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OBJECTIVEdIndividuals with type 2 diabetes have increased fracture risk despite higher
bonemineral density (BMD). Our aimwas to examine the influence of glucose control on skeletal
complications.

RESEARCH DESIGN AND METHODSdData of 4,135 participants of the Rotterdam
Study, a prospective population-based cohort, were available (mean follow-up 12.2 years). At
baseline, 420 participants with type 2 diabetes were classified by glucose control (according to
HbA1c calculated from fructosamine), resulting in three comparison groups: adequately con-
trolled diabetes (ACD; n = 203; HbA1c ,7.5%), inadequately controlled diabetes (ICD; n = 217;
HbA1c $7.5%), and no diabetes (n = 3,715). Models adjusted for sex, age, height, and weight
(and femoral neck BMD) were used to test for differences in bone parameters and fracture risk
(hazard ratio [HR] [95% CI]).

RESULTSdThe ICD group had 1.1–5.6% higher BMD, 4.6–5.6% thicker cortices, and21.2 to
21.8%narrower femoral necks than ACD andND, respectively. Participants with ICD had 47–62%
higher fracture risk than individuals without diabetes (HR 1.47 [1.12–1.92]) and ACD (1.62 [1.09–
2.40]), whereas those with ACD had a risk similar to those without diabetes (0.91 [0.67–1.23]).

CONCLUSIONSdPoor glycemic control in type 2 diabetes is associated with fracture risk,
high BMD, and thicker femoral cortices in narrower bones. We postulate that fragility in appar-
ently “strong” bones in ICD can result from microcrack accumulation and/or cortical porosity,
reflecting impaired bone repair.
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Type 2 diabetes and osteoporosis are
common diseases with increasing
prevalence in the aging population.

Due to their associated morbidity and

mortality, the conditions cause a high
health burden in Western societies (1–3).

There is increasing evidence support-
ing an association between type 2 diabetes

and increased fracture risk, even though
individuals with type 2 diabetes have high
bone mineral density (BMD) (4–6). One
of these studies was based on the Rotter-
dam Study, where de Liefde et al. (7)
showed that individuals with type 2 dia-
betes had 69% increased fracture risk
than those without diabetes despite hav-
ing higher BMD at the femoral neck and
lumbar spine. Results from a joint effort
by three large prospective observational
studies indicated that the fracture risk
for any given femoral neck BMD T-score
and age is increased in type 2 diabetic pa-
tients compared with those without dia-
betes (5). Recently, the World Health
Organization’s fracture risk assessment
tool (FRAX) has been shown to underes-
timate the osteoporotic fracture risk in in-
dividuals with diabetes; this is why
diabetes as a risk factor will be considered
for inclusion in future iterations of FRAX
(8). These findings suggest that factors
other than BMD may be underlying the
higher fracture risk observed in diabetes
patients, and that in fact the BMD mea-
surement does not reflect the actual ten-
dency of patients with type 2 diabetes to
develop bone fragility. We recently meta-
analyzed published studies that com-
pared BMD in individuals with type 2
diabetes to those without diabetes, and
using meta-regression, we established
that higher HbA1c is associated with
higher BMD across type 2 diabetes groups
(6).

Our aim was to investigate if the
intricate relationship between BMD,
bone geometry, and fractures in type 2
diabetes is influenced by glucose con-
trol. Using data from the Rotterdam
Study, a large, prospective, population-
based study in elderly Dutch individu-
als, we examined bone parameters and
incident fracture risk across groups of
diabetic subjects with adequate and in-
adequate glucose control as compared
with the rest of the population without
diabetes.
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RESEARCH DESIGN AND
METHODS

Ethics statement
The Medical Ethics Committee of the
Erasmus Medical Center has approved
the Rotterdam Study, and informed con-
sent was obtained from all participants.

