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AbstrAct
Introduction Patients with type 1 diabetes has an 
increased risk of fracture. We wished to evaluate estimated 
bone strength in children and adolescents with type 1 
diabetes and assess peripheral bone geometry, volumetric 
bone mineral density (vBMD) and microarchitecture.
Research design and methods In a cross- sectional 
study, high- resolution peripheral quantitative CT (HR- pQCT) 
was performed of the radius and tibia in 84 children with 
type 1 diabetes and 55 healthy sibling controls. Estimated 
bone strength was assessed using a microfinite element 
analysis solver. Multivariate regression analyses were 
performed adjusting for age, sex, height and body mass 
index.
Results The median age was 13.0 years in the diabetes 
group vs 11.5 years in healthy sibling controls. The median 
(range) diabetes duration was 4.2 (0.4−15.9) years; 
median (range) latest year Hb1Ac was 7.8 (5.9−11.8) % 
(61.8 (41−106) mmol/mol). In adjusted analyses, patients 
with type 1 diabetes had reduced estimated bone strength 
in both radius, β −390.6 (−621.2 to −159.9) N, p=0.001, 
and tibia, β −891.9 (−1321 to −462.9) N, p<0.001. In the 
radius and tibia, children with type 1 diabetes had reduced 
cortical area, trabecular vBMD, trabecular number and 
trabecular bone volume fraction and increased trabecular 
inhomogeneity, adjusted p<0.05 for all. Latest year HbA1c 
was negatively correlated with bone microarchitecture 
(radius and tibia), trabecular vBMD and estimated bone 
strength (tibia).
Conclusion Children with type 1 diabetes had reduced 
estimated bone strength. This reduced bone strength 
could partly be explained by reduced trabecular bone 
mineral density, adverse microarchitecture and reduced 
cortical area. We also found increasing latest year HbA1c 
to be associated with several adverse changes in bone 
parameters. HR- pQCT holds potential to identify early 
adverse bone changes and to explain the increased 
fracture risk in young patients with type 1 diabetes.

InTRoduCTIon
Type 1 diabetes affects approximately 500 000 
children worldwide and the incidence is 
rising. Recently, an increased risk of bone 
fracture has been identified as a complication 
to type 1 diabetes.1 2 In a large UK cohort, the 
increased fracture risk was observed already 
in childhood.3 The mechanisms underlying 

diabetic bone fragility are not fully under-
stood, but adult patients with type 1 diabetes 
show signs of impaired bone formation with 
low levels of osteocalcin and increased bone 

significance of this study

What is already known about this subject?
 ► Patients with type 1 diabetes have an increased risk 
of fracture early in life and continuous throughout 
adulthood.

 ► The fracture risk when having type 1 diabetes is 
much higher than predicted by dual X- ray absorp-
tiometry (DXA).

 ► High- resolution peripheral quantitative CT (HR- 
pQCT) enable insight into trabecular and cortical 
compartment- specific bone volumetric density and 
microarchitecture and also provides estimates of 
bone strength.

What are the new findings?
 ► This is one of the first HR- pQCT study in children 
with type 1 diabetes.

 ► Children with type 1 diabetes have reduced estimat-
ed bone strength partly explained by compromised 
trabecular volumetric bone mineral density (vBMD) 
due to reduced trabecular numbers and reduced 
cortical bone area.

 ► Mean HbA1c of the latest year was correlated with 
reduced trabecular number and increased trabecu-
lar inhomogeneity.

How might these results change the focus of 
research or clinical practice?

 ► Bone health needs attention when treating children 
and adolescents with type 1 diabetes.

 ► Trabecular bone and bone strength are negatively 
influenced by higher HbA1c levels, which addition-
ally advocate for a good glycemic control in young 
patients with type 1 diabetes.

 ► DXA scan is likely to be insufficient in detecting bone 
changes in children with type 1 diabetes.

 ► Future studies should examine whether improve-
ments in glycemic control may lead to improve-
ments in bone strength and hence reduce the risk 
of late bone complications in patients with type 1 
diabetes.
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Figure 1 Flowchart of included cases.

resorption.1 Bone growth is especially pronounced 
during puberty, where 25%–50% of the peak bone mass 
is accumulated. The bone maturing and attainment of 
peak bone mass are important for the resistance to frac-
tures. Children and adolescents with type 1 diabetes 
may also have impaired bone metabolism with reduced 
osteoblast and increased osteoclast signaling,4 5 and asso-
ciations between poorly controlled diabetes and changes 
in bone markers have been reported.6 7 However, bone 
structure has been sparsely studied in children with type 
1 diabetes.

