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Abstract
Background—Fatty liver is increasingly common in obese adolescents. We determined its
association with glucose dysregulation in 118 (37M/81F) obese adolescents of similar age and %
total fat.

Methods and Findings—Fast-MRI and simple MRI were used to quantify hepatic fat content
and abdominal fat distribution. All subjects had a standard OGTT. Insulin sensitivity was
estimated by the Matsuda Index and HOMA-IR. Baseline total and HMW-adiponectin and IL-6
levels were measured. The cohort was stratified according to tertiles of Hepatic Fat Content. While
age and %fat were comparable across tertiles, ethnicity differed in that fewer Blacks and more
Whites and Hispanics were in the Moderate and High category of HFF. Visceral and the visceral
to subcutaneous fat ratio increased and insulin sensitivity decreased across tertiles. Two hr plasma
glucose rose with increasing hepatic steatosis (p<0.008). 73.7% of the subjects in the High HFF
had the Metabolic Syndrome compared to 19.5% and 30.6% respectively in the Low and Moderate
category. Both total and HMW-adiponectin decreased, and IL-6 increased with increasing hepatic
steatosis.

Conclusion—In obese adolescents, independent of total fat, increasing severity of fatty liver is
associated with glucose dysregulation, the Metabolic Syndrome and with a pro-inflammatory
milieu.

Introduction
Ectopic fat deposition in insulin sensitive tissues such as liver and muscle strongly correlates
with insulin resistance (1). Previously, we reported that increased intramyocellular fat in
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obese adolescents was associated with impaired glucose intolerance and insulin resistance
(2). Furthermore, moderate elevation in ALT levels, a poor surrogate of fatty liver, was
found to be associated with high-normal glucose levels (3), whereas abnormal ALT levels
were reported in youngsters with type 2 diabetes (T2DM) (4), raising the question of a
potential role of fatty liver in the onset of T2DM in obese youth. Fatty liver in obese
adolescents is becoming increasingly common (5-7). Nevertheless, its role in the
dysregulation of glucose metabolism is unclear. We hypothesize that, independent of overall
obesity, the severity of hepatic steatosis will strongly affect the presence of prediabetes and
diabetes in obese adolescents. Furthermore, we determined if the balance between anti-
inflammatory markers such as total and High Molecular Weight (HMW) adiponectin and
pro-inflammatory markers like IL-6 would vary as a function of the degree of hepatic
steatosis. Using Fast-MRI we quantified intrahepatic fat content in a large multiethnic group
of obese adolescents matched for age and overall adiposity.

Methods
The Cohort

118 obese adolescents, 13 to 16 years old with a BMI-z score ranging from 2.35 to 2.5
participated in this study. All subjects were recruited from our Pediatric Obesity Clinic.
Sixty percent of the subjects were reported previously (3,8,9). To be eligible for this study,
subjects could not be on medications known to affect liver function or alter glucose or lipid
metabolism. Information related to alcohol consumption was obtained in all subjects using a
questionnaire. Autoimmune hepatitis, Wilson disease, α-1-antitrypsin deficiency, hepatitis B
and C and iron overload, were excluded with appropriate tests in subjects with persistent
elevation in ALT (>6months). The Yale University School of Medicine Human
Investigation Committee approved the study, and written informed consent and assent were
obtained.

Oral Glucose Tolerance Test (OGTT)
All subjects were invited to the Yale Center for Clinical Investigation (YCCI) at 8 a.m. after
an overnight fast (3,8). Following placement of an indwelling venous line, baseline samples
were obtained for glucose, insulin, c-peptide, lipid profile, liver enzymes, total and HMW-
adiponectin, leptin and IL-6 levels. Thereafter, a standard 3-hr OGTT was performed (3,8).
Impaired fasting glucose (IFG), impaired glucose tolerance (IGT) or combined (IFG+IGT)
was defined in accordance with the American Diabetes Association guidelines (10). Insulin
sensitivity was measured with whole body insulin sensitivity index (WBISI) using the
Matsuda Index (11,12) and the HOMA-IR (13). The insulinogenic index (IGI), was
calculated as the ratio of the increment in plasma insulin level to that in plasma glucose level
during the first 30 min after glucose ingestion (14). The Disposition Index (DI) represents
the insulin response in the context of the insulin resistant milieu. DI was calculated as the
product of WBISI and the IGI (15,16). Definition of the Metabolic Syndrome was based on
the pediatric criteria per Ford et al (17).