The Rotterdam Study
The Rotterdam Study is a prospective,
population-based cohort studying the
determinants of chronic diseases and
disability in Dutch men and women.
Both the objectives and the study design
have been described previously (9). The
study targets investigations on endocrine
diseases such as osteoporosis and diabe-
tes, among others. In short, all inhabitants
55 years of age and over of the Ommoord
district in the city of Rotterdam in the
Netherlands were invited to participate
from January 1990 onwards (response
rate 78%). Between 1990 and 1993, a
baseline home interview on medical his-
tory, risk factors for chronic diseases and
medication use, and information on age at
menopause was taken by trained inter-
viewers. Falling was assessed using struc-
tured personal interviews by trained
medical research nurses. A faller was de-
fined as an individual with a history of
one, two, or more falls without precipitat-
ing trauma (e.g., car accident or sport in-
jury) in the 12 months preceding the
baseline interview. Falling frequency at
baseline was recorded as never, less than
once a month, and more than once a
month. Follow-up data were collected
using a different questionnaire at the sec-
ond and third follow-up. Smoking habits
were coded as current, former, and never.
A trained dietitian used an extensive, val-
idated, semiquantitative food-frequency
questionnaire to assess alcohol intake,
which was reported in standard alcoholic
drinks (9.8625 g/12.5 cc of alcohol) per
day. Subsequently, participants were in-
vited to the research center for clinical ex-
amination. During the baseline visit,
height and weight were measured with
indoor clothing and no shoes. BMI was
calculated as weight (in kg)/height
(in m2). Information on medication use
included the use of antidiabetic medica-
tion, diuretics, hormonal replacement
therapy, and systemic corticosteroids.

Laboratory investigations
Creatinine was measured using standard
laboratory methods. Serum insulin and
sex steroids (including testosterone, E1,

E2, sex hormone–binding globulin, and
dehydroepiandrosterone sulfate) levels
were determined in plasma samples using
radioimmunoassays purchased from Di-
agnostic Systems Laboratories, Inc.
(Webster, TX) and Medgenix Diagnostics
(Brussels, Belgium), respectively. Fasting
serum insulin levels were measured only
in those individuals not using antidiabetic
medication. Fructosamine serum levels
weremeasured by colorimetry and reported
in micromoles per liter; fructosamine mea-
surements in the Rotterdam Study had an
interassay coefficient of variation (CV) of
3.0 (10). HbA1c was computed at baseline
from fructosamine levels using the follow-
ing formula as described previously (11):
HbA1c = 0.0173 fructosamine (mmol/L) +
1.61.

Assessment of type 2 diabetes
All participants, except those on antidia-
betic medication, underwent an oral glu-
cose tolerance test (OGTT) with a 37.5%
oral glucose solution (75 g of glucose) in a
nonfasting state. Blood samples were
drawn by venipuncture before and 2 h
after the OGTT. Serum glucose levels
were measured using glucose hexokinase.
Diabetes was defined as antidiabetic med-
ication use or a preload or postload serum
glucose level .11.1 mmol/L. Medical
profiles were checked to exclude type 1
diabetes subjects (e.g., restriction to those
who reported having diabetes at or after
30 years of age) (7). Of the 4,135 included
participants, 420 (10.2%) were classified
as having type 2 diabetes at baseline ac-
cording to both OGTT (n = 250) and an-
tidiabetic medication use (n = 170, of
which 39 were exogenous insulin users).
Inadequate glucose control in diabetes
was defined as a serum HbA1c level
$7.5% (58 mmol/mol) measured at base-
line. This way, three comparison groups
were defined, including no diabetes (ND;
n = 3,715), adequately controlled diabetes
(ACD) with serum HbA1c level ,7.5%
(n = 203), and inadequately controlled dia-
betes (ICD)with serumHbA1c level$7.5%
(n = 217). In addition, impaired glucose
tolerance was defined as having a preload
or postload OGTT serum glucose from 7.8
to 11.1 mmol/L.

Ophthalmic examinations
Visual acuity was measured at a 3-m
distance using the Lighthouse Distance
Visual Acuity Test, which is a modified
Early Treatment Diabetic Retinopathy
Study chart (12). For best-corrected vi-
sual acuity (BCVA), optimal refraction

was obtained subjectively after objective
autorefraction (Topcon RM-A2000; Top-
con Optical Company, Tokyo, Japan). Af-
ter pharmacologic mydriasis, participants
underwent fundus photography, cov-
ering a 358 field centered on the macula
of both eyes. For the assessment of visual
impairment, two sets of commonly used
criteria for categorization of blindness
and low vision were applied based on 1)
World Health Organization criteria (13),
with blindness defined as BCVA ,0.05
(Snellen, 20/400) in the better eye and
low vision defined as 0.05 (20/400)#
BCVA ,0.3 (20/60) in the better eye;
and 2) the most commonly used criteria
in the U.S. defining blindness as BCVA
,0.1 (20/200) in the better eye and low
vision as 0.1 (20/200)# BCVA,0.5 (20/
40) in the better eye. Retinopathy at base-
line was defined as the presence of cotton
wool spots, evidence of laser treatment for
retinopathy, or the presence of one or
more dot/blot hemorrhages or microa-
neurysms.

