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Abstract  

 The increasing prevalence of abdominal obesity worldwide poses a serious public 

health problem and hence, presents a target for research designed to improve the 

assessment or treatment of abdominal obesity.  Specifically, the first study in this thesis 

investigated the influence of age and gender on visceral (VAT) and abdominal 

subcutaneous adipose tissue (ASAT) for a given waist circumference (WC) in 481 men 

and women varying widely in age and BMI.  Significant gender differences in VAT and 

ASAT for a given WC were observed, however, only the relationship between WC and 

VAT was substantially influenced by age.   

 The second study examined whether the associations between VAT, ASAT and 

the metabolic syndrome (MetS) were altered depending on measurement methodology 

used to assess VAT and ASAT.   The odds ratio (OR) for MetS was higher for total VAT 

volume (OR=7.26) and the partial volumes at T12-L1 (OR=7.46) and L1-L2 (OR=8.77) 

compared to the classic L4-L5 (OR=3.94) measurement. The OR for MetS was not 

substantially different among the ASAT measures (OR~2.6).  Measurement site for VAT, 

but not ASAT, has a substantial influence on the magnitude of the association with MetS. 

The third study examined the independent associations between VAT, ASAT, 

liver fat and all-cause mortality in 291 men (97 decedents and 194 controls, mortality 

follow-up of 2.2±1.3 years).  In a model including VAT, ASAT, liver fat, age, and length 

of follow-up, only VAT (1.93 [1.15-3.23]) remained a significant predictor of mortality.  

We concluded that VAT is a strong, independent predictor of all-cause mortality in men.   

The purpose of the final study was to determine the effect of aerobic exercise dose 

(energy expenditure) on WC in sedentary, overweight/obese postmenopausal women 
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(n=424). The women were randomly assigned to a control group or one of three aerobic 

exercise groups that exercised at energy expenditures of 4-, 8-, or 12-kcal/kg body 

weight/week.  By comparison to control, there were significant reductions in WC in the 

exercise groups (~3 cm, P <0.05), which were independent of weight loss.  However, the 

amount of exercise performed was not associated with reductions in WC in a dose 

dependent manner. 

 

Keywords:  

Visceral adipose tissue, waist circumference, cardiorespiratory fitness, liver fat, 

metabolic syndrome, age, gender 
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Chapter 1.  General Introduction  

The prevalence of abdominal obesity worldwide is high and increasing (1-4).  

This is a major public health problem as it is now firmly established that abdominal 

obesity, as commonly assessed using waist circumference, is a strong, independent 

predictor of morbidity (5-7) and mortality (8).  It is suggested that the association 

between waist circumference and health risk may be explained by its’ corresponding 

association with abdominal subcutaneous and/or visceral adipose tissue (AT) (9).  

Although the deleterious health outcomes associated with increased abdominal AT are 

established, there is no consensus definition of visceral AT and abdominal subcutaneous 

AT, and the potential influence of different measurement protocols on the association 

between these depots and metabolic risk is unknown.  Further, whether abdominal 

subcutaneous or visceral adiposity is associated with mortality is unknown. 

The established association between abdominal obesity and a broad range of 

health outcomes underscores the need to develop effective therapeutic interventions 

directed at reducing this AT depot.  It is commonly reported that exercise is associated 

with reductions in abdominal AT (10-14).  However, the minimal exercise dose required 

to elicit a reduction in abdominal obesity is unclear.  It is also unknown whether doses of 

physical activity less than the consensus recommendation for attaining health benefits (ie. 

30 minutes on all or most days of the week (15)) are associated with reduction in 

abdominal obesity, or whether increasing exercise energy expenditure is associated with 

reductions in abdominal obesity in a dose-response manner. 

The aim of the first manuscript of this thesis is to examine the influence of age 

and gender on the relationship between waist circumference and abdominal AT.  The 
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second will examine the influence of measurement protocol on the relationship between 

abdominal AT and metabolic risk while the third considers the independent associations 

between abdominal subcutaneous and visceral AT with all-cause mortality.  The final 

study will examine the relationship between variations in exercise energy expenditure 

and corresponding reductions in abdominal AT.  The findings from these studies may 

have important implications in understanding the relationship between abdominal AT 

with morbidity and mortality, and will contribute to a better understanding of the 

potential therapeutic benefits of regular exercise. 
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Chapter 2.  Literature Review 

2.1.0.0.  Introduction 

 Body mass index (BMI) has traditionally been used to characterize obesity and 

related health risk, and indeed, BMI is related to increased risk for morbidity (16) and 

mortality (17).    The prevalence of obesity worldwide is high and is presently increasing 

(1, 4).  In the United States, the prevalence of obesity has increased from 11% in men and 

16% in women in 1960-1962, to over 30% in 1999-2000 (18).  Even more striking is that 

abdominal obesity, as assessed by waist circumference has also steadily risen from 13% 

to 38% in men and from 19% to 60% in women during this same time period (1).  

Growing evidence suggests that abdominal obesity is a phenotype that is more strongly 

related to the adverse health outcomes as compared to overall obesity (9, 16).  Waist 

circumference is now recognized to be an independent predictor of several metabolic 

disorders (19-21) even independent of BMI (5, 22).   

Physical activity and exercise are associated with decreased morbidity and 

mortality independent of obesity (23), and are also useful therapeutic strategies for 

reducing abdominal obesity and visceral adiposity (24).  Numerous studies report that 

waist circumference and visceral adiposity are decreased in response to exercise without 

caloric restriction, even in the absence of weight loss (24).  However, the minimum 

exercise dose required for eliciting reductions in waist circumference or visceral AT is 

unclear.  Further, the dose response relationship between exercise and reductions in waist 

circumference or visceral AT is largely unknown.  

 

2.2.0.0.  Abdominal Obesity and Health Risk 
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It is well established that abdominal obesity is a stronger predictor of metabolic 

risk than lower body or overall obesity (5, 9).  Waist circumference is commonly used to 

assess abdominal obesity, and is often a stronger predictor of obesity related metabolic 

disorders compared to BMI (5, 6, 25-28).  The stronger association between waist 

circumference and metabolic risk compared to BMI may be partially explained by the 

ability of waist circumference to predict abdominal obesity.  Although BMI and waist 

circumference have a similar magnitude of association with abdominal subcutaneous AT 

(r=0.52-0.94 vs. 0.53-0.98) (29-35), BMI tends to be a weaker correlate of visceral AT 

compared to waist circumference (r=0.41-0.85 vs. 0.64-0.89) (29-35).  As visceral AT is 

reported to be a strong independent predictor of metabolic risk (36-39), the stronger 

association between waist circumference and visceral AT compared to BMI, may in part 

explain the stronger association between waist circumference and health risk. 

Direct measures of visceral and abdominal subcutaneous AT through imaging 

techniques are not routinely available in clinical practice.  While waist circumference is 

the single best anthropometric correlate of visceral AT on a population level, the 

substantial variation in the relationship between abdominal subcutaneous AT and visceral 

AT limits the ability of waist circumference to predict visceral AT on an individual basis 

(error ~25-35%).  In other words, groups with larger waist circumferences will generally 

have greater amounts of visceral AT as compared to groups with smaller waist 

circumferences.  However, due to the variation in the amount of visceral AT that exists 

for a given waist circumference between individuals (30-33), it is less likely that a given 

individual will necessarily have greater amounts of visceral AT compared to another 

individual with a smaller waist circumference.  Similarly, two individuals with the same 
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waist circumference could have a two-fold difference in the amount of visceral AT (31).  

Given the importance of visceral AT in the development of metabolic risk, it is important 

to examine factors that may influence the association between visceral AT and its 

surrogate measure, waist circumference.  Factors such as age (40), gender (41, 42), race 

(40, 42-44) and fitness (45, 46) are reported to alter the relationship between BMI and 

abdominal AT, and may also influence the relationship between waist circumference and 

abdominal AT.  However, as the relationship between BMI and waist circumference itself 

may also be influenced by these factors (45, 47, 48), this remains a topic for further 

investigation.  For example, aging is associated with increases in total and visceral 

adiposity independent of BMI (40, 49, 50), but there is inconsistency in the literature as 

to whether this is also true independent of waist circumference.  Similarly, it is reported 

by some that compared to women, men have greater visceral AT for a given BMI, but not 

waist circumference (51).   

 

2.3.0.0.  Abdominal Adiposity and Health Risk 

Visceral and abdominal subcutaneous AT are two anatomically and metabolically 

distinct AT depots.  The subcutaneous AT depot lies outside the muscular wall beneath 

the skin while the visceral AT depot lies within the muscular wall and surrounds the 

organs.  Of the two, visceral AT is more strongly associated with metabolic factors that 

increase risk for hypertension, dyslipidemia, metabolic syndrome, cardiovascular disease 

and type 2 diabetes (T2D) (52-57).  As compared to subcutaneous adipocytes, visceral 

adipocytes are much more resistant to the antilipolytic actions of insulin, and therefore 

have a more sustained elevated free fatty acid (FFA) production (58-61).  Furthermore, 



 6 

visceral adipocytes release FFAs directly into the portal circulation, which are exposed 

directly to the liver, unlike subcutaneous adipocytes that only have an indirect FFA 

delivery to the liver through the systemic circulation (62).  As discussed later in this 

review in further detail, these observations have been used to support a substrate driven 

theory commonly termed the ‘Portal Theory’, and has historically been used to explain 

the association between visceral AT and metabolic risk (62).   

Recent evidence demonstrates that AT not only releases FFA into the circulation, 

but also acts as an endocrine organ secreting numerous other factors that have profound 

effects on many systems throughout the body ranging from lipid and carbohydrate 

metabolism, appetite control, blood pressure regulation to the pattern of fat deposition 

(63-66).  The factors released from AT are called adipocytokines, and include leptin, 

adiponectin, tumor necrosis factor-α  (TNF-α), plasminogen activator inhibitor-1 (PAI-1) 

and resistin, and are among the most commonly cited secretion products that may be 

responsible for many of the deleterious metabolic consequences associated with obesity 

(67-69).  The quantity and type of secreted adipocytokines differ between abdominal 

subcutaneous and visceral adipocytes (58, 60, 66), and may be responsible for some of 

the differences in the associations with health risk between the two AT depots.  The 

relationship between these and other cytokines are the topic of several reviews (68, 70-

77), and thus, only two cytokines of interest will be discussed briefly here. 

Adiponectin is an anti-atherogenic factor that is secreted exclusively from adipose 

tissue (72), and is secreted in higher amounts by visceral (omental) adipocytes as 

compared to subcutaneous adipocytes (58).  In contrast to most cytokines, adiponectin 

expression is negatively associated with visceral AT and is decreased in obesity (71, 72, 
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75, 78).  Adiponectin levels are positively associated with insulin sensitivity (78) but 

negatively with increased risk for the development of T2D (79) and cardiovascular 

disease (CVD) (80).  It is suggested that the insulin sensitizing effects of adiponectin may 

be in part attributable to increases in fat oxidation, resulting in decreased skeletal muscle 

and hepatic lipid infiltration (71, 81).  Weight loss (71, 78) and thiazolidinedione (TZD) 

(58, 71, 81), a peroxisome proliferator-activated receptor-γ agonist, are two therapeutic 

strategies associated with increases in adiponectin levels, whereas, TNF- α, 

glucocorticoids, interleukin-6 and beta-adrenergic agonists are associated with decreases 

in adiponectin (71).   

PAI-1 is increased in obesity (82) and decreased with weight loss (83).  PAI-1 is a 

prothrombotic factor that appears to be secreted more abundantly from visceral AT as 

compared to abdominal subcutaneous AT (82, 84, 85).  PAI-1 inhibits fibrinolysis (82) 

and is reported to be a predictor of incident T2D independent of fasting glucose, fasting 

insulin, HDL, triglycerides, hypertension, adiponectin, leptin and visceral AT (79).  As 

with adiponectin, weight loss and TZDs are reported to improve PAI-1 levels. 

 

 2.3.1.0.  Measurement of Abdominal Adiposity  

Although visceral AT is extensively studied in obesity research, there is no 

consensus as to the anatomical borders or standardized methodology for quantifying this 

AT depot.  Visceral AT can be further sub-divided into the intraperitoneal (within the 

visceral peritoneum) and extraperatoneal (outside the membrane) AT that differ in their 

lipolytic activity and blood circulation (86, 87).  The intraperitoneal (omental and 

mesenteric) adipocytes are more sensitive to catecholamine-stimulated lipolysis 
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adipocytes (88), and drain directly into the portal circulation.  The extraperatoneal AT 

drains into the systemic circulation and surrounds the kidneys, heart and lungs, and also 

includes AT within the pelvic cavity.  Some report that intraperitoneal AT may be more 

strongly associated with metabolic risk as compared to extraperitoneal AT (58), whereas 

others do not (55).  Whether intra- and extra-peritoneal AT have distinct associations 

with metabolic risk is currently unclear, and results from imaging studies need to be 

interpreted with caution as the peritoneum is not visible on CT or MRI images, and the 

borders of the peritoneal membrane are crudely estimated using other anatomical 

structures such as the kidneys, aorta and bony structures.  

Portally drained visceral adipocytes are reported to lie within the anatomical 

borders of T10-T11 to L5-S1, with the greatest deposition of omental and mesenteric fat 

being located in the upper abdomen within the region between L1-L2 and L3-L4 (89).  

Thus, visceral AT in the upper abdomen may be expected to have a greater impact on 

hepatic metabolism and metabolic derangements than visceral AT in the lower abdomen.  

However, visceral and abdominal subcutaneous AT is commonly assessed in the lower 

abdomen using a single image at L4-L5.  L4-L5 was likely selected as the landmark of 

choice as it was reported to be the best predictor of total body AT (90), not abdominal AT 

or metabolic risk, and because it is proximal to measures taken at the umbilicus (another 

common landmark).  Interestingly, recent studies report that a single image in the upper 

abdomen (i.e. L1-L2 or L2-L3) is a better surrogate of total visceral AT (89, 91, 92) and 

abdominal subcutaneous AT volume (89) than an image at L4-L5.  However, it is still 

unclear whether the ability to predict the total visceral AT or abdominal subcutaneous AT 

volume will translate to a corresponding ability to predict metabolic risk.   
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2.4.0.0. Liver Fat and Health Risk 

Lipid accumulation within the hepatocytes is a novel fat depot that is an 

independent predictor of insulin resistance (93), hypertension (54, 93, 94) and 

dyslipidemia (54, 93-95).  Some of the earliest work by Kral and colleagues (95), 

demonstrate that severely obese individuals with fatty liver disease as determined by 

biopsy, commonly exhibit perturbed hepatic liver metabolism. These initial observations 

were followed by a series of Finnish studies reporting that liver fat as measured using 

magnetic resonance spectroscopy (MRS), is a stronger correlate than visceral AT in the 

independent prediction of health risk (93, 94, 96). However, for reasons that are unclear, 

several of these studies report that visceral AT was not a significant predictor of risk (93, 

94).  Within studies that report both liver fat and visceral AT as significant simple 

correlates of metabolic risk factors, visceral AT is generally reported to be the stronger 

predictor of the two fat depots (21, 54, 97, 98).  However, this does not detract from the 

evidence suggesting that both fat depots may be independently related to metabolic 

disease and as such should be targets of therapeutic intervention. 

The mechanisms associated with the development of fatty liver are currently 

unclear.  It is thought that insulin resistance at the level of the subcutaneous adipocyte, or 

an enlarged visceral AT depot of inherently insulin resistant adipocytes may lie at the 

center of fatty liver disease (99-101).  Insulin resistant adipocytes have an increased FFA 

release due to the diminished ability of insulin to inhibit lipolysis (61), and the FFAs 

from the visceral depot are delivered directly to the liver via the portal circulation, in turn 

causing an increased production of triglycerides and very low density lipoproteins.  
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According to the portal theory, an enlarged visceral AT depot that delivers a FFA flux 

that surpasses the ability of the liver to secrete or oxidize the lipid results in lipid 

accumulation within the hepatocytes (62).  Increased lipid accumulation within the 

hepatocytes or steatosis is associated with impaired hepatic glucose metabolism, and 

reduced insulin clearance, which results in increased gluconeogenesis and 

hyperinsulinenia (21, 62, 97, 102-104).  Chronically elevated circulating insulin and 

glucose further contributes to this negative cycle leading to peripheral skeletal muscle 

insulin resistance and possibly T2D.  However, this theory is difficult to substantiate in 

humans due to the inaccessibility of the portal vein.  Indirect methods estimate the 

contribution of FFA from the visceral AT depot only accounts for 5 to 20% of the FFA 

flux to the liver (105).  As such, an enlarged subcutaneous AT depot may be a more 

important contributor to the FFA flux to liver, and the consequent development of fatty 

liver.  However, this is in conflict with the majority of cross-sectional data that suggest 

that liver fat may be more closely associated with visceral AT as compared to 

subcutaneous AT (21, 54, 96, 106, 107).  

An emerging theory suggests that all ectopic fat deposition may have a similar 

etiology, and that an increased capacity to buffer energy and store lipid in the gluteal-

femoral subcutaneous adipocytes may ‘protect’ against excess lipid deposition within 

tissues ectopic to subcutaneous fat such as the liver, muscle and visceral AT (108).  

Unlike gluteal-femoral subcutaneous adipocytes, excess lipid accumulation within these 

ectopic depots is clearly associated with deleterious metabolic consequences (21, 54, 93, 

98, 99, 109-112).  This is illustrated in individuals with lipodystrophy (113, 114) or in 

aging (115, 116); two conditions that are associated with minimal subcutaneous AT, but 
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increased ectopic fat deposition in the liver and muscle, visceral adiposity and 

accordingly, a marked unfavorable metabolic profile.  Conversely, individuals with 

multiple symmetric lipomatosis are associated with excessive subcutaneous AT 

deposition, but with minimal lipid accumulation in the liver, muscle and visceral AT, and 

a normal metabolic profile (117). 

In addition to endogenous FFA from AT stores, increased FFA delivery to the 

liver can also result from increased exogenous FFA sources.  Increased dietary fat 

consumption is also associated with increased fatty infiltration of the liver (118-120), and 

may also result in deleterious metabolic consequences.  It is unclear whether the type of 

dietary fat (ie. saturated or unsaturated) influences liver fat accretion and whether fatty 

liver resulting from exogenous FFA delivery is associated with the same metabolic 

consequences as fatty liver resulting from endogenous FFA.   

There are also reports that fatty liver may be associated with cytokines secreted 

from the adipocytes.  Adiponectin is reported to reduce FFA turnover in the liver (121), 

and is negatively associated with liver fat (101).  Drug therapies, such as TZDs, that are 

associated with increases in adiponectin are also associated with decreases in hepatic fat 

deposition (81, 122-124).  Interestingly, this class of drug is also associated with 

increases in subcutaneous adipocytes proliferation and decreases in visceral AT (125, 

126).  Currently, the relative contributions of FFA delivery, adiponectin (FFA turnover) 

or other factors in the development of fatty liver remain unclear. 

