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OBJECTIVE — To determine whether overweight Latino children with impaired fasting glu-
cose (IFG) (=100 mg/dl) have increased insulin resistance or decreased B-cell function com-
pared with those with normal fasting glucose (NFG).

RESEARCH DESIGN AND METHODS — We studied 207 healthy overweight Latino
children, aged 813 years, with a family history of type 2 diabetes. Fasting and 2-h glucose and
insulin were assessed by oral glucose tolerance test. Insulin sensitivity (S,), the acute insulin
response to glucose (AIRg), and the disposition index (DI; an index of B-cell function) were
determined using the insulin-modified intravenous glucose tolerance test and minimal model-
ing. Body composition was determined by dual-energy X-ray absorptiometry.

RESULTS — There were no differences in body composition between NFG (n = 182) and IFG
(n = 25) children. Compared with children with NFG, children with IFG had higher fasting and
2-h glucose values and higher fasting insulin. After adjusting for covariates, children with IFG
had no difference in S; but 15% lower DI than NFG children (2,224 = 210vs. 2,613 = 76, P <
0.05). Multivariate linear regression showed that AIRg and DI, but not S;, were significant
predictors of fasting blood glucose.

CONCLUSIONS — 1n overweight Latino adolescents with a family history of type 2 diabe-
tes, IFG is associated with impaired B-cell function and therefore may identify children likely to
be at risk for progression to type 2 diabetes. The actual risk of progression of IFG to type 2
diabetes remains to be determined by prospective longitudinal studies.
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n 1997, the American Diabetes Associ-

ation (ADA) defined impaired fasting

glucose (IFG), a new category of al-
tered glucose homeostasis, as a fasting
plasma glucose 110-125 mg/dl (1). Re-
cently, the ADA lowered this clinical cut
point for IFG to 100-125 mg/dl (2). The
rationale for lowering this cut point was to
optimize the sensitivity and specificity of
a fasting glucose measurement for pre-

dicting future type 2 diabetes in individ-
uals at risk.

Studies in adults using the previous
cut point of 110 mg/dl confirm that IFG
has physiological significance with re-
spect to underlying insulin/glucose dy-
namics. Weyer, Bogardus, and Pratley (3)
demonstrated that Pima Indian adults
with IFG have diminished insulin secre-
tion for the degree of insulin resistance
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they manifest. Others have similarly
shown that adults with IFG have in-
creased insulin resistance and decreased
insulin secretion relative to those with
normal glucose homeostasis (4—6). To
date, little data are available regarding the
significance of IFG in children at in-
creased risk of type 2 diabetes.

The relevance of the IFG cut point to
disease risk in children is unknown, both
in terms of the predictive value for future
type 2 diabetes and with respect to the
underlying pathophysiology of IFG. We
have previously shown that overweight
Latino adolescents with impaired glucose
tolerance (IGT = 2-h glucose =140 mg/
dl) have decreased B-cell function com-
pared with those with normal glucose
tolerance, as indicated by a lower dispo-
sition index (DI) using the frequently
sampled intravenous glucose tolerance
test (i.e., impaired acute insulin secretion
relative to the degree of their insulin re-
sistance) (7). However, it is unknown
whether children with IFG have impaired
insulin action (lower insulin sensitivity)
or reduced B-cell function (lower dispo-
sition index) compared with children
with normal fasting glucose (NFG). If in-
sulin/glucose dynamics are indeed altered
in IFG, children discovered to have IFG
on diabetes screening might justifiably be
considered to be at increased risk for de-
veloping type 2 diabetes in the future, rel-
ative to children with NFG. This is an
issue of clinical significance, since current
clinical recommendations call for screen-
ing children at risk for type 2 diabetes
with a single fasting blood draw to mea-
sure plasma glucose (8).

Therefore, the purpose of this study
was to determine whether overweight
Latino children (with a positive family
history of type 2 diabetes) with IFG
(=100 mg/dD) have either diminished in-
sulin sensitivity (i.e., increased insulin re-
sistance) or decreased B-cell function
compared with those with NFG.

