflect increased nutritive blood flow.5,11,12 An increase in
overall subcutaneous abdominal blood flow as measured by
xenon washout3 and in nutritive subcutaneous abdominal
fat blood flow as measured by the microdialysis technique18
has also been shown previously in obese subjects after a 4week VLCD. Extravascular or interstitial fluid volume
changes in response to weight loss have not been previously
reported. We found no evidence of attenuation of the
increased subcutaneous fat water content as estimated by
degree of hydration during 1 y of successful weight maintenance. To our knowledge, this is the first report on the
changes of adipose tissue fluid volume during extended
weight maintenance after weight loss.
The increase in abdominal subcutaneous water content as
measured by the coaxial probe in this study most probably

results from a weight-loss-induced and possibly insulinmediated augmentation of nutritive blood flow or interstitial
fluid volume. Insulin acutely increases adipose tissue blood
flow, but in insulin resistant states such as obesity, blood
flow is decreased.2,4 Other studies have shown that weight
loss improves not only insulin sensitivity, but also increases
adipose tissue blood flow.3,18 Extravascular or interstitial
fluid volume in relation to insulin physiology has not been
well studied, but muscle interstitial fluid volume appeared to
increase acutely in response to insulin, and was related to the
increase in glucose uptake.14 Skin water content or blood
flow does not influence the results, because skin hydration
changed little during the study. Furthermore, controlling for
changes in the skin water content did not qualitatively alter
correlations between changes in subcutaneous fat water
content and changes in measures of adiposity or insulin
sensitivity.
The increase in abdominal subcutaneous fat water content
relative to baseline was fairly consistently correlated with
improvements in insulin sensitivity and with decreases in
fasting C-peptide levels, especially at 6 and 9 months.
Changes in abdominal subcutaneous fat water content were
also inversely associated with changes in body weight and
percent body fat during the weight maintenance period,
particularly towards the end. These findings again suggest
that the increase in subcutaneous abdominal fat water
content is induced by weight loss and mediated by insulin
sensitivity. There were inconsistent correlations between
changes in subcutaneous fat water content and HDL
cholesterol and triglycerides.
There was no correlation between changes in abdominal
subcutaneous fat water content relative to baseline and
changes in weight, insulin sensitivity or other characteristics
related to the metabolic syndrome immediately after the
VLCD, even though subcutaneous fat water volume as
estimated by the coaxial probe increased. It should also be
noted that the correlation of changes in weight loss or
percent body fat with changes in insulin sensitivity immediately after the VLCD were also uncorrelated (r ¼ 0.09–
0.02, not shown). A VLCD acutely induces numerous
changes in neurohumoral regulation, including salt balance,
renin–aldosterone axis function and sympathetic nervous
system function,28 which may weaken the correlations
between changes in fat tissue water content, weight loss
and insulin sensitivity.
We used a novel open-ended coaxial probe that allows a
noninvasive measurement of subcutaneous fat water content
and thereby blood and extravascular water volume.23 The
dielectric technique applies a high-frequency electromagnetic field to estimate the water content of a biological
tissue.20–22 Measurement with the probe is simple and
noninvasive, and does not require the use of radioisotopes.
The probe cannot distinguish between tissue free and bound
water, but it can be expected that fat tissue has less bound
water per unit dry volume than tissues with high water
content.20
International Journal of Obesity
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The subjects of this study were abdominally obese, with
evidence of disturbed lipid and glucose metabolism. All
fulfilled the recently published NCEP criteria for the
metabolic syndrome.25 These individuals thus represent a
relevant high-risk subgroup of obesity for the study of weight
loss and weight maintenance on abdominal subcutaneous
fat water content.
This is a substudy of a larger and still ongoing randomised
controlled double blind trial on the effects of the lipase
inhibitor orlistat on weight maintenance after VLCD in the
abdominally obese with the metabolic syndrome. We do not
know which patients have been randomised to orlistat, but
this is unlikely to influence our results. Orlistat has been
shown in large long-term clinical trials to be an effective
weight-loss drug that also lowers LDL cholesterol.29,30
Orlistat has not been shown in these large studies to have
effects on other major cardiovascular or metabolic risk
factors independently of weight loss. Furthermore, orlistat
is only minimally absorbed into the blood stream.31
The noninvasive measurement of changes in water content of subcutaneous adipose tissue, although as yet not well
characterised, may provide important insight on the metabolic changes that occur in subcutaneous fat tissue with
weight loss and weight maintenance, and on the mechanisms that regulate those changes. The increased water
content in abdominal subcutaneous fat tissue most probably
indicates increased blood flow. Increased adipose blood flow
could have implications not only for the storage and
breakdown of triglycerides in fat tissue, but also in the
regulation and release of numerous hormones and peptides,
including leptin, resistin, adiponectin and tumour necrosis
factor-a.
In what is to our knowledge the first study assessing the
effects of weight loss and long-term weight maintenance on
adipose tissue water content, subcutaneous abdominal fat
water content as estimated by a novel dielectric probe
increased after rapid weight loss and weight maintenance
in abdominally obese persons with the metabolic syndrome.
Changes in abdominal fat tissue water content furthermore
correlated with changes in bodyweight and insulin sensitivity, suggesting that increased insulin sensitivity or other
factors related to the metabolic syndrome may mediate the
increase in subcutaneous fat nutritive blood flow that
apparently occurs with weight loss and weight maintenance
in the obese.