BMD and hip structural analysis
Femoral neck and lumbar spine BMDwas
measured by dual-energy X-ray absorpti-
ometry (DXA) using a Lunar DPX-L den-
sitometer (Lunar Radiation Corp.,
Madison, WI) (14). Hip structural analy-
sis (15) was used to measure hip bone
geometry from the DXA scans of the fe-
mur narrow neck region. BMD and bone
width (outer diameter) were measured di-
rectly from mineral mass distributions
(15). Estimates of mean cortical thickness
and endocortical diameter were obtained
by modeling the narrow neck region as a
circular annulus, which assumes a pro-
portion of cortical/trabecular bone of 60/
40. The section modulus was calculated
as CSMI/dmax, where CSMI is the cross-
sectional moment of inertia and dmax is
the maximum distance from the center
of mass to the medial or lateral surface.
Buckling ratios were computed as dmax

divided by estimated mean cortical thick-
ness. Data on bone geometry and glucose
controls were available for 3,339 individ-
uals, including those without diabetes
(n = 2,995), with ACD with serum
HbA1c level ,7.5% (n = 157), and with
ICD with serum HbA1c level $7.5% (n =
187).

Incident fracture assessment
All events, including fractures and death,
were reported by general practitioners in
the research area (covering 80% of the
cohort) by means of a computerized
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system. All reported events were verified
by two trained research physicians, who
independently reviewed and coded the
information. Subsequently, all coded
events were reviewed by a medical expert
for final classification. Subjects were fol-
lowed from their baseline visit until 1
January 2007 or until a first fracture or
death occurred, resulting in a mean frac-
ture follow-up of 12.2 years (SD = 4.2
years).

Statistical analysis
Mean differences in continuous baseline
characteristics, BMD, and geometry pa-
rameters were tested in models adjusted
for age, sex, height, and weight using
ANOVA and (post hoc) independent-
samples t test of subgroups. Baseline char-
acteristics that were counts were analyzed
with Pearson x2 and Fisher exact tests.
Cox proportional hazard regression mod-
els were used to estimate the risk of frac-
ture in a model adjusted for sex, age,
height, and weight. In addition, the frac-
ture analyses were adjusted for femoral
neck BMD. The differences in b coeffi-
cients between groups were tested
with a z test. Potential confounders were
tested by adding them to the models, in-
cluding serum creatinine, serum insulin,
use of diuretics, systemic corticosteroid
use, alcohol intake, smoking status, and
falling frequency, in the year preceding
the baseline visit. We evaluated if the
change in effect estimate was 10% or
more and if statistical significance was
lost. The role of antidiabetic medication
use was evaluated in a sensitivity analysis
by running the regression model after ex-
cluding individuals who were using anti-
diabetic medication. S-plus software was
used to generate Kaplan-Meier curves and
to test for the proportionality of hazards.
If not stated otherwise, SPSS 15.0 was
used for the analyses.

RESULTS

Baseline characteristics by status of
glycemic control
The baseline characteristics of the three
comparison groups are shown in Table 1.
On average, individuals with diabetes
were older, had a higher BMI, higher se-
rum insulin, and creatinine levels, and
used diuretics more frequently than those
without diabetes (ND). Individuals classi-
fied as ICD had the highest insulin levels
and highest frequency of retinopathy and
used antidiabetic medication more fre-
quently. In female participants, the age

at menopause, frequency of hormone re-
placement therapy, and serum sex steroid
levels did not differ significantly between
women in any of the comparison groups
(data not shown).