RESEARCH DESIGN AND

METHODS — We analyzed data from
the first annual visit of 207 overweight
Latino children enrolled in the University
of Southern California (USC) SOLAR
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(Study of Latino Adolescents at Risk) Di-
abetes Project, a longitudinal study ex-
ploring risk factors for type 2 diabetes in a
high-risk childhood cohort. We have pre-
viously reported on subsets of this cohort
(7,9,10). Children (119 males and 88 fe-
males) who met the following criteria
were recruited through clinics and word
of mouth: 1) age 8-13 years, 2) BMI
=85th percentile for age and sex (11), 3)
Latino ancestry (all four grandparents),
and 4) family history of type 2 diabetes in
a parent, sibling, or grandparent. Chil-
dren were either of Mexican-American or
Central-American heritage. Exclusion cri-
teria included prior major illness or med-
ications/conditions known to influence
body composition, insulin action, or in-
sulin secretion (e.g., diabetes [2], glu-
cocorticoid therapy, hypothyroidism).
Parental informed consent and child as-
sent were obtained, and the study was ap-
proved by the institutional review board,
Health Science Campus, USC.

Outpatient visit: oral glucose
tolerance test

Children arrived at the USC General Clin-
ical Research Center at ~8:00 A.m. afteran
overnight 12-h fast. An oral glucose toler-
ance test was performed as previously de-
scribed (9), with subjects ingesting 1.75 g
oral glucose solution/kg body wt (to max-
imum 75 g) at time 0. Blood was sampled
for glucose and insulin at times —5 min
(“fasting”) and 120 min (“2 h”).

Inpatient visit

Children were admitted to the General
Clinical Research Center in the afternoon
within approximately 2 weeks of com-
pleting the oral glucose tolerance test. To-
tal body fat mass and total soft lean tissue
mass were determined by dual-energy X-
ray absorptiometry (Hologic QDR
4500W;, Hologic, Bedford, MA). Children
fasted overnight, with only water permit-
ted after 8:00 p.m.

Insulin-modified frequently sampled
intravenous glucose tolerance test com-
menced the following morning, as previ-
ously described (9). At time 0, glucose
(25% dextrose, 0.3 g/kg body wt) was in-
travenously administered. Blood samples
were collected at time points —15, =5, 2,
4,8, 19,22, 30,40, 50, 70, 100, and 180
min. Insulin (0.02 units/kg body wt, Hu-
mulin R [regular insulin for human injec-
tion]; Eli Lilly, Indianapolis, IN) was
intravenously injected at 20 min. Plasma
was analyzed for glucose and insulin, and
values were entered into the MINMOD

Millenium 2003 computer program (ver-
sion 5.16) to determine insulin sensitivity
(Sy), acute insulin response to glucose
(AIRg = insulin area under the curve
above basal for the first 10 min of the fre-
quently sampled intravenous glucose tol-
erance test), and DI (DI = the product of
S, X AlRg, an index of pancreatic B-cell
function) (12). Fasting plasma was also
sent for lipid analysis.

Measures and assays

Height (by stadiometer) and weight (by
clinical balance) were measured, and BMI
and BMI percentiles for age and sex were
determined based upon established Cen-
ters for Disease Control normative curves
using Epilnfo 2004, version 3.3. Tanner
stage was determined on physical exam
by a pediatrician according to breast stage
in girls and pubic hair stage in boys
(13,14). Seated blood pressure was mea-
sured in the upper arm. Glucose was as-
sayed by a Yellow Springs Instrument
2700 Analyzer (YSI, Yellow Springs, OH).
Insulin was assayed by the specific human
insulin enzyme-linked immonosorbent
assay kit from Linco (St. Charles, MO; in-
tra-assay coefficient of variation 4.7-
7.0%, interassay coefficient of variation
0.1-11.4%, and cross-reaction with hu-
man proinsulin 0%). Homeostasis model
assessment of insulin resistance (HOMA-
IR) was calculated as HOMA-IR = fasting
insulin (uU/ml) X fasting glucose (mmol/
D/22.5 (15). Fasting triglycerides and
HDL and total cholesterol were measured
using the Vitros Chemistry DT Slides
(Johnson & Johnson Clinical Diagnostics,
Rochester, NY). LDL cholesterol was cal-
culated using the Friedwald formula.