 

2.4.1.0.  Measurement of Liver Fat 
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 Several methods are currently employed to measure liver fat.  Three common 

methods in obesity research include histology, MRS and CT.  Of these the liver biopsy is 

considered the gold standard (127) for assessing liver disease as it is the only method 

available for assessing liver conditions such as inflammation, fibrosis and cirrhosis (128-

130), in addition to liver steatosis (fat).  However, for clinical studies it would be 

unethical to routinely take liver biopsies for measurement of liver fat as it may be painful, 

and is associated with risk of bleeding and other complications that may result in 

hospitalization and possible mortality (131).  Values from CT (r = 0.77 to 0.90) and MRS 

(r = 0.68 to 0.90) techniques are generally well correlated to those from liver biopsies and 

may provide a safer non-invasive alternative (129, 132-139).   

CT is used to measure hepatic fat infiltration by determining the attenuation value for 

each voxel within a region of interest in the liver.  The CT attenuation value is dependent 

upon the molecular composition of the tissues within each voxel.  Lipid has a lower 

density than water and protein, and increasing liver fat infiltration is reflected by a lower 

liver density and thus lower attenuation values (140).  However, there is an overlap 

between the ranges of normal and fatty liver values (130).  As such, it has been suggested 

that the liver density (CTL) should be expressed relative to the spleen attenuation value 

(CTS) (Figure 1) (130).  In normal individuals, the liver and spleen attenuation values 

have a constant relationship wherein the liver is a denser organ and thus has a higher 

attenuation value.  Therefore CTL/CTS less than one is indicative of fatty infiltration 

(130, 140).  Normally, the liver and spleen mean attenuation values are derived from two 

or three regions of interest within the liver and spleen.  However, due to the small area of 

interest, and subjectivity involved in placing the regions of interest, we have recently 
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Figure 1: Measurement of Liver Fat by Computed Tomography: Normal versus Fatty 
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suggested that the whole liver and spleen surface areas should be used to derive the 

respective mean attenuation values (Figure 1) (141).  Contrary to previous reports (21), 

we demonstrate that the attenuation values within the liver and spleen are fairly 

homogeneous throughout, and by using the whole surface area the inter-observer 

coefficient of variation in the analyses is slightly reduced from 5.1% (54) to 2.9% (141).  

However, obtaining a CT image that contains both liver and spleen presents a challenge; 

not only does variation exist in the vertical positioning of the spleen relative to the liver, 

but in positioning of both organs within the abdominal cavity.  As a multi-image 

approach is not feasible due to excess exposure (142), Davidson et al. (141) proposed that 

a single axial image at the T12-L1 inter-vertebral space may provide the most optimal 

landmark for assessing both liver and spleen attenuation, as liver and spleen were 

identified at that level in approximately 90% of the men and women studied (141) 

(Figure 1). 

 Unlike CT, proton magnetic resonance spectroscopy (H
1
 MRS) is not associated 

with radiation exposure, and provides a quantitative assessment of liver fat within a 

region of interest or voxel (2 to 3 cm
2
) placed in the parenchyma of the right lobe of the 

liver.  MRI facilitates this process and ensures accurate and consistent landmarking, and 

ensures the avoidance of major blood vessels, and areas of inhomogeneity within the liver.  

Briefly, MRS uses magnetic fields to deviate hydrogen protons from their normal orbits.  

When the protons relax back to the normal orbit, there is an energy release and the 

generation of radio frequency signals.  H
1
 MRS uses the differing proton resonance 

signals from the fatty acyl groups (143-146) to generate a peak that  reflects the 

intracellular component (methelyene signal) measured at 0 to 3.0 ppm, and another 
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proton signal from water to generate a larger peak between 3.0 and 7.8 ppm (129).  The 

percent liver fat is derived from the ratio of the area under the curve for fat is then 

compared relative to the area under the curve for water (93, 129, 139).   
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2.5.0.0.  Skeletal Muscle Lipid and Health Risk 

 Skeletal muscle is reported to be responsible for 90% of insulin stimulated 

glucose uptake (147).  Thus, metabolic derangements caused by lipotoxicity at the level 

of the myocyte are thought to be involved in the development of insulin resistance and 

T2D.  Pan et al. (148) made one of the initial observations relating intramuscular 

triglycerides (IMTG) with insulin resistance, a finding that has since been replicated by 

several others (149-152).  As with liver fat, it is suggested that muscle lipid also 

accumulates as a function of increased FFA flux from either endogenous or exogenous 

sources.  The importance of muscle lipid deposition in the development of insulin 

resistance was demonstrated by Bachmann et al. (149) who report that elevations in FFA 

through infusion (6 hours) or a high fat diet (3 days) are associated with increases in 

IMTG and accordingly insulin resistance.  Due to the short duration of these studies, the 

interventions probably did not influence visceral fat deposition, but may have increased 

liver fat, which is another dynamic fat depot that is sensitive to deviations in energy 

balance.  However as liver fat was not assessed, these results cannot exclude liver fat 

deposition in the etiology of insulin resistance.  There is also a paradoxical observation 

by Goodpaster et al. (153) who report that athletes have IMTG levels comparable to 

obese or individuals with T2D, but are insulin sensitive.  The authors in that study 

proposed therefore, that metabolic differences in muscle lipid kinetics may explain the 

differences in insulin sensitivity observed beyond simply the quantity of lipid present. 

 

2.5.1.0.  Measurement of Skeletal Muscle Lipid 
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 As with liver fat, the average HU or mean attenuation value for adipose tissue-

free skeletal muscle voxels can be used as an index of skeletal muscle lipid content (109).  

Thus, the lower the skeletal muscle mean attenuation value, or the greater the number of 

low-density skeletal muscle voxels (e.g., 0-30 HU), the higher the skeletal muscle lipid 

content.   However, it is important to note that unlike liver, muscle attenuation values by 

CT are a reflection of both intra-myocellular and extra-myocellular lipid (IMCL and 

EMCL, respectively) content, and although correlated, they are not analogous to intra-

myocellular lipid values obtained by skeletal muscle biopsy or proton magnetic 

resonance spectroscopy.  

 Schick et al. (146) were the first to identify the two compartments of triglycerides 

in muscle that are located inside (IMCL) and outside (EMCL) the muscle cell.  IMCL 

droplets are spherical with a relatively homogenous distribution, and as such, are 

independent of muscle orientation relative to the magnetic field (143-145, 154).  On the 

other hand, EMCL lies outside of the muscle fibre and appears in plate-like structures 

(143-145, 155) that have a highly variable distribution throughout the muscle.  Due to the 

varying orientations and patterns of EMCL, misalignment of the muscle fibres relative to 

the magnetic field will cause the EMCL line to broaden, and potentially overlap with the 

IMCL resonance peak (145).  Boesch et al. demonstrated that IMCL, and not EMCL 

signals scale linearly with voxel size, water and creatine signals which are used to 

quantify and scale the IMCL spectra (143, 144).  As such, quantification of IMCL using 

MRS is much more repeatable (CV ~6%) (143-145) than measures of EMCL (CV ~53%) 

(145).  Presently there is no available method for accurately quantifying EMCL.  
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Consequently, the metabolic significance of EMCL has yet to be clearly demonstrated in 

a well-controlled study, but is generally thought to be metabolically inert (155).   

 

2.6.0.0.  Influence of Physical Activity and Exercise on Obesity and Health Risk 

It is widely reported that engaging in physical activity or having a higher 

cardiorespiratory fitness is associated with reduced risk for morbidity and mortality (23, 

156, 157). While the principal mechanisms by which exercise is associated with 

improvements in metabolic profile or risk for morbidity and morality are unclear, several 

plausible mechanisms exist.  These range from the acute benefits associated with a single 

bout of aerobic physical activity on lipid or glucose metabolism (158, 159), to more 

gradual changes associated with regularly repeated bouts of physical activity including 

improvements in cardiopulmonary function (160), cardiovascular/circulatory system 

(160) or changes in body composition (11, 12, 161, 162).  In particular, chronic physical 

activity has been shown to significantly reduce abdominal obesity, specifically visceral 

AT (11, 12, 162).   

 

2.6.1.0. Influence of Physical Activity and Exercise on Obesity 

It is clear that exercise is a useful strategy for inducing reductions in body mass 

and adiposity through increases in energy expenditure resulting in negative energy 

balance (11, 12).  However, there is also evidence that individuals who engage in regular 

physical activity are phenotypically different from individuals with low cardiorespiratory 

fitness despite having a similar BMI or total adiposity (45, 46).  For a given BMI, 

individuals with high cardiorespiratory fitness have lower levels of visceral and 



 19 

abdominal subcutaneous adiposity as compared to individuals with low cardiorespiratory 

fitness (45).  For example, a 50 year old man with high cardiorespiratory fitness (upper 

four quintiles) and a BMI of 25 to 27 kg/m
2
 would be expected to have approximately 10 

to 16% less visceral AT than an individual of the same age and BMI in the lowest 

quintile of cardiorespiratory fitness (45). Thus, reduced visceral AT is a plausible 

mechanism by which high cardiorespiratory fitness levels may attenuate the health risk 

associated with a given degree of obesity.  

Several exercise training studies also corroborate these findings, and report that 

regular physical activity is associated with improvements in body composition 

independent of weight loss (11, 12, 163).  For example, Ross et al. (11, 12) demonstrate 

that regular moderate intensity exercise is associated with substantive reductions in 

visceral and abdominal subcutaneous AT despite an absence of changes in weight in both  

middle-aged obese men and women.  Similarly, Thomas et al. (164) report that even non-

obese premenopausal women with relatively low levels of visceral AT experience a 

significant 25% reduction in visceral AT in response to 6 months of aerobic exercise 

despite no significant change in weight. 

Although available data would clearly support the notion that regular aerobic 

exercise is associated with reductions in visceral adiposity independent of weight loss, it 

is important to note that exercisers who lose weight have substantially greater reductions 

in visceral AT compared to exercisers who maintain body weight (11, 12).  Thus, from a 

clinical perspective exercise-induced weight loss should be advocated to those at risk for 

obesity-related metabolic disorders, as it is likely associated with the greatest benefit.  

However, given the challenges associated with attaining substantial weight loss for many 
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obese individuals, it is equally important to appreciate that abdominal obesity and related 

health risk may be markedly reduced in response to minimal amounts of weight loss.  

 

 2.6.2.0.  Influence of Physical Activity and Exercise on Health Risk  

The weighted evidence suggests that acute exercise bouts are associated with 

increased HDL, decreased triglycerides (158) and improvements in insulin sensitivity 

(159, 165). Improvements in HDL and triglycerides appear to be related to the energy 

expenditure (158, 166), and thus acute effects of a single exercise bout may be more 

apparent in trained individuals who are capable of greater energy expenditures (158).  

These effects are transient, lasting up to 72 hours and are independent of changes in 

cardiorespiratory fitness.  Similarly, improvements in insulin sensitivity last 48 to 72 

hours (159) and even a single bout of moderate intensity exercise is associated with a 

substantial 25% improvement in insulin sensitivity in both normal individuals, and in 

offspring T2D parents (165).  Accordingly, regular bouts of physical activity may induce 

a beneficial health effect independent of changes in obesity. 

Several studies report a beneficial effect of cardiorespiratory fitness or physical 

activity even independent of BMI (23, 156) and overall adiposity (156).  Wei et al. (23) 

report that individuals with low cardiorespiratory fitness who were classified as normal 

weight by BMI had twice the mortality risk as compared to obese individuals with high 

cardiorespiratory fitness.  Similarly, Lee et al. (156) report that when men were 

categorized by percent body fat (<16.7%) or waist circumference (<87 cm), lean men 

with low cardiorespiratory fitness had a higher mortality risk than obese men (>25% 

body fat or waist circumference >99 cm) with high cardiorespiratory fitness.  Further, 
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cross-sectional data from Lee et al. (167) demonstrate that men with a high 

cardiorespiratory fitness have a lower prevalence of the metabolic syndrome independent 

of visceral and abdominal subcutaneous AT.    These observations reinforce the 

importance of having a high cardiorespiratory fitness, but should not detract from the 

importance of maintaining a normal body weight.  In all the aforementioned studies, there 

was also a clear association between obesity and mortality risk. 

Many studies report that changes in metabolic risk are more closely related to 

changes in adiposity as opposed to changes in fitness or physical activity.  Katzsel et al. 

(168) examined the effect of a 10% reduction in body as compared to a 10% 

improvement in cardiorespiratory fitness to improve the lipid profile.  Weight reduction 

was achieved through caloric restriction, and the improvement in cardiorespiratory 

fitness was achieved through exercising three times a week while maintaining a stable 

body weight over a nine month period.  As expected, the diet weight loss group did not 

alter their cardiorespiratory fitness, but significantly reduced body fat.  Conversely, the 

exercise group significantly improved their cardiorespiratory fitness, but did not 

significantly reduce body fat.  In that study, only the diet weight loss group report 

significant improvements in the lipid profile, and as such, the authors of that study 

concluded that weight loss is more beneficial for improving CVD risk factors as 

compared to increasing cardiorespiratory fitness.  Similarly, Katzmarzyk et al. (169) 

suggest that changes in lipids consequent to exercise training is more closely related to 

changes in fatness than cardiorespiratory fitness.   

These observations should not detract from the importance of engaging in 

physical activity.  Indeed, for a given amount of weight loss, exercise is associated with 
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greater improvements reductions in adiposity, a better maintenance of lean body mass, 

and improvements in cardiorespiratory fitness as compared to caloric restriction in men 

and women (11, 12, 163).  As such, it appears that pound for pound, exercise may be a 

better treatment strategy for improving health and obesity reduction.  Moreover, exercise 

without weight loss is associated with significant reductions in waist circumference, and 

total and visceral adiposity (11, 12, 163), and improvements in insulin sensitivity (159, 

165).  Although exercise without weight loss is not as beneficial as exercise with weight 

loss, one should not consider exercise in the absence of weight loss a failure for 

decreasing obesity-related health risk. 

 

2.6.3.0.  Dose Response Relationship between Exercise and Obesity Reduction 

There are currently several exercise recommendations for attaining health benefits 

ranging from as little as 20 minutes, 3 or more times a week to as much as 60 minutes of 

daily moderate intensity physical activity (15, 170-172).  However, based on the limited 

data available from randomized controlled trials, the minimal amount of exercise required 

to elicit a reduction in abdominal obesity is largely unknown.  Whereas some randomized 

controlled trials report significant reductions in waist circumference (173-175), some do 

not (168, 176, 177).  The discrepant findings may be partially explained by small sample 

size (176, 177) or increased dietary intake to maintain body weight (168).  Studies that 

prescribe ~150 minutes/week of moderate intensity exercise generally report a 1 to 3 cm 

reduction in waist circumference relative to the respective control group (173-175).  

However, studies that prescribe exercise doses of less than the recommendation (~100 

minutes/week) also show reductions in waist circumference in the order of 2 cm (178, 
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179), whereas the few studies that prescribe more than the recommendations (~450 

minutes/week) show substantially larger reductions in waist circumference in the order of 

6 cm (11, 12).   

From this data there appears to be a very modest dose response relationship 

between weekly physical activity duration and reductions in both waist circumference 

(Figure 2) and abdominal adiposity (visceral and abdominal subcutaneous AT, Figure 3).  

In general, moderate physical activity of ~150 to 200 minutes per week is associated with 

modest reductions in waist circumference (<3 cm) and abdominal adiposity (5-10%) as 

compared to their respective control groups, and increasing daily physical activity to 

approximately 450 minutes per week is associated with a ~30% and ~20% reduction in 

visceral and abdominal subcutaneous AT, respectively.  However, these studies differed 

in terms of the exercise intensity (40 to 80% VO2max), length of the intervention (2 to 12 

months), study cohort characteristics (men vs women, younger vs older, T2D vs no T2D, 

etc.), exercise modality (walking, biking, etc.) or controlling dietary intake (168, 174); all 

of which would influence the exercise energy expenditure, net energy balance and 

ultimately the expected reduction in waist circumference.  Accordingly, it is difficult to 

infer a dose response relationship between exercise and reductions in abdominal 

adiposity from the current literature. 

Studies of Targeted Risk Reduction Interventions through Defined Exercise 

(STRRIDE) (174, 180, 181) is one of the few studies that have examined the dose-

response relationship between exercise with obesity reduction and improvements in 

health risk.  As expected, they report that obese middle-aged individuals who exercised 

for about 175 min/wk lost significantly more body weight and total fat mass than those 
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who exercised about 114 min/wk (174).  However, reductions in total abdominal, visceral 

and abdominal subcutaneous AT were significant only among those who exercised for 

175 min/wk, although both the 175 min/wk and the 114 min/wk of physical activity 

groups tended to reduce their WC (174).  The authors of that study did not report if there 

is a dose response relationship between exercise duration and reductions in abdominal 

obesity. Further, these results must be interpreted with caution as the participants in the 

trial were instructed to maintain their baseline body weight by increasing their caloric 

intake.   The compensatory consumption of additional calories would lead to a significant 

underestimation of the effects of exercise per se on body weight and fat mass, thereby 

confounding interpretation.  The study by Irwin et al. (175) is one of a few that report a 

dose-response effect of exercise volume (<135, 136-195 or >195 min/week) on 

reductions in total and visceral adiposity.  However, this was a retrospective analysis of 

mainly self-report data, and actual energy expenditure and changes in waist 

circumference were not determined.  As such, the dose response relationship between 

exercise volume and reductions in abdominal obesity requires further investigation. 
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Figure 2:  Dose response relationship between reductions in waist circumference and 

exercise duration in randomized controlled trials 
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Figure 3:  Dose response relationship between reductions in visceral AT and abdominal 

subcutaneous AT with exercise duration in randomized controlled trials 
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2.6.0.0.  Summary 

The dramatic rise in the prevalence of abdominal obesity and obesity-related 

metabolic disorders necessitates the need for studies that further examine the association 

between abdominal obesity and health risk, and therapeutic strategies designed to reduce 

waist circumference, and sets the stage for the present thesis.  The aim of the first 

manuscript is to examine the influence of age and gender on the relationship between 

waist circumference and abdominal AT.  The second will examine the influence of 

measurement methodology on the relationship between abdominal AT and metabolic risk.  

The independent associations between abdominal subcutaneous and visceral AT with all-

cause mortality will be examined within the third study and the final will examine the 

relationship between exercise energy expenditure and reductions in abdominal AT.   

The findings from these studies may have important implications for 

understanding the relationship between abdominal AT, morbidity and mortality, and will 

contribute to a better understanding of the potential therapeutic effects of regular exercise. 
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ABSTRACT 

 

Background: The influence of age and gender on the distribution of abdominal adipose 

tissue for a given waist circumference (WC) is unclear.   