Association with BMD and hip bone
geometry
Overall, participants with diabetes had a
higher BMD than those without diabetes
at the lumbar spine and femoral neck
(Table 1). ICD had between 1.1 and 5.6%
higher BMD (g/cm2) at both the femoral
neck (0.89) and lumbar spine (1.14) as
compared with the ACD group (femoral
neck, 0.88, P = 0.26; lumbar spine, 1.10,
P = 0.02) and ND (femoral neck, 0.86, P =
0.00006; lumbar spine, 1.08, P =
0.00003). In addition, bone geometry pa-
rameters of the narrow neck region as-
sessed in a subset of the sample (n =
3,319) were studied across glucose-con-
trol comparison groups (Table 2). As ex-
pected from the results from the lumbar
spine and the femoral neck region, the
mean narrow neck BMD (g/cm2) was
also the highest in individuals with ICD.
As compared with ND, individuals with
ICD had 5.6% thicker cortices than the
ND group (P = 0.00002) and 4.6% thicker
cortices than the ACD group (P = 0.02).
No significant difference in cortical thick-
ness was observed between the ND and
ACD groups (P = 0.48). Differential effects
were also seen for neck width, where in-
dividuals with ICD had21.8% narrower
femoral necks than the ND group (P =
0.0004) and 21.2% narrower femoral
necks than the ACD group, although the
latter difference did not achieve statistical
significance (P = 0.10). The narrow neck
width in individuals with ACD showed no
significant differences from those ob-
served in the ND group. No significant
differences in bending strength (section
modulus) were observed across compari-
son groups. In contrast, narrower necks
with thicker cortices suggest higher corti-
cal bone stability (lower buckling ratios),
and ICD individuals had 26.8% signifi-
cantly lower buckling ratios (higher cor-
tical bone stability) than those observed in
individuals from the ACD (P = 0.005) and
ND groups (P = 0.0001). To further eval-
uate the relationship between cortical
thickness, femoral neck width, and glu-
cose control, we examined the relation-
ship across age tertiles (Fig. 1A and B).
The observed differences were particu-
larly prominent in the oldest tertile,
where individuals with ICD had 8.1%
thicker cortices than ND individuals

(P = 0.001) and 9.3% thicker than ACD
individuals (P = 0.08). Similarly, the neck
width of ICD individuals in this older ter-
tile had 22.5% narrower necks than ND
individuals (P = 0.003) and, though not
statistically significant, 21.2% narrower
necks than ACD individuals (P = 0.31).

Fracture-free survival analysis
Tables 3 and 4 show the site-specific frac-
ture incidence rates and hazard ratios
(HRs) stratified by glucose control. Dur-
ing follow-up, 1,068 subjects experi-
enced at least one incident fracture,
including 253 individuals presenting
with a hip fracture and 257 individuals
with a wrist fracture. Individuals in the
ICD group had an increased fracture risk
compared with ACD (HR 1.62 [95% CI
1.09–2.40]) and ND (1.47 [1.12–1.92]),
whereas those with ACD had an HR of
0.91 (0.67–1.23) as compared with ND.
Kaplan-Meier fracture-free survival
curves are shown in Fig. 1C. The analysis
of fracture subtypes showed a similar
trend for wrist (Colles distal forearm)
fracture as that observed for all types
of fracture, whereas the pattern for hip
fracture risk was inconsistent (Tables 3
and 4).

Even though mean BMD was higher
in individuals with diabetes, being the
highest in the ICD group, lower femoral
neck BMD was significantly associated
with increased fracture risk across all
study groups: ND (HR 1.60 per SD de-
crease [95% CI 1.46–1.75]), ACD (HR
2.72 per SD decrease [1.76–4.20]), and
ICD (1.54 [1.11–2.14]). These analyses
and those with correction for BMD de-
scribed before suggest that the ICD group
tends to fracture at a higher BMD than the
ACD group. We tested for sex interaction
and found that the increase in fracture
risk was significantly stronger in women
(P = 0.02): ICD vs. ACD (HR women 2.08
[1.31–3.30]; HR men 0.72 [0.33–1.56]);
ICD vs. ND (HR women 1.64 [1.20–
2.22]; HR men 1.09 [0.62–1.92]).

The effect of inadequate glucose con-
trol on fracture risk, BMD, or bone ge-
ometry was not essentially changed by
any of the confounders tested. For exam-
ple, falling more than once a month was
independently and highly significantly
associated with fracture risk (HR 1.80
[95% CI 1.18–2.74]) as expected, but
when added to the model, the risk esti-
mates for the diabetes comparison groups
remained similar (ICD vs. ACD effect es-
timate 20.9% and ICD vs. ND effect es-
timate 21.4%). Also, serum creatinine
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as a measure of kidney function was in-
dependently significantly associated with
fracture risk (HR 0.89 per SD increase in
serum creatinine [0.81–0.98]), but when
added to the model, the estimates for the
diabetes comparison groups remained
statistically significant and essentially the
same magnitude (ICD vs. ACD effect es-
timate +2.0% and ICD vs. ND effect esti-
mate 26.4%). The elevated HR for
fracture risk in the inadequately con-
trolled group remained after excluding
individuals who were using antidiabetic
medication. In addition, further adjust-
ment of the analyses for serum insulin
levels in a subset of the study population
did not essentially alter the effect esti-
mates. Finally, according to the classifica-
tion used in de Liefde et al. (7), we
examined the group without diabetes
classified by the presence of impaired

