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OBJECTIVE — Research on the skeletal status of pre-diabetic (type 2 diabetic) children is
warranted. We examined the hypothesis that bone mineral content (BMC) and bone mineral
density (BMD) will be lower in children with impaired glucose tolerance (IGT) versus normal
glucose tolerance (NGT).

RESEARCH DESIGN AND METHODS — Total body BMC and BMD of 184 over-
weight Latino children (106 boys, 78 girls, 11.9 � 1.7 years) with a family history of type 2
diabetes were measured using dual-energy X-ray absorptiometry. Glucose tolerance was assessed
by 2-h glucose after an oral glucose tolerance test. Area under the insulin curve (AUC) assessed
the cumulative insulin response to oral glucose. Acute insulin response to glucose (AIR) was
determined by an intravenous glucose tolerance test.

RESULTS — Partial correlations revealed an inverse relationship between BMC and AIR (r �
�0.29, P � 0.00), AUC (r � �0.28, P � 0.00), fasting insulin (r � �0.16, P � 0.04), and 2-h
insulin (r � �0.16, P � 0.04). There was no significant difference in BMC or BMD between
children with IGT (n � 46) or NGT (n � 138). Stepwise multiple linear regression revealed that
89% of the variance in BMC is attributed to lean mass (87%), age (1%), and AIR (1%). BMD was
explained by lean mass (69%), Tanner stage (3%), and AUC (2%).

CONCLUSIONS — The findings of this study suggest that in overweight children, lean mass
is the primary predictor of BMC and BMD, whereas age, Tanner stage, and the acute and
cumulative insulin responses to oral glucose make subtle independent contributions to the total
variances. In addition, poor glycemic control does not seem to be detrimental to bone mass of
pre-diabetic children.
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T he relationship between diabetes
and osteopenia has received consid-
erable attention in the last 55 years,

initiated with the findings of Albright and
Reifenstein (1,2) who first demonstrated
loss of bone mineral by evaluation of con-
ventional X-rays of diabetic patients in
1948. However, despite the large quantity
of publications since that year, the patho-
genesis, nature, and magnitude of this
problem remains unsettled.

Krakauer et al. (3) concluded that the
metabolic effects of poor glycemic control
lead to increased bone resorption and
bone loss in young diabetic adults. With
improvements in glycemic control, stud-
ies (3–5) have found increased values of
serum osteocalcin in diabetic patients.
These studies suggest that during periods
of poor glycemic control, increased rates
of bone resorption are not accompanied
by proportional increases in rates of bone
formation. In contrast, Barrett-Connor
and Holbrook (6) found higher bone
mineral density (BMD) in diabetic (type
2) older women than in those with nor-
mal glucose tolerance (NGT), indepen-
dent of obesity. In men, they found no
differences in bone density by glycemic
status (6). Similarly, Marugame et al. (7)
recently found no association between
impaired glucose tolerance (IGT) and al-
veolar bone loss but found a positive re-
lationship between type 2 diabetes and
alveolar bone loss in a group of Japanese
men, suggesting that duration and sever-
ity of disease may be important factors in
the possible deficits in bone density.

It is likely that the controversies re-
garding whether bone disease is a compli-
cation of diabetes may be due to the cross-
sectional nature of the majority of studies.
For this reason, we have decided to exam-
ine the bone mineral status of a group of
overweight children who are currently
participating in the University of South-
ern California (USC) Study of Latino Ad-
olescents at Risk (SOLAR) diabetes
project with the intention to follow them
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longitudinally and to carefully monitor
their skeletal as well as metabolic
changes. The present cross-sectional in-
vestigation is the first of a series of reports
that will address the relationship between
pre-diabetes (i.e., IGT) and bone mass in
children. The recent global emergence of
type 2 diabetes in children combined with
puberty being a time of rapid skeletal
growth and a critical period for the attain-
ment of peak bone mass makes this study
unique and its purpose imperative.

In this article, we assessed the com-
bined and independent contributions of
age, Tanner stage, lean mass, fat mass,
fasting/2-h glucose and insulin, and the
acute insulin response to glucose (AIR)
and the cumulative insulin responses to
oral glucose (i.e., area under the insulin
curve [AUC]) to bone mineral content
(BMC) and BMD in a group of Latino chil-
dren to address the hypothesis that chil-
dren with IGT will have lower BMC and
BMD than children with NGT.

RESEARCH DESIGN AND
METHODS — A cohort of overweight
Latino children with a positive family his-
tory of type 2 diabetes was established
with the intention to follow them longitu-
dinally in the USC SOLAR diabetes
project. The current investigation reports
the cross-sectional findings from the first
184 children in this cohort.