Objective: To investigate the influence of age and gender on total abdominal (TAAT), 

visceral (VAT) and abdominal subcutaneous adipose tissue (ASAT) for a given WC.   

Design: Subjects included 147 younger men (age <50 yr), 83 older men, 171 younger 

(premenopausal) women and 80 older (postmenopausal) women with a wide range in 

BMI (16-40 kg/m
2
).  Body composition was assessed using a whole body magnetic 

resonance protocol.   

Results: Within each gender, the regression lines between WC and TAAT were not 

significantly different (P >0.1) between younger and older groups.  Collapsed across age 

groups, women had more TAAT for a given WC than men, however, this difference was 

significantly reduced with increasing WC (P <0.05).  Within each gender, regression 

lines derived for WC and ASAT were not significantly different between younger and 

older groups (P >0.1).  Collapsed across age groups, women had 1.8 kg more ASAT for a 

given WC (P <0.05) than men across the range of WC.  Within each gender, older men 

and women had a significantly greater increase in VAT for a given WC (P <0.05) than 

younger men and women.  Further, independent of age group, the slope for WC and VAT 

was significantly higher (P <0.05) in men than women.   

Conclusions: There are significant gender differences in TAAT, VAT and ASAT for a 

given WC.  Further, the relationship between WC and VAT is substantially influenced by 

age.   
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Keywords: Visceral fat, abdominal subcutaneous fat, gender, menopause, age, magnetic 

resonance imaging 
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INTRODUCTION
 

Previous studies have reported that for a given waist circumference, 

premenopausal (51) and postmenopausal (41) women have more abdominal 

subcutaneous adipose tissue (AT) than men.  However, it is unclear how gender alters the 

association between visceral AT accumulation and waist circumference.  Pouliot et al. 

(51) suggest that men and women have similar amounts of visceral AT for a given waist 

circumference.  In contrast, Schreiner et al. (41) report that although older men generally 

have more visceral AT than older women, this difference is diminished with increasing 

waist circumference.  Whether the disparate findings between these studies are explained 

by differences in age is unknown. 

It is well known that age is positively associated with an increase in visceral AT 

independent of gender (50, 192).  The age-related increase in visceral AT is greater in 

men than women, however, in women visceral AT accumulation increases rapidly after 

menopause to a rate similar to that of men (192).  In contrast, subcutaneous AT has been 

reported to decrease with age in men (192).  Whether this remains true in women is 

unclear as some studies report an age related decrease in abdominal subcutaneous AT 

(50), whereas others do not (192).  Accordingly, age associated changes in abdominal AT 

distribution are not always reflected by a change in total abdominal AT or waist 

circumference (50). 

Waist circumference is a strong predictor of both visceral and abdominal 

subcutaneous AT (29).  Given the independent contributions of visceral (193) and 

subcutaneous AT (52) in the development of metabolic risk, it is important to understand 

the influence of gender and age on abdominal AT distribution and its surrogate measure, 
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waist circumference.  Thus, the purpose of this study was to examine the influence of 

gender and age on the relationship between waist circumference and abdominal AT 

accumulation in a large sample of Caucasian men and women with a wide range of age 

and adiposity.  We hypothesized that advanced age would be associated with greater 

visceral AT deposition for a given waist circumference independent of gender.  Further, 

we speculated that men would have greater visceral AT and less abdominal subcutaneous 

AT than women for a given waist circumference.   
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RESEARCH DESIGN AND METHODS 

Subjects 

Subjects consisted of 483 healthy Caucasian men (n = 232), premenopausal (n = 

171) and postmenopausal women (n = 80) who participated in various body composition 

studies at Queen’s University (Kingston, Canada) and St. Luke’s-Roosevelt Hospital 

(New York, NY).  The subjects varied widely in age (18-84 yr) and BMI (16-40 kg/m²).  

Three hundred and forty-five subjects from Queen’s University and 136 subjects from 

Columbia University were recruited from among hospital employees, students at local 

universities, and the general public through posted flyers and the local media.  

Menopausal status was determined by self-report.  The men were divided into younger 

(n=147) and older (n=83) by using a cut-off age of 50 years to facilitate comparisons 

between older men and (postmenopausal) women, and younger men and (premenopausal) 

women across a similar age range.  All participants gave informed consent before 

participation in accordance with the ethical guidelines of the respective institutional 

review boards. 

 

Anthropometric Measurements 

Body mass was measured to the nearest 0.1 kg on a calibrated balance.  Standing 

height was measured to the nearest 0.1 cm using a wall-mounted stadiometer.  Waist 

circumference was taken at the level of the last rib to the nearest 0.1 cm after a normal 

expiration.   
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Measurement by Magnetic Resonance Imaging 

Whole body tissue quantification was determined using magnetic resonance 

imaging data acquired with a General Electric 1.5-Tesla magnet (Milwaukee, Wisconsin) 

by using an established protocol described in detail elsewhere (194).  Once acquired, the 

data was analyzed with an image analysis program (TomoVision, Montreal, QC, Canada) 

as described previously (194, 195).  Approximately 41 equidistant images (1-cm-thick 

images, 4-cm spaces between images) were used to determine the tissue volumes.  

Visceral AT and abdominal subcutaneous AT were calculated using the five images 

extending from 5 cm below to 15 cm above L4-L5.  Volume units (L) were converted to 

mass units (kg) by multiplying the volumes by the assumed density constants for AT 

(0.92 kg/L) (196). 

 

Statistical Analyses 

Group data are presented as group means ± SD.  ANOVA was used to determine 

group differences in subject characteristics.  Bonferroni adjustments were used for all 

post hoc multiple group comparisons.  General linear modeling was used to determine 

group-specific multivariate regressions between the various study variables.  Gender, age, 

waist circumference and the interaction effects were used in the multiple regression 

analyses.  Quadratic terms were also tested in the model for waist circumference.  Models 

were tested first for significant age group, gender and waist circumference interactions.  

If the 3-factor interaction effect was significant, further analyses were conducted within 

each gender separately.  If the 3-factor and age interaction terms were not significant, a 

single model was used to determine gender differences in slope and intercept collapsed 
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across age group.  The study variables were normally distributed and residual analyses 

were performed to determine significant points of influence in the final models.  

Significant outliers with large jackknife residuals and high leverage were excluded from 

the analyses.  To allow for comparisons between premenopausal and postmenopausal 

women, figures were age standardized to 50 year of age.  To allow for comparisons in the 

younger men and women, figures and tables were standardized to 25- and 40- year old 

men and women.  All statistical procedures were performed using SAS version 8.2. 
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RESULTS 

Subject characteristics are presented in Table 1.  BMI was not significantly 

different (P >0.05) between any of the four groups.  As expected, both groups of women 

had a significantly higher (P< 0.05) body fat percentage, but a lower waist circumference 

and less visceral AT than the men.  While the older men had a significantly higher (P 

<0.05) waist circumference and more visceral AT than the younger men, the younger and 

older women were not different in any of the body composition measures.   

Age was positively associated with waist circumference, visceral AT, and 

abdominal subcutaneous AT in only the younger groups of men and women (data not 

shown).  Therefore, statistical adjustment for age was restricted to gender comparisons 

between the younger men and women.   

The 3-factor interaction (age*gender*WC) effect was not significant (P >0.05).  

However, there was a significant gender, but not age group interaction effect (P >0.05) on 

the relationship between waist circumference and total abdominal AT (P<0.05).  

Collapsed across the age groups, women had more abdominal AT for a given waist 

circumference than men, however, this difference was significantly reduced (P <0.05) 

with increasing waist circumference (Figure 1).  Age was not a significant covariate (P 

>0.05) in any of the models for waist circumference and abdominal AT. 

The 3-factor interaction (age*gender*WC) effect was not significant (P >0.05).  

There was a significant gender, but not age group interaction effect (P >0.05) on the 

relationship between waist circumference and abdominal subcutaneous AT (P<0.05).  

Collapsed across the age groups, women had 1.8 kg more (P >0.05) abdominal 
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subcutaneous AT for a given waist circumference than men across the range of waist 

circumference values (Figure 2).   

There was a significant 3-factor interaction (age*gender*WC) effect (P<0.05), 

and thus visceral AT analyses were performed within each gender separately.  Within 

each gender, the slope of the regression lines between waist circumference and visceral 

AT were significantly higher in the older men and women than the younger men and 

women (P <0.05).  Thus for a given increase in waist circumference, men have a greater 

increase in visceral AT than women.  Further, independent of age group, the slope of the 

regression line between waist circumference and visceral AT was higher (P <0.05) in 

men than women (Figure 3a+b).  After including age in the model, younger men 

continued to have a higher slope for the association between waist circumference and 

visceral AT than younger women (Figure 3c).  

The postmenopausal women continued to have a greater increase (P <0.05) in 

visceral AT for a given increase in waist circumference (i.e. higher slope) after control 

for age, and the difference increased with increasing waist circumference.  The 

relationship between waist circumference and visceral AT standardized to 50 years of age 

is shown in Figure 3d. 

The predicted visceral AT mass values for waist circumference cut-points 

associated with increased health risk in men and women are given in Table 2.  Given the 

common use of the L4-L5 landmark for determination of abdominal AT deposition using 

radiographic methods, visceral AT values (cm
2
) at L4-L5 are also provided. 
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DISCUSSION 

The findings from this study demonstrate that significant gender differences exist 

in total abdominal, visceral and abdominal subcutaneous AT deposition for a given waist 

circumference.  Although our findings confirm that women have significantly more 

abdominal subcutaneous AT than men for a given waist circumference, in contrast to 

others, we observed that visceral AT deposition was significantly higher in men than 

women.  Further, we demonstrate that menopausal status influences visceral AT 

deposition for a given waist circumference beyond that of age per se.  Moreover, the 

influence of age on visceral AT deposition is different between older and younger 

individuals.  These findings suggest that for a given waist circumference, gender, age and 

menopausal status need to be considered when predicting abdominal AT distribution and 

associated health risk.  

Contrary to previous observations (41, 51), we observed that independent of age, 

visceral AT deposition is significantly higher in men than women for a given waist 

circumference, and the difference was magnified with increasing waist circumference.  

Pouliot et al. (51) report that younger men and women have similar amounts of visceral 

AT for a given waist circumference.  In older men and women, Schreiner et al. (41) 

report a curvilinear relationship between waist circumference and visceral AT, wherein 

men generally have more visceral AT than women, although the difference is attenuated 

with increasing waist circumference.  The discrepant findings are not readily explained 

but may be due in part to differences in the landmark employed for the waist 

circumference measurement, as waist circumference was determined at the last rib in this 

study, at the waist narrowing in the study by Pouliot et al. (51) and at the umbilicus in the 
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study by Schreiner (41). Wang et al. (197) report that although the difference between 

waist circumference measurement sites is relatively small in men (~1 cm), in women a 

difference of approximately 5 cm is observed between the smallest (minimal waist) and 

largest (iliac crest) measurement sites.  Thus, differences in waist circumference 

measurement site may have influenced the gender differences in the pattern of visceral 

AT deposition observed.  Nevertheless, it is clear that the influence of gender on the 

relationship between visceral AT and waist circumference requires further investigation.   

That menopausal status influences the relationship between waist circumference 

and visceral AT distribution in women beyond the effect of age per se is noteworthy.  In 

other words, for a given waist circumference postmenopausal women have more visceral 

AT than a premenopausal women even after controlling age.  This is in contrast to a 

study by Han et al. (198) that failed to demonstrate a difference in visceral AT deposition 

for a given waist circumference in a small cohort of women above (n = 19) and below (n 

= 15) 50 years of age.  Nevertheless, several other studies have also demonstrated a 

preferential accumulation in visceral AT in postmenopausal women (50, 192, 199).  It is 

suggested that these body compositional changes are in part due to alterations in sex 

hormone levels that are associated with menopause (200-202).  Indeed, ovarian hormone 

deficient women have a significantly higher rate of fatty acid uptake in the visceral AT 

depot as compared to premenopausal woman (202).  Further, it has been reported that 

hormone replacement therapy attenuates the propensity to increase visceral AT (201).  

Together, these findings suggest that menopausal status should be considered when 

developing waist circumference cut-points for abdominal obesity related metabolic risk. 
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It is known that waist circumference is a strong predictor of metabolic risk 

independent of BMI (5).  Current evidence suggests that a waist circumference greater 

than 102 cm in men and 88 cm in women is associated with increased health risk (203-

205).  It is also demonstrated that waist circumference is a strong independent predictor 

of visceral adiposity (29), which conveys a significant health risk (9, 206).  Current 

health-related, waist circumference cut-points do not consider the influence of age on the 

assessment of metabolic risk (205).  Indeed, this study clearly demonstrates that the 

amount of visceral AT associated with a given waist circumference is markedly affected 

by the age and gender of the individual.  For example, an older man (>50 years of age) 

with a waist circumference of 102 cm would be expected to have 70% more visceral AT 

than a 25 year old man with the same waist circumference (Table 2).  Thus it is clear that 

differences in visceral and abdominal subcutaneous AT distribution may not be reflected 

by differences in its’ surrogate measure waist circumference (50, 198).  Whether the 

prediction of metabolic risk within each gender by waist circumference is improved by 

establishing age specific cut-points is unknown.   

Limitations of this study warrant mention.  First, our findings are restricted to 

Caucasian men and women.  As racial differences in body fat distribution are clearly 

established (207), it is unclear whether the pattern or magnitude of gender and age related 

differences in abdominal AT deposition for a given waist circumference would be similar 

in other races.  Second, this study did not control for differences in cardiorespiratory 

fitness.  It has been shown that for a given waist circumference, fit men have lower levels 

of visceral adiposity than unfit men (46).  As this was a cross-sectional study we cannot 

make causal or temporal inferences about the pattern of abdominal subcutaneous or 
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visceral AT deposition for a given increase in waist circumference.  It is also unclear 

whether our results were influenced by a selection bias, as individuals who continued to 

increase abdominal adiposity throughout their lifespan may have developed disease and 

would have been excluded from participation in this study.   

In summary, our findings demonstrate that for a given waist circumference, 

abdominal AT distribution differs between genders.  We confirm that for a given waist 

circumference, women tend to have more abdominal subcutaneous AT than men 

independent of age.  Contrary to previous observations, men had more visceral AT than 

women for a given waist circumference.  Further we demonstrate that visceral AT 

accumulation for a given waist circumference is also influenced by age and menopausal 

status.  These findings suggest that AT distribution for a given waist circumference is 

altered substantially by age and gender.  Whether age related changes in visceral AT 

influence the interpretation of health risk for a given waist circumference is unknown. 
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Table 1: Subject Characteristics 

 Younger Men Older Men Younger Women Older Women  

n 147 83 171 80 

Age 36.2 ± 8.0
a 

60.5 ± 8.7
b
 37.6 ± 8.6

 a
 66.7 ± 8.0

c
 

Body Mass Index (kg/m
2
) 28.7 ± 4.5 29.3 ± 3.8 29.2 ± 5.6 27.5 ± 4.7 

Waist Circumference (cm) 97.9 ± 13.4
a 

104.4 ± 11.1
b 

89.6 ± 14.4
c 

88.5 ± 13.0
c 

Body Fat (%) 25.9 ± 7.8
a 

29.4 ± 6.3
b 

39.1 ± 9.5
c 

38.9 ± 8.1
c 

AT Mass (kg)             

  Visceral AT  2.34 ± 1.44
a 

3.92 ± 1.84
b 

1.49 ± 1.01
c 

1.71 ± 1.11
c 

  Abdominal Subcutaneous AT 3.57 ± 1.79
a 

3.61 ± 1.28
a 

4.38 ± 2.29
b 

4.14 ± 1.78
ab 

AT Area at L4-L5 (cm
2
)             

  Visceral AT 115.1 ± 66.1
a 

193.3 ± 88.1
b
 86.4 ± 56.4

c 
102.3 ± 63.5

ac 

  Abdominal Subcutaneous AT 239.0 ± 115.3
a 

244.8 ± 86.8
ab 

301.9 ± 153.8
c 

288.6 ± 124.6
bc 

 

AT = Adipose Tissue 

Values are mean ± SD. 

For each variable a one-way ANOVA with Bonferroni adjustments were used to determine significance 

group differences at P < 0.05.  Different letters denote significance.



Table 2:  Predicted Visceral Adipose Tissue from Waist Circumference (WC) Cut-offs Associated with Increased Health Risk 

 Predicted Visceral Adipose Tissue 

 25 year old 40 year old Unstandardized 

WC (cm) Younger Men Younger Women Younger Men Younger Women Older Men Older Women 

102 2.10 kg  (2.09-2.11) 

105.0 cm
2  
(104.7-105.3) 

1.50 kg  (1.49-1.52) 

95.3 cm
2  
(95.0-95.5) 

2.80 kg  (2.76-2.85) 

135.4 cm
2  
(133.3-137.4) 

2.21 kg (2.19-2.22) 

125.6 cm
2 
(124.1-127.1) 

3.65 kg  (3.60-3.71) 

179.4 cm
2  
(176.1-182.7) 

3.08 kg  (3.00-3.16) 

167.9 cm
2 
(163.6-172.1) 

94 1.59 kg  (1.57-1.60) 

81.6 cm
2  
(80.6-82.7) 

1.22 kg (1.18-1.25) 

76.4 cm
2  
(75.0-77.7) 

2.11 kg  (2.10-2.12) 

105.8 cm
2  
(105.5-106.2) 

1.74 kg (1.73-1.75) 

100.6 cm
2 
(100.5-100.6) 

2.49 kg  (2.47-2.51) 

127.6 cm
2  
(126.9-128.3) 

2.35 kg  (2.31-2.39) 

131.3 cm
2 
(129.3-133.3) 

88 1.21 kg  (1.17-1.24) 

64.1 cm
2  
(62.0-66.2) 

1.00 kg  (0.96-1.05) 

62.2 cm
2  
(60.0-64.4) 

1.59 kg  (1.57-1.60) 

83.7 cm
2  
(82.7-84.6) 

1.39 kg (1.36-1.41) 

81.8 cm
2 
(80.7-82.8) 

1.62 kg  (1.55-1.70) 

88.7 cm
2  
(85.0-92.4) 

1.80 kg  (1.80-1.81) 

103.8 cm
2 
(103.6-104.1) 

80 0.69 kg  (0.63-0.75) 

40.7 cm
2  
(37.3-44.2) 

0.72 kg  (0.66-0.78) 

43.3 cm
2  
(40.0-46.6) 

0.89 kg (0.84-0.94) 

54.1 cm
2  
(51.5-56.8) 

0.92 kg  (0.87-0.96) 

56.7 cm
2  
(54.2-59.2) 

0.47 kg  (0.31-0.62) 

36.8 cm
2  
(29.2-44.5) 

1.07 kg  (1.03-1.11) 

67.2 cm
2  
(65.2-69.2) 

 

The values are the predicted visceral adipose tissue (95% CI) derived from the regression equations reported in Figure 3. 