Acknowledgements
This study was financed in part by a research grant from
Hoffmann-La Roche, Inc, (Baseal, Switzerland).

References
1 Reaven GM. Banting lecture 1988. Role of insulin resistance in
human disease. Diabetes 1988; 37: 1595–1607.

International Journal of Obesity

2 Laakso M, Edelman SV, Brechtel G, Baron AD. Decreased effect of
insulin to stimulate skeletal muscle blood flow in obese man. A
novel mechanism for insulin resistance. J Clin Invest 1990; 85:
1844–1852.
3 Blaak EE, van Baak MA, Kemerink GJ, Pakbiers MT, Heidendal GA,
Saris WH. Beta-adrenergic stimulation and abdominal subcutaneous fat blood flow in lean obese, and, reduced-obese subjects.
Metabolism 1995; 44: 183–187.
4 Henry S, Schneiter P, Jequier E, Tappy L. Effects of hyperinsulinemia and hyperglycemia on lactate release and local blood flow
in subcutaneous adipose tissue of healthy humans. J Clin
Endocrinol Metab 1996; 81: 2891–2895.
5 Laine H, Knuuti MJ, Ruotsalainen U, Raitakari M, Iida H, Kapanen
J, Kirvela O, Haaparanta M, Yki-Jarvinen H, Nuutila P. Insulin
resistance in essential hypertension is characterized by impaired
insulin stimulation of blood flow in skeletal muscle. J Hypertens
1998; 16: 211–219.
6 Fruhbeck G, Gomez-Ambrosi J, Muruzabal FJ, Burrell MA. The
adipocyte: a model for integration of endocrine and metabolic
signaling in energy metabolism regulation. Am J Physiol Endocrinol Metab 2001; 280: E827-E847.
7 Larsen OA, Lassen NA, Quaade F. Blood flow through human
adipose tissue determined with radioactive xenon. Acta Physiol
Scand 1966; 66: 337–345.
8 Jansson PA, Larsson A, Smith U, Lonnroth P. Glycerol production
in subcutaneous adipose tissue in lean and obese humans. J Clin
Invest 1992; 89: 1610–1617.
9 Bolinder J, Kerckhoffs DA, Moberg E, Hagstrom-Toft E, Arner P.
Rates of skeletal muscle and adipose tissue glycerol release in
nonobese and obese subjects. Diabetes 2000; 49: 797–802.
10 Mather K, Laakso M, Edelman S, Hook G, Baron A. Evidence for
physiological coupling of insulin-mediated glucose metabolism
and limb blood flow. Am J Physiol Endocrinol Metab 2000; 279:
E1264–E1270.
11 Clark MG, Colquhoun EQ, Rattigan S, Dora KA, Eldershaw TP,
Hall JL, Ye J. Vascular and endocrine control of muscle
metabolism. Am J Physiol 1995; 268: E797E812.
12 Raitakari M, Nuutila P, Knuuti J, Raitakari OT, Laine H,
Ruotsalainen U, Kirvela O, Takala TO, Iida H, Yki-Jarvinen H.
Effects of insulin on blood flow and volume in skeletal muscle of
patients with IDDM: studies using [15O]H2O, [15O]CO, and
positron emission tomography. Diabetes 1997; 46: 2017–2021.
13 Laine H, Knuuti MJ, Ruotsalainen U, Utriainen T, Oikonen V,
Raitakari M, Luotolahti M, Kirvela O, Vicini P, Cobelli C, Nuutila
P, Yki-Jarvinen H. Preserved relative dispersion but blunted
stimulation of mean flow, absolute dispersion, and blood volume
by insulin in skeletal muscle of patients with essential hypertension. Circulation 1998; 97: 2146–2153.
14 Bonadonna RC, Saccomani MP, Del Prato S, Bonora E, DeFronzo
RA, Cobelli C. Role of tissue-specific blood flow and tissue
recruitment in insulin-mediated glucose uptake of human
skeletal muscle. Circulation 1998; 98: 234–241.
15 Misra A, Garg A, Abate N, Peshock RM, Stray-Gundersen J,
Grundy SM. Relationship of anterior and posterior subcutaneous
abdominal fat to insulin sensitivity in nondiabetic men. Obes Res
1997; 5: 93–99.
16 Abate N, Garg A, Peshock RM, Stray-Gundersen J, Grundy SM.
Relationships of generalized and regional adiposity to insulin
sensitivity in men. J Clin Invest 1995; 96: 88–98.
17 World Health Organization. Obesity. Preventing and managing
the global epidemic. Report of a WHO consultation on obesity.
WHO: Geneva, 3–5 June 1997.
18 Barbe P, Stich V, Galitzky J, Kunesova M, Hainer V, Lafontan M,
Berlan M. In vivo increase in beta-adrenergic lipolytic response in
subcutaneous adipose tissue of obese subjects submitted to a
hypocaloric diet. J Clin Endocrinol Metab 1997; 82: 63–69.
19 Alanen E, Lahtinen T, Nuutinen J. Variational formulation of
open-ended coaxial line in contact with layered biological
medium. IEEE Trans Biomed Eng 1998; 45: 1241–1248.