glucose tolerance (preload or postload
OGTT serum glucose from 7.8 to 11.1
mmol/L) and observed no differences in
BMD or bone geometry parameters. In
contrast, individuals without diabetes
and an impaired glucose tolerance test
had 0.80 (95% CI 0.66–0.97) decreased
risk for any type of fracture as compared
with individuals without diabetes and no
impaired glucose tolerance, a finding that
requires further evaluation in future stud-
ies.

CONCLUSIONSdTo our knowledge,
this is the first study examining glucose
control in subjects with type 2 diabetes in
relation to BMD, bone geometry param-
eters, and fracture risk. ICD individuals
have higher BMD at the lumbar spine and
femoral neck, with thicker cortices and
smaller bone diameter at the femoral

neck. This hip bone geometry configura-
tion results in lower estimates of femoral
narrow neck instability and no differences
in bending strength. ICD individuals
present stronger geometry associated
with a lower risk of fracture (16,17).
However, we found that ICD individuals
have an increased fracture risk compared
with individuals with ACD and individu-
als without diabetes. This association did
not seem to be influenced by potential
confounders or arising from diabetes
complications (extraskeletal risk factors),
such as risk of falling at baseline or decline
in renal function, nor by the use of sys-
temic corticosteroids or diuretics. The
discrepancy between BMD and geomet-
rical findings with fracture incidence
observed here could be attributed to
a weaker material causing failure at
lower stress or biomechanical skeletal

Table 1dBaseline characteristics of study participants stratified by comparison group

Comparison groups

ND (n = 3,715) ACD (n = 203) ICD (n = 217) ANOVA P value

Age (years)* 68.2 (7.7) 71.9 (7.6) 68.5 (7.8) ,0.05
Height (meter)* 1.67 (0.09) 1.65 (0.09) 1.67 (0.10) NS
Weight (kg)* 73.1 (11.6) 73.8 (12.5) 74.2 (11.4) NS
BMI (kg/m2)* 26.3 (3.7) 27.0 (4.2) 26.9 (4.0) ,0.05
Serum insulin (pmol/L)* 85.9 (99.0) 109.5 (109.5) 199.9 (266.0) ,0.05
Serum creatinine (mmol/L)* 82.1 (20.3) 85.7 (22.5) 89.2 (21.6) ,0.05
Females (%)# 59.7 61.6 53.0 NS
Use of diuretics (%)# 13.1 22.8 24.4 ,0.05
Use of corticosteroids (%)# 1.86 3.47 2.76 NS
Use of antidiabetic drugs (%)# 0.0 20.8 34.8 ,0.05
Current smoking (%)# 24.8 31.0 22.7 NS
Ever smoking (%)# 42.3 38.0 46.5 NS
Recent fall (%)# 17.2 19.5 18.1 NS
History of myocardial infarction (%)# 13.6 13.6 17.2 NS
Retinopathy (%)# 6.5 11.0 19.5 ,0.05
Visual impairment WHO/U.S. (%)# 2.3/1.1 4.0/1.5 4.7/1.4 NS/NS
Lumbar spine BMD (g/cm2)x 1.08 (0.003) 1.10 (0.01) 1.14 (0.01) ,0.05
Femoral neck BMD (g/cm2)x 0.86 (0.002) 0.88 (0.009) 0.89 (0.008) ,0.05

Data presented as mean (SD).WHO,World Health Organization. *Unadjusted means with SDs. #Percentages from total assessed at baseline. xSex-, age-, height-, and
weight-adjusted means with SEs.

