
Abstract

Aims/hypothesis. Previous studies have suggested that
the high bone density often observed in type 2 diabet-
ic patients may be explained by insulin resistance. We
explored this hypothesis in the Hertfordshire Cohort
Study.
Methods. A total of 465 men and 444 women aged 59
to 71 years and with no prior diagnosis of diabetes at-
tended a clinic where a glucose tolerance test was per-
formed and bone density measured at the femoral
neck and lumbar spine. Biochemical markers of bone
turnover (serum osteocalcin and urinary mean c-termi-
nal cross-linking telopeptide of type II collagen) were
measured in 163 men.
Results. According to WHO criteria, 83 men and
134 women were diagnosed with impaired glucose
tolerance and a further 33 men and 32 women were

diagnosed as having type 2 diabetes. Bone density
was higher in newly diagnosed diabetic subjects,
with relationships stronger in women (p<0.001) than
men (p<0.05) and attenuated by adjustment for body
mass index. In both sexes, we observed positive cor-
relations between the total femur and femoral neck
bone mineral density with measures of insulin resis-
tance (r=0.17–0.22), with stronger results observed
in women. These relationships did not apply after
adjustment for body mass index. Glucose status did
not lead to differences in osteocalcin level or c-ter-
minal cross-linking telopeptide of type II collagen
levels.
Conclusions/interpretation. Our findings suggest that
hyperinsulinaemia may affect bone mineral density
through indirect effects, e.g. body weight.
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Introduction

While studies of bone density in diabetic patients have
given conflicting results, type 2 diabetes is usually as-
sociated with increased axial bone density [1, 2, 3, 4,
5, 6], and it has been suggested that this association is
due to insulin resistance. A recent cross-sectional
study of over 7500 Canadian men and women showed
that type 2 diabetes was associated with higher bone
mineral density (BMD) even after adjustment for con-
founding variables, although relationships were
stronger in women [7]. The authors speculated that
these findings might be due to an anabolic effect of in-
sulin on bone tissue, as type 2 diabetes may be pre-
ceded by a period of insulin resistance leading to hy-
perinsulinaemia. However, they were unable to test
these hypotheses.



Here we present data from the Hertfordshire Cohort
Study, in which men and women born in Hertfordshire
in the 1930 s and still resident there were character-
ised with regard to glucose metabolism, measures of
insulin secretion and resistance, and bone mass.

Subjects and methods

Study protocol and procedures. The selection procedure for the
study subjects was as follows. In brief, with the help of the Na-
tional Health Service Central Registry at Southport, and Hert-
fordshire Family Health Service Association, we traced men
and women who were born in Hertfordshire between 1931 and
1939 and were still living there during the period 1998–2003.
Altogether we identified 1760 men and 1447 women. After ob-
taining written permission from each subject’s general practi-
tioner, we approached each person by letter, asking them if
they would be willing to be contacted by one of our research
nurses. Consent to a home visit by a research nurse was given
by 768 men and 714 women. During the visit, subjects filled in
a structured questionnaire. This included information on so-
cioeconomic status, medical history, cigarette smoking, alcohol
consumption and reproductive variables in women. Physical
activity was assessed by a previously validated questionnaire
[8]. In brief, a standardised score ranging from 0 to 100 for
physical activity was derived from frequency of gardening,
housework, climbing stairs and carrying loads in a typical
week. Higher scores indicate greater levels of activity. After
the nurse’s visit, the subject was invited to attend a local clinic.
This invitation was taken up by 737 (96%) men and 675 (95%)
women.

At the clinic, height was measured to the nearest 0.1 cm us-
ing a Harpenden pocket stadiometer (Chasmors, London, UK)
and weight to the nearest 0.1 kg on a SECA floor scale (Chas-
mors). Body mass index was calculated as weight divided by
height2 (kg/m2).

Subjects previously undiagnosed with diabetes (687 men
and 644 women) attended the morning clinic after an overnight
fast. At this visit, an OGTT was performed using the equiva-
lent of 75 g anhydrous glucose, with blood samples obtained at
baseline, and at 30 and 120 minutes. Plasma insulin and proin-
sulin levels were measured from the samples obtained. Glu-
cose tolerance was classified on the basis of 2-h glucose for
679 men and 631 women. Subjects who had previously been
diagnosed with diabetes (50 men and 31 women) attended the
clinic non-fasted, did not participate in the OGTT, and were
excluded from subsequent analyses presented in this article.