Fast-MRI: Liver Fat Content
Measurement of liver fat content was performed by MRI using the 2-point Dixon (2PD)
method as modified by Fishbein et al. (18) based on phase-shift imaging where Hepatic Fat
Fraction (HFF) is calculated from the signal difference between the vectors resulting from
in-phase and out-of-phase signals. Using the MRIcro software program, five regions of
interest were drawn on each image, and the mean pixel signal intensity level was recorded.
The HFF was calculated in duplicate from the mean pixel signal intensity data using the
formula: [(Sin-Sout)/(2×Sin)]×100. The imaging parameters were: matrix size = 128×256,
flip langle (α) = 30°, TR = 18 ms, TEs = 2.38/4.76 ms out-of-phase (OP) and in-phase (IP),
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respectively), bandwidth = 420 Hz/pixel, 6 averages, slice thickness = 10 mm, 1 slice, 2.3
sec/slice (for 2-points), scan time = 14 sec on a single breath-hold (19). Recent studies
indicated that T1 and T2 can introduce errors in the caluculation of fat fraction (20-22).
Without T1 correction low fat fractions can be overestimated (22) while higher fat fractions
remain relatively unaffected. It should be noted that in our methodology we used a small flip
angle (30 degrees) to minimize T1 effects. It should also be noted that a simpler explanation
for some of the negative fat fractions arises in low SNR regions where in-phase/out-of-phase
difference is within the noise, or where the tissue is composed of either mostly all fat or
mostly all water such that the in-phase/out-of-phase differences are also around zero. The
T2* correction is very important in cases where iron overload might lead to T2* changes
(21), but none of the patients in our study had iron overload problems and thus this affect
can be eliminated as a concern that might influence our results. Furthermore, while some
studies recently have been published employing fat fractions that have been corrected for T1
and T2* this is currently an area of active research and the correction schemes are not
necessarily as straight forward. For example, fat has multiple spectral components and this
single measurement of the T2* decay curve is not adequate (such a measurement yields
oscillating signal behavior (22)). For these reasons we did not correct for T1 or T2* effects
but do not feel such corrections would significantly alter the results presented in this strictly
defined subject group, and could in fact introduce additional errors in the data.

Validation of Fast-MRI
We validated the modified 2PD method against 1H-NMR in 34 lean and obese adolescents
(26 of these subjects are included in the present study) and found a very strong correlation
between the two methods (r=0.954, p<0.0001)(19). To assess its repeatability,
measurements were obtained (within the same day) on 12 subjects. The within-subject
standard deviation for HFF was 1.9%. This degree of reproducibility is well within the
boundaries of that necessary to make this a viable method to assess the relation between
HFF and metabolic outcomes. Kim et al. (19) demonstrated that a 2PD HFF cut-off of 3.6%,
provided good sensitivity (80%) and specificity (87%) compared to a 1H-NMR reference.
(19) Comparisons between the 2PD method and histologic determination of fatty liver have
been made, albeit only in adults. Fishbein et al. (23) found in 38 patients undergoing biopsy
for a variety of liver diseases a highly significant correlation between liver histology and
MRI determination of HFF, particularly with macrovesicular steatosis (r=0.920, p<0.001).
Fast MRI has also been found to be able to track longitudinal changes in liver fat content in
adults during pioglitazone treatment (24) and in a case report involving an obese adolescent
with NAFLD undergoing gradual weight loss (25).

Abdominal MRI and Total Body Composition (DEXA)
Abdominal MRI studies were performed on a Siemens Sonata 1.5 Tesla system (2,9). Total
body composition was measured by dual-energy X-ray absorptiometry with a Hologic
scanner (Boston, MA).