Table 2dHip structural analysis (bone geometry) parameters stratified by glucose control groups

Comparison groups ANOVA
Measurement ND (n = 3,715) ACD (n = 125) ICD (n = 115) P value

Narrow neck BMD (g/cm2) 0.69 6 0.002 (0.68–0.69) 0.69 6 0.009 (0.68–0.71) 0.72 6 0.008 (0.71–0.74) 0.0002
Cortical thickness (mm) 1.31 6 0.004 (1.30–1.32) 1.32 6 0.02 (1.28–1.35) 1.38 6 0.02 (1.35–1.41) 0.0001
Neck width (cm) 3.20 6 0.004 (3.19–3.21) 3.18 6 0.02 (3.15–3.22) 3.14 6 0.02 (3.11–3.17) 0.001
Section modulus (cm3) 1.118 6 0.004 (1.111–1.126) 1.124 6 0.018 (1.089–1.158) 1.125 6 0.016 (1.094–1.157) 0.89
Cortical buckling ratio 13.99 6 0.06 (13.88–14.11) 14.00 6 0.3 (13.51–14.49) 13.04 6 0.2 (12.59–13.49) 0.0003

Values are mean 6 SEM (95% CIs) adjusted for age, sex, height, and weight.
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properties, which cannot be detected by
DXA assessments.

Our study has several strengths. First,
this is a large, prospective, population-
based study including 4,135 participants
with long and comprehensive follow-up
of more than 12 years on average. Second,
we had various covariables available for
analyses, including the fracture incidence,
bone geometry parameters at baseline,
and various other determinants of frac-
tures. Third, the classification of type 2
diabetes was robustly determined, taking
into account OGTT and antidiabetic med-
ication use. The broad availability of
assessments in our study enabled exten-
sive analyses. Yet, our study has limita-
tions. The age of onset of diabetes was
unknown, and we cannot be sure about
the duration of the glucose control as-
sessment beyond the 3–4 months around
the fructosaminemeasurement. Similarly,
deriving HbA1c from fructosamine may
result in a somewhat different classifica-
tion of glycemic control. Yet, it has been
shown that fructosamine is as, or even
more, strongly associated with microvas-
cular conditions than HbA1c, with excel-
lent assay reliability (10,18). In addition,
hip structural properties and risk of fall-
ing during follow-up were assessed with
different methods than at baseline, so we

were less able to infer relationships with
incident fractures that occurred many
years after the baseline visit. Falling risk
is a potential confounder because patients
with diabetes have an increased risk of
falling (19). We showed that the risk of
falling at baseline does not explain the as-
sociation with increased fracture risk.
Nevertheless, we cannot exclude that dur-
ing follow-up, falling frequency and sub-
sequent fracture risk can increase as a
consequence of diabetes complications
(i.e., retinopathy or neuropathy), which
we show is higher in the inadequately
controlled group of individuals with dia-
betes. Alternatively, insulin users with
low HbA1c levels are reported to fall
more, likely as a consequence of hypogly-
cemia (20). We propose that even with a
similar risk for falling, individuals in the
ICD group would have (when falling) a
higher propensity to fracture given their
unfavorable skeletal properties.

Interestingly, ICD individuals actu-
ally seem to have a stronger bone geom-
etry, which would protect against
fractures. Unfortunately, no bone geom-
etry parameters for sites other than the
femoral neck were available in our study,
nor did we have access to techniques,
such as peripheral quantitative computed
tomography (pQCT) scanning, that

allow a three-dimensional assessment of
bone structure and microarchitecture.
Others have shown before that bone
strength in patients with type 2 diabetes
may be compromised despite a higher
BMD (21–23) and particularly as a result
of altered adaptation to loading (21). Sex-
specific differences may exist, reflecting
differential patterns of bone apposition
between sexes (bone dimorphism). A di-
rect interaction between estradiol and
IGF-I in the determination of periosteal
apposition has been proposed, (24) and
serum IGF-I levels are negatively associ-
ated with increased risk for prevalent ver-
tebral fractures in postmenopausal
women but not in men with type 2 diabe-
tes (25). Yet, our sex-specific analyses are
restricted because of a lower power set-
ting in men, partly due to survival bias
and lower incidence of fractures. A final
caveat to bear in mind in relation to the
applicability of our findings is that our
study population consisted of Dutch in-
dividuals of Northeastern European
background. Additional studies in multi-
ple settings with sufficiently large sample
sizes are required.