At the clinic subjects were asked to consent to measure-
ment of BMD by dual energy X-ray absorptiometry at the lum-
bar spine and proximal femur (neck, total, intertrochanteric
and trochanteric regions, Ward’s triangle) using a Hologic
QDR 4500 instrument (Vertec Scientific, Reading, UK). Indi-
viduals taking drugs known to alter bone metabolism (such as
bisphosphonates) were excluded from this part of the study, al-
though women taking hormone replacement therapy were al-
lowed to participate. There were no other exclusion criteria to
this part of the study. Of the 679 men and 631 women with
classified glucose tolerance, 465 (68%) of the men and 444
(70%) of the women agreed to measurement of bone density.
Measurement precision error, expressed as coefficient of varia-
tion, was 1.55% for lumbar spine BMD, 1.45% for total femur
and 1.83% for femoral neck BMD for the Hologic QDR 4500;
these figures were obtained from 25 volunteers, who were not
part of the study, but who underwent two scans on the same

day, getting on and off the table between examinations. Short-
term (2-month) precision error for the QDR 4500 was less than
1% for both sites (manufacturer’s figures).

Ethical permission for the study was granted by the East
and North Hertfordshire Ethical Committees. All participants
gave written informed consent. The study was carried out in
accordance with the Declaration of Helsinki as revised in
2000.

Laboratory measurements. Intact insulin, proinsulin and 32–33
split proinsulin were measured by in-house immunofluorimet-
ric two-site assays (DELFIA system) based on published meth-
ods [9]. Inter-assay imprecision ranged from 6 to 10% (CV%)
for low, medium and high-quality control samples for intact in-
sulin, and from 7 to 15% for insulin precursors. Glucose was
assayed on an Advia 1650 autoanalyser (Bayer Diagnostics,
Newbury, UK). The coefficient of variation for this system was
1.1% at a glucose level of 2.86 mmol/l and 0.9% at a glucose
level of 16.46 mmol/l.

Diabetes mellitus and impaired glucose tolerance were clas-
sified using WHO criteria, i.e. 2-h glucose concentrations of
11.1 mmol/l or higher and 7.8 to 11.0 mmol/l respectively [10].
Insulin resistance was assessed according to the homeostasis
assessment model of Matthews. First described in 1985, this
mathematical model, validated against the gold standard the
euglycaemic clamp, is often used in large epidemiological
studies [11]. This method yields estimates of insulin resistance,
known as the homeostasis model of insulin resistance
(HOMA-R) and of insulin secretion, known as the homeostasis
model of insulin secretion (HOMA-B).

Serum osteocalcin was measured using an automatic sys-
tem (Kryptor-Osteo, CisBiointernational, Gif/Yvette, France).
The intra-assay coefficient of variation was <2.5%; the interas-
say coefficient of variation was <3%. An overnight urine sam-
ple was also obtained; type II collagen cross-linked C-telopep-
tide was measured using an enzyme-linked immunosorbent as-
say. The intra-assay coefficient of variation was <8% and in-
terassay coefficient of variation was <10%.

Statistical analysis. Body mass index, HOMA-R and HOMA-
B were loge transformed to normal distributions. Variables
were summarised using means and standard deviations (geo-
metric where appropriate) and tabulations of frequency and
percentage distributions. Analysis of variance was used to as-
sess differences in mean BMD according to glucose status
(normal, IGT, newly diagnosed diabetes). Pearson correlations
were used to analyse the relation between insulin resistance
and secretion and BMD. We used multiple linear regression
models to adjust for anthropometric and lifestyle factors. All
analyses were carried out using STATA, release 7.0. A p value
of less than 0.05 was considered statistically significant.