A total of 184 children (106 boys, 78
girls) were recruited to the SOLAR project
through clinics, health fairs, newspaper
announcements, and word of mouth. The
children were required to meet the fol-
lowing inclusion criteria: 1) age 8 –13
years; 2) BMI �85th percentile for age
and sex based on the Centers for Disease
Control and Prevention (CDC) standards
(8) and an initial telephone prescreening;
3) Latino ancestry (all four grandparents
Latino by self-report); and 4) family his-
tory of type 2 diabetes in at least one par-
ent, sibling, or grandparent. Children
were of Mexican-American (71%), Cen-
tral American (16%), or mixed Mexican–
Central American (13%) heritage.
Children were excluded if they had prior
major illness including type 1 or type 2
diabetes, took medications, or had a con-
dition known to influence body composi-
tion, bone mass, insulin action, or insulin
secretion (e.g., pregnancy, glucocorticoid
therapy, or hyper- or hypothyroidism).
The SOLAR study was approved by the
Institutional Review Board, Health Sci-

ence Campus, USC. Informed consent
and assent were obtained from all parents
and children, respectively.

Outpatient screening visit
Children arrived at the USC General Clin-
ical Research Center (GCRC) at �8:00
A.M. after an overnight fast. Weight and
height were measured followed by a phys-
ical examination conducted by a board-
certified pediatric endocrinologist (Marc
J. Weigensberg). Physical examinations
included Tanner staging in girls (breast
stage) and boys (pubic hair stage) as well
as testicular volume measurements in a
subsample (n � 84) of boys. A medical
history was conducted including parental
interview detailing family history of dia-
betes. After these procedures, an oral glu-
cose tolerance test was conducted.
Children who met the following screen-
ing criteria were invited back for further
testing during an inpatient GCRC visit: 1)
BMI �85th percentile for age and sex ac-
cording to the CDC standards (8) based
on height and weight measures at the
GCRC and 2) absence of type 1 or type 2
diabetes using the American Diabetes As-
sociation guidelines (9). Note that for the
purposes of this study, we used the CDC
definitions for weight status in children
(i.e., at risk of overweight/obesity is a BMI
age/sex percentile �85th). All children
met the BMI criteria, and none of the 184
children screened positive for diabetes.

Inpatient visit
Of the 184 children completing the out-
patient visit, all returned to the GCRC
within 15 � 10 (� SD) days. Children
were admitted to the GCRC in the early
afternoon and then completed tests for
bone mass and body composition using
dual-energy X-ray absorptiometry. Chil-
dren were served dinner and an evening
snack, with only water permitted after
8:00 P.M. The following morning, insulin
sensitivity and AIR were determined from
an intravenous glucose tolerance test.

Weight, height, and anthropometry
Height (by a wall-mounted stadiometer)
and weight (by a balance beam medical
scale) were recorded at each visit to the
nearest 0.1 cm and 0.1 kg, respectively,
and the average of the two measurements
was used for analysis. BMI and BMI per-
centiles for age and sex were determined
based on established CDC normative
curves using EpiInfo 2000, Version 1.1.

Bone mineral and body composition
A whole-body dual-energy X-ray absorp-
tiometry scan was performed to deter-
mine whole-body BMC (units: grams),
BMD (units: grams/cm2), and whole-
body composition using a Hologic QDR
4500W (Hologic, Bedford, MA). The
whole-body scan requires the subject to
be placed supine with the arms and legs
positioned according to the manufactur-
er’s specifications. Quality control was
performed daily using a phantom, and
measurements were maintained within
the manufacturers precision standards of
�1%.

Cardiorespiratory fitness
A subsample (n � 146) of participants
completed an all-out progressive contin-
uous treadmill protocol (10). After being
familiarized with the exercise equipment,
the children practiced walking on the mo-
torized treadmill until they were able to
walk without holding the railings. Chil-
dren walked for 4 min at 0% grade and 4
km/h, after which the treadmill grade was
raised to 10%. Each ensuing work level
lasted 2 min, during which the grade was
increased by 2.5%. The speed remained
constant until a 22.5% grade was reached,
at which time the speed was increased by
0.6 km/h until the subject reached ex-
haustion. Respiratory gases were col-
lected and measured via open circuit
spirometry and analyzed on a MedGraph-
ics CardiO2 combined VO2/ECG Exercise
System. Heart rate was measured contin-
uously using a Polar Vantage XL heart rate
monitor (Port Washington, NY). VO2max
was achieved if individuals satisfied two
of the following three criteria: respiratory
exchange ratio �1.0, heart rate �195,
and a leveling or plateauing of VO2 de-
fined as an increase of oxygen uptake �2
ml � kg�1 � min�1 with a concomitant in-
creasing workload.

Oral glucose tolerance test
A topical anesthetic (EMLA cream; Aztra-
Zeneca, Wilmington, DE) was applied to
the antecubital area of one arm, and a flex-
ible intravenous catheter was placed in an
antecubital vein. Subjects ingested 1.75 g
oral glucose solution per kilogram body
weight (to a maximum of 75 g) at “time 0.”
Blood was sampled and assayed for glu-
cose and insulin at times �5 min (“fast-
ing”) and 120 min (“2 h”) relative to
glucose ingestion. IGT was defined by
“2-h glucose �140 mg/dl,” as recom-
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mended by the American Diabetes Asso-
ciation Expert Committee on the
Diagnosis and Classification of Diabetes
Mellitus (11). AUC was determined with
the trapezoidal method (12). Incremental
insulin AUC was calculated by dividing
the AUC by 180 min and subtracting the
fasting insulin value.