Some studies evaluated the relation-
ship between glycemic control and frac-
ture risk and found conflicting results
(26–30). A study by Ivers et al. (27) in

Table 3dSite-specific fracture incidence rates stratified by glucose control groups

Comparison groups

ND ACD ICD

(3,715 subjects; 46,130 person-years) (203 subjects; 2,165 person-years) (217 subjects; 2,134 person-years)

Type of fracture Cases Incidence Cases Incidence Cases Incidence

All types 967 0.0241 44 0.0230 57 0.0311
Hip 227 0.0050 15 0.0072 11 0.0052
Wrist 232 0.0052 9 0.0042 16 0.0078

Table 4dHRs stratified by glucose control groups

Cox analysis of fracture-free survival

ICD vs. ACD ICD vs. ND ACD vs. ND

Type of fracture HR 95% CI P value HR 95% CI P value HR 95% CI P value

All types
Basic model 1.54 (1.04–2.29) 0.03 1.31 (1.00–1.71) 0.05 0.85 (0.63–1.15) 0.29
BMD adjusted 1.62 (1.09–2.40) 0.02 1.47 (1.12–1.92) 0.005 0.91 (0.67–1.23) 0.54

Hip
Basic model 0.83 (0.38–1.81) 0.64 0.96 (0.52–1.75) 0.89 1.15 (0.68–1.94) 0.60
BMD adjusted 0.93 (0.42–2.02) 0.85 1.16 (0.63–2.13) 0.63 1.25 (0.74–2.12) 0.40

Wrist Basic model 2.12 (0.94–4.80) 0.07 1.59 (0.95–2.64) 0.07 0.75 (0.38–1.46) 0.40
BMD adjusted 2.23 (0.99–5.06) 0.05 1.71 (1.03–2.86) 0.04 0.77 (0.39–1.50) 0.44

Basic model, adjusted for age, sex, height, and weight; BMD-adjusted model, adjusted for age, sex, height, weight, and femoral neck BMD.
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Figure 1dAdjusted means of narrow neck width (A) and cortical thickness (B) in relation to glucose control by age tertiles: youngest, 55.0–63.6 years of age;
middle, 63.6–71.4years of age; oldest,.71.4years of age.Kaplan-Meier curveper comparisongroup showing theadjusted cumulativehazards for fractureusing
follow-up timeas timescale (C).Coxproportionalhazardmodel: ICDvs. nodiabetesHR1.47 (95%CI1.12–1.92),P=0.005;ACDvs. nodiabetesHR0.91(0.67–
1.23), P = 0.54. Cumulative HR adjusted for femoral neck BMD, age, sex, height, and weight. Light gray, ND; dark gray or dashed, ACD; black, ICD.
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3,654 Australian middle-aged subjects
found that fasting blood glucose .7
mmol/L, disease duration .10 years, in-
sulin treatment, and the presence of dia-
betic retinopathy were associated with
increased risk of all fractures. On the
other hand, Melton et al. (29) found no
association of fracture risk with baseline
fasting plasma glucose level, yet the
follow-up time was limited. None of these
studies measured HbA1c (a better indica-
tor of diabetes control), which correlates
strongly with disease severity. In a study
in Japanese men, Kanazawa et al. (28)
found that obese individuals with HbA1c

.9 and higher BMD had three times in-
creased risk of vertebral fracture than
nonobese men with diabetes. In another
study, Forsén et al. (26) used a similarly
high cutoff of HbA1c .9.5 for diabetic
subjects from a large Norwegian popula-
tion (n = 35,444) and found no associa-
tion. Yet, they did find that fracture risk
was higher in subjects with disease dura-
tion .5 years and being treated with in-
sulin. A threshold of HbA1c .7% was
used by Strotmeyer et al. (30) to define
poor glycemic control for patients with
diabetes, in a study in 3,075 older white
and black adults from the Health ABC

study. Individuals with diabetes had 1.6
increased risk of fracture (after correction
for BMD and fracture risk factors), but
when comparing diabetes patients with
andwithout fractures, poor glycemic con-
trol, longer disease duration, and insulin
use were not significantly different.
Therefore, different HbA1c thresholds
can make a difference in the definition
of glucose control and the relationship
with fracture. In our study, we used a
7.5% cutoff (closest to the median/mean
HbA1c in our data), which has been pro-
posed for patients of old age (mean age in
our study was 69 years), those with co-
morbidities, and those with established
cardiovascular complications (31), in
line with the established relationship be-
tween diabetes control, (cardiovascular)
complications, and mortality (32).