Results

The characteristics of the study population at baseline
are displayed in Table 1. The mean age of the men and
women studied was 64.8 and 66.4 years respectively.
Of the men 34% had never smoked (women 63%),
while 52% of the men (28% of the women) were ex-
smokers and 14% of the men (9% of the women) were
current smokers. Four percent of men and 18 percent
of women were non-drinkers, while 22% of men and
12% of women were moderate drinkers (11–21 and
8–14 units per week respectively, 1 unit being a small
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glass of wine or a single measure of spirit). We found
that 25% of men and 3% of women consumed more
than the recommended number of units of alcohol per
week (22 units or more for men, 15 units or more for
women). Standardised physical activity scores were
64% in men and 62% in women.

IGT was diagnosed in 83 men and 134 women as a
result of this study, and a further 33 men and 32 wom-
en were newly diagnosed as diabetic according to our
classification. Table 2 shows the mean BMD at each
site according to glucose status, with significance lev-

els unadjusted and adjusted for lifestyle and BMI. Our
results demonstrate that in men newly diagnosed with
diabetes BMD was significantly higher, but this was
not the case for subjects with impaired glucose toler-
ance (Fig. 1). These relationships were weakened by
adjustment for BMI, although results at the lumbar
spine remained statistically significant at the 5% level.
In women, a graded relationship was apparent with
BMD rising through impaired glucose tolerance to di-
abetes (Fig. 1). Again, the relationships were attenuat-
ed by adjustment for BMI.
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Table 1. Characteristics of study participants (summary)

Characteristic Men (n=465) Women (n=444)

Age (years) 64.8 (2.6) 66.4 (2.6)
BMI (kg/m2) a 26.6 (1.1) 26.8 (1.2)
Alcohol consumption (units per week) b 10.3 (3.1, 22.5) 3.0 (0.5, 7.0)
Habitual activity (%) c 64.3 (14.9) 61.5 (14.8)
Current manual social class (IIIM-V) d n (%) 181 (38.9) 174 (39.2)
Current non-manual social class (I-IIIN) d n (%) 258 (55.5) 270 (60.8)
Lumbar spine BMD (g/cm2) e 1.08 (0.16) 0.96 (0.17)
Femoral neck BMD (g/cm2) e 0.85 (0.12) 0.76 (0.12)
Total femoral BMD (g/cm2) e 1.04 (0.13) 0.89 (0.13)
Impaired glucose tolerance (7.8–11.0 mmol/l) n (%) 83 (17.9) 134 (30.2)
Type 2 diabetes (≥11.1 mmol/l) n (%) 33 (7.1) 32 (7.2)
HOMA-R * 3.5 (2.0) 3.9 (1.9)
HOMA-B * 116.7 (1.8) 138.4 (1.7)

Values are means (SD) unless stated otherwise. a Geometric
mean and SD. b Median and interquartile ranges among
drinkers. 18 men and 78 women stated that they do not drink
alcohol. 1 unit of alcohol is a small glass of wine or a single
measure of spirit (8 g pure alcohol). c Standardised score rang-
ing 0–100 derived from frequency of gardening, housework,
climbing stairs and carrying loads in a typical week. Higher
scores indicate greater level of activity. d Social class was un-
classified for 26 men. I-IIIN and IIIM-V denote classes one to

three (non-manual), and three (manual) to five, of the 1990
OPCS Standard Occupational Classification scheme for occu-
pation and social class. Social class was identified on the basis
of own current or most recent full-time occupation for men and
women who had never been married, but on the basis of the
husband’s occupation for women who were or had been mar-
ried. e One man was not scanned at the lumbar spine. Three
men and one woman were not scanned at the hip

Table 2. Bone mineral density in 465 Hertfordshire men and 444 Hertfordshire women according to 2-h oral glucose tolerance sta-
tus