4
5
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Figure 1 - Gender Differences in the Association between Waist Circumference 

(WC) and Total Abdominal Adipose Tissue (TAAT).   
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The 3-factor interaction was not significant (P >0.05).  There was a significant 

gender*WC (P <0.05), but not age*WC interaction (P>0.05).  The regression line for 

men (n = 230) is the solid line and the dotted line for women (n = 251).  Values for men 

are in open diamonds (�) and values for women are in closed diamonds (�).  TAATMen 

(kg) = -14.5 + 0.21(WC), TAATWomen (kg) = -10.1 + 0.18(WC).   
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Figure 2 - Gender Differences in the Association between Waist Circumference 

(WC) and Abdominal Subcutaneous Adipose Tissue (ASAT).   
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The 3-factor and 2-factor interactions were not significant (P >0.05).  There was a 

significant main effect of gender (P <0.05).  The regression line for men (n = 230) is in 

the solid line and the dotted line for women (n = 251).  Values for men are in open 

diamonds (�) and values for women are in closed diamonds (�).  ASATMen (kg) = -7.57 

+ 0.11(WC), ASATWomen (kg) = -5.74 + 0.11(WC).   
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Figure 3 - Gender Differences in the Association between Waist Circumference 

(WC) and Visceral Adipose Tissue (VAT).   
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There was a significant 3-factor interaction (age*gender*WC, P <0.05).  Panel A: 

Relationship between waist circumference and visceral AT mass in 83 older men (solid 

line), and 80 older women (dashed line).  VATOlder Men (kg) = -11.12 + 0.145(WC), 

VATOlder Women (kg) = -6.25 + 0.091(WC).  Panel B: Relationship between waist 

circumference and visceral AT mass in 147 younger men (solid line), and 171 younger 

women (dashed line).  Values for men are in open diamonds (�), values for women are 

in closed diamonds (�).  VATYounger Men (kg) = -6.59 + 0.092(WC), VATYounger Women (kg) 

= -3.74 + 0.058(WC).  Panel C: Relationship between waist circumference and visceral 

AT mass standardized to 25- (solid line) and 40- (dotted line) years of age in 147 younger 
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men (black lines) and 171 women women (grey lines).  VATMen (kg) = -1.69 + 

0.026(WC) - 0.109(Age) + 0.0015(Age*WC), VATWomen (kg) = 0.58 - 0.0024(WC) - 

0.109(Age) + 0.0015(Age*WC).  Panel D: Relationship between waist circumference and 

visceral AT in premenopausal and postmenopausal women standardized to 50 years of 

age.  There was a significant menopausal status*WC interaction (P <0.05).  Data for the 

premenopausal women is in the solid line (n = 171), and postmenopausal women in the 

dashed line (n = 80).  VATPre Women (kg) = -0.14 + 0.0045(WC) - 0.099(Age) + 

0.0014(Age*WC), VATPost Women (kg) = -8.01 + 0.115(WC) + 0.050(Age) + 

0.0006(Age*WC).   
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Does Measurement Site for Visceral and Abdominal Subcutaneous Adipose Tissue 

Alter Associations with the Metabolic Syndrome? 
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ABSTRACT 

Objective:  To determine whether the associations between visceral (VAT), abdominal 

subcutaneous adipose tissue (ASAT) and the metabolic syndrome (MetS) are altered 

depending on measurement site for VAT and ASAT, and the definition used to identify 

MetS.   

Research Methods and Procedures:  Total VAT and ASAT volume was derived using 

approximately 37 contiguous CT images from T10-T11 to L5-S1 in 85 men.  CT images 

obtained at 8 intervertebral locations (e.g., L4-L5, L3-L4, etc) were used to determine 

associations between partial volumes (single images) and MetS.  MetS was defined using 

the National Cholesterol Education Program (NCEP) and International Diabetes 

Federation (IDF) criteria. Logistic regression was used to calculate the odds ratio (OR, 

per SD increase in AT). 

Results:  For total and all partial volumes, VAT was more strongly associated with MetS 

than ASAT independent of MetS criteria.  The OR for NCEP MetS was higher for total 

VAT volume (OR=7.26) and for the partial volumes at T12-L1 (OR=7.46) and L1-L2 

(OR=8.77) than at the L4-L5 level (OR=3.94). The OR for MetS was not substantially 

different among the ASAT measures (OR~2.6).  A similar pattern of association was 

observed using the IDF MetS criteria. 

Discussion:    Measurement site for VAT, but not ASAT, has a substantial influence on 

the magnitude of the association with both MetS definitions.  However, because VAT 

remained significantly associated with MetS regardless of measurement site, the clinical 

interpretation was unaltered by measurement protocol or MetS definition.  
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INTRODUCTION 

 Mounting evidence suggests that the metabolic syndrome (MetS), generally 

characterized using the National Cholesterol Education Program (NCEP) criteria, is a 

powerful predictor of morbidity and mortality (208).  Because abdominal obesity is 

central to the NCEP MetS definition, studies have investigated the relationship between 

visceral and abdominal subcutaneous adipose tissue (VAT and ASAT) with MetS (36, 

38).  Carr et al. (36) and Goodpaster et al. (38) report that VAT is associated with 

increased prevalence of MetS.  Conversely, ASAT is not consistently reported to be a 

significant correlate of MetS (36), or its individual components (38).  This may be due in 

part to variation in the measurement site selected for quantifying abdominal AT.  

Although L4-L5 is the most commonly used landmark for measuring VAT and ASAT, 

there is reason to believe that L4-L5 is not the ideal site for quantifying abdominal AT or 

predicting obesity related metabolic risk.  Recent studies report that a single image in the 

upper abdomen (i.e. L1-L2 or L2-L3) is a more suitable surrogate for total VAT (89, 91, 

92), and ASAT volume (89) than L4-L5.  If one assumes that the ability to predict the 

total VAT or ASAT volume will translate to a corresponding ability to predict MetS, then 

VAT and ASAT obtained at L1-L2 or L2-L3 may be better predictors of MetS than L4-

L5.  Further, there is evidence to suggest that a greater deposition of the more 

metabolically active visceral adipocytes within the omental and mesenteric depots are 

located within the region of L1-L2 to L3-L4 (58, 209).   Taken together these 

observations suggest that VAT measures in the upper abdomen should have stronger 

associations with MetS than measures in the lower abdomen.   No study has 

systematically determined the measurement site for VAT and ASAT that is optimal for 
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determination of MetS.   Further, although several criteria exist for identifying MetS 

(210), the NCEP and International Diabetes Federation (IDF) criteria are the most readily 

employed in clinical settings.  Unknown is whether the criteria used to identify MetS 

alters the association with VAT and ASAT.   

 The primary purpose of this study was, therefore, to determine whether the 

associations between VAT, ASAT and MetS were altered depending on the site of 

measurement for VAT and ASAT and/or the criteria used to identify MetS.



 55 

RESEARCH DESIGN AND METHODS 

Subjects 

 Subjects consisted of a subset of 85 Caucasian men selected from a cohort of men 

who had received an abdominal CT scan as part of a preventive medicine diagnostic 

examination at the Cooper Clinic in Dallas, Texas.  The details of this examination are 

described elsewhere (37).  All subjects gave their informed written consent prior to 

participation in the examination, and the study was reviewed and approved annually by 

The Cooper Institute Institutional Review Board.   

 

Biochemistry Analyses 

Venous blood samples were taken from the antecubital vein in the morning 

following an overnight fast of at least 12 hours, and were analyzed using automated 

methods in a laboratory that participates in and meets quality control standards of the 

Centers for Disease Control and Prevention Lipid Standardization Program.  Measures 

included total serum triglycerides, high-density lipoprotein (HDL) cholesterol and fasting 

glucose.   

MetS was defined according to the criteria established by NCEP, Adult Treatment 

Panel III (211) and IDF (212).   Participants were classified as having NCEP MetS if they 

had 3 or more of the following 5 risk factors: (1) high systolic blood pressure > 130 mm 

Hg, or the use of antihypertensive medication; (2) abdominal obesity (waist 

circumference > 102 cm); (3) high triglyceride level (> 150 mg/mL); (4) low HDL 

cholesterol level (< 40 mg/mL); and (5) high fasting plasma glucose level (> 110 mg/mL).   
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Participants were classified as having IDF MetS if they had central obesity (waist 

circumference > 94 cm) and 2 or more of the following 4 risk factors: (1) high systolic 

blood pressure > 130 mm Hg, or the use of antihypertensive medication; (2) high 

triglyceride level (> 150 mg/mL); (3) low HDL cholesterol level (< 40 mg/mL); and (4) 

high fasting plasma glucose level (> 100 mg/mL). 

 

Measurement of abdominal AT by CT 

Axial images of the abdominal region were obtained in an electron beam CT 

scanner (Imatron, General Electric, Milwaukee, WI) using a standard protocol (213).  

Subjects were examined in a supine position with their arms extended above their heads.  

Approximately 40 contiguous transverse images (6 mm thickness, 0 mm inter-space) 

were acquired from the mid-region of the iliac crest to the caudal region of the heart.  

Images were obtained using 130 kV and 630 mA with a 480 mm field of view and a 512 

x 512 matrix, resulting in a pixel size of 0.7813 mm
2
.  The CT data obtained in Dallas 

were transferred electronically to Queen’s University in Kingston for analysis using 

specially designed image analysis software (Tomovision, Inc., Montreal, Canada) as 

previously described (37).   

The inter-observer reliability error for VAT and ASAT measurement for two 

observers’ analyses of the same L4-L5 image (n = 40) was ~ 3% and ~ 1%, respectively 

(214). 
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Determination and calculation of abdominal AT partial and total volumes 

 For each subject a single axial image that most closely approximated the center of 

the inter-vertebral space or vertebral body was identified for L4-L5, L3-L4, etc. using 

known anatomical landmarks (215).  The partial volumes (cm
3
) of AT were calculated as 

the AT tissue areas (cm
2
) at the eight inter-vertebral spaces within the region of T10-T11 

to L5-S1 multiplied by the slice thickness (6 mm).  Total VAT and ASAT volume was 

determined from approximately 37 contiguous images from T10-T11 to L5-S1 (criterion 

method).  The total volume (cm
3
) of AT was calculated as the sum of all partial AT tissue 

volumes (cm
3
) within the region of T10-T11 to L5-S1.   

 

Statistical analyses 

Group data are presented as means ± SD.  Pearson’s correlations and linear 

regression analyses were performed to determine the relationship between the criterion 

measure of abdominal AT volume, and the regional AT areas.  The strength of the 

correlations was compared by using the Hotelling method (216).  The strength of the 

standard error of estimate values was compared using Pitman’s test (217).  Logistic 

regression was used to calculate the odds-ratios for MetS.  The odds-ratios were 

expressed per standard deviation increase to facilitate comparisons between AT variables.  

To examine these associations in overweight or obese men who are at increased risk for 

metabolic disorders, we analyzed data from men with a BMI ≥27 kg/m
2
 (n=40).  All 

statistical procedures were performed using SAS v8.   
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RESULTS 

The subject characteristics are listed in Table 1.  The pattern of VAT and ASAT 

distribution within the abdomen is shown in Figure 1.  The relationships between each of 

the partial volumes obtained at the inter-vertebral spaces between T10-T11 to L5-S1 with 

the total VAT and ASAT volume are provided in Table 2.  As expected, all the VAT and 

ASAT partial volumes derived from single images were significantly correlated with the 

respective total volumes for VAT (R
2
 = 0.65 to 0.96) and ASAT (R

2
 = 0.80 to 0.96) 

respectively (Table 2).  For VAT, the partial volumes at the L1-L2 and L2-L3 inter-

vertebral spaces had significantly higher correlation coefficients with total volume and 

lower SEEs than all the other images (Table 2, P <0.05).  For subcutaneous AT, the 

partial volume at the L2-L3 inter-vertebral space had a significantly higher correlation 

coefficient with total volume and lower SEE than all the other images (P <0.05) with the 

exception of the image obtained at the level of L1-L2 (Table 2, P >0.10). 

The MetS was present in 16.5% and 28.2% of the sample as defined by NCEP 

and IDF respectively.  The association between VAT and ASAT partial and total volumes 

with the NCEP and IDF MetS is shown in Figure 2.  Independent of measurement site or 

MetS definition, the ORs between VAT and MetS were higher than for ASAT.  The OR 

for the NCEP MetS was higher for total VAT volume (OR=7.26) and for the partial 

volumes at T12-L1 (OR=7.46) and L1-L2 (OR=8.77) than for L4-L5 (OR=3.94).  

Similarly, the OR for the IDF MetS was higher for total VAT volume (OR=4.95) and for 

the partial volumes at T12-L1 (OR=7.08) and L1-L2 (OR=5.54) than for L4-L5 

(OR=2.99).  The association between the NCEP and IDF MetS, and ASAT was not 

altered by measurement site (ORs ~ 2.6, Figure 2).   
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For both VAT and ASAT the observations were similar in a subsample of men 

with a BMI ≥27 kg/m
2
, although the magnitude of the associations was diminished using 

either MetS definition (Figure 2).  Indeed, VAT was significantly associated with NCEP 

MetS at all measurement sites, and was significantly associated with IDF MetS at 

intervertebral spaces in the upper abdomen within the region of T10-T11 to L2-L3 (P 

<0.05).  For those with a BMI > 27 kg/m
2
, ASAT was not significantly associated with 

either MetS definition regardless of measurement site (P >0.10). 
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DISCUSSION 

The primary finding of this study was that the measurement site for VAT has a 

substantial influence on the magnitude of the odds-ratios obtained for MetS.  Indeed, 

VAT at the T12-L1 and L1-L2 landmarks had much stronger associations with MetS than 

corresponding measures at L4-L5.  However, regardless of measurement site and MetS 

criteria, VAT was significantly associated with MetS and thus, the clinical interpretation 

was unaltered by measurement protocol. 

In this study, regardless of measurement site and criteria used to identify MetS, 

VAT was more strongly associated with MetS than ASAT.  These findings extend prior 

observations that report VAT is a stronger predictor of prevalent NCEP MetS than ASAT 

(36, 38).  Carr et al. (36), measured VAT and ASAT at the umbilicus, which is proximal 

to measures at L4-L5.  Accordingly, the odds ratios reported by Carr et al. (36) for VAT 

(OR = 3.8) and ASAT (OR = 2.9) were similar to those reported in this study at L4-L5 

(VAT: OR =3.9, ASAT: OR = 2.8).   However, the OR we report for MetS when VAT 

was measured at L4-L5 was substantially lower than those observed in the upper 

abdomen.  For example, measurement of VAT at L1-L2 resulted in a two-fold higher OR 

than L4-L5 for NCEP (OR = 8.8 vs. 3.9) and IDF (OR = 5.5 vs. 2.9) MetS.  Conversely, 

the association between ASAT for either definition of MetS was similar regardless of 

measurement site (OR = 2.1 to 3.0).   

It is unclear why measurement site would influence the strength of the association 

between VAT and MetS, but not ASAT and MetS.  One reason may be that, whereas the 

relationship between a single image (e.g. ASAT at a given level) and the total ASAT 

volume is generally similar throughout the abdomen, we observed marked differences in 
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the association between VAT at a single level and the total volume of VAT.  If one 

assumes that the ability to predict VAT or ASAT volume will translate to a 

corresponding ability to predict MetS, then a single image at L1-L2 or L2-L3 may be a 

better predictor of MetS than L4-L5 simply because it is a better predictor of the total AT 

volume.  Indeed, a single measure at L4-L5 accounted for significantly less variance and 

had two-fold higher error estimates than measures at L1-L2 or L2-L3 (R
2
 = 0.80 vs. 0.96 

and SEE = 22% vs. 10%, respectively).  Conversely, the differences in the variance 

explained and the error estimates for ASAT measured at L4-L5 versus L1-L2 or L2-L3 

were subtle (R
2
 = 0.92 vs. 0.95 and SEE = 10.5% vs. 7.5%, respectively).  As such, 

measurement site may be expected to have a greater influence on VAT associated 

metabolic risk than ASAT.   

It is also plausible that differences in the metabolic activity of adipocytes within 

the VAT and ASAT depots contribute to differences in predicting MetS.  Visceral 

adipocytes in the omental and mesenteric depots are portally drained, and are more 

sensitive to catecholamine-stimulated lipolysis by comparison to the non-portally drained 

retroperitoneal adipocytes (209).  Similarly, it is reported that changes in adiponectin 

levels are largely accounted for by changes in the secretion from the omental adipocytes 

(58).  Although the mechanistic links between VAT and metabolic risk factors remains to 

be firmly established, it is reported that the greatest deposition of omental and mesenteric 

fat is located in the upper abdomen within the region between L1-L2 and L3-L4 (89), and 

thus, VAT in the upper abdomen may be expected to have a greater impact on hepatic 

metabolism and metabolic derangements than the lower abdomen.  Whether there are 
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similar regional differences in ASAT metabolism in the upper and lower abdomen is 

unknown. 

We also examined whether the criteria used to identify MetS would influence the 

association with VAT and ASAT.  The most clinically relevant MetS criteria were 

proposed by NCEP in 2001 (211).   The recently proposed IDF consensus criteria for 

identification of MetS (212) builds upon the NCEP criteria, but differs in two key aspects.  

First, the IDF lowered the threshold for waist circumference (102 cm to 94 cm) and 

fasting glucose (6.1 to 5.6 mmol/L).  Second, waist circumference is a required 

component of MetS under the IDF criteria, rather than an optional component as 

employed with NCEP.  Given the lower values for waist circumference and glucose it is 

not surprising that the IDF MetS classifies a larger population with MetS than NCEP 

(16.5% vs. 28.2%, respectively).  Nevertheless, we demonstrate a similar influence of 

measurement site wherein VAT measures in the upper abdomen are more strongly 

associated with IDF MetS.  However, the odds ratios for IDF MetS for VAT were 

generally lower than those associated with NCEP MetS.  This may be partially explained 

by the observation that the additional individuals captured using the IDF MetS criteria 

have a lower waist circumference and hence, lower VAT.  As a result, the difference in 

VAT between individuals with or without MetS (NCEP: 74 cm
2
, IDF: 59 cm

2
 at L4-L5) 

is reduced using the IDF guidelines, consequently weakening the association between 

VAT and IDF MetS as compared to the NCEP criteria.  Nevertheless, neither MetS 

criteria nor measurement site altered the statistical significance of the association 

between VAT or ASAT and MetS, and thus the clinical observation was unaltered. 
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The strengths and limitations of this study include the use of a relatively small 

opportunistic sample of men who had acquired abdominal CT images at the Cooper 

Institute.  The men in this study are predominantly white, and from a middle-to-upper 

class population.  This limits the generalizability of the results of our study, but should 

not affect the internal validity.  Indeed, the homogeneity of our study group on 

socioeconomic factors is a benefit because it reduces the likelihood of confounding by 

these factors.  Future studies should examine these observations hold true in women and 

other racial populations as there are clear gender and racial differences in fat distribution 

(207) and adipocyte metabolism in vitro (218).  Further, studies should investigate 

whether this pattern of association remains true with abdominal AT changes over time, or 

whether the measurement site influences the relationship between changes in abdominal 

AT and obesity related metabolic risk factors to determine the optimal landmark for the 

quantification of abdominal adiposity.   