Biochemical Analysis
Plasma glucose levels were measured using the YSI 2700 STAT Analyzer (Yellow Springs
Instruments) and lipid levels using an Autoanalyzer (model 747-200, Roche-Hitachi).
Plasma insulin, proinsulin, leptin and total adiponectin levels were measured using double
antibody radioimmunoassays from Millipore; HMW-adiponectin using ELISA kits from
Millipore, C-peptide using double antibody radioimmunoassays from Diagnostic Products
Corporation and IL-6 using ELISA high sensitivity kits from R&D Systems. Liver enzymes
were measured using standard automated kinetic enzymatic assays.
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Statistics
To evaluate a potential relation between metabolic parameters and intrahepatic fat
accumulation, subjects were stratified according to tertiles of Hepatic Fat Content or
(%HFF). Tertile 1 is labeled as Low HFF (median %HFF 0.7, Range - 4.6 to 1.6) , Tertile 2,
Moderate HFF (median 4.5%, Range 1.8 to 9.1), and Tertile 3, High HFF, (median 28.8,
Range 9.9 to 44.9). Analysis of covariance and logistic regression, with adjustment for age,
gender and race/ethnicity, were used to compare means and proportions respectively across
HFF tertiles. Where appropriate, log transformations were used to normalize variables with
positively skewed distributions. For the prevalence of impaired glucose regulation, a test for
trend was conducted in logistic regression by including the continuous HFF in the model.
Unless otherwise stated, data are represented as mean±SEM or mean±95% Confidence
Intervals (CI). Two logistic regression models were utilized to define significant predictors
of high HFF tertile. The independent variables used in model 1 were gender, race/ethnicity,
age, ALT, visceral fat and total adiponectin. Model 2 replaced total adiponectin with HMW-
adiponectin. The Odds Ratio (OR) and 95% confidence intervals (CIs) for the unadjusted
and adjusted HFF risk factors were then calculated via the logistic regression model.
Multiple linear regressions were also used to evaluate the role of HFF in determining 2h-G
during the OGTT. The independent variables entered were gender, race/ethnicity, age, ALT,
adiponectin (or HMW-adiponectin alternatively), visceral fat and HFF. For all analyses, a p-
value of <0.05 was considered statistically significant. All analyses were performed using
SPSS 15.0 for Windows (SPSS Inc, Chicago, IL).

Results
Anthropometric Phenotypes According to Liver Fat Content (Table 1)

The cohort was stratified according to tertiles of hepatic fat content (%HFF). Subjects in
tertile 1 had the lowest %HFF, and thus this group is referred to as Low Hepatic Fat
Content. Subjects in the other 2 tertiles were labeled as Moderate and High to denote
different degrees of Hepatic Fat Content.. As shown in Table 1, males were more
represented in the Moderate (30%) and High HFF (50%) category compared to the Low
HFF category (17% p=0.01). While age, BMI, BMI-z score, waist and % fat were
comparable across categories, there was a clear shift in the racial/ethnic distribution, in that
fewer Blacks were in the Moderate (25%) and High (14%) category of fatty liver
(p<0.0001).

Despite similar % total fat, abdominal visceral fat increased, whereas total subcutaneous fat
was similar across categories. The visceral to subcutaneous ratio increased significantly
across tertiles (p<0.001). When the posterior subcutaneous fat was further divided into deep
and superficial subcutaneous fat, we found a similar content in deep superficial
subcutaneous fat distribution across tertiles, and an increase in the deep to superficial
subcutaneous ratio, especially in the High HFF category.

Metabolic Phenotypes According to Liver Fat Content (Table 2)
While there were no differences in fasting glucose, 2h-glucose increased across tertiles, with
the high tertile being significantly greater than the low tertile. Both fasting and post-OGTT
insulin and C-peptide levels increased significantly across categories. Fasting proinsulin also
increased across tertiles. It should be noted that for the above described metabolic
parameters, significant differences were already present between the Low and Moderate
tertiles of HFF. The WBISI decreased and HOMA-IR increased significantly across
categories, with significant differences in the high tertile compared to both moderate and
low tertiles. The IGI tended to be higher and the DI tended to be lower in the high tertile
compared to the low tertile. Plasma triglycerides significantly increased across categories.
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HDL-cholesterol levels, although lower in the high tertile, lost significance after adjusting
for age, gender and race. Of note, ALT, AST and GGT levels were significantly higher in
the High tertile compared to both Moderate and Low.