Statistical analysis

All variables that were not normally dis-
tributed (i.e., weight, BMI, BMI percen-
tile, total body fat mass, total soft lean
tissue mass, percent body fat, fasting and
2-h glucose and insulin, S;, AIRg, DI,
HDL, and triglycerides) were log trans-
formed before performing statistical anal-
yses. Nontransformed values are reported
for ease of interpretation. ANOVA and x*
analyses were used to detect differences in
unadjusted measures of body composi-
tion, lipids, glucose and insulin values,
and insulin action/secretion variables (S;,
AlRg, and DI) between children with IFG
(n = 25) and NFG (n = 182). Differences
in fasting and 2-h insulin, HOMA-IR, §,,
AlRg, and DI were further compared us-
ing ANCOVA after adjusting for age, sex,
total body fat mass, and total body soft

lean tissue mass as covariates. S; was also
added as a covariate when AIRg was en-
tered as the dependent variable. To deter-
mine the relationships between S;, AIRg,
and DI on fasting glucose as a continuous
variable, multivariate linear regression
was performed with log fasting glucose
entered as the dependent variable and
age, sex, total body fat mass, total body
soft lean tissue mass, and either S;, AIRg,
or DI entered as covariates. All analyses
were performed using SPSS version 11.0
(SPSS, Chicago, IL), with a type I error set
at P < 0.05.

RESULTS — Table 1 compares physi-
cal and metabolic characteristics between
children with IFG (n = 25) and NFG (n =
182). Overall prevalence of IFG in this
cohort was 12.1%. Compared with the
NFG group, the IFG group had a higher
proportion of males (80 vs. 54%, P =
0.01) but did not differ in age, pubertal
stage, or body composition. IFG had
higher fasting and 2-h glucose values than
NFG. Fasting insulin and HOMA-IR were
significantly higher in IFG versus NFG
and remained higher after adjusting for
age, sex, total body fat, and soft lean tissue
mass (P < 0.01 for each). There were no
group differences in either adjusted or
unadjusted 2-h insulin levels. There was a
trend toward increased prevalence of IGT
in IFG compared with NFG (40.0 vs.
22.5%, P = 0.053). There were no differ-
ences in blood pressure or fasting lipid
values nor differences in unadjusted val-
ues for S;, AIRg, and DI between NFG and
IFG.

Figure 1 shows comparisons in insu-
lin action and secretion dynamics be-
tween IFG and NFG groups after
adjusting for age, sex, total body fat, and
soft lean tissue mass. S; did not differ be-
tween the two groups (IFG: 1.96 = 0.24
vs. NFG: 2.14 * 0.09 [X10™F min~"/
(mU/mD], P=0.57). AIRg was 21% lower
in IFG (1,406 = 198 pU/ml) versus NFG
(1,786 = 72 nU/ml) children, approach-
ing statistical significance (P = 0.08). DI
was 15% lower in IFG versus NFG chil-
dren (2,224 = 210 vs. 2,613 £ 76, P =
0.04). Adding Tanner stage as a covariate
did not influence the results (data not
shown).

Because of potential confounding ef-
fects due to subjects with IGT, we re-
peated the above analyses in subgroups
after excluding all subjects with IGT from
both the NFG and IFG groups. The IFG
subgroup (i.e., fasting glucose =100, 2-h
glucose <140, n = 15) showed signifi-
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Table 1—Body composition and metabolic parameters in children with NFG versus IFG

NFG IFG P value

n 182 25
Age 111 £1.7 115*1.6 0.19
Sex (male/female) 99/83 20/5 0.01
Tanner stage