Areal bone mineral density (aBMD) measured by dual 
X- ray absorptiometry (DXA) is currently the non- invasive 
gold standard in osteoporosis for both the diagnosis and 
the monitoring of treatment efficacy. In some studies, 
children with type 1 diabetes have reduced aBMD,7–9 but 
not in all.10–12 We among others also found an associa-
tion between poor glycemic control and lower total body 
aBMD in children with type 1 diabetes.12 13

Bone dimensions influence the results in DXA, as it is 
a two- dimensional scanning method assessing a three- 
dimensional structure. It has been proposed that bone 
size in children with type 1 diabetes is altered, which may 
impact the aBMD results obtained by DXA.11 14 Further-
more, patients with type 1 diabetes have a much higher 
fracture risk than predicted by DXA,15 suggesting that 
BMD, bone size and/or bone quality are altered in type 
1 diabetes. This calls for other methods to evaluate bone 
fragility in patients with type 1 diabetes.16

Peripheral quantity CT (pQCT) is a technique allowing 
non- invasive in vivo assessment of bone geometry and 
volumetric bone mineral density (vBMD) by creating a 3D 
bone image. pQCT therefore holds potential as a useful 
method to investigate bones in patients with diabetes. 
pQCT scan can discriminate between the trabecular and 
cortical components of bone, assessing the cross- sectional 
geometry. In the few pQCT studies investigating children 
and adolescents with type 1 diabetes, vBMD in trabecular 
bone and/or cortical bone was reduced.17–19

High- resolution pQCT (HR- pQCT) further enables 
the defining of trabecular and cortical microstruc-
ture. HR- pQCT has excellent correlation with ex vivo 
μCT imaging and can be used to construct microfinite 
element (μFE) models of bone strength.20–22 Previous 
studies have shown an association between prevalent frac-
tures and deficits in microarchitectural parameters23 24 
and μFE parameters,25 independent of aBMD as assessed 
by DXA. Thus, HR- pQCT can provide a “non- invasive 
bone biopsy” which allows new insight regarding bones 
of patients with type 1 diabetes.

Our aim was to to examine whether children with 
type 1 diabetes have altered bone strength assessed by 
HR- pQCT scan, hypothesizing that patients with type 1 
diabetes would have decreased estimated bone strength. 
Furthermore, we aimed to identify explaining param-
eters in bone geometry, density and microarchitecture 
affected by type 1 diabetes and to elucidate patient factors 
possibly associated with estimated bone strength as well as 

peripheral bone geometry, vBMD and microarchitecture 
including sex, disease duration, age of diabetes onset and 
mean HbA1c of the latest year.

MaTeRIal and MeTHods
A cross- sectional study design was used to evaluate the 
strength, geometry and microarchitecture of the bones 
in children with type 1 diabetes. Healthy siblings were 
invited to participate as controls, as no reference mate-
rial was available.

The study was conducted at Hans Christian Andersen 
Children’s Hospital and Department of Endocrinology at 
Odense University Hospital in Denmark. The Strength-
ening the Reporting of Observational Studies (STROBE) 
in Epidemiology guideline for reporting cross- sectional 
studies was followed.

Participants
A cohort of 133 children between 6 and 17 years of age, 
diagnosed with type 1 diabetes and treated in the diabetic 
outpatient clinic of our institution were invited by their 
pediatrician to participate in this study (figure 1). The 
diagnosis of diabetes was made at the disease debut by 
doctors at our facility based on elevated blood glucose 
above 200 mg/dL, elevated Hba1c above 48 mmol/mol 
and presence of antibodies (GAD-65, IA2, ICA and/or 
Znt-8). All healthy siblings aged 6–17 years were invited 
to participate as a control group. Participants were 
excluded if they had any known bone disease, other 
chronic diseases, previous or current treatment that 
might affect bone metabolism (eg, celiac disease, thyroid 
disorder, systemic glucocorticoids), or if the child was 
unable to co- operate with the study protocol.

data collection
All data were collected by the same researcher (GF), 
ensuring all measurements were done the same way. 
All data were registered and stored in REDCap within 
Odense Patient Data Explorative Network OPEN.
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Medical record review
Medical records of every participant were reviewed to 
ensure that no medical conditions had been registered 
which should exclude the participant from the study. 
The medical record of the patients with type 1 diabetes 
was also reviewed for diabetes complications, the date of 
diabetes debut and current treatment.

Hba1c
Glycated hemoglobin (HbA1c) was measured about 
every third months as part of routine clinical praxis in our 
diabetes cohort. We used this as an estimate for glycemic 
control. HbA1c was measured by high- performance liquid 
chromatography as fraction of total hemoglobin A0 using 
either Tosoh G7 or G8 (Medinor, Broendby, Denmark) 
with reagents as recommended by the supplier.

Sample values and measuring dates are recorded in the 
Department of Clinical Biochemistry at our institution 
dating back to 2010. HbA1c was calculated as the mean 
HbA1c within the latest year and the mean HbA1c of the 
entire disease period, or latest 7 years if the diabetes dura-
tion was longer than data were available.

Interview and examination
Participants were interviewed regarding bone fracture 
history, medication (including specific questions about 
systemic glucocorticoids, asthma and epilepsy medi-
cine), daily intake of milk and use of supplements with 
vitamin D, calcium or vitamin pills. These data were self- 
reported, but were gathered in a standardized manner 
using an interview tool developed by our research group. 
Height without shoes was measured with SECA213(Ger-
many) in cm and weight without clothes measured by 
SECA 861(Germany) with an accuracy of 0.1 kg. Weight 
and height were converted to Z- scores using the Danish 
growth reference.26 Biological sex and ethnicity were 
registered. For participants with type 1 diabetes, puberty 
development was assessed a.m. Tanner by clinical exam-
ination. Tanner stage was stratified into pre- puberty 
(stage 1), early puberty (stage 2–3) and late puberty 
(stage 4–5).

HR-pQCT
We used HR- pQCT (Xtreme CT; Scanco Medical, AG, 
Brüttisellen, Switzerland) to assess estimated bone 
strength, bone geometry