Frequently sampled intravenous
glucose tolerance test
At 6:30 A.M., the EMLA cream was ap-
plied, followed �1 h later by flexible in-
travenous catheter placement in bilateral
antecubital veins. Two fasting blood sam-
ples were drawn at �15 and �5 min for
determination of basal glucose and insu-
lin. At time 0, glucose (25% dextrose, 0.3
g/kg body wt) was administered intrave-
nously. Blood samples were collected at
time points 2, 4, 8, 19, 22, 30, 40, 50, 70,
100, and 180 min. Insulin (0.02 units/kg
body wt, Humulin R [regular insulin for
human injection]; Eli Lilly, Indianapolis,
IN) was injected intravenously at 20 min.
Values for glucose and insulin were en-
tered into the Minmod Millenium 2002
computer program (Version 5.16, Rich-
ard N. Bergman) for determination of in-
sulin sensitivity and the acute insulin
response to glucose (13).

Glucose and insulin assays
Blood samples during the oral glucose tol-
erance test were centrifuged, and plasma
was placed on ice and analyzed within 1 h
at the Los Angeles County USC Medical
Center Core Laboratory with a Dimension
Clinical Chemistry system using the hex-
okinase method (Dade Behring, Deer-
field, IL). Blood samples from the
intravenous glucose tolerance test were
centrifuged, and plasma was stored on ice
before storage at �80°C. Aliquots were
assayed in duplicate for glucose using the
glucose oxidase method and a Yellow
Springs Instruments 2700 Analyzer (Yel-
low Springs Instruments, Yellow Springs,
OH). Insulin was assayed in duplicate us-
ing an enzyme-linked immunosorbent as-
say kit from Linco (St. Charles, MO).

Statistical analysis
All analyses were performed using SPSS
version 11.0 (SPSS, Chicago, IL), with a
type I error set at P � 0.05. Partial corre-
lations (controlling for lean mass, age,
and Tanner stage) were performed to de-
termine the associations between BMC
and BMD and the independent variables.

Children with NGT versus IGT were com-
pared using ANOVA or general linear
models when covariates were included.
As determined by the Kolmogorov-
Smirnov test of normality, BMC and BMD
were not normally distributed and were
log transformed; multiple linear regres-
sion analysis was repeated with log-
transformed dependent variables.

RESULTS — A summary of the adoles-
cents’ characteristics based on glycemic
control (i.e., IGT vs. NGT) is shown in
Table 1. Mean BMC was 1,501.4 � 410.9
g in IGT and 1,553.5 � 449.2 g in NGT
children; BMC had a range of 748–3,199
g. BMD values ranged from 0.71 to 1.34
g/cm2 and were identical (mean of 0.92
g/cm2) in IGT and NGT children. Bone
area was 1,600.1 � 309.1 cm2 in IGT and
1,658.1 � 296.3 cm2 in NGT children.
There were no significant differences in
BMC, BMD, or bone area in IGT versus

NGT children when the analysis was re-
peated separately by sex (data not
shown). Mean 2-h glucose and 2-h insu-
lin were significantly greater in IGT than
NGT children. There were no other sig-
nificant differences in groups.

Table 1—Descriptive statistics of participants

IGT NGT

n 46 138
Sex (M/F) 26/20 80/58
Age (years) 12.1 � 1.8 11.8 � 1.7
Tanner stage 2.4 � 1.4 2.2 � 1.3

Tanner 1 16 (35) 51 (37)
Tanner 2 14 (30) 44 (32)
Tanner 3 2 (4) 16 (12)
Tanner 4 11 (24) 14 (10)
Tanner 5 3 (7) 13 (9)

Testicular volume (ml)* 8.8 � 6.8 6.6 � 5.7
Weight (kg) 61.1 � 19.8 64.2 � 19.4
Height (cm) 148.3 � 12.5 149.2 � 11.2
BMI (kg/m2) 27.0 � 5.2 28.3 � 5.4
Fat mass (kg) 22.8 � 10.0 24.8 � 10.0
Percent fat (%) 36.7 � 6.7 38.4 � 6.4
Lean mass (kg) 35.8 � 10.1 37.0 � 10.2
VO2max (ml/min)† 2,107.7 � 501.8 2,204.9 � 605.2
VO2max (ml � kg�1 � min�1)† 35.1 � 7.0 35.1 � 6.9
BMC (g) 1,501.4 � 410.9 1,553.5 � 449.2
BMD (g/cm2) 0.92 � 0.1 0.92 � 0.1
Bone area (cm2) 1,600.1 � 309.1 1,658.1 � 296.3
Fasting glucose (mg/dl) 93.9 � 8.0 91.4 � 8.7
2-h glucose (mg/dl) 150.7 � 10.6‡ 118.4 � 11.5
Fasting insulin (�U/ml) 17.6 � 18.3 16.1 � 10.1
2-h insulin (�U/ml) 210.5 � 169.5‡ 128.8 � 116.2
Insulin sensitivity �	10�4 min�1/(�U/ml)
 2.2 � 1.4 2.2 � 1.5
AIR (�U/ml) 1,457.2 � 1,322.3 1,805.7 � 1,258.8
AUC (pmol/l) 318.4 � 216.4 301.3 � 201.6
Incremental AUC (pmol/l) 291.0 � 205.1 264.0 � 168.8

Data are means � SD or n (%).*Testicular volume values represent 84 boys (18 IGT, 66 NGT). †VO2max

values represent 146 subjects (39 IGT, 107 NGT). ‡Significantly greater than NGT at P � 0.0001.