1 77 9 0.97

2 50 8

3 15 2

4 24 4

5 16 2
Height (cm) 1489 £ 11.7 150.3 £9.9 0.57
Weight (kg) 64.7 + 20.1 63.5+ 15.7 0.98
BMI (kg/m?) 285 *x55 27.8 £ 4.7 0.58
BMI percentile 973 %29 96.8 £33 0.42
Total body fat mass (kg) 254104 238 =85 0.60
Total soft lean tissue mass (kg) 37.0 £ 10.3 373%93 0.76
Percent body fat (%) 383 *6.1 37.1 %72 0.60
Fasting glucose (mg/dl) 89.7 £ 4.6 104.6 = 4.9 <0.001
2-h glucose (mg/dl) 1257 £ 175 133.2 = 184 0.046
Fasting insulin (uU/ml) 157 £9.6 202 £ 127 0.042
2-h insulin (nU/ml) 157.1 = 138.8 146.9 = 93.0 0.895
HOMA-IR 3.50 £2.18 520 * 323 0.002
IGT 41 (22.5) 10 (40.0) 0.053
Systolic blood pressure (mmHg) 109.7 = 9.7 111.0 £ 10.9 0.59
Diastolic blood pressure (mmHg) 63.1 £55 64.0 £ 6.9 0.51
Total cholesterol (mg/dl) 153.8 = 26.0 148.2 = 29.7 0.33
LDL cholesterol (mg/dl) 046 *21.2 88.6 = 22.1 0.19
HDL cholesterol (mg/dl) 37.1 £89 37863 0.52
Triglycerides (mg/dl) 110.4 = 57.8 109.2 = 70.1 0.78
S, [X10~* min"/(pU/mD)] 213 + 1.49 2,04+ 1.16 0.97
AlIRg (WU/ml) 1,782 = 1,255 1,433 = 1,288 0.29
DI 2,603 = 1135 2,294 = 1,180 0.13

Data are means %+ SD or n (%), unless otherwise indicated. Unadjusted differences between IFG and NFG for
continuous variables were determined by ANOVA using log-transformed values for nonnormally distributed
variables (nontransformed values displayed for ease of interpretation). Differences between IFG and NFG for
categorical variables (sex, Tanner stage) were determined by x*. P values <0.05 are shown in bold.

cantly lower (36%) AIRg (1,187 £ 242 vs.
1,841 £ 77, P = 0.02) and DI (2027 =
255vs. 2,721 = 81, P = 0.02) than the
NFG subgroup (i.e., fasting glucose
<100, 2-h glucose <140, n = 141),
while S; was not significantly different be-
tween the subgroups (IFG: 1.80 = 0.32
vs. NFG: 2.15 = 0.10, P = 0.58). As with
the complete sample, there were no sig-
nificant differences in body composition
or Tanner stage between subgroups (data
not shown), while the IFG subgroup
again had a higher percentage of males
(87 vs. 56%, P = 0.02). Fasting glucose
remained higher in the IFG subgroup
(104.3 £3.9vs.89.6 £ 4.5 mg/dl, P <
0.001), while 2-h glucose was not signif-
icantly different (121.1 = 7.4 vs. 118.5 =
11.8 mg/dl) compared with the NFG sub-
group. While fasting insulin (IFG: 18.7 =
10.6 and NFG: 16.0 = 9.8 wU/ml) and
2-hinsulin (IFG: 110.5 £ 58.5 and NFG:

135.2 = 116.2 pU/ml) were not signifi-
cantly different between subgroups,
HOMA-IR was higher in the IFG sub-
group (4.82 = 2.8 vs. 3.6 £ 2.2, P =
0.02).

To assess the possibility that de-
creased AIRg may only be most apparent
in those children who are most insulin
resistant, we performed the same analyses
(ANCOVA with covariates age, sex, total
fat mass, and total soft lean tissue mass)
only in subjects with S; below the full
study group median of 1.73 [X10™*
min'/(wU/ml)]. In this particularly insu-
lin-resistant subpopulation, we again
found no significant difference in S,
(0.97 + 0.12 vs. 1.09 * 0.04 [xX10"
minl/(MU/mD], P = 0.34), but AIRg was
32% lower (1,778 = 326vs. 2,603 = 101
pU/ml, P <0.001) and DI was 41% lower
(1,498 =289 vs. 2,538 £ 90, P < 0.001)
in IFG (n = 10) versus NFG (n = 94).

Weigensberg and Associates

Table 2 demonstrates the results of
multivariate linear regression to assess
predictors of fasting glucose as a continu-
ous variable rather than as the categorical
variable of IFG versus NFG. Age, total
body fat mass, and total body soft lean
tissue mass were not significant determi-
nants of fasting glucose in any of the re-
gression models. Sex was significant in all
models, with males tending to have
higher fasting blood glucose than females.
Tanner stage did not effect the regression
results and was not a significant predictor
of fasting glucose (data not shown). S; was
not a significant determinant of fasting
glucose (model 2), whereas AIRg (model
3, negative effect) and DI (model 4, neg-
ative effect) were significant determi-
nants, accounting for 4.3 and 4.5% of the
variance in fasting glucose, respectively.