Our data on hip bone geometry show
how individuals with ICD have persis-
tently thicker cortices than those with ND
and ACD (Fig. 2). In addition, a lesser
tendency to undergo physiological bone
expansion (periosteal apposition) is also
inferred from narrower bone diameters in
individuals with ICD. A recent study by
Burghardt et al. (33), using high-
resolution pQCT, reported that the

cortical porosity in type 2 diabetic patients
was up to twice that of controls. Our find-
ings are compatible with those described
by Ahlborg et al. (34), where impaired
bone remodeling is suggested by a lack of
cortical thinning, with consequent lack of
compensatory bone expansion. Since such
differences in geometry are accentuated at
older ages, we postulate that an accumula-
tion ofmicrocracks and/or cortical porosity
in time may well be the consequence of
impaired bone repair or decreased bone re-
modeling. Taken together, these results
suggest an inefficient redistribution of
bone in ICD. This configuration can pre-
dispose individuals with ICD to increased
bone fragility as a result of increasedmicro-
cracks and/or cortical porosity. Additional
studies using high-resolution pQCT to
evaluate bone properties in type 2 diabetes
while considering glucose control are thus
warranted.

The exact mechanisms underlying
these bone parameters in ICD remain to
be elucidated. Nevertheless, it can be
hypothesized that the following factors
may play a role: the accumulation of
advanced glycation end products (35),
impaired bone healing (36), altered
body composition (e.g., sarcopenia)

Figure 1dContinued.
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(37), and increased production of nonen-
zymatic cross-links within collagen fibers
negatively influencing bone matrix prop-
erties (38), among others. Probably both
osteoclastic (39) and osteoblastic (40) cell
lineages are compromised, knowing that
bone remodeling involves both bone re-
sorption and formation. From this per-
spective, the narrower neck width
observed in ICD may well reflect altera-
tions in the differentiation and/or
function of the osteoblastic lineage. Con-
sidering the known anabolic effects of
IGF-I and insulin on bone and periosteal
expansion (41–43), it can be expected
that the altered insulin–IGF-I–growth
hormone axis (lower bioavailability of
IGF-I) present in ICD (44–46) may also
contribute to the observed geometrical al-
terations we observed. Also, follow-up
studies focusing on the actual metabolic
pathways involved in such mechanisms
are thus needed.

Our findings indicate that the detri-
mental effects of chronically elevated
glucose levels on bone should be added
to the more well-known complications of
inadequately regulated diabetes, such as
retinopathy, nephropathy, and micro-
and macrocardiovascular disease. Fur-
thermore, a high BMD in those with
ICD may in fact reflect a skeletal compli-
cation of the disease. If so, evaluation of
BMD and the most commonly used clin-
ical risk factors might be inadequate for
predicting fracture risk in those with ICD,
who (due to their high BMD) are unlikely

to be diagnosed with osteoporosis and
increased risk of fracture. Similarly, our
data showed that individuals with type 2
diabetes who are adequately controlled
have a similar fracture risk as ND. This
indicates that the first line of action for
fracture prevention in diabetes is target-
ing adequate glycemic control. However,
results from a randomized trial published
very recently did not find changes in
fracture or fall risk between standard
glycemia and intensive glycemia (47).
Nevertheless, the average follow-up until
now was merely 3.8 (SD 1.3) years, so in-
ference of long-term effects, i.e., from
long-standing control and diminishing
carryover of pretreatment glycemic expo-
sure, is not yet possible. Type 2 diabetes
can seriously affect the patient’s quality of
life, especially in the presence of diabetes-
related complications (48). Bone fractures
occurring on top of these altered condi-
tions might further increase the health
burden already observed in individuals
with inadequate glucose control of their
diabetes. Randomized controlled trials
could reveal if certain antidiabetic drugs
associated with increased risk of fracture
(i.e., thiazolidinediones) are cases of con-
founding by indication (inadequate glu-
cose control) (49), or alternatively, if
skeletal-specific interventions to activate
remodeling (e.g., vibration plate) could
indeed benefit the bone health of individ-
uals with diabetes.

Increased fracture risk in type 2 di-
abetes is driven by poor glycemic control

and occurs in the presence of higher BMD
and thicker femoral cortices in narrower
bones. We postulate that fragility in the
apparently strong bones of those with
ICD can be the consequence of an accu-
mulation of microcracks (cortical poros-
ity) that reflect sustained impairment of
bone repair. This should be investigated
in future research. We recommend that
fracture risk assessments in ICD should
not be based on BMD alone, since high
BMD could actually reflect a complication
of inadequate glycemic control. A reas-
sessment of risk factors (particularly
BMD) is needed for the prevention of
this skeletal complication in ICD. Finally,
the maintenance of more stringent pa-
rameters of glycemic control can emerge
as the first line of action to prevent
fractures and their subsequent deleterious
consequences on the quality of life of
individuals with diabetes.
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