Table 2—Partial correlations with BMC and
BMD (controlling for lean mass, age, and
Tanner stage)

BMC BMD

Fasting glucose �0.06 �0.05
2-h glucose �0.02 �0.05
Fasting insulin �0.16* �0.17*
2-h insulin �0.16* �0.17*
Insulin sensitivity 0.10 0.12
AIR �0.29† �0.22‡
AUC �0.28† �0.31†
Incremental AUC �0.24‡ �0.25‡

*P � 0.05; †P � 0.0001; ‡P � 0.001.

Bone mineral content in pre-diabetic children
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Table 2 reports partial correlations
(controlling for lean mass, age, and Tan-
ner stage) between the glucose/insulin
variables and BMC and BMD. Fasting and
2-h glucose levels were not significantly
correlated with BMC or BMD. Fasting and
2-h insulin levels were both inversely cor-
related with BMC (r � �0.16) and BMD
(r � �0.17). AIR and AUC were also in-
versely correlated with BMC and BMD.
The inverse relationships between insulin
AUC and BMC and BMD were stronger
than the inverse correlations between in-

cremental insulin AUC and BMC and
BMD.

Table 3 reports partial correlations of
the independent variables with BMC and
BMD based on glucose tolerance. Of the
184 subjects, 138 (75%) had NGT and 46
(25%) had IGT. All significant relation-
ships were negative. In NGT children, the
relationships between AIR and BMC and
BMD were not significant. In IGT chil-
dren, however, there were strong inverse
correlations between AIR and BMC (r �
�0.58, P � 0.000) and BMD (r � �0.51,

P � 0.001). Although the relationships
between insulin AUC and incremental in-
sulin AUC and BMC and BMD were sig-
nificant and negative in both NGT and
IGT children, these inverse relationships
were magnified in IGT children.

Figure 1 compares the adjusted
means and SEs of BMC in IGT versus
NGT children. Although IGT children
had lower adjusted BMC (1,527 � 22.3 g)
than NGT children (1,545 � 12.8 g),
these differences were not significant.

Stepwise multiple linear regression
analyses were performed to examine the
independent influence of age, Tanner
stage, lean mass, fat mass, VO2max, fasting/
2-h glucose, fasting/2-h insulin, insulin
sensitivity, AIR, and AUC on log-
transformed whole-body BMC and BMD.
Multiple regression coefficients and par-
tial/total R values are presented in Table 4.
Lean mass (87%), age (1%), and AIR (1%)
explained a total of 89% of the variance in
BMC with no contribution by the other
variables. BMD was explained by lean
mass (69%), Tanner stage (3%), and AUC
(2%) for a total of 74% of the variance. Fat
mass, VO2max, fasting/2-h glucose, fasting/
2-h insulin, and insulin sensitivity did not
make significant contributions to the vari-

Figure 1—BMC in IGT an NGT children (adjusted for lean mass, age, and Tanner stage). Data are adjusted means � SE. Differences between IGT
and NGT are nonsignificant.

Table 3—Partial correlations with BMC and BMD (controlling for lean mass, age, and Tanner
stage)

IGT (n � 46) NGT (n � 138)

BMC BMD BMC BMD

Fasting glucose �0.00 �0.04 �0.07 �0.05
2-h glucose �0.26 �0.19 0.14 0.06
Fasting insulin �0.23 �0.19 �0.08 �0.13
2-h insulin �0.03 �0.10 �0.12 �0.16
Insulin sensitivity 0.12 0.13 0.06 0.08
AIR �0.58* �0.51† �0.14 �0.03
AUC �0.36‡ �0.39‡ �0.20‡ �0.22‡
Incremental AUC �0.34‡ �0.38‡ �0.20‡ �0.22‡

*P � 0.0001; †P � 0.001; ‡P � 0.05.
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ances in BMC or BMD. When the analysis
was repeated without log transforma-
tions, the results did not materially
change (data not shown).