CONCLUSIONS — The primary ob-
jective of this study was to determine
whether overweight Latino children with
IFG have either diminished S; or de-
creased B-cell function compared with
those with NFG. We found that children
with IFG, while having the same degree of
insulin resistance, had diminished B-cell
function relative to their NFG counter-
parts. Furthermore, B-cell secretion
(AIRg) and function (DI) were inversely
and linearly related with fasting glucose.
To our knowledge, this is the first descrip-
tion of the underlying pathophysiology of
IFG in children.

In at-risk adult populations, in-
creased insulin resistance and decreased
insulin secretion constitute independent
risk factors for type 2 diabetes (16,17).
While the incidence of type 2 diabetes in
children has risen dramatically over the
last decade (18), particularly in minority
youth (19), the underlying pathophysiol-
ogy leading to diabetes in youth has yet to
be clearly demonstrated. We have previ-
ously shown that 28% of overweight
Latino adolescents with a family history of
type 2 diabetes have IGT. In addition,
compared with their normal glucose tol-
erant counterparts, those with IGT had
similar degrees of insulin resistance but
impaired insulin secretion relative to the
degree of their insulin resistance (7). Oth-
ers have also shown altered relationships
between insulin action and secretion in
children with IGT (20), which presum-
ably represents an intermediate state be-
tween normal glucose homeostasis and
diabetes (2).

Our current data indicate that, similar
to IGT, IFG in this insulin-resistant child-
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214 £0.09

1.96 £ 0.24

T

NFG

1786 £ 72

T 1406 + 198

NFG

Insulin Sensitivity
[x10-4 min-1/(U/mI)]

261376

*
T 2224 £ 210

NFG

Acute Insulin Response
(HU/mi)]

Disposition Index

Figure 1—Data are represented as estimated marginal means + SE, analyzed by ANCOVA, adjusting for age, sex, total body fat mass, and total body
lean tissue mass.*P values for NFG vs. IFG: S;: P = 0.57; AIR: P = 0.08; DI: P = 0.04.

hood cohort is characterized by dimin-
ished insulin secretion relative to the
degree of insulin resistance. Notably, the
IFG group was not more insulin resistant
than the NFG group, at least as deter-
mined by frequently sampled intravenous
glucose tolerance test, which measures to-
tal body S; (21). This finding is unlikely to
be due to the relatively small number of
subjects in this study, as power analyses
indicate we would need to study >2,000
children (278 with IFG) for the degree of
S, difference between IFG and NFG to
reach statistical significance. The elevated
fasting insulin and HOMA-IR in the IFG
children have also been described in
adults with IFG (3,4) and may suggest
relatively higher hepatic insulin resis-
tance in IFG versus NFG. Supporting this
concept, Weyer, Bogardus, and Pratley
(3) used the euglycemic-hyperinsuline-
mic clamp with tritiated glucose tracer to
show that Pima Indian adults with IFG,
when compared with either IGT or nor-
moglycemic subjects, have greater he-
patic glucose production that is not
suppressible by supraphysiologic levels of
insulin. Thus, while total body S; may not
be different, these data suggest that chil-
dren with IFG may have relatively higher
hepatic insulin resistance than their NFG
counterparts.

Our data suggest that insulin secre-
tion, as measured by AIRg, was lower in
the IFG group (P = 0.08). Differences
likely did not quite reach statistical signif-

icance due to the confounding presence
of children with IGT in both the IFG and
NFG groups, since excluding these IGT
children demonstrated significantly lower
AlRg in IFG versus NFG children. In ad-
dition, significant reduction in AIRg was
most apparent in those children who were
most insulin resistant. The occurrence of
lower insulin secretion in IFG children
with greater insulin resistance supports
the concept that chronic insulin resis-
tance may increase P-cell secretory de-
mands, resulting ultimately in B-cell
failure and altered glucose homeostasis in
susceptible individuals (22). While it thus
appears likely that insulin resistance may

be the initial feature leading eventually to
B-cell dysfunction and hyperglycemia,
longitudinal studies will be necessary to
prove this sequence of events in children.