Lumbar spine Femoral neck Total femur 

Men Women Men Women Men Women

Glucose tolerance
Normal (<7.8 mmol/l) 1.07 (0.16) 0.94 (0.18) 0.84 (0.11) 0.74 (0.11) 1.03 (0.13) 0.88 (0.13)
IGT (7.8–11.0 mmol/l) 1.07 (0.17) 0.98 (0.15) 0.85 (0.14) 0.77 (0.12) 1.04 (0.15) 0.91 (0.14)
Type 2 diabetes (≥11.1 mmol/l) 1.16 (0.12) 1.07 (0.18) 0.90 (0.13) 0.83 (0.12) 1.11 (0.14) 0.97 (0.12)
p a 0.005 0.0001 0.03 <0.0001 0.004 0.0001
p b 0.04 0.02 0.36 0.03 0.14 0.05
p c 0.04 0.09 0.27 0.11 0.12 0.13
p d 0.05 0.02 0.38 0.02 0.12 0.03
p e 0.05 0.07 0.25 0.08 0.08 0.08

Bone mineral density (BMD) scores are given as mean (SD); p
values are based on 2 degrees of freedom from an ANOVA test
for overall difference in BMD according to 2-h glucose toler-
ance status.
a unadjusted; b adjusted for BMI; c adjusted for BMI, age, cig-
arette and alcohol consumption, current social class, activity

level, and in women hormone replacement therapy and meno-
pausal status; d adjusted for body weight; e adjusted for body
weight, age, cigarette and alcohol consumption, current social
class, activity level, and in women hormone replacement thera-
py and menopausal status



Table 3. Bone mineral density (BMD) in relation to insulin resistance and secretion in 465 Hertfordshire men and 444 Hertford-
shire women

HOMA B (secretion) HOMA R (resistance)

Men Women Men Women

Pearson r Partial r Pearson r Partial r Pearson r Partial r Pearson r Partial r

Lumbar spine BMD 0.03 −0.08 0.10* −0.06 0.10* −0.02 0.15* −0.05
Femoral neck BMD 0.11 −0.05 0.11* −0.11* 0.17*** −0.01 0.17*** −0.07
Total femoral BMD 0.11* −0.07 0.17*** −0.03 0.18*** −0.02 0.22*** −0.03

Partial correlations adjusted for BMI; * p<0.05; *** p<0.001

r=0.17, p<0.001), although once again results were at-
tenuated by adjustment for BMI.

In view of the high prevalence of spinal osteoar-
thritis in this age group, we repeated our analyses of
relationships with the lumbar spine using only the L1
vertebra, which is often unaffected by osteoarthritis.
This made little difference to our results (test for trend
of lumbar spine BMD according to diabetic status:
men p=0.008; women p=0.02, fully adjusted).

Measurements of bone turnover were made in a
subset of 163 men from this group. We found no sig-
nificant differences in measurements of osteocalcin or
c-terminal cross-linking telopeptide of type II collagen
according to glucose tolerance.

Discussion

We have shown that BMD was higher in middle-aged
men and women with newly diagnosed diabetes melli-
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Table 3 shows the relationships between measures
of insulin secretion/resistance and BMD at the differ-
ent sites, without and with adjustment for BMI. In
men, we observed positive correlations between total
femur and femoral neck BMD and measures of insulin
secretion, although correlations were much stronger
between insulin resistance and femoral neck BMD
(r=0.17, p=0.0002) and between insulin resistance and
total femur BMD (r=0.18, p=0.0001, Fig. 2). These
relationships did not apply after adjustment for BMI.
In women, relationships were seen between BMD at
all sites and measures of insulin secretion
(r=0.10–0.17, Fig. 2) and insulin resistance
(r=0.15–0.22). These, too, did not apply after adjust-
ment for BMI. These relationships were little changed
by excluding newly diagnosed diabetic subjects;
hence total femoral BMD remained significantly cor-
related with insulin secretion in men (r=0.12, p<0.05)
and women (r=0.17, p=0.001) and with insulin resis-
tance in both sexes (men: r=0.14, p<0.05; women

Fig. 1. Relationship between 2-h glucose tolerance status and
lumbar spine (L/S) and femoral neck bone mineral density
(BMD) in men and women. The p values are for differences in

BMD for IGT vs normal glycaemia, and for type 2 diabetes vs
normal glycaemia



tus than in their normo-glycaemic counterparts, and
that, consistent with previous work in this area, the
relevant correlations were stronger in women. Al-
though adjustment for adiposity weakened the associ-
ation, it did not remove it completely. The main
strength of this study, and an advance over previous
studies [6, 7] was the measurement of insulin levels in
the cohort; hyperinsulinaemia can affect BMD both
directly and indirectly (acting through BMI), and our
results would support the latter hypothesis.