CONCLUSIONS — Our find ing s
with respect to lack of significant differ-
ences in BMC and BMD in IGT versus
NGT subjects, although the first in a
group of pre-diabetic (type 2) children,
are in agreement with those of previous
researchers who have examined the same
hypothesis in different populations.
Wakasugi et al. (14) found no relation-
ship between the level of HbA1c and def-
icits in bone mass of type 2 diabetic
adults. Pascual et al. (15) found no corre-
lation between BMD and HbA1c in chil-
dren wi th type 1 diabetes but
acknowledged the fact that HbA1c may
not be an ideal marker for poor glycemic
control because it represents only the pa-
tients’ glycemic status of the last 3
months; it is noteworthy that changes in
bone metabolism take place over a longer
period. Although IGT (i.e., 2-h glucose
�140 mg/dl) is an important precursor of
diabetes (11), it is difficult to speculate
the duration of this condition in our IGT
children; nevertheless, we believe that in-
adequate duration of the pre-diabetic
state may have contributed to the lack of
significant differences in BMC and BMD
of the two groups. Other research has
shown that insulin-dependent diabetic
children have a normal spine BMD during
the first year of disease (16,17); a de-
creased BMD has been observed in those

with long-standing diabetes (17). We are
aware that there are also individual differ-
ences in susceptibility to disease; in other
words, not all subjects with IGT will
worsen to diabetes, and another possible
explanation for the lack of significant dif-
ferences in BMC and BMD between IGT
and NGT may be because only IGT chil-
dren with the potential to progress to di-
abetes may be at risk for osteopenia.

Although differences in BMC and
BMD in IGT versus NGT children were
not significant, Table 1 and Fig. 1 high-
light the fact that IGT children had lower
unadjusted (Table 1) and adjusted (Fig.
1) means of BMC, which in growing chil-
dren is a better measure than BMD (18).
Mean 2-h insulin was significantly greater
in IGT than in NGT children (210.5 vs.
128.8 �U/ml). Furthermore, partial cor-
relations (Table 2) reveal that 2-h insulin
was inversely correlated with both BMC
and BMD. Therefore, in light of the
greater levels of 2-h insulin in IGT chil-
dren and the inverse relationship between
2-h insulin and BMC and BMD, it makes
sense that IGT children had lower BMC
than NGT children. We therefore believe
that this adjusted trend toward lower bone
mass may continue if our IGT children re-
main hyperglycemic and hyperinsulinemic.

We (19,20) and many others (21–25)
have shown that body size is the strongest
single determinant of BMD, a relationship
that is attributed to weight bearing and to
the conversion of androstenedione to es-
trogen in adipose tissue (26,27). Consis-
tent with our previous findings in Asian

adolescents (19), lean body mass was the
best covariate of BMC and BMD in this
group of overweight Latino children.
When lean mass was replaced with fat
mass in the regression models, age (50%)
and Tanner stage (41%) became the pri-
mary covariates of BMC and BMD, respec-
tively; fat mass became a secondary
covariate of BMC (17% of the total vari-
ance) and BMD (10% of the total vari-
ance). These findings are similar to the
conclusions of others who have shown
that lean mass and not fat mass indepen-
dently predicts whole-body (28) and
lumbar spine (29) BMD. Our results re-
garding the strong independent contribu-
tion of lean mass to bone mass provides
additional evidence on the importance of
mechanical impact and muscular forces
for the growing skeleton. Further, it indi-
rectly substantiates that skeletal muscle is
also capable of aromatizing androstenedi-
one to estrogen (30).

Because previous studies (31,32) of
type 1 diabetic children with poor meta-
bolic control have reported reductions in
linear growth velocity and a diminished
pubertal growth spurt, we thought it is
necessary to also examine whether there
are differences in height and Tanner stage
in our two groups. As such, we found no
significant differences in height or Tanner
stage between IGT and NGT children (Ta-
ble 1). Furthermore, it is noteworthy that
testicular volume was highly correlated
(r � 0.90, P � 0.0001) with Tanner stage
(based on pubic hair) in boys. Because of
this strong correlation and the lack of tes-

Table 4—Multiple linear regression model for total body

Log BMC Log BMD

� � SE R2 � � SE R2

Intercept 6.22 � 0.05 �0.45 � 0.03
Age (years) 0.02 � 0.006* 0.01 NS
Tanner stage NS 0.02 � 0.005† 0.03
Lean mass (kg) 0.00002 � 0.00† 0.87 0.000008 � 0.00† 0.69
Fat mass (kg) NS NS
VO2max (ml/min) NS NS
Fasting glucose (mg/dl) NS NS
2-h glucose (mg/dl) NS NS
Fasting insulin (�U/ml) NS NS
2-h insulin (�U/ml) NS NS
Insulin sensitivity �	10�4 min�1/(�U/ml)
 NS NS
AIR (�U/ml) �0.00002 � 0.00† 0.01 NS
AUC (pmol/l) NS �0.00007 � 0.00‡ 0.02
Total R2 0.89 0.74

�, multiple regression unstandardized coefficient. *P � 0.001; †P � 0.0001; ‡P � 0.01.
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ticular volume data on the entire sample
of boys, we chose to stage pubertal devel-
opment based on pubic hair, and we be-
lieve that this was an accurate measure of
puberty in boys. When we examined tes-
ticular volume values in IGT (n � 18)
versus NGT (n � 66) children, we found
no significant differences.