In summary, this study is the first to provide evidence that VAT has a stronger 

association with MetS than ASAT independent of measurement site and MetS criteria.  

Although the strength of the association was affected by the measurement site, VAT 

remained significantly associated with MetS regardless of measurement methodology.  

Thus, the clinical observation and conclusion remains the same regardless of 

measurement site.  This reinforces the notion that elevated visceral adiposity is associated 

with increased risk of incident MetS as characterized by NCEP and IDF, and that VAT 

should be a primary target for pharmacological and lifestyle based intervention. 
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Table 1. Subject Characteristics 

n = 85 Mean ± SD Range 

Age (y) 51.0 ± 8.0 30 – 67 

BMI (kg/m
2
) 27.0 ± 3.6 21.2 – 35.8 

Waist Circumference (cm) 95.2 ± 10.4 74 – 122 

VAT Volume (L) 3.1 ± 1.5 0.3 – 6.4 

ASAT Volume (L) 3.7 ± 1.3 1.3 – 7.9 

VAT Area L4-L5 (cm
2
) 139.0 ± 60.2 20.7 – 272.9 

ASAT Area L4-L5 (cm
2
) 223.3 ± 77.4 77.7 – 416.1 

Fasting Glucose (mg/dL) 101.5 ± 9.2 83 – 133  

Fasting Triglycerides (mg/dL) 131.0 ± 54.6 50 – 295 

HDL Cholesterol (mg/dL) 46.2 ± 10.3 28 – 73  

Systolic Blood Pressure (mmHg) * 124.4 ± 13.3 100 – 176 

 

* n = 80 
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Table 2.  The relationships between the VAT and ASAT partial volumes at each 

inter-vertebral space with the corresponding total VAT and ASAT volume measures. 

Total VAT Volume  

(T10-T11 to L5-S1), L 

Total ASAT Volume  

(T10-T11 to L5-S1), L 

 

 

Region of 

Measure (cm
3
) 

R
2
 SEE, L (%) R

2
 SEE, L (%) 

T10-T11 0.68 
a
 0.85 (27.7)

 a
 0.85

 a
 0.52 (14.2)

 a
 

T11-T12 0.69
 a
 0.82 (26.9)

 a
 0.89

 b
  0.45 (12.3)

 b
 

T12-L1 0.90 
b
 0.47 (15.5)

 b
 0.94

 c
 0.34 (9.2)

 c,d
 

L1-L2 0.96
 c
 0.29  (9.6) 

c
 0.95

 d
 0.29 (7.8)

 d,e
 

L2-L3 0.96
 c
 0.31 (10.1)

 c
 0.96

 d
 0.26 (7.2) 

 e
 

L3-L4 0.91
 b
 0.44 (14.3)

 b
 0.94

 c
 0.32  (8.7)

 c,d
 

L4-L5 0.80
 d
 0.65 (21.6)

 d
 0.92

 e
  0.38 (10.5)

 b,c
 

L5-S1 0.65
 a
 0.88 (28.8)

 a
 0.80 

a
  0.59  (16.1)

 a
 

 

All correlations were significant at P <0.001.  

Different superscript letters indicate significant difference in the correlation coefficient 

using the Hotelling method (P <0.05), and SEE using the Pitman’s Test (P <0.05). 
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Figure 1 - VAT (A) and ASAT (B) Deposition at Various Measurement Sites across 

the Abdomen in 85 Men. 
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Figure 2 - Odds Ratios for Prevalent MetS using NCEP (A) and IDF (B) Criteria 

According to Measurement Location for VAT and ASAT in All Men and Men with 

a BMI >27 kg/m
2
. 
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Black bars = All men (n=85), White Bars = Men with BMI >27 kg/m
2 
(n=40). 

OR for each measure significant at P <0.05, NS = Not Significant (P >0.05), * P = 0.05 
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ABSTRACT 

Objective:   To examine the independent associations between abdominal fat (visceral 

and subcutaneous), liver fat and all-cause mortality. 

Research Methods and Procedures:   Participants included 291 men (97 decedents and 

194 controls, mean [SD], age, 56.4 [12.0] years) who received a computed tomography 

(CT) examination at the preventive medicine clinic in Dallas, Texas between 1995 and 

1999, with a mean mortality follow-up of 2.2 ± 1.3 years.  Abdominal fat was determined 

using contiguous CT images from the L3-L4 to L4-L5 intervertebral space.  Liver fat was 

assessed using the CT-determined liver attenuation value, which is inversely related to 

liver fat.  Logistic regression was used to determine the association between the 

independent abdominal fat depots and all-cause mortality. 

Results:   During the study there were 97 deaths.  Visceral fat (OR per SD: 1.83 [95% 

CI: 1.23-2.73]), abdominal subcutaneous fat (1.44 [1.02-2.03]), liver fat (0.64 [0.46-

0.87]) and waist circumference (1.41 [1.01-1.98]), were all significant individual 

predictors of mortality after controlling for age and length of follow-up.  In a model 

including all three fat measures (subcutaneous, visceral and liver fat), age, and length of 

follow-up, only visceral fat (1.93 [1.15-3.23]) was a significant predictor of mortality.   

Discussion:   Visceral fat is a strong, independent predictor of all-cause mortality in men.   

 

Key Words:  Liver fat, abdominal fat, computed tomography
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INTRODUCTION 

It is well established that abdominal obesity is associated with increased 

morbidity independent of age, race and gender (20, 219).  Abdominal adiposity as 

measured by waist circumference is a significant predictor of morbidity (5) and mortality 

(8) independent of body mass index (BMI).  The association between waist 

circumference and metabolic risk may be explained in part by its strong association with 

visceral adiposity (33).  Visceral fat is a strong, independent predictor of dyslipidemia (9, 

54, 98) and insulin resistance (98, 220), and changes in visceral fat are associated with 

concomitant changes in glucose tolerance and insulin resistance (12).   In prospective 

studies visceral fat predicts the development of type 2 diabetes (39).  Although the 

association between visceral adiposity and morbidity appears to be well established, to 

date no study has examined the association between visceral fat and mortality using 

direct measures of visceral fat.   

Emerging evidence suggests that fat deposition within the liver is another 

component of fat distribution that is independently linked to dyslipidemia (98) and 

insulin resistance (93, 103).  Although the association of these fat depots with metabolic 

risk and morbidity (9, 52, 54, 93, 98, 103, 220) is established, their association with 

mortality is unknown.  Evaluation of the independent associations between abdominal 

(subcutaneous and visceral) and liver fat with mortality would clarify and reinforce 

primary targets for obesity reduction and thus, would have direct relevance to the 

development of public health policy and clinical recommendations.  Therefore, we 

investigated the independent associations between visceral, abdominal subcutaneous and 

liver fat deposition and mortality in men. 
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RESEARCH DESIGN AND METHODS 

Participants 

Study participants consisted of a subset of 291 men (97 decedents and 194 

controls), who were selected from a larger predominantly Caucasian (~98%) cohort who 

received a computed tomography (CT) examination of the abdomen region, as part of a 

preventive medicine diagnostic exam at the Cooper Clinic in Dallas, Texas, between 

1995 and 1999, and were followed through December 31, 1999.  Study participants are 

from mid- to upper social economic status groups (~80% are college graduates), and 

typically are or were employed in executive or professional positions.  The National 

Death Index was used to identify potential deaths and cause, and official death 

certificates were obtained and were cross-referenced with the participant’s clinical record 

to confirm a match.  To create a control group that was reflective of our study cohort, the 

control subjects were randomly selected from survivors that were alive at the time of 

death of the decedent.  The mean length of follow-up was 2.2 ± 1.3 years.   

All study participants gave their informed written consent prior to participation in 

the examination, and the study was reviewed and approved annually by The Cooper 

Institute Institutional Review Board.  All study participants completed a questionnaire on 

demographic factors, health habits, medical history and a CT exam of the abdomen 

region.  Self-reported height and weight were used to calculate body mass index. 

 

Procedures 

Axial images of the abdomen region were obtained using an electron beam 

computed tomography (CT, Imatron, General Electric, Milwaukee, WI) scanner with the 
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subject lying in a supine position (213).  Approximately 40 contiguous images (6 mm 

thickness) were acquired from the distal iliac crest to the caudal region of the heart.  

Images were obtained using standard procedures and analyzed using specialized image 

analysis software (Tomovision, Inc., Montreal, Canada).  Waist circumference was 

determined from the CT image at the level of L4-L5, which approximates the level of the 

iliac crest.  A contiguous series of 5 to 7 CT images between the L4-L5 to L3-L4 

vertebral disc spaces for each subject were analyzed for determination of abdominal 

subcutaneous and visceral fat.  The AT volumes were calculated using a truncated 

pyramid method as described previously (33). Adipose tissue volumes (liters) were 

converted to mass units (kg) by multiplying the volumes by the assumed constant density 

for fat (0.92 kg/L). Adipose tissue areas (cm
2
) were computed using an attenuation range 

of –190 to –30 Hounsfield units. Visceral AT was determined by delineating the intra-

abdominal cavity at the innermost aspect of the abdominal and oblique wall musculature 

and the anterior aspect of the vertebral body.  Abdominal subcutaneous AT area was 

defined as the area of adipose tissue between the skin and the outermost aspect of the 

abdominal muscle wall.  The deep and superficial depots of the abdominal subcutaneous 

AT were identified for a single image at the level of L4-L5 using the subcutaneous fascia.    

We have previously reported the inter-observer reliability error for VAT and 

ASAT measurement for two observers’ analyses of the same L4-L5 image (n = 40) to be 

~ 3% and ~ 1%, respectively (214). 

CT is capable of differentiating tissues on the basis of their attenuation 

characteristics, which are a function of tissue density and chemical composition.  A 

normal liver is usually denser and consequently has a higher attenuation value than the 
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spleen.  Therefore a lower mean liver attenuation value relative to that of the spleen is an 

indication of fatty infiltration of the liver (130).  Liver fat was represented as both the 

liver attenuation (CTL, Hounsfield units (HU)) by itself, as well as the ratio of the liver to 

spleen (CTS) attenuation values (CTL/CTS) (130, 140).  CTL and CTS were calculated 

using the average attenuation values for two regions of interest within each organ 

obtained from a single CT image that clearly displayed both the liver and spleen.  The 

regions of interest were consistently placed in the parenchyma of the right lobe of the 

liver and in a similar region within the spleen, being careful to avoid blood vessels, 

artifacts, and other areas of inhomogeneity. 

 

Statistical analysis  

Independent sample t-tests and chi-square tests were used to determine group 

differences in subject characteristics.  An unmatched case-comparison study with simple 

random sampling was used to identify the comparison subjects to estimate the association 

between independent abdominal fat depots and all-cause mortality (221).  Logistic 

regression was used to estimate the odds ratios which are expressed per standard 

deviation unit to facilitate comparisons of odds ratios between different adipose tissue 

depots.  Age, follow-up time, the abdominal fat depots and liver fat (CTL or CTL/CTS) 

were entered in the models as continuous variables.  Linear, quadratic and cubic terms 

were tested for each continuous independent predictor variable using a stepwise approach 

with a P <0.1 to enter and a P <0.05 to remain in the model.  Self-reported smoking 

status (current, past, never), blood pressure (normal, high), cholesterol (normal, high), 

triglycerides (normal, high) and type 2 diabetes (yes, no) were entered as categorical 
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covariates.  The odds ratios and 95% confidence intervals are reported after adjustment 

for age and follow-up time (Model 1) and after further adjustment for all three fat 

measures (visceral fat, abdominal subcutaneous fat, and liver fat) (Model 2).  The figures 

were plotted using the 5
th
 percentile of visceral fat (mass - 0.15 kg and area - 50 cm

2
) as 

the referent value.  All statistical analyses were performed using SAS v8. 
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RESULTS 

Subject characteristics are shown in Table 1.  The decedents were significantly 

older and had more visceral fat (P <0.05) than the controls. The decedents also had a 

significantly higher prevalence of self-reported type 2 diabetes, high blood pressure and 

past smoking than the controls (P <0.05). 

The associations between the various fat depots and mortality are shown in Table 

2.  After adjustment for age and follow-up time (Model 1), waist circumference, liver fat, 

abdominal subcutaneous fat and visceral fat (Figure 1a+b) were significant predictors of 

mortality (P <0.05).   In a model including all three fat measures (visceral, abdominal 

subcutaneous and liver fat), age, and length of follow-up (Model 2), only visceral fat 

mass (OR [95% CI], 1.81 [1.04-3.14], P<0.05) and area (L4-L5, 1.69 [0.99-2.89], P=0.5) 

was a significant predictor of mortality (Table 2, Figure 1c+d).   These results remained 

similar when traumatic deaths (n=7) were excluded, after controlling for past or present 

smoking status, body mass index, co-morbidities (ie. high blood pressure, high 

cholesterol, type 2 diabetes, and high triglycerides), or when examining premature 

mortality in a subgroup of men aged 40-65y (data not shown). 
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DISCUSSION 

 In this study we demonstrated that visceral, abdominal subcutaneous and liver fat 

(ie. low liver attenuation) were all directly associated with higher risk of mortality in men.  

However, visceral fat alone independently predicted risk of mortality after adjustment for 

the other fat measures.   Waist circumference was also directly associated with mortality; 

however, the association did not remain significant after adjustment for visceral and 

subcutaneous fat.  It has been hypothesized that visceral fat would be directly related to 

mortality risk based on plausible biological mechanisms (54, 66, 98, 222), however, to 

our knowledge this is the first study to demonstrate an association of visceral fat with 

mortality where visceral fat was quantified directly by CT measurements.    

 Our findings suggest that the relationship between visceral fat and mortality is 

curvilinear.  Inspection of Figure 1 reveals that a rather large amount of visceral fat (~ 

200 cm
2
 at the L4-L5 level) accumulation is required prior to observing a substantially 

elevated risk of mortality.  This threshold is greater than the level of visceral fat (~110 to 

130 cm
2
 at L4-L5) thought to be associated with a disproportionate increase in metabolic 

risk in moderately aged men (222).  It is likely that these observations are consistent.  In 

other words, a longer follow-up period in our study may have revealed that at a younger 

age our sample of older men had levels of visceral fat in the order of 130 cm
2
 combined 

with increased metabolic risk factors.  It is well established that visceral fat accumulation 

increases with advancing age (198).   

 To our knowledge, this is the first study to demonstrate that liver fat is directly 

associated with mortality risk.  Stated differently, liver density was inversely associated 

with mortality demonstrating that the leaner the liver, the lower the risk of mortality.  
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Although liver fat was not associated with mortality following adjustment for visceral 

and subcutaneous fat, the unique contribution of liver fat to morbidity and mortality 

remains to be firmly established.  This notion is underscored by clinical observations 

demonstrating that liver fat is positively associated with insulin resistance (93, 98) and 

dyslipidemia (54, 98) independent of visceral fat (54).  A definitive measure of liver fat 

that is appropriate for use in clinical settings is unknown.  However, it is noteworthy that 

in our study waist circumference was a significant correlate of liver fat (waist 

circumference versus liver fat, r=-0.59, P<0.001).  This confirms previous observations 

(223) and sets the stage for further investigation to determine whether waist 

circumference can be a useful anthropometric surrogate of fatty liver.  

It is clear that both visceral and liver fat are associated with numerous metabolic 

risk factors, which themselves are antecedents for morbidity and mortality (9, 54, 224).  

Contrary to the originally proposed substrate-based mechanism, often termed the Portal 

Theory (62),  excess release of proinflammatory and prothrombotic factors may be the 

mechanism that links visceral fat and metabolic risk (69, 225).  The mechanisms that link 

liver fat per se with metabolic risk, in particular insulin resistance, is largely unknown 

(224).  Emerging evidence does strongly suggest, however, that liver fat is related to 

insulin resistance independent of abdominal obesity (54, 93) and that reductions in liver 

fat via weight loss (119, 226) or thiazolidinedione treatment (124) are related to 

corresponding reduction in insulin resistance.    

The findings of this study provide support for the recommendation that visceral 

fat should be a primary target of therapeutic strategies designed to reduce obesity related 

morbidity and mortality.  It is encouraging therefore that visceral fat is substantially 
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reduced in response to diet- or exercise-induced weight loss independent of age and 

gender (11, 12).  It is generally reported that weight loss in the order of 10% is associated 

with a corresponding reduction in visceral fat that approximates 35% (227).  Although 

routine measurement of visceral fat is not yet feasible, it is established that waist 

circumference is a strong correlate of visceral fat (228) and more importantly, that 

reductions in waist circumference are related to corresponding reductions in visceral fat 

in a dose-response manner (13, 228).  Combined with our finding that waist 

circumference was directly associated with mortality (Figure 1), these observations 

support the recommendation that waist circumference should be a routine measure in 

clinical practice to characterize health risk, and of equal importance, to follow the success 

of strategies designed to reduce obesity and related co-morbid conditions. 

Limitations of this study include the use of a relatively small opportunistic sample 

of men who had acquired abdominal CT images at the Cooper Institute.  The men in this 

study are predominantly white, and from a middle-to-upper class population.  This limits 

the generalizability of the results of our study, but should not affect the internal validity.  

Indeed, the homogeneity of our study group on socioeconomic factors is a benefit 

because it reduces the likelihood of confounding by these factors.  Simple random 

sampling from our overall cohort to identify comparison subjects resulted in a large age 

difference between decedents and comparison participants.  This is similar to substantial 

differences between decedents and survivors seen in prospective investigations; and, as in 

prospective studies, this difference is accounted for in the multivariable statistical model 

used in our primary analyses (221). The follow-up time in our study was relatively short 

and many of the decedents had morbid conditions (ie. hypertension, type 2 diabetes, etc.) 
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upon entry to the study (55% of decedents versus 26% of controls).  Thus, some of the 

deaths could be attributed to preexisting disease and may represent the conduit by which 

obesity lead to increased mortality.  Although we relied on self-reported diagnosis for 

diabetes, hypercholesterolemia, and hypertension, the accuracy of self-reported diagnoses 

in this cohort has been previously demonstrated.  For example, we have demonstrated 

that in this cohort self-report hypertension had a sensitivity of 98%, and specificity of 

99% (229).  Nevertheless, adjustment for the differences in the existence of the co-

morbidities at baseline did not change the association between visceral fat and mortality. 