Our regression analyses showing that
AIRg (but not S,) is a significant contrib-
utor to the variability in fasting glucose
provide further evidence that reduction in
AIRg is primarily responsible for the de-
crease in DI in IFG children with insulin
resistance. Sex was also a significant con-
tributor to the variability of fasting glu-
cose, as males tended to have higher
fasting glucose than females, as others
have also reported (23). This must be due
to some factor other than insulin action/

Table 2—Determinants of fasting glucose with log fasting plasma glucose as the dependent

variable

Standardized B coefficient P value

Model 1: R* = 0.073 0.004
Sex —0.24 0.001
Model 2: R* = 0.073 0.009
Sex —0.24 0.001
S —0.02 0.810
Model 3: R = 0.116 <0.001
Sex —0.26 <0.001
AlRg —0.23 0.002
Model 4: R = 0.118 <0.001
Sex —0.30 <0.001
DI —0.24 0.002

Analysis by multivariate linear regression. All models included covariates of age, total body fat mass, and total
soft lean tissue mass (not shown, P values not significant in all models).
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secretion dynamics, as males in our study
also had higher DI than females (2,840 *
113 vs. 2,195 = 138, P = 0.002). Thus,
the lower DI seen in IFG versus NFG chil-
dren cannot be explained by the higher
proportion of boys in the IFG group, as
this sex difference would tend to raise the
mean DI in the IFG group, reducing the
difference in DI from the NFG group.
The ADA defines pre-diabetes as ei-
ther IFG or IGT (2). Like us, others have
found discordance between IFG and IGT
status (i.e., many children with IFG have
normal 2-h glucose tolerance, while oth-
ers with IGT have NFG [24]). Addition-
ally, the prevalence of IFG (1.8-13.3%)
(24-27) appears to be lower than the
prevalence of IGT (14-36%) (7,20,26,
28). The relative merits of screening for
diabetes in high-risk youth with a fasting
glucose versus an oral glucose tolerance
test remains to be determined by prospec-
tive longitudinal studies demonstrating
the sensitivity, specificity, and relative
predictive value of IFG versus IGT for the
eventual development of type 2 diabetes.
Our linear regression data neither
support nor refute the validity of the 100-
mg/dl cut point to define IFG, as the effect
of B-cell function on determining fasting
glucose appears to be a linear process. In-
deed, in separate ANCOVA analyses in
our current study population, we consis-
tently found that DI was significantly
lower in the IFG than the NFG group,
whether we defined IFG as 105, 100, 95,
or 90, while S; was always the same in the
two groups (data not shown). We con-
clude that fasting glycemia in insulin-
resistant children is determined to a
significant degree by the ability of the
B-cell to respond to the insulin-resistant
state, and thisis a linear relationship with-
outa clear “threshold” response level. Val-
idation of the 100-mg/dl cut point for IFG
will require documentation of increased
risk of progression to type 2 diabetes in
such children. Despite this limitation, our
present investigation demonstrates that
IFG, as currently defined, identifies chil-
dren with impaired (-cell function that is
of a similar degree to children we previ-
ously described with IGT (7). Based on
current knowledge, we thus support the
current ADA definition of pre-diabetes, for
both IFG and IGT, to designate overweight
Latino children and adolescents at poten-
tially increased risk of type 2 diabetes.
While our current and previous find-
ings (7) suggest that both categories of
pre-diabetes are associated with an un-
derlying defect in insulin secretion in the

face of insulin resistance, it is important to
note that we studied an ethnically homog-
enous group of Latino children, all of
whom were overweight and had a family
history of type 2 diabetes. One must
therefore be cautious in generalizing our
results, and future studies will be impor-
tant to determine the consistency of our
findings of diminished B-cell function in
IFG in other pediatric populations of dif-
fering ethnicity and body composition.

In conclusion, overweight, insulin-
resistant Latino children (with positive
family history for type 2 diabetes) with
IFG demonstrate impaired (-cell func-
tion compared with children with NFG,
as evidenced by reduced insulin secretion
relative to their degree of insulin resis-
tance. This impairment in B-cell function
in IFG subjects appears comparable with
that previously described in IGT children
(7). As such, both categories of pre-
diabetes, IFG and IGT, may identify chil-
dren likely to be at similar degrees of risk
for progression to type 2 diabetes. The
actual risk of progression to type 2 diabe-
tes in such children remains to be deter-
mined by prospective longitudinal
studies.
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