Other subtle contributors to the total
variances in BMC and BMD of this popu-
lation were the acute and cumulative in-
sulin responses to oral glucose. Although
some research (6,33) has suggested a link
between hyperinsulinemia and better
bones, reduced levels of IGF-I, a polypep-
tide synthesized by bone cells, reported in
hyperglycemic, hyperinsulinemic, type 1
diabetic, and type 2 diabetic conditions
(34 –37) could alternatively cause os-
teopenia (34,37–39). In in vitro studies,
receptors for insulin and IGF-I are present
on osteoblastic cells (40,41), and both
substances have a direct stimulatory effect
on the recruitment of osteoblastic cells
(42). We are in agreement with others
(4,34,38) who have concluded that type 2
diabetes and the hyperinsulinemic state
typically associated with obesity and in-
sulin resistance in these patients could
cause low bone mass (independent of
body size) and that this relationship is
possibly mediated by deficiency in insu-
lin-like growth factors. Studies have
found low (43), normal (44,45), and high
(46) IGF-I levels in obese subjects.
Whether or not overweight children with
IGT have abnormal IGF-I levels should be
investigated in longitudinal studies of this
population.

Studies have shown that trabecular
bone has high turnover and responds to
factors such as endocrine changes to a
greater extent than does cortical bone
(24,32,47). Previous research on the as-
sociation between diabetes and osteope-
nia has also shown site specificity. Roe et
al. (48) found that in diabetic children,
cortical but not trabecular BMD was lower
than that in control subjects. In contrast,
Lettgen et al. (49) found lower trabecular
BMD but no differences in cortical or total
BMD in diabetic versus nondiabetic chil-
dren. Therefore, although it would seem
more logical that trabecular bone would
be more sensitive to metabolic changes,
measurement of both cortical (femoral
neck) and trabecular (lumbar spine) bone
is necessary in our future work.

We conclude that IGT does not seem
to predispose young pre-diabetic children

to osteopenia. However, the lower unad-
justed and adjusted means for BMC in
children with IGT as well as the indepen-
dent inverse relationship of acute and cu-
mulative insulin responses to oral glucose
on BMC and BMD suggest that, indepen-
dent of body size, the skeleton of adoles-
cents at risk for type 2 diabetes may not be
protected, possibly because of the yet un-
proven role of IGF deficiency on bone ac-
cretion during growth. Because diabetic
status may be altered in this population,
examination of changes in the skeleton of
these children over time may provide
some answers into whether possible defi-
cits in peak bone mass is a consequence of
type 2 diabetes.

Acknowledgments— This study was sup-
ported by the National Institutes of Health
(R01 DK 59211) and in part by the GCRC,
National Center for Research Resources (grant
M01 RR 00043).

We are grateful to the nursing and bionutri-
tion staff at the GCRC at USC and the labora-
tory staff of Dr. Bergman for conducting
insulin and glucose assays. We thank Dr. Marc
Weigensberg for conducting the physical ex-
aminations. We are indebted to the adoles-
cents and their families who participated in
this study.

This work was presented at the Interna-
tional Osteoporosis Foundation World Con-
gress on Osteoporosis held in Rio de Janeiro,
Brazil, in May 2004.

References
1. Albright F, Reifenstein EC: The Parathy-

roid Glands and Metabolic Bone Disease: Se-
lected Studies. Baltimore, MD, Williams &
Wilkins, 1948

2. Albright F, Reifenstein EC: Bone develop-
ment in diabetic children: a roentgen
study. Am J Med Sci 174:313–319, 1948

3. Krakauer JC, McKenna MJ, Buderer NF,
Rao DS, Whitehouse FW, Parfitt AM:
Bone loss and bone turnover in diabetes.
Diabetes 44:775–782, 1995

4. Rosato MT, Schneider SH, Shapses SA:
Bone turnover and insulin-like growth
factor I levels increase after improved gly-
cemic control in non-insulin-dependent
diabetes mellitus. Calcif Tissue Int 63:107–
111, 1998

5. Sayinalp S, Gedik O, Koray Z: Increasing
serum osteocalcin after glycemic control
in diabetic men. Calcif Tissue Int 57:422–
425, 1995

6. Barrett-Connor E, Holbrook TL: Sex dif-
ferences in osteoporosis in older adults
with non-insulin-dependent diabetes
mellitus. JAMA 268:3333–3337, 1992

7. Marugame T, Hayasaki H, Lee K, Eguchi
H, Matsumoto S: Alveolar bone loss asso-
ciated with glucose tolerance in Japanese
men. Diabet Med 20:746–751, 2003

8. Ogden CL, Flegal KM, Carroll MD,
Johnson CL: Prevalence and trends in
overweight among U.S. children and ad-
olescents, 1999–2000. JAMA 288:1728–
1732, 2002

9. American Diabetes Association: Type 2
diabetes in children and adolescents. Pe-
diatrics 105:671–680, 2000

10. Trowbridge CA, Gower BA, Nagy TR,
Hunter GR, Treuth MS, Goran MI: Maxi-
mal aerobic capacity in African-American
and Caucasian prepubertal children. Am J
Physiol 273:E809–E814, 1997