The strengths of this study include the use of a multi-image CT protocol for 

measurement of abdominal fat which allowed us to determine subcutaneous and visceral 

fat mass for a large portion of the abdomen, substantially reducing the potential influence 

of measurement site (e.g., L4-L5 or L3-L4 intervertebral sites) on our estimate of visceral 

fat.  It is noteworthy, however, that the risk of mortality associated with visceral fat mass 

and area at the L4-L5 level were not different (Table 2).   

 Visceral fat is a significant predictor of mortality in men after adjustment for age, 

follow-up time, subcutaneous fat and liver fat.  These findings underscore the importance 

of setting abdominal obesity as a primary target for obesity reduction and consequently, 

the need to educate health care practitioners on the importance of routine measurement of 

visceral fat.  Although we measured visceral fat directly by CT scans in this study, waist 

circumference provides a reasonable approximation of visceral fat in clinical settings.  



 82 

ACKNOWLEDGEMENTS  

The authors would like to extend a special thanks to Elisa Priest for her work related to 

the management of the CT data.  This research was supported in part by research grants 

from the National Institutes of Health to Steven N. Blair (AG06945) and Milton Z. 

Nichaman and Michael J. LaMonte (HL62508), and from the Canadian Institutes of 

Health Research to Robert Ross (MT13448).



 83 

 Table 1: Subject Characteristics 

 Control Decedents 

N 194 97 

Follow-up Time, yr † 1.8 (1.2) 2.9 (1.0) * 

Age, yr † 51.8 (9.3) 65.6 (11.4) * 

Body Mass Index, kg/m
2 
†‡ 26.8 (3.2) 26.4 (4.8) 

Waist Circumference, cm † 94.8 (9.2) 96.7 (11.2) 

Visceral Fat Mass, kg † 0.54 (0.25) 0.68 (0.39) * 

Abdominal Subcutaneous Fat Mass, kg † 0.75 (0.29) 0.73 (0.34) 

Visceral Fat Area (L4-L5), cm
2 
† 141.3 (61.1) 174.2 (96.6) * 

Abdominal Subcutaneous Fat Area (L4-L5), cm
2 
† 226.1 (86.2) 217.4 (96.6) 

Mean Liver Attenuation, HU † 58.3 (10.7) 55.8 (12.0) 

CTL/CTS † 1.12 (0.19) 1.17 (0.23) 

High Blood Pressure, % 14.9 30.0* 

High Cholesterol, % 25.8 26.8 

High Triglycerides, % 13.4 16.5 

Type 2 Diabetes, % 2.1 11.3* 

Current Smoker, % 12.4 12.4 

Past Smoker, % 24.7 40.2* 

 

CTL/CTS = Ratio of liver to spleen attenuation values 

* Significantly different from Control at P <0.05. 

† Values are presented as mean (SD) 

‡ Decedents (n = 73), Control (n=97) 



Table 2: Odd-Ratios for All-Cause Mortality 

Model 1 Model 2 

 β SE OR (95% CI)*  P Value β SE OR (95% CI)*  P Value 

Visceral Fat Mass
3
, kg 

†
 0.85       0.29        1.83 (1.23 - 2.73) 0.003 0.86       0.41        1.81 (1.04 - 3.14) 0.04 

Subcutaneous Fat Mass, kg  1.20       0.58        1.44 (1.02 - 2.03) 0.04 -0.02       0.78        0.99 (0.63 - 1.58) 0.98 

Visceral Fat
3
 (L4-L5), cm

2
 
†
 5.0x10

-8
     1.9x10

-8
 1.76 (1.16 - 2.67) 0.008 4.7x10

-8
 2.4x10

-8
      1.69 (0.99 - 2.89) 0.05 

Subcutaneous Fat (L4-L5), cm
2
  0.003      0.002        1.31 (0.93 - 1.85) 0.15 -0.002      0.003       0.85 (0.53 - 1.36) 0.49 

Waist Circumference
3
, cm 

†
 1.19x10

-6
 5.89x10

-7
      1.41 (1.01 - 1.98) 0.04 -1.7x10

-6
      1.53x10

-6
     0.60 (0.25 - 1.44) 0.26 

Mean Liver, HU -0.04       0.01        0.64 (0.46 - 0.87) 0.005 -0.01       0.02        0.87 (0.56 - 1.37) 0.55 

CTL/CTS -1.37       0.82        0.76 (0.54 - 1.05) 0.10 1.13       1.69        1.26 (0.64 - 2.48) 0.50 

 

*The odds-ratios for mortality in the table are expressed per standard deviation for each variable. 

CTL/CTS = Ratio of liver to spleen attenuation values 

Model 1: Control for age + follow-up time 

Model 2: Control for age, follow-up time, abdominal subcutaneous fat, visceral fat and liver fat  

† Cubic transformation used in the analyses 

8
4
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Figure 1 - The odds-ratio for mortality with increasing visceral fat mass (A+C) and 

area (B+D).  
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The odds-ratio for mortality with increasing visceral fat mass (A) and area (B), after 

control for age and follow-up time.  The odds-ratio for mortality with increasing visceral 

fat mass (C) and area (D), after control for age, follow-up time, liver fat and abdominal 

subcutaneous fat.  The 5
th
 percentile of visceral fat (mass - 0.15 kg and area - 50 cm

2
) 

was used as the referent value.   
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Influence of Exercise Dose on Changes in Abdominal Obesity in Postmenopausal 

Women – The DREW Study 
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ABSTRACT 

Objective:   To determine the effect of aerobic exercise dose (energy expenditure) on 

waist circumference and abdominal fat. 

Research Methods and Procedures:   Sedentary, overweight/obese postmenopausal 

women (n=424) aged 45-75 years were randomly assigned to a control group or one of 

three aerobic exercise groups that exercised at a moderate intensity (50% VO2max), 3-4 

days/week and expended 4-, 8- or 12-kcal/kg body weight/week for 6-months.  Waist and 

hip circumference, and body weight was assessed in 424 women.  Abdominal (visceral) 

fat, liver fat, thigh subcutaneous fat, and thigh muscle composition was assessed using 

computed tomography in a sub-sample of 87 women. 

Results:   Analysis of the total sample (n=424) revealed a significant reduction in waist 

circumference in the exercise groups relative to control (P<0.05), with no differences 

between the exercise groups (P>0.10).  Conversely, there were no significant reductions 

in body weight or the waist-to-hip ratio (P >0.10).  Further, the reduction in waist 

circumference remained significant independent of changes in body weight, ethnicity or 

hormone replacement therapy use.  In the sub-sample (n=87), there were no significant 

(P>0.05) group differences in waist circumference or any of the CT measures (visceral fat, 

abdominal subcutaneous fat, liver fat, thigh skeletal muscle mass or composition or thigh 

subcutaneous fat). 

Discussion:  Aerobic exercise at or 50% below or above current guidelines is associated 

with significant reductions in waist circumference independent of change in body weight.  

However, the amount of exercise performed was not associated with reductions in waist 

circumference in a dose dependent manner. 
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thigh subcutaneous fat.
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INTRODUCTION 

Abdominal obesity as measured by waist circumference is a strong predictor of 

morbidity (9, 203, 204) and mortality (110, 156, 230, 231) and thus is a target for 

therapeutic interventions designed to reduce obesity-related health risk.  While it is 

generally accepted that 30 minutes of moderate intensity exercise on all or most days of 

the week (~150 minutes/week) is sufficient to elicit substantial benefit across a wide 

range of health outcomes (15), it is unclear whether this exercise dose is sufficient to 

elicit significant reductions in abdominal obesity (168, 173-177).  Whereas some 

randomized controlled trials report significant reductions in waist circumference (173-

175), some do not (168, 176, 177).  The discrepant findings may be partially explained by 

small sample size (176, 177) or increased dietary intake to maintain body weight (168).  

Studies that prescribe ~150 minutes/week of moderate intensity exercise generally report 

a 1 to 3 cm reduction in waist circumference relative to the respective control group (173-

175).  However, studies that prescribe exercise doses of less than the recommendation 

(~100 minutes/week) also show reductions in waist circumference in the order of 2 cm 

(178, 179), whereas studies that prescribe more than the recommendations (~450 

minutes/week) show substantially larger reductions in waist circumference in the order of 

6 cm (11, 12).  It is difficult to infer from these studies that the magnitude of the waist 

circumference reduction is dependent upon the exercise time or energy expenditure 

prescribed as these studies differed in terms of the exercise intensity (40 to 80% VO2max), 

length of the intervention (2 to 12 months), study cohort characteristics (men vs women, 

younger vs older, T2D vs no T2D, etc.), exercise modality (walking, biking, etc.) or 

increased dietary intake (168, 174); all of which would influence the exercise energy 
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expenditure, net energy balance and ultimately the expected reduction in waist 

circumference.  No study to date has simultaneously examined the influence of multiple 

exercise doses (ie. energy expenditure) alone on reductions in abdominal obesity using a 

rigorously controlling study design.   

We examined the influence of exercise dose (energy expenditure) at 50% below, 

50% above and at the current exercise recommendations of the U.S. Public Health 

Service (15), and tested the hypothesis that the postmenopausal women would reduce 

waist circumference with increasing exercise energy expenditure in a dose-dependent 

manner.  
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RESEARCH DESIGN AND METHODS  

Subject Criteria 

Subjects included a sample of 424 sedentary, postmenopausal women aged 45-75 

years of age, initially recruited for participation in a 6-month exercise intervention study 

conducted at the Cooper Clinic in Dallas, Texas.  The details of this intervention have 

been described previously (232).  Postmenopausal status was defined as no natural 

menses for 2 years and a serum follicle stimulating hormone level >40mIU/ml.  Hormone 

replacement therapy was allowed if the subject had been on a stable dose for at least 6 

months.  Inclusion criteria required that the subjects be moderately overweight or obese 

(body mass index of 25 to 34.9 kg/m
2
).  Exclusion criteria included persons with history 

of diabetes mellitus, hyperlipidemia (total cholesterol ≥240 mg/dl and LDL-C ≥160 

mg/dl, or triglycerides >300), cardiovascular disease, stroke, cancer, Stage II or III 

hypertension or recent excessive weight loss.  Subjects taking medication to treat 

hypertension were also excluded.  All subjects gave their informed written consent prior 

to participation according to the ethical guidelines of The Cooper Institute Institutional 

Review Board, and the study was reviewed and approved annually.  

 

Clinical Examination 

During the 2 to 3 week pre-randomization period, study participants completed a 

series of screenings and assessments wherein all baseline measures were taken.  The 

assessments included several questionnaires on demographic factors, medical history, and 

health habits (alcohol use, cigarette smoking habits, physical activity, and medication 

use), anthropometric and blood pressure measurements, blood chemistry analyses, resting 
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ECG, standardized maximal exercise tests and a general physical examination.  Body 

weight and height were measured using a standard physician’s scale and stadiometer and 

body mass index was calculated (weight in kilograms / height in meters squared).  Waist 

circumference was measured at the level of the umbilicus.  All assessments were 

conducted by trained personnel who were blinded to group assignment. 

 

 CT Assessment  

Axial images of the abdominal and thigh region were obtained using an electron 

beam computed tomography on a subset of 87 women, beginning partway through the 

study (CT, Imatron, General Electric, Milwaukee, WI) using a standard protocol (213).  

Subjects were examined in a supine position with their arms extended above their heads.  

Approximately 40 contiguous transverse images (6 mm thickness) were acquired in the 

abdomen spanning from the mid-region of the iliac crest to the caudal region of the heart.  

Similarly, 50 contiguous images were acquired in the thigh region beginning just distal to 

the patella to approximately 18 cm above the patella. Images were obtained using 130 kV 

and 630 mA with a 48 cm field of view and a 512 x 512 matrix.  The CT data obtained in 

Dallas was transferred electronically to the laboratory in Kingston for analysis using 

specially designed image analysis software (Tomovision, Inc., Montreal, Canada).  To 

minimize bias, one technician conducted all images analyses while blinded to group 

assignment. 

Abdominal AT areas (cm
2
) were computed using an attenuation range of –190 to -

30 HU (233).  Visceral AT was determined by delineating the intra-abdominal cavity at 

the innermost aspect of the abdominal and oblique wall musculature and the posterior 
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aspect of the vertebral body.  Abdominal subcutaneous AT area was defined as the area 

of adipose tissue between the skin and the outermost aspect of the abdominal muscle wall.  

Abdominal AT volumes (cm
3
) were determined from approximately 21 contiguous 

images from L1 to L5, which was the largest region available for all subjects pre and post 

intervention.  The volume (cm
3
) of AT was calculated as the sum of all partial AT tissue 

volumes (cm
3
) within the region bordered by L1 and L5. 

Liver fat was determined using the ratio of the liver to spleen attenuation values 

(CTL/CTS) (130, 140).  CTL and CTS were calculated using the average attenuation 

value of all the pixels within each organ.  The borders of the organs were identified 

manually using specialized imaging software (Tomovision, Inc., Montreal, Canada) and 

procedures which are described in detail elsewhere (234).  To facilitate understanding, 

Liver Fat Scores (LFS) were calculated by taking the inverse of CTLCTS (1/CTLCTS), 

to create a positive relationship between LFS and liver fat. 

Thigh tissue composition was determined using the mean attenuation values of 

the muscle at the mid-thigh using 11 contiguous images spanning from 12 to 18 cm 

proximal to the patella.  Skeletal muscle attenuation in the thigh was defined for each 

subject as the mean attenuation value from all pixels within the range of 0-100 HU (235, 

236).  Skeletal muscle was subdivided into the low- and high-density muscle.  Low-

density muscle was defined as muscle within the range of 0-30 HU, and high-density 

muscle was defined as muscle within the range of 31-100 HU.  As lipid is characterized 

by negative attenuation values, mean muscle attenuation is negatively correlated with 

muscle lipid content.  These methods have been validated and previously described 

elsewhere (109).  The test-retest coefficient of variation for two CT scans is <1% (109).   
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Skeletal muscle and adipose tissue volumes (liters) were converted to mass units 

(kg) by multiplying the volumes by the assumed constant density for skeletal muscle 

(1.04 kg/L) and fat (0.92 kg/L) (237). 

 

Maximal Oxygen Uptake Measurements 

Cardiorespiratory fitness was assessed using a graded maximal cycle protocol 

using a Sensormedics Ergo-Metrics 800S cycle ergometer.  Peak oxygen uptake was 

calculated as the average of the peak oxygen uptake from two maximal exercise tests, 

measured before and after the intervention using a Sensormedics 2900 Metabolic 

Measurement Cart.  On average, the tests were separated 6.0 ± 4.5 days prior to the 

intervention, and 5.4 ± 4.3 days after the intervention. 

 

Exercise Intervention   

After the 2-3 week run-in period, the women were randomly assigned to a control 

group or one of three exercise groups that differed in energy expenditure for 6-months.  

The intervention has been described previously (232).  Briefly, the women exercised 3 to 

4 times per week at a target training intensity of 50% of VO2max.   We estimated that in 

this population, moderate intensity exercise (50% VO2max) for 30 minutes, 5 days a week 

translates to approximately 8 kcal/kg body weight/week (238, 239).  As such, the exercise 

groups expended 4-, 8- or 12-kcal/kg body weight/week over the intervention alternating 

training sessions on a cycle ergometer and treadmill.  All exercise sessions were by 

appointment and performed under the supervision of trained personnel at the Cooper 
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Institute.  Successful adherence was defined as completing 90% of the total amount of 

exercise energy expenditure prescribed. 

 

Statistical Analysis  

Group data are presented as means ± SD.  Age, anthropometric measures, 

cardiorespiratory fitness, abdominal AT, skeletal muscle variables, and liver fat were 

entered in the model as continuous covariates.  Ethnicity and hormone replacement use 

was entered in the model as categorical covariates.  Baseline group differences in age, 

adiposity and fitness were assessed using a one-way analysis of variance.  Analyses of 

continuous outcome measures were assessed using ANCOVA models of the 6-month 

scores adjusted for baseline values, with and without control for age, ethnicity and 

hormone replacement therapy.  Treatment effects were summarized as least-square 

adjusted means.  Analyses of dose-response trends were based on ordinary least-square 

regression of endpoints across the three exercise groups.  All statistical analyses were 

performed using SAS v9. 
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RESULTS 

 Subject characteristics are shown in Table 1 + 2.  There were no between group 

differences for any of the baseline characteristics in the full sample and sub-sample 

(P>0.05).   

 

Changes in Waist Circumference, Waist-to-Hip Ratio and Body Weight  

 Analysis of the total sample (n = 424) revealed a significant reduction in waist 

circumference in the exercise groups relative to control (P<0.05), with no differences 

between the exercise groups (P>0.10, Figure 1a).  Conversely, there were no significant 

reductions in hip circumference, waist-to-hip ratio or body weight (P >0.10, Figure 

1b+c).  Further, the reduction in waist circumference remained significant independent of 

changes in body weight (P <0.05).  In the sub-sample (n=87), changes in waist 

circumference, hip circumference, waist-to-hip ratio and body weight did not reach 

statistical significance (P >0.10). 

 

Changes in the CT Measures 

In the sub-sample (n = 87), there were no significant group differences in any of 

the CT measures (visceral fat, abdominal subcutaneous fat, liver fat, thigh skeletal muscle 

mass or composition or thigh subcutaneous fat) (Figure 2 and Table 3).  These 

observations remained true independent of age, ethnicity or hormone replacement use.   
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DISCUSSION 

 The primary finding of this study is that physical activity performed at or 50% 

below or above the current guidelines for attaining health benefits is associated with 

significant reductions in waist circumference independent of weight loss.  However, the 

exercise-induced reduction in waist circumference was not dose dependent.   

Waist circumference is a powerful predictor of morbidity (9, 203, 204) and 

mortality (110, 156, 230, 231), and thus it is important to develop effective therapeutic 

strategies for reducing waist circumference.  Consistent with previous observations (11, 

12, 24, 163), we report that modest levels of physical activity is associated with 

significant reductions in abdominal obesity independent of weight loss. This has 

important clinical implications when one considers that this intervention would have been 

considered a failure had BMI or body weight been the sole indicator treatment success.  

Indeed, body weight alone was insensitive to significant reduction in abdominal obesity.  

This finding is particularly important for individuals who are resistant to weight loss, as 

reductions in waist circumference may provide additional motivation and positive 

reinforcement.  These observations emphasize the importance of acquiring measures of 

waist circumference when determining the efficacy of treatment strategies designed to 

manage obesity. 

In accordance with previous studies (174, 178), we did not observe a significant 

change in WHR despite significant reductions in waist circumference.  Although WHR is 

a strong predictor of morbidity (7, 240) and mortality (240), WHR is limited in its utility 

to assess change in abdominal obesity because obesity reduction is generally associated 

with simultaneous reductions in waist and hip circumference and hence, no change in 
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WHR  (35, 228, 241, 242).  Thus waist circumference alone is superior to WHR when 

determining the efficacy of strategies designed to reduce obesity (35, 228, 242) and 

related co-morbid conditions (243).  

Although it is established that exercise is associated with corresponding decreases 

in abdominal obesity (11, 12, 24, 244), absent are studies that systematically examine the 

influence of exercise dose (energy expenditure) on reductions in abdominal obesity in the 

absence of dietary modification. In this study we did not observe the expected dose 

response relationship between reductions in waist circumference and exercise energy 

expenditure.  Indeed, the reductions in waist circumference across the exercise groups 

were not different (~2 to 3 cm) despite careful control to ensure frank differences in 

exercise energy expenditure (311 to 843 kcal/week) between the groups over the duration 

of the study.  Although we had excellent compliance to the exercise intervention, there 

was substantial inter-individual variation in the waist circumference response with 

exercise observed within each group.  This agrees with Slentz et al. (174), who did not 

observe a difference between low and high doses of vigorous physical activity (12 vs. 20 

miles/wk at 65-80% VO2peak) on waist circumference or visceral adiposity.  However, this 

study may have been confounded because subjects were instructed to maintain their body 

weight.  In this study, it is unclear whether individuals in the group with the highest 

exercise dose (12-kcal/kg/wk) increased their caloric intake and/or whether the lowest 

exercise dose decreased their caloric intake.  Alternatively, it is also plausible that 

individuals in the highest exercise dose had compensatory decreases in their energy 

expenditure throughout the rest of the day, thus negating their exercise energy 

expenditure (245, 246).   
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In this study exercise was not associated with changes in visceral fat, or fat 

deposition within the liver, pancreas or muscle.  We were likely limited by sample size in 

the sub-sample as reductions in waist circumference did not reach statistical significance 

despite similar magnitudes of change compared to the full cohort.  Post hoc analyses 

revealed that in order to achieve 80% power at least 16 to subjects per group (only 11 in 

the control group) would be required to achieve statistical significance.  Although the 

independent contribution of these fat depots in the development of disease is unclear, these 

fat depots have been associated with insulin resistance (11, 12, 93, 99, 111), dyslipidemia 

(93, 96) and hypertension (93).  Previous studies (174-176, 190) that have prescribed 75 to 

225 minutes/week of physical activity generally report only modest if any reductions in 

visceral fat (~6 to 7%) (174, 175).  The efficacy of exercise training as a treatment strategy 

for liver, pancreas or muscle fat infiltration and related morbidities, without modifications 

to dietary intake is less clear as there are only a few studies to date that have examined this 

issue with mixed results (185, 247).  Clearly additional research is required to define the 

dose-response relationship between exercise (energy expenditure or intensity) and these 

fat depots.  

Limitations of this study warrant mention.  First, these observations are only 

applicable to relatively younger postmenopausal who underwent a stringent supervised 

exercise intervention with very high compliance.  Although we did not control for 

changes in dietary habits over the course of the study, all groups received the same 

dietary counseling, and thus the effect should be consistent across all groups.  Second, in 

this study we differentiated exercise doses by modifying energy expenditure at a 

moderate intensity.  Unknown is whether we would have observed a dose-response 
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relationship had we used a higher exercise intensity or a larger range of exercise energy 

expenditures.  Further, it is unclear whether there is a dose-response relationship across 

exercise intensities if energy expenditure or time held constant.  Clearly, more work is 

needed to further define the dose response relationship between exercise and reductions 

in abdominal obesity, visceral fat, and other fat depots.   

In conclusion, modest levels of physical activity consistent with current 

guidelines for obtaining health benefit across a wide range of health outcomes, is also 

associated with modest reductions in waist circumference independent of weight loss.  

Although the exercise-induced reduction in waist circumference was not dose dependent, 

our findings suggest physical activity levels that are half the current recommendations 

may be useful for management of abdominal obesity. 
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Table 1: Baseline Subject Characteristics for the Entire Cohort 

 Control 4 kcal/kg/week 8 kcal/kg/week 12 kcal/kg/week 

N  94 145 89 96 

Age (y)  57.2 ± 5.9 58.0 ± 6.5 56.8 ± 6.6 56.7 ± 6.5 

Weight (kg)  86.0 ± 12.5 83.7 ± 11.4 85.4 ± 12.8 83.4 ± 11.2 

BMI (kg/m
2
)  32.2 ± 3.9 31.5 ± 3.7 32.3 ± 4.1 31.1 ± 3.5 

Waist (cm)  102.7 ± 12.0 100.2 ± 11.1 102.2 ± 11.9 99.1 ± 11.2 

Waist-to-Hip Ratio 0.88 ± 0.08 0.88 ± 0.07 0.88 ± 0.07 0.87 ± 0.08 

VO2peak (L/min)  1.32 ± 0.29 1.28 ± 0.25 1.25 ± 0.25 1.32 ± 0.25 

Exercise EE (kcal) *   7471 ± 1892 15024 ± 2418 20224 ± 3377 

 

Values are presented as mean ± SD.  No significant baseline differences (P>0.05).   

* Exercise Energy Expenditure (EE) significantly different between groups (P <0.01).  
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Table 2: Baseline Subject Characteristics for the Sub-Sample with CT Data 

 Control 4 kcal/kg/week 8 kcal/kg/week 12 kcal/kg/week 

N – Sub-sample 11 28 19 29 

Age (y)  57.1 ± 4.7 58.8 ± 6.9 58.5 ± 6.2 58.1 ± 6.3 

BMI (kg/m
2
) 32.1 ± 4.2 31.8 ± 3.8 32.2 ± 3.9 30.7 ± 3.3 

Waist (cm) 103.0 ± 15.2 102.4 ± 11.4 101.4 ± 10.4 102.6 ± 9.8 

Waist-to-Hip Ratio 0.86 ± 0.11 0.87 ± 0.07 0.88 ± 0.08 0.89 ± 0.09 

Exercise EE (kcal) *   8105 ± 1172 15420 ± 1917 19572± 3273 

CT Data         

Visceral AT (kg) 1.49 ± 0.59 1.66 ± 0.75 1.56 ± 0.54 1.81 ± 0.64 

Visceral AT @ L4-L5 (cm
2
) 143.2 ± 62.2 148.4 ± 61.1 142.2 ± 48.7 163.2 ± 50.7 

ASAT (kg) 3.84 ± 1.33 3.98 ± 1.17 3.63 ± 0.81 3.76 ± 1.18 

ASAT @ L4-L5 (cm
2
) 428.4 ± 152.4 465.2 ± 146.8 406.9 ± 102.5 420.5 ± 108.3 

Liver Fat Score 0.92 ± 0.49 0.88 ± 0.35 0.83 ± 0.23 0.81 ± 0.18 

Liver Attenuation (HU) 58.5 ± 16.1 57.6 ± 14.5 58.2 ± 11.5 60.0 ± 10.4 

Pancreas Attenuation (HU) 48.1 ± 6.2 43.8 ± 11.2 44.0 ± 10.6 44.0 ± 11.2 

Thigh SAT (kg) 1.72 ± 0.40 1.69 ± 0.42 1.72 ± 0.48 1.66 ± 0.44 

Thigh Muscle (kg) 1.36 ± 0.22 1.33 ± 0.23 1.34 ± 0.19 1.25 ± 0.15 

Thigh LDM (kg) 0.26 ± 0.07 0.23 ± 0.05 0.23 ± 0.07 0.22 ± 0.05 

Thigh HDM (kg) 1.11 ± 0.18 1.10 ± 0.22 1.10 ± 0.17 1.03 ± 0.16 

Thigh Muscle (HU) 53.6 ± 4.3 54.2 ± 3.8 54.4 ± 4.4 53.8 ± 3.8 

 

Values are presented as mean ± SD.  No significant baseline differences (P>0.05).   

* Exercise Energy Expenditure (EE) significantly different between groups (P <0.01).  

AT – Adipose Tissue; ASAT – Abdominal Subcutaneous AT; LDM – Low Density 

Muscle; HDM – High Density Muscle;
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Table 3: Changes in Subject Characteristics in the Sub-Sample with CT Data 

 Control 4 kcal/kg/week 8 kcal/kg/week 12 kcal/kg/week 

Weight (kg) -1.0 ± 3.0 -1.6 ± 4.0 -2.8 ± 4.4 -1.3 ± 2.8 

Waist (cm) 2.9 ± 7.7 -2.6 ± 7.3 -0.6 ± 7.0 -2.9 ± 8.0 

Waist-to-Hip Ratio 0.06 ± 0.07 -0.01 ± 0.07 0.00 ± 0.08 -0.01 ± 0.09 

CT Data         

Visceral AT (kg) 0.05 ± 0.18 -0.04 ± 0.20 -0.04 ± 0.18 -0.02 ± 0.19 

ASAT (kg) -0.03 ± 0.51 -0.14 ± 0.34 -0.13 ± 0.36 -0.05 ± 0.30 

Liver Attenuation (HU) -2.90 ± 7.00 0.60 ± 6.33 1.60 ± 7.32 0.79 ± 6.39 

Pancreas Attenuation (HU) -2.66 ± 6.07 1.17 ± 5.43 1.70 ± 4.82 0.25 ± 7.55 

Thigh LDM (kg) 0.01 ± 0.04 -0.01 ± 0.04 0.01 ± 0.06 0.00 ± 0.04 

Thigh HDM (kg) 0.00 ± 0.05 0.01 ± 0.05 0.02 ± 0.08 0.02 ± 0.07 

 

Values are presented as mean ± SD.  No significant effect of exercise as compared to the 

control group (P >0.05).   
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Figure 1:  Changes in anthropometric variables in response to 6 months of exercise 

training in postmenopausal women 

Control 4 kcal/kg/wk 8 kcal/kg/wk         12 kcal/kg/wk

(75 min/wk)                  (150 min/wk)               (225 min/wk)
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Change scores presented are least squared adjusted means ± SE, controlled for baseline 

values. N = 424.  * Significant difference from control (P <0.05). 
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Figure 2:  Changes in CT Variables in response to 6 months of exercise training  

Control 4 kcal/kg/wk 8 kcal/kg/wk         12 kcal/kg/wk

(75 min/wk)                  (150 min/wk)               (225 min/wk)
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Chapter 7.  General Discussion 

With the rising prevalence of obesity worldwide, the proportion of people with 

obesity related metabolic diseases such as type 2 diabetes and cardiovascular disease has 

also risen.  Zimmet et al. (248) estimated in 2001 that the number of individuals with type 

2 diabetes will increase from 151 million in the year 2000 to 221 million in the year 2010.  

However, latest estimates from the International Diabetes Federation suggest that the 

number of individuals with type 2 diabetes has already reached 246 million this year 

(249).  The increases in the prevalence of obesity related diseases have resulted in large 

economic consequences as well.  In 2001, the direct and indirect costs of obesity were 

estimated to be ~4.3 billion dollars in Canada (250).  In the United States obesity 

attributable expenditures are estimated to be a staggering 75 billion dollars annually, ~6% 

of all adult medical expenditures (251).  Clearly, this is a very serious problem that must 

be addressed by developing clinical tools that can better identify individuals at risk for 

obesity-related metabolic disease, and treatment strategies designed at improving 

metabolic risk or disease outcomes. 

It is clear that abdominal obesity, as assessed by waist circumference, is a strong 

predictor of morbidity (5-7) and mortality (8).  The association between waist 

circumference and health risk may be explained by its’ corresponding association with 

abdominal subcutaneous and/or visceral AT.  However, factors that influence the 

association between waist circumference and visceral adiposity may limit the ability of 

waist circumference to discern differences in health risk.  For example, age-related 

changes in abdominal fat distribution are associated with increases in visceral AT that 

may not be apparent through measures of waist circumference.  As clinical measures of 
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visceral AT are not readily available, future research should examine whether these 

changes in the association between waist circumference and visceral AT influence the 

interpretation of health risk for a given waist circumference, and accordingly, the need for 

the development of age-specific waist circumference guidelines.  There is also no 

accepted measurement landmark for measuring waist circumference, despite the 

substantial evidence reinforcing the importance of measuring waist circumference in 

predicting health risk.  Currently, Health Canada (252) and the World Health 

Organization (253) advocate the measurement of waist circumference at the midpoint 

between the last rib and the iliac crest, whereas the National Institutes of Health (NIH) in 

the United States recommend using the top of the iliac crest (254).  There are substantial 

differences in the absolute waist circumference value obtained at different landmarks in 

women (~4.5 cm), and to a lesser degree in men (~1.0 cm) (197).  It is unclear how 

differences in measurement landmark impact the optimal waist circumference cut-off 

values that should be used to delineate increased risk.  Although measures of waist 

circumferences at different landmarks tend to be highly correlated (197), there is evidence 

to suggest that as with visceral AT, the landmark used for measuring waist circumference 

may also influence its association with health risk (255, 256).   

In addition to ambiguity as to the optimal landmark, the optimal method for 

incorporating waist circumference into clinical practice is also unclear.  It is suggested 

that not all individuals with an elevated waist circumference are at increased health risk 

(257, 258).  Indeed, Katzmarzyk et al. (257) report that individuals who present with a 

waist circumference greater than the NIH cut-offs (Men: 102 cm, Women: 88 cm) but 

have less than two metabolic risk factors for the metabolic syndrome, are not at increased 
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risk for all-cause or CVD mortality.  However, only 6% of men and 9% of women who 

are abdominally obese, are also free of other traditional metabolic risk factors (258).  

Currently, the optimal usage of waist circumference alone or in conjunction with other 

clinical measures is unclear.  It is suggested that waist circumference in conjunction with 

fasting triglycerides may provide a simple, but clinically useful tool for the identification 

of individuals at risk for metabolic consequences (259).  However, much of this work has 

been conducted in Caucasian populations, and whether these cut-off values and 

associations with health risk remain valid in non-Caucasian populations is less known.  

Clearly more work is needed to refine and clarify how waist circumference should be 

used in clinical practice.  

Despite the large body of evidence demonstrating the deleterious effects of 

abdominal obesity, this notion is largely unknown to the general public (260).  Moreover, 

the measurement of waist circumference is infrequent in primary care (260, 261).  Recent 

evidence from the Shape of the Nations Survey suggests that from 2005 to 2006, there 

has been a dramatic 50% increase in the number of physicians measuring waist in clinical 

practice (260).  However, although 81% of physicians reporting that they measure waist 

circumference, only a third of at risk patients report having their waist circumference 

measured by their physician (262).  These numbers are more in line with the data 

reported by Carson (261) who reports that less than a quarter of medical students measure 

waist circumference despite being educated about the importance of measuring waist, and 

being given a measuring tape.  Clearly, much work needs to be done in order to translate 

scientific knowledge into medical practice.   
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As with waist circumference, visceral AT is currently measured using various 

protocols at various landmarks.  Although L4-L5 is the most commonly used landmark 

for assessing visceral adiposity, the findings from this thesis and other recent evidence 

(263) demonstrate that L4-L5 is unlikely to be the most optimal landmark for assessing 

the association between visceral AT and metabolic risk.  Further, it appears that the 

optimal landmark for assessing visceral AT and related health risk may differ between 

men and women (263).  Future research is still needed to determine whether racial 

differences also exist, and whether these differences are large enough to warrant 

alterations in the measurement protocol used for the assessment of visceral AT in clinical 

trials.  Despite the limitations associated with assessing visceral AT at L4-L5, the 

majority of studies that have measured visceral AT at L4-L5 report that visceral AT is an 

independent correlate of health risk.  Nevertheless, it is plausible that the true importance 

of visceral adiposity has currently been diminished to measurement landmark, as not all 

studies report a significant association between visceral AT and health risk (20, 93).  

Further, it is as of yet unclear whether visceral AT is a predictor of morbidity and 

mortality independent of traditional or other emerging risk factors (19, 20, 65).   

The final study in this thesis examined the association between exercise dose and 

reductions in abdominal obesity.  It is established that modest doses of physical activity 

(ie. 30 minutes on all or most days of the week (15)) is sufficient for attaining health 

benefits.  Further, numerous studies have reported that exercise is associated with a 

reduction in waist circumference and visceral AT (10-14).  In spite of the wealth of 

literature pointing to the importance of both physical inactivity and abdominal obesity in 

predicting health risk, little is known about the inter-relationship between increases in 
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physical activity and reductions in abdominal obesity.  The findings from this thesis 

provides some of the first evidence that even very modest amounts of physical activity 

below the current guidelines for health is associated with improvements in abdominal 

obesity.  However, exercise doses at, or 50% above the recommendations are not 

associated with further reductions in waist circumference.  Further, these exercise doses 

were not associated with changes in body weight, and thus reinforce the importance of 

regular physical activity as a treatment strategy for abdominal obesity, and the 

importance of acquiring measures of waist circumference when examining strategies 

targeting obesity reduction.  These findings also should be particularly encouraging for 

individuals who are resistant to weight loss, as reductions in waist circumference may 

provide additional motivation and positive reinforcement.  Although exercise is an 

efficacious treatment for obesity reduction, many studies show a high recidivism among 

those who engage in physical activity to reduce obesity (264).  Data from the National 

Weight Registry reinforce the notion that physical activity needs to be an integral part in 

the lifestyle of previously obese individuals (265).  However, the question of the exercise 

dose required in order to maintain or induce obesity reduction, and the differences in the 

interventions required for these stages of change is largely unknown and requires further 

investigation.  
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Summary and Conclusions   

 In conclusion, abdominal obesity and physical inactivity are both associated with 

deleterious health outcomes.  Given the high prevalence of each, attention should be 

given to developing therapeutic interventions targeted at reducing these risk factors.  As 

even modest amounts of physical activity are associated with reductions in abdominal 

obesity and improvements in health risk, physical activity should be included in 

therapeutic interventions directed at treating obesity and obesity-related metabolic 

disorders.  However, it is clear that there is much work yet to be done to clarify the 

optimal cut-offs, the optimal measurement landmarks and how waist circumference 

should be used in clinical practice.  Moreover, it is important to examine ways to 

convince health practitioners, and educate the general population on the importance of 

measuring waist circumference, and preventing abdominal obesity and related morbidity.
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Appendix A:  Determination of Sample Size and Statistical Power  
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Study #1 - Waist circumference and abdominal adipose tissue distribution: influence of age 

and sex 

 In this study, we wanted to examine differences in the slopes of the association between 

visceral fat and waist circumference between genders and between older versus younger adults.  

If we assume standardized β coefficients similar to what we have previously reported in men and 

women (β = 0.08 and 0.04 respectively (228)), we would have a statistical power of 0.60 to detect 

a significant (P <0.05) interaction in the slopes (266) in 400 men and women. 

 

Study #2 - Does Measurement Site for Visceral and Abdominal Subcutaneous Adipose 

Tissue Alter Associations With the Metabolic Syndrome? 

 A sample size formula for a two-sample t-test can be used to calculate the required 

sample size for simple logistic regression models with continuous covariates (267).  Based on a 

previous study in our lab (54),
 
the standard deviation of visceral AT in a similar population of 

men was ~60 cm
2
.   In studies investigating visceral AT and metabolic risk report a 50 cm

2
 

difference in VAT between those with or without the metabolic syndrome (268) and a 27 cm
2
 

difference between men with normal glucose tolerance and type 2 diabetes (269).  Thus, if we 

assume a difference of 50 cm
2
 and a variance of 65 cm

2 
between men with and without the 

metabolic syndrome, a power calculation assuming a significance value of 5% would have a 

statistical power of 0.77 to see group differences if we have 14 subjects with the metabolic 

syndrome and 71 without (effective sample size of n=24) (270). 
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Study # 3 - Mortality Study:  

 This is a preliminary study investigating the relationship between these various adipose 

tissue depots and mortality we are uncertain what the expected differences between groups would 

be.  Using a similar approach as study #2, assuming a conservative difference between the 

decedents and controls of 20 cm
2
 and a variance of 65 cm

2
, a power calculation assuming a 

significance value of 5% would have a statistical power of 0.86 to see group differences if we 

have 97 decedent and 184 controls (270). 

 

Study # 4 – Dose Response to Aerobic Exercise on Adiposity and Metabolic Risk in 

Postmenopausal Women: 

 As this is a subsidiary study, all power calculations were made for the two primary 

outcome measures (VO2max and SBP) of the main research study.  All power calculations assumed 

the treatment effects to be tested at a 5% significance level.  It was determined that adequate 

power would be achieved with 150, 100, and 100 women exercising in the 4, 8 and 12 kcal/kg/wk 

exercise groups, and with 100 women in the control group.  Power calculations based on the 

anticipated increases in VO2max of 7%, 12%, and 15% in the 4, 8 and 12 kcal/kg/wk exercise 

groups, respectively, results in statistical power of 0.85, 0.99 and 0.99, respectively, to see 

significant increases in VO2max as compared to the control group.  Similarly, the anticipated 

reductions in SBP of 5, 7 and 9 mmHg in the 4, 8 and 12 kcal/kg/wk exercise groups, respectively, 

results in statistical power of 0.84, 0.98 and 0.99, respectively, to see significant increases in SBP 

as compared to the control group. The test for a significant dose-response trend across the three 

exercise groups has power of 0.85.  

Post hoc power analyses revealed that in order to achieve significance at 5% and 

80% power, at least 16 subjects per group (only 11 in the control group) would have been 

required to achieve statistical significance for visceral fat change relative to control.  In 
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terms of our major outcome variable, waist circumference analyses in the full sample had 

a power of 91%.
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Appendix B:  Anthropometric Data Collection Form – Queen’s University 
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Anthropometric Da ta  Collection Form Page 1

Subject Name:

Dates: BIA Time:

Tester:  

Anthro Time:

BIA Weight (kg):

RJL Impedance R: Leg Torso Arm Whole R_____ L_____

Xc: Leg Torso Arm Whole R_____ L_____

Tanita Leg-Leg   Impedance (Z) Body Weight TBW % Fat

    (TBF-305)

Tanita Segmental RF-LF RH-LH RH-RF LH-LF

RL LL RA LA

Anthro Weight (kg):

Stand. Height (cm): Arm Length (cm):

Sitting Height (cm): Acromion Height (cm):

Skinfolds (mm) 1 2 3 mean

Subscapular

Tricep

Bicep

Mid-Axillary

Iliac Crest

Abdomen

Thigh

Calf
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Page 2

Circumference Measures (cm):

1 2 mean

Chest:  _____  _____

Hip:  _____  _____

1 2 mean

Waist (standing) Last Rib:

Umb.:

Waist  (supine) Last Rib:

Umb.:

1 2 mean 1 2 mean

Bicep: Right:  ______  ______  ______ Left:  ______  ______  ______

Forearm: Right:  ______  ______  ______ Left:  ______  ______  ______

Thigh: Proximal Right:  ______  ______  ______ Left:  ______  ______  ______

Medial Right:  ______  ______  ______ Left:  ______  ______  ______

Distal Right:  ______  ______  ______ Left:  ______  ______  ______

Calf: Right:  ______  ______  ______ Left:  ______  ______  ______

Saggital Diameters (cm): 1 2 mean

Standing Last rib

Umb

Supine Last rib

Umb
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Appendix C:  Electron Beam Computerized Tomography Scan Consent Form in 

Accordance with the Ethical Guidelines of The Cooper Institute Institutional Review Board
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Appendix D: Aerobics Center Longitudinal Study Self-Report Questionnaire  
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Appendix E: DREW Consent Form – The Cooper Institute 
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Appendix F: DREW Electron Beam Tomography Disclosure and Consent Form – 

The Cooper Institute 
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Appendix G: Letter to DREW Participants Regarding Randomization – The Cooper 

Institute 
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Appendix H: DREW Data Acquisition Timeline Form – The Cooper Institute 
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Appendix I: DREW Anthropometric Data Form – The Cooper Institute 
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Appendix J: DREW Maximal Oxygen Uptake Test Form – The Cooper Institute 
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Appendix K: DREW Intervention Exercise Log – The Cooper Institute 
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Appendix L: Examples of Statistical Analyses Used in Manuscript 1 to 4  
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Example of a Multiple Linear Regression with Interaction Variables in SAS Used in 

Manuscript 1 

 
 

PROC GLM DATA=SM_FAT; 
WHERE GROUP=2 AND BMI<40 OR GROUP=3 AND BMI<40; 
MODEL VATwt = G3 WAISTLR G3WC AGE G3*AGE AGE*WAISTLR G3*AGE*WAISTLR; 
RUN; 
 
Note: Group 2 = Premenopausal Women, Group 3 = Postmenopausal Women, 

WaistLR = Waist Circumference measured at the last rib. 
 
                                         The GLM Procedure                                         The GLM Procedure                                         The GLM Procedure                                         The GLM Procedure    

Dependent Variable: VATwtDependent Variable: VATwtDependent Variable: VATwtDependent Variable: VATwt    

                                                Sum of                                                Sum of                                                Sum of                                                Sum of    

        Source                      DF         Squares             Source                      DF         Squares             Source                      DF         Squares             Source                      DF         Squares     Mean Square    F Value    Pr > FMean Square    F Value    Pr > FMean Square    F Value    Pr > FMean Square    F Value    Pr > F    

        Model                        7     199.3209522      28.4744217      92.92    <.0001 

        Error                      242      74.1566401       0.3064324 

        Corrected Total            249     273.4775923 

 

                                     R                     R                     R                     R----Square     Coeff Var      Root MSE    VATwt MeanSquare     Coeff Var      Root MSE    VATwt MeanSquare     Coeff Var      Root MSE    VATwt MeanSquare     Coeff Var      Root MSE    VATwt Mean    

                         0.728838      35.49684      0.553563      1.559472 

 

        Source                      DF       Type I SS     Mean Square    F Value    Pr > F        Source                      DF       Type I SS     Mean Square    F Value    Pr > F        Source                      DF       Type I SS     Mean Square    F Value    Pr > F        Source                      DF       Type I SS     Mean Square    F Value    Pr > F    

        G3                           1       2.7236015       2.7236015       8.89    0.0032 

        WAISTLR                      1     185.7930115     185.7930115     606.31    <.0001 

        G3WC                         1       1.6886420       1.6886420       5.51    0.0197 

        AGE                          1       2.6729035       2.6729035       8.72    0.0035 

        G3*AGE                       1       2.1694708       2.1694708       7.08    0.0083 

        WAISTLR*AGE                  1       2.3072744       2.3072744       7.53    0.0065 

        G3*WAISTLR*AGE               1       1.9660484       1.9660484       6.42    0.0119 

 

        Source                      DF     Type III SS     Mean Square    F Value    Pr > F        Source                      DF     Type III SS     Mean Square    F Value    Pr > F        Source                      DF     Type III SS     Mean Square    F Value    Pr > F        Source                      DF     Type III SS     Mean Square    F Value    Pr > F    

        G3                           1      1.14216673      1.14216673       3.73    0.0547 

        WAISTLR                      1      0.03196831      0.03196831       0.10    0.7470 

        G3WC                         1      1.53610634      1.53610634       5.01    0.0261 

        AGE                          1      2.65242695      2.65242695       8.66    0.0036 

        G3*AGE                       1      1.45271644      1.45271644       4.74    0.0304 

        WAISTLR*AGE                  1      4.01745953      4.01745953      13.11    0.0004 

        G3*WAISTLR*AGE               1      1.96604844      1.96604844       6.42    0.0119 

 

                                                      Standard                                                      Standard                                                      Standard                                                      Standard    

               Parameter              Estimate           Error    t Value    Pr > |t|               Parameter              Estimate           Error    t Value    Pr > |t|               Parameter              Estimate           Error    t Value    Pr > |t|               Parameter              Estimate           Error    t Value    Pr > |t|    

               Intercept           0.139017401      1.19722373       0.12      0.9077 

               G3                 -8.149291419      4.22106885      -1.93      0.0547 

               WAISTLR             0.004470262      0.01384014       0.32      0.7470 

               G3WC                0.110220164      0.04922863       2.24      0.0261 

               AGE                -0.098750146      0.03356475      -2.94      0.0036 

               G3*AGE              0.148412356      0.06816273       2.18      0.0304 

               WAISTLR*AGE         0.001363717      0.00037663       3.62      0.0004 

               G3*WAISTLR*AGE     -0.001996348      0.00078815      -2.53      0.0119 

 

 

Final Equations 

 

VATPre Women (kg) = -0.14 + 0.0045(WC) - 0.099(Age) + 0.0014(Age*WC),  

VATPost Women (kg) = -8.01 + 0.115(WC) + 0.050(Age) - 0.0006(Age*WC).   
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Example of a Multiple Logistic Regression in SAS Used in Manuscript 2+3 

 
PROC LOGISTIC DESCENDING DATA=DECEDENTS; 
WHERE GENDER='M'; 
UNITS VATKG3=SD; 
MODEL GROUP = AGE RISKTIME MEAN_LIV SAT_KG VATKG3 / RL CLODDS=BOTH; 
RUN; 
 
Note: VATKG3 = visceral fat (cubed), SAT_KG = abdominal subcutaneous 

fat, RISKTIME = length of follow-up time, and MEAN_LIV = the liver fat 
measure. 

 
 
                                       The LOGISTIC Procedure                                       The LOGISTIC Procedure                                       The LOGISTIC Procedure                                       The LOGISTIC Procedure    

                                            Analysis of Maximum Likelihood Estimates                        Analysis of Maximum Likelihood Estimates                        Analysis of Maximum Likelihood Estimates                        Analysis of Maximum Likelihood Estimates    

                                               Standard          Wald                                               Standard          Wald                                               Standard          Wald                                               Standard          Wald    

                Parameter    DF    Estimate       Error    Chi                Parameter    DF    Estimate       Error    Chi                Parameter    DF    Estimate       Error    Chi                Parameter    DF    Estimate       Error    Chi----Square    Pr > ChiSqSquare    Pr > ChiSqSquare    Pr > ChiSqSquare    Pr > ChiSq    

                Intercept     1     -9.7018      2.0656       22.0615        <.0001 

                Age           1      0.1301      0.0198       43.2816        <.0001 

                RISKTIME      1      0.7252      0.1573       21.2710        <.0001 

                Mean_Liv      1     -0.0128      0.0212        0.3637        0.5465 

                SAT_KG        1     -0.0227      0.7757        0.0009        0.9766 

                VATKG3        1      0.8591      0.4086        4.4195        0.0355 

 

                                        OddsOddsOddsOdds Ratio Estimates Ratio Estimates Ratio Estimates Ratio Estimates    

                                           Point          95% Wald                                           Point          95% Wald                                           Point          95% Wald                                           Point          95% Wald    

                            Effect      Estimate      Confidence Limits                            Effect      Estimate      Confidence Limits                            Effect      Estimate      Confidence Limits                            Effect      Estimate      Confidence Limits    

                            Age            1.139       1.096       1.184 

                            RISKTIME       2.065       1.517       2.811 

                            Mean_Liv       0.987       0.947       1.029 

                            SAT_KG         0.978       0.214       4.471 

                            VATKG3         2.361       1.060       5.259 

 

                   Association of Predicted Probabilities and Observed Responses 

 

                         Percent Concordant     88.1    Somers' D    0.764 

                         Percent Discordant     11.7    Gamma        0.765 

                         Percent Tied            0.1    Tau-a        0.340 

                         Pairs                 17112    c            0.882 

 

                   Profile Likelihood Confidence Interval for Adjusted Odds Ratios                   Profile Likelihood Confidence Interval for Adjusted Odds Ratios                   Profile Likelihood Confidence Interval for Adjusted Odds Ratios                   Profile Likelihood Confidence Interval for Adjusted Odds Ratios    

                    Effect                              Effect                              Effect                              Effect           Unit     Estimate     95% Confidence Limits Unit     Estimate     95% Confidence Limits Unit     Estimate     95% Confidence Limits Unit     Estimate     95% Confidence Limits    

                    VATKG3         0.6888        1.807        1.080        3.267 

 

                         Wald Confidence Interval for Adjusted Odds Ratios                         Wald Confidence Interval for Adjusted Odds Ratios                         Wald Confidence Interval for Adjusted Odds Ratios                         Wald Confidence Interval for Adjusted Odds Ratios    

                    Effect           Unit     Estimate                    Effect           Unit     Estimate                    Effect           Unit     Estimate                    Effect           Unit     Estimate     95% Confidence Limits     95% Confidence Limits     95% Confidence Limits     95% Confidence Limits    

                    VATKG3         0.6888        1.807        1.041        3.137 
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Example of an ANCOVA in SAS Used in Manuscript 4 

 

Testing for interaction effects before conducting ANCOVA analysis.  

 

Note: WAISTCM6 is the waist measurement at follow-up, WAISTCM0 is the waist 

measurement at baseline, and GRP is the group assignment (ie. control, 4 kcal/kg/week, 

etc.) 

 
 
PROC GLM; CLASS GRP;  
MODEL WAISTCM6 = GRP WAISTCM0 GRP*WAISTCM0;  
RUN; 
 
 
 

                                         The SAS System      14:27 Thursday, February 8, 2007   1 

 

                                        The GLM Procedure 

 

                                    Class Level Information 

 

                                Class         Levels    Values 

 

                                GRP                4    1 2 3 4 

 

 

                             Number of Observations Read         436 

                             Number of Observations Used         419 

 

                                        The GLM Procedure 

 

Dependent Variable: WaistCm6   WaistCm6 

 

                                               Sum of 

       Source                      DF         Squares     Mean Square    F Value    Pr > F 

 

       Model                        7     36984.20315      5283.45759     116.27    <.0001 

 

       Error                      411     18675.98732        45.44036 

 

       Corrected Total            418     55660.19047 

 

 

                      R-Square     Coeff Var      Root MSE    WaistCm6 Mean 

 

                      0.664464      6.811451      6.740946         98.96492 

 

 

       Source                      DF       Type I SS     Mean Square    F Value    Pr > F 

 

       GRP                          3      2099.24871       699.74957      15.40    <.0001 

       WaistCm0                     1     34766.91979     34766.91979     765.11    <.0001 

       WaistCm0*GRP                 3       118.03465        39.34488       0.87    0.4588 

 

 

       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 

 

       GRP                          3       121.29438        40.43146       0.89    0.4464 

       WaistCm0                     1     34387.21017     34387.21017     756.75    <.0001 

       WaistCm0*GRP                 3       118.03465        39.34488       0.87    0.4588 
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No Significant Interaction, therefore proceed with ANCOVA adjusted least-squared 

means analyses. 
 

PROC GLM;  
CLASS GRP;  
MODEL WC_C = GRP WAISTCM0;  
MEANS GRP; LSMEANS GRP / STDERR TDIFF;  
RUN; 
 
                                         The SAS System      14:27 Thursday, February 8, 2007   3 

                                        The GLM Procedure 

                                    Class Level Information 

 

                                Class         Levels    Values 

 

                                GRP                4    1 2 3 4 

 

                             Number of Observations Read         436 

                             Number of Observations Used         419 

 

                                        The GLM Procedure 

 

Dependent Variable: WaistCm6   WaistCm6 

 

                                               Sum of 

       Source                      DF         Squares     Mean Square    F Value    Pr > F 

 

       Model                        4     36866.16850      9216.54212     203.02    <.0001 

 

       Error                      414     18794.02198        45.39619 

 

       Corrected Total            418     55660.19047 

 

 

                      R-Square     Coeff Var      Root MSE    WaistCm6 Mean 

 

                      0.662344      6.808139      6.737669         98.96492 

 

 

       Source                      DF       Type I SS     Mean Square    F Value    Pr > F 

 

       GRP                          3      2099.24871       699.74957      15.41    <.0001 

       WaistCm0                     1     34766.91979     34766.91979     765.86    <.0001 

 

 

       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 

 

       GRP                          3       701.77124       233.92375       5.15    0.0017 

       WaistCm0                     1     34766.91979     34766.91979     765.86    <.0001 

 

 

                                        The GLM Procedure 

 

      Level of             -----------WaistCm6----------     -----------WaistCm0---------- 

      GRP            N             Mean          Std Dev             Mean          Std Dev 

 

      1             94       102.750106       12.2143764       102.744149       12.0395090 

      2            142        97.488028       10.3071172       100.269014       11.2405117 

      3             87        99.568851       12.2987481       102.403448       11.8109079 

      4             96        96.895833       11.0969500        99.075000       11.1863639 



 179 

                                 The SAS System      14:27 Thursday, February 8, 2007   6 

 

                                        The GLM Procedure 

                                       Least Squares Means 

 

                              WaistCm6        Standard                  LSMEAN 

                   GRP          LSMEAN           Error    Pr > |t|      Number 

 

                   1        101.360832        0.696748      <.0001           1 

                   2         98.063428        0.565795      <.0001           2 

                   3         98.450012        0.723484      <.0001           3 

                   4         98.418999        0.689860      <.0001           4 

 

 

                               Least Squares Means for Effect GRP 

                            t for H0: LSMean(i)=LSMean(j) / Pr > |t| 

 

                                  Dependent Variable: WaistCm6 

 

                  i/j              1             2             3             4 

 

                     1                    3.669064      2.903817      2.991777 

                                            0.0003        0.0039        0.0029 

                     2      -3.66906                    -0.42049       -0.3991 

                              0.0003                      0.6743        0.6900 

                     3      -2.90382       0.42049                    0.030954 

                              0.0039        0.6743                      0.9753 

                     4      -2.99178      0.399105      -0.03095 

                              0.0029        0.6900        0.9753 

 

 

NOTE: To ensure overall protection level, only probabilities associated with pre-planned 

      comparisons should be used. 

 

 

 

NOTE:  Group 1 = Control 

  Group 2 = 4 kcal/kg/week 

  Group 3 = 8 kcal/kg/week 

  Group 4 = 12 kcal/kg/week 

 

Treatment effects only different from control.  No differences between treatment effects 

on waist circumference change.
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