Our study has a number of weaknesses. The indi-
viduals recruited were selected because they had been
born in Hertfordshire, and continued to live there at
the age of 59 to 71 years. However, we have previous-
ly demonstrated that the Hertfordshire cohort has sim-
ilar smoking characteristics and bone density to those
reported nationally [12], suggesting that selection bias
is minimal. Furthermore, we ascertained that those in-
dividuals who did not participate in the study had sim-
ilar birthweights and weights at one year to those who
did. We also confirmed that there were no significant
differences in anthropometric measures, cigarette or
alcohol consumption or physical activity levels be-
tween those individuals who did or did not elect to un-
dergo a bone density test. Although measurements of

lumbar spine BMD may have been affected by os-
teoarthritic change, we attempted to remove the effect
by looking at relationships between glucose status and
the L1 vertebra only, as this bone is often uninvolved
in osteoarthritic change. Finally, vitamin D deficiency
is a recognised cause of low BMD among older indi-
viduals, and although 25-hydroxy vitamin D levels
were not measured in this cohort, previous studies of
Hertfordshire women who have participated in similar
studies have shown vitamin D insufficiency to be un-
common in this group of free-living individuals [13].

Our results suggest that newly diagnosed diabetic
subjects who participated in our study had higher
BMD than individuals with euglycaemia. Our findings
are in accord with the two largest studies on this topic
performed to date [6, 7], in which men and women
with type 2 diabetes had higher BMD after adjustment
for BMI and lifestyle factors. The authors of both pa-
pers speculated that this might be caused by an an-
abolic effect of insulin on bone tissue, and certainly
we have demonstrated associations between measures
of insulin resistance and BMD. Other studies [14, 15]
have reported that such associations were much
stronger in women with type 2 diabetes than in men. It
has also been speculated that hyperinsulinaemia may
have a negative impact on sex hormone binding glob-
ulin, hence increasing free sex hormone levels and
protecting from bone loss; interestingly a large study
of 5931 men and women found that men, but not
women, with a history of non-vertebral fractures had
lower insulin levels 2 hours after a glucose load [16].
Our findings of associations between insulin resis-
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Fig. 2. Relationship between insulin resistance and secretion
and total femoral bone mineral density (BMD) in men (a, b)
and women (c, d). HOMA, homeostasis model assessment.
r=0.11; p=0.03 (a); r=0.18; p=0.0001 (b); r=0.17; p=0.0005
(c); r=0.22; p=0.0001 (d)



tance and secretion in women would seem to increase
the probability of interaction with sex hormones, al-
though we were unable to confirm this in the cohort
studied.

Although we have reported higher BMD values in
diabetic patients, this may not translate into a lower
fracture risk. The Study of Osteoporotic Fractures re-
ported a doubling of intra-articular distal radius frac-
tures among diabetic women [17], in addition to an in-
creased risk of hip and proximal humerus fractures af-
ter adjustment for age, BMI and bone density [18].
Other measures of bone quality, namely broad band
ultrasound attenuation measured by calcaneal ultra-
sound, have also been found to be higher in type 2 di-
abetic women [19]. By contrast, retrospective studies
of fracture incidence in diabetic individuals have re-
ported a lower frequency of non-vertebral fractures in
women, but not in men [5]. Follow-up of cohorts that
include men and assess other aspects of bone quality
would hence seem particularly valuable.

The literature on the relationship between biochem-
ical markers of bone turnover and BMD in diabetic
and non-diabetic patients suggests that markers of for-
mation and resorption are lower in the diabetic group
[14, 20], although the study which reported findings in
both sexes commented that such differences were ap-
parent in women only [14]. We found no relationship
between glucose tolerance and biochemical markers
of bone turnover among men in this study, although
the numbers studied were small, limiting power.

In conclusion, this study confirms a positive associ-
ation between BMD and type 2 diabetes, mediated in
part through adiposity and more marked in women
than men. Furthermore, our work supports a previous
hypothesis that insulin resistance may indirectly un-
derlie this association.
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