11. Expert Committee on the Diagnosis and
Classification of Diabetes Mellitus: Report
of the Expert Committee on the Diagnosis
and Classification of Diabetes Mellitus.
Diabetes Care 25 (Suppl. 1):S5–S20, 2002

12. Matthews JNS, Altman DG, Campbell MJ,
Royston P: Analysis of serial measure-
ments in medical research. Br Med J 300:
230–235, 1990

13. Bergman RN, Phillips LS, Cobelli C: Phys-
iologic evaluation of factors controlling
glucose tolerance in man: measurement of
insulin sensitivity and beta-cell glucose
sensitivity from the response to intrave-
nous glucose. J Clin Invest 68:1456–1467,
1981

14. Wakasugi M, Wakao R, Tawata M, Gan N,
Koizumi K, Onaya T: Bone mineral den-
sity measured by dual energy x-ray ab-
sorptiometry in patients with non-
insulin-dependent diabetes mellitus. Bone
14:29–33, 1993

15. Pascual J, Argente J, Lopez MB, Munoz M,
Martinez G, Vazquez MA, Jodar E, Perez-
Cano R, Hawkins F: Bone mineral density
in children and adolescents with diabetes
mellitus type 1 of recent onset. Calcif Tis-
sue Int 62:31–35, 1998

16. De Schepper J, Smitz J, Rosseneu S, Bollen
P, Louis O: Lumbar spine bone mineral
density in diabetic children with recent
onset. Horm Res 50:193–196, 1998

17. Ponder SW, McCormick DP, Fawcett HD,
Tran AD, Ogelsby GW, Brouhard BH,
Travis LB: Bone mineral density of the
lumbar vertebrae in children and adoles-
cents with insulin-dependent diabetes
mellitus. J Pediatr 120:541–545, 1992

18. Cooper C, Fall C, Egger P, Hobbs R, Eas-
tell R, Barker D: Growth in infancy and
bone mass in later life. Ann Rheum Dis 56:
17–21, 1997

19. Afghani A, Xie B, Wiswell RA, Gong J, Li
Y, Johnson CA: Bone mass of Asian ado-
lescents in China: influence of physical
activity and smoking. Med Sci Sports Exerc
35:720–729, 2003

20. Afghani A, Abbott AV, Wiswell RA, Jaque
SV, Gleckner C, Schroeder ET, Johnson

Afghani, Cruz, and Goran

DIABETES CARE, VOLUME 28, NUMBER 2, FEBRUARY 2005 377

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/28/2/372/665966/zdc00205000372.pdf by guest on 10 April 2024



CA: Bone mineral density in Hispanic
women: role of aerobic capacity, fat-free
mass, and adiposity. Int J Sports Med 25:
384–390, 2004

21. Glastre C, Braillon P, David L, Cochat P,
Meunier PJ, Delmas PD: Measurement of
BMC of the lumbar spine by dual energy
x-ray absorptiometry in normal children:
correlations with growth parameters.
J Clin Endocrinol Metab 70:1330–1333,
1990

22. Katzman DK, Bachrach LK, Carter DR,
Marcus R: Clinical and anthropometric
correlates of bone mineral acquisition in
healthy adolescent girls. J Clin Endocrinol
Metab 73:1332–1339, 1991

23. Rice S, Blimkie CJR, Webber CE, Levy D,
Martin J, Parker D, Gordon CL: Correlates
and determinants of BMC and density in
healthy adolescent girls. Can J Physiol
Pharmacol 71:923–930, 1993

24. Slemenda CW, Reister TK, Hui SL, Miller
JZ, Christian JC, Johnston CC Jr: Influ-
ences on skeletal mineralization in chil-
dren and adolescents: evidence for
varying effects of sexual maturation and
physical activity. J Pediatr 125:201–207,
1994

25. Welten DC, Kemper HCG, Post GB, Van
Mechelen W, Twisk J, Lips P, Teule GJ:
Weight-bearing activity during youth is a
more important factor for peak bone mass
than calcium intake. J Bone Miner Res
9:1089–1096, 1994

26. Nimrod A, Ryan KJ: Aromatization of an-
drogens by human abdominal and breast
fat tissue. J Clin Endocrinol Metab 40:367–
372, 1975

27. Schindler AE, Ebert A, Friedrich E: Con-
version of androstenedione to estrone by
human fat tissue. J Clin Endocrinol Metab
35:627–630, 1972

28. Wegner M, Snow-Harter C, Robinson T,
Shaw J, Shelley A: Lean body mass, not fat
mass, independently predicts whole body
bone mineral density in postmenopausal
women. Med Sci Sport Exerc 25:S854,
1993

29. Shaw JM, Snow-Harter CM, Robinson T,
Wegner M, Shelley A: Lean body mass
and lumbar spine bone mineral density in
pre-menopausal women. Med Sci Sport
Exerc 25:S855, 1993

30. Matsumine H, Hirato K, Yanaihara T,

Tamada T, Yoshida M: Aromatization by
skeletal muscle. J Clin Endocrinol Metab
63:717–720, 1986