Subcutaneous fat water content and weight loss
DE Laaksonen et al

683
20 Smith SR, Foster KR. Dielectric properties of low-water-content
tissues. Phys Med Biol 1985; 30: 965–973.
21 Foster KR, Schwan HP. Dielectric properties of tissues and
biological materials: a critical review. Crit Rev Biomed Eng 1989;
17: 25–104.
22 Gabriel C, Gabriel S, Corthout E. The dielectric properties of
biological tissues: I. Literature survey. Phys Med Biol 1996; 41:
2231–2249.
23 Alanen E, Lahtinen T, Nuutinen J. Measurement of dielectric
properties of subcutaneous fat with open-ended coaxial sensors.
Phys Med Biol 1998; 43: 475–485.
24 American Diabetes Association: Clinical Practice Recommendations 1997. Diabetes Care 1997; 20: S1–S70.
25 Executive Summary of The. Third Report of The National
Cholesterol Education Program (NCEP) Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in
Adults (Adult Treatment Panel III). JAMA 2001; 285: 2486–2497.
26 Katz A, Nambi SS, Mather K, Baron AD, Follmann DA, Sullivan G,
Quon MJ. Quantitative insulin sensitivity check index: a simple,
accurate method for assessing insulin sensitivity in humans. J
Clin Endocrinol Metab 2000; 85: 2402–2410.

27 1999 World Health Organization-International Society of Hypertension Guidelines for the Management of Hypertension. Guidelines Subcommittee. J Hypertens 1999; 17: 151–183.
28 Maxwell MH, Heber D, Waks AU, Tuck ML. Role of insulin and
norepinephrine in the hypertension of obesity. Am J Hypertens
1994; 7: 402–408.
29 Sjostrom L, Rissanen A, Andersen T, Boldrin M, Golay A,
Koppeschaar HP, Krempf M. Randomised placebo-controlled trial
of orlistat for weight loss and prevention of weight regain in
obese patients. European Multicentre Orlistat Study Group.
Lancet 1998; 352: 167–172.
30 Davidson MH, Hauptman J, DiGirolamo M, Foreyt JP, Halsted
CH, Heber D, Heimburger DC, Lucas CP, Robbins DC, Chung J,
Heymsfield SB. Weight control and risk factor reduction in obese
subjects treated for 2 years with orlistat: a randomized controlled
trial. JAMA 1999; 281: 235–242.
31 Zhi J, Melia AT, Funk C, Viger-Chougnet A, Hopfgartner G,
Lausecker B, Wang K, Fulton JS, Gabriel L, Mulligan TE. Metabolic
profiles of minimally absorbed orlistat in obese/overweight
volunteers. J Clin Pharmacol 1996; 36: 1006–1011.

International Journal of Obesity