Impaired Glucose Regulation and Metabolic Syndrome Prevalence According to Hepatic
Fat Content (HFF) (Figure 1)

While there were no pairwise differences across tertiles the prevalence rates of impaired
glucose regulation (IFG, IGT, IFG/IGT) tended to rise across tertiles (p for trend = 0.07).

Paralleling the severity of fatty liver, there was a significant increase in the prevalence of the
metabolic syndrome (p<0.001). In particular, 73.7% of the subjects in the High Fatty liver
category met the criteria for the metabolic syndrome compared to 19.5% and 30.6%
respectively in the Low and Moderate category. Shown in Figure 1B are the prevalence rates
for each single component of the Metabolic Syndrome across categories of Liver Fat
Content. Waist circumference, fasting plasma glucose and blood pressure prevalence rates
were not significantly different across categories of Liver Fat Content, whereas the
prevalence rates for elevated triglycerides and low HDL-cholesterol levels were (p<0.001).

Adipokines According to the Liver Fat Content (Figure 2)
Total and HMW-adiponectin levels decreased significantly across tertiles of liver fat content
(p<0.001). Leptin levels across category did not significantly differ by tertile (data not
shown). In contrast, a difference emerged across categories for IL-6 (p= 0.009) (Fig.2).

Relationship
In the whole cohort, HFF was significantly correlated with visceral fat (ρ=.55, p<0.001),
ALT (ρ=0.56, p<0.001), WBISI (ρ =-0.36, p<0.001), total adiponectin (ρ =-0.40, p<0.001),
HMW-adiponectin (ρ=-0.34, p<0.001). Significant predictors of high HFF tertile were
evaluated in two logistic regression models differing for the use of total adiponectin (model
1) or HMW-adiponectin (model 2). ALT (adjusted OR 1.06, 95% C.I. 1.02-1.11, p=0.007)
and visceral fat deposition (adjusted OR 1.04, C.I. 1.01-1.08, p=0.02) were significantly
associated with high HFF. Total adiponectin was significantly associated with HFF (OR
0.69, C.I. 0.47-0.97, p=0.04), but HMW-adiponectin was not significantly associated with
HFF. In particular we found that for each 10 unit increase in ALT or visceral fat there was a
59% and 40% increase, respectively, in the odds of having high HFF. To further analyze the
role of HFF in determining Impaired Glucose Regulation, we used multiple linear regression
analyses. HFF was significantly associated with 2h-glucose (2h-G) suggesting that for each
10 unit increase in HFF there is an increase of 0.35 mmol/l (6.2 mg/dl) of the 2h-G
( p=0.02).

Discussion
In a multiethnic group of obese adolescents with a narrow range of BMIs and total body fat,
we determined the impact of the degree of hepatic steatosis, measured by fast gradient MRI,
on the prevalence of prediabetic and diabetic phenotypes. The novel finding is that,
independent of obesity the severity of fatty liver is associated with the presence of pre-
diabetes (IGT and IFG/IGT). Of note, hepatic steatosis independently predicted prediabetes
in obese adolescents. Paralleling the severity of hepatic steatosis, there was a significant
decrease in insulin sensitivity and impairment in beta-cell function as indicated by the fall in
the disposition index. Moreover, increasing degree of fatty liver was associated with an
imbalance between anti- and pro-inflammatory markers. These important findings highlight,
for the first time, the close relation between the amount of liver fat content, measured by a
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reliable technique, Fast-MRI, and glucose dysregulation in a large group of adolescents with
similar degree of obesity and maturational age.

A high prevalence of fatty liver in association with T2DM has been reported in adults
(5,26,27). However, it remains unclear whether hepatic steatosis is a consequence or a cause
of the metabolic derangements in insulin sensitivity (27,28). Furthermore, hepatic steatosis
was found to predict the metabolic syndrome, independent of overall obesity. Thus, fatty
liver disease may be the hepatic component of the metabolic syndrome (30,31), as
demonstrated by Schwimmer et al. (30) in obese adolescent with biopsy proven fatty liver
(32). In the present study, the prevalence of the metabolic syndrome was 44.4% and 74.2%
in the Moderate and High category respectively, compared to 24.2% in the Low category.
Given that the liver plays a key role in glucose metabolism, we believe, based on the current
findings that it is reasonable to assume that hepatic steatosis may play a role in the
development of T2DM in obese youth. Although not directly measured here, a steatotic liver
is usually very insulin resistant and consequently overproduces glucose (33). Our study
would suggest that those youngsters diagnosed with fatty liver need to have further
evaluation to rule out diabetes or impaired glucose tolerance. Furthermore, in light of the
fact that in the adult population diabetes is a very important prognostic factor indicating the
presence of more advanced fibrosis (34) and a risk factor for more rapid progression of
fibrosis, a similar scenario may be also present in obese youngsters with fatty liver.
Although our study cannot prove causality it does suggest that the presence of fatty liver
may predate the onset of full blown diabetes, because of the presence of both IGT and IFG/
IGT conditions, which are the precursors of diabetes.

Fatty liver is known to be associated with central obesity (26). The current study further
confirms this association in obese adolescents, regardless of the degree of obesity.
Moreover, in a logistic regression, VAT significantly predicted, together with elevated level
of ALT, liver fat content. Previously we reported that intrahepatic fat content correlated
positively with ALT, and that elevation of ALT levels, even within the normal range, was
associated with insulin resistance (3). Metabolic alterations were further exaggerated when
ALT levels rose outside the normal range.(3) In the present study, subjects with Moderate
liver fat content had totally normal ALT levels. It is only in the High category of fatty liver
that the ALT levels were abnormally elevated. Thus, ALT is not a sensitive marker for fatty
liver since a normal ALT may not exclude it.

Consistent with our previous report (3,9) and with that by Louthan et al. (35) hepatic
steatosis was inversely correlated with total adiponectin. For the first time, this study reports
data on the active form of adiponectin, the HMW form, which decreased as the HFF
increased across categories. This further supports the hypothesis that hypoadiponectinemia
is related to hepatic steatosis (36,37). In the logistic regression analyses, however, neither
total adiponectin nor HMW-adiponectin were significant predictors of fatty liver.
Hypoadiponectinemia and severe insulin resistance appear to be more consistent with the
presence of steatohepatitis than with only steatosis and may be one of the pathogenetic links
between central obesity and the development of inflammatory forms of Non Alcoholic Fatty
Liver Disease (NAFDL) (36). Consistent with this hypothesis is the fact that in the three
subjects with NASH (biopsy-proven), the HMW was extremely low (data not shown).

While total and HMW-adiponectin decreased, IL-6 levels were significantly higher in the
adolescents with High liver fat content. Thus, mild to moderate hepatic steatosis is
associated with an imbalance between anti and proinflammatory markers that together may
ignite inflammation in the liver.

Cali et al. Page 6

Hepatology. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Although the Fast-MRI is an accepted technique for measuring hepatic fat content, there are
no studies that have validated it with liver histology in the pediatric population. These
studies are greatly needed. Despite these limitations, we showed in our group that this
technique stands strong against the 1H-NMR technique, which is considered the reference
method for quantifying fat in the liver.

In conclusion, we found that fatty liver is associated with prediabetic phenotypes and thus
may be considered a strong risk factor for T2DM in youth, independent of overall obesity.
The risk for prediabetes and metabolic syndrome is proportional to the degree of hepatic
steatosis. Furthermore, as the hepatic fat content increases, the balance between anti- and
pro-inflammatory markers changes in favor of a pro-inflammatory milieu.
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Figure 1.
Panel A. Prevalence of prediabetes in obese adolescents according to the degree of Liver Fat
Content (%) measured by the fast-MRI. The prevalence rates of impaired glucose regulation
(IFG, IGT, IFG/IGT) tended to rise across tertiles (p for trend = 0.07).
Panel B. Prevalence rate of each component of the Metabolic Syndrome (Ford’s criteria)
according to the degree of Liver Fat Content (%) measured by the fast-MRI. There were no
differences in waist circumference (WC), Fasting Plasma Glucose (FPG) and Blood pressure
(BP) across categories. The prevalence rates for Triglycerides (TG) and HDL (L-HDL)
levels were significant differences between Low Liver Fat Content and the remaining groups
(P=0.000). P values were adjusted for age, gender and race/ethnicity.
White box= Low Liver Fat content
Light Gray= Moderate Liver Fat Content
Dark Gray= High Liver Fat Content
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Figure 2.
Panel A. Box-plot for Total Adiponectin according to the degree of Liver Fat Content (%)
measured by fast-MRI. P = 0.001, adjusted for age, gender and race/ethnicity.
Panel B. Box-plot for HMW-Adiponectin according to the degree of Liver Fat Content (%)
measured by fast-MRI. P = 0.001, adjusted for age, gender and race/ethnicity.
Panel C. Box-plot for IL-6 according to the degree of Liver Fat Content (%) measured by
fast-MRI. P = 0.008, adjusted for age, gender and race/ethnicity.
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Table 1

Demographic, anthropometric and clinical characteristics of the study cohort across tertile of Liver Fat
Content (HFF %), adjusted for age, gender, race/ethnicity.

Characteristic Low Liver Fat Content
(n=42)

Moderate Liver Fat
Content (n=40)

High Liver Fat Content
(n=36)

P-value Adjusted

Age (y) 14.0 (2.9) 15.3 (2.6) 14.7 (2.7)

Gender-no. (%)

Male (n=37) 7 (17%) 12 (30%) 18 (50%)

Female (n=81) 35 (83%) 28 (70%) 18 (50%)

Race/Ethnicity-no. (%)

White (n=49) 7 (17%) 21 (52%) 21 (58%)

African-American (n=39) 24 (57%) 10 (25%) 5 (14%)

Hispanic (n=30) 11 (26%) 9 (23%) 10 (28%)

Weight (Kg) 101 (95.2, 106) 101 (95.4, 106) 102 (96.7, 108) 0.91

BMI (Kg/m2) 36.4 (34.7, 38.1) 37.1 (35.5, 38.7) 38.3 (36.6, 39.9) 0.32

BMIz-score 2.43 (2.35, 2.51) 2.43 (2.36, 2.51) 2.49 (2.42, 2.57) 0.42

Waist 110 (106, 114) 107 (104, 111) 113 (109, 117)!! 0.09

DEXA

%fat 43.6 (41.2, 46.0) 45.9 (43.7, 48.1) 46.0 (43.6, 48.4) 0.31

Tissue Lipid Content

Liver

Hepatic Fat Fraction (HFF%)* 0.7 (-1.6, 1.1) 4.5 (2.8, 5.9) 26.2 (15.2, 35.9) -

Abdominal Region

VAT (cm2) 58.1 (49.3,67.0)‡ 66.4 (58.0, 74.9)!! 92.3 (83.2, 101) <0.001

SAT (cm2) 582 (528, 637) 573 (521, 625) 610 (554, 665) 0.61

VAT/SAT 0.10 (0.09, 0.12) 0.12 (0.11, 0.13)!! 0.16 (0.14, 0.17)‡ <0.001

DeepSubQ (cm2) 201 (180, 223) 208 (188, 229) 220 (198, 241) 0.47

SupSubQ (cm2) 156 (137, 175) 153 (135, 171) 145 (126, 164) 0.74

Deep/SupSubQ 1.36 (1.19, 1.54)‡ 1.47 (1.30, 1.64) 1.75 (1.58, 1.91) 0.007

Data are presented as means (95% C.I.).

*
Data are presented as median (IQR).

Data in bold indicate significance.
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†
P<0.05 for difference between low and moderate

‡
P<0.05 for difference between low and high

!!
P<0.05 for difference between moderate and high
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Table 2

Metabolic characteristics of the study cohort across tertile of Liver Fat Content (HFF %),

Characteristic Low Liver Fat Content Moderate Liver Fat
Content

High Liver Fat Content P-value Adjusted

Fasting Plasma Glucose (mmol/l)* 5.25 (5.08, 5.43) 5.30 (5.14, 5.47) 5.35 (5.18, 5.52) 0.77

2h-Glucose (mmol/l)* 6.49 (6.05, 6.94)‡ 7.13 (6.70, 7.55) 7.26 (6.82, 7.70) 0.04

Fasting Plasma Insulin (μU/ml)ˆ 27.4 (23.3, 32.1)† 35.8 (30.6, 42.1)!! 47.0 (40.0, 55.1)‡ <0.001

2h-Plasma Insulin (μU/ml)ˆ 95.9 (72.1, 128)† 167 (126, 220) 225 (170, 300)‡ <0.001

Fasting C-Peptide (pmol/l)ˆ 988 (877, 1113)† 1202 (1071, 1351)!! 1487 (1316, 1680)‡ <0.001

2h C-Peptide (pmol/l)ˆ 2741 (2375, 3164)† 3629 (3158, 4169) 4155 (3598, 4801)‡ <0.001

Proinsulin (pM)ˆ 18.5 (15.0, 22.6)† 24.8 (20.2, 30.4)!! 33.1 (27.0, 40.7)‡ <0.001

Insulin Sensitivity and Secretion Indexes

HOMA-IRˆ 6.81 (5.71, 8.12) 8.39 (7.11, 9.90)!! 11.3 (9.51, 13.4)‡ <0.001

WBISI(Matsuda Index) ˆ 10-4dl/
min per microunits/ml

1.70 (1.30, 2.21) 1.19 (0.93, 1.51) 0.82 (0.74, 1.17)‡ 0.007

Insulinogenic Index (IGI)ˆ 4.45 (3.19, 5.72) 5.21 (4.01, 6.40) 6.40 (518, 7.63)‡ 0.05

Disposition Index (DI)ˆ 6.02 (4.88, 7.43) 5.20 (4.24, 6.37) 4.64 (3.76, 5.74)‡ 0.05

Lipid Levels

HDL (mmol/l)* 1.21 (1.13, 1.29) 1.13 (1.06, 1.21) 1.12 (1.03, 1.20) 0.24

TG (mmol/l)ˆ 0.87 (0.73, 1.02) 0.88 (0.75, 1.04)!! 1.36 (1.15, 1.60)‡ <0.001

Liver Enzymes

ALT (UI/L)ˆ 16.7 (13.5, 20.7) 15.1 (12.3, 18.6)!! 38.1 (30.6, 47.6)‡ <0.001

AST (UI/L)ˆ 21.4 (19.3, 24.4) 21.1 (18.9, 23.7)!! 30.8 (27.3, 34.8)‡ <0.001

GGT (UI/L)ˆ 18.6 (15.8, 21.8) 19.3 (16.4, 22.7)!! 32.8 (27.8, 38.8)‡ <0.001

Total Adiponectin 10.2 (8.9, 11.4) † 8.1 (6.9, 9.3)!! 6.0 (4.7, 7.3) ‡ <0.001

HMW Adiponectin 2.3 (1.8, 2.8) 1.8 (1.4, 2.3) !! 1.2 (0.7, 1.62) ‡ 0.006

IL-6 1.5 (1.1, 1.9) 2.0 (1.6, 2.4) !! 2.6 (2.2, 3.0) ‡ 0.001

Data are presented as *means (95% C.I.), ˆ geometric means (95% C.I.). Data in bold indicate significance.

†
P<0.05 for difference between low and moderate

‡
P<0.05 for difference between low and high

!!
P<0.05 for difference between moderate and high
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