31. Jackson RL, Holland E, Chatman ID,
Guthrie D, Hewett JE: Growth and matu-
ration of children with insulin-dependent
diabetes mellitus. Diabetes Care 1:96–
107, 1978

32. Tattersall RB, Pyke DA: Growth in dia-
betic children: studies in identical twins.
Lancet 2:1105–1109, 1973

33. Barrett-Connor E, Kritz-Silverstein D:
Does hyperinsulinemia preserve bone?
Diabetes Care 19:1388–1392, 1996

34. Bouillon R, Bex M, Van Herck E, Laureys
J, Dooms L, Lesaffre E, Ravussin E: Influ-
ence of age, sex, and insulin on osteoblast
function: osteoblast dysfunction in diabe-
tes mellitus. J Clin Endocrinol Metab 80:
1194–1202, 1995

35. Janssen JA, Lamberts SW: The role of
IGF-I in the development of cardiovascu-
lar disease in type 2 diabetes mellitus: is
prevention possible? Eur J Endocrinol 146:
467–477, 2002

36. Sandhu MS, Heald AH, Gibson JM,
Cruickshank JK, Dunger DB, Wareham
NJ: Circulating concentrations of insulin-
like growth factor-I and development of
glucose intolerance: a prospective obser-
vational study. Lancet 359:1740–1745,
2002

37. Schwartz AV: Diabetes mellitus: does it
affect bone? Calcif Tissue Int 73:515–519,
2003

38. Bennett AE, Wahner HW, Riggs BL, Hintz
RL: Insulin-like growth factors I and II:
aging and bone density in women. J Clin
Endocrinol Metab 59:701–704, 1984

39. Kajantie E, Fall CH, Seppala M, Koistinen
R, Dunkel L, Yliharsila H, Osmond C,
Andersson S, Barker DJ, Forsen T, Holt
RI, Phillips DI, Eriksson J: Serum insulin-
like growth factor (IGF)-I and IGF-bind-
ing protein-1 in elderly people:
relationships with cardiovascular risk fac-
tors, body composition, size at birth, and
childhood growth. J Clin Endocrinol Metab
88:1059–1065, 2003

40. Hock JM, Centrella M, Canalis E: Insulin-
like growth factor I has independent ef-
fects on bone matrix formation and cell
replication. Endocrinology 122:254–260,
1988

41. Raisz LG: Local and systemic factors in the
pathogenesis of osteoporosis. N Engl J Med
318:818–828, 1988

42. Leidig-Bruckner G, Ziegler R: Diabetes
mellitus a risk for osteoporosis? Exp Clin
Endocrinol Diabetes 109 (Suppl. 2):S493–
S514, 2001

43. Maccario M, Ramunni J, Oleandri SE,
Procopio M, Grottoli S, Rossetto R, Savio
P, Aimaretti G, Camanni F, Ghigo E: Re-
lationships between IGF-I and age, gen-
der, body mass, fat distribution,
metabolic and hormonal variables in
obese patients. Int J Obes Relat Metab Dis-
ord 23:612–618, 1999

44. Radetti G, Bozzola M, Pasquino B, Paga-
nini C, Aglialoro A, Livieri C, Barreca A:
Growth hormone bioactivity, insulin-like
growth factors (IGFs), and IGF binding
proteins in obese children. Metabolism 47:
1490–1493, 1998

45. Argente J, Caballo N, Barrios V, Pozo J,
Munoz MT, Chowen JA, Hernandez M:
Multiple endocrine abnormalities of the
growth hormone and insulin-like growth
factor axis in prepubertal children with
exogenous obesity: effect of short- and
long-term weight reduction. J Clin Endo-
crinol Metab 82:2076–2083, 1997

46. Nam SY, Lee EJ, Kim KR, Cha BS, Song
YD, Lim SK, Lee HC, Huh KB: Effect of
obesity on total and free insulin-like
growth factor (IGF)-1, and their relation-
ship to IGF-binding protein (BP)-1,
IGFBP-2, IGFBP-3, insulin, and growth
hormone. Int J Obes Relat Metab Disord 21:
355–359, 1997

47. Seeman E, Wahner HW, Offord KP, Ku-
mar R, Johnson WJ, Riggs BL: Differential
effects of endocrine dysfunction on the
axial and the appendicular skeleton. J Clin
Invest 69:1302–1309, 1982

48. Roe TF, Mora S, Costin G, Kaufman F,
Carlson ME, Gilsanz V: Vertebral bone
density in insulin-dependent diabetic
children. Metabolism 40:967–971, 1991

49. Lettgen B, Hauffa B, Mohlmann C, Jeken
C, Reiners C: Bone mineral density in
children and adolescents with juvenile di-
abetes: selective measurement of bone
mineral density of trabecular and cortical
bone using peripheral quantitative com-
puted tomography. Horm Res 43:173–
175, 1995

Bone mineral content in pre-diabetic children

378 DIABETES CARE, VOLUME 28, NUMBER 2, FEBRUARY 2005

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/28/2/372/665966/zdc00205000372.pdf by guest on 10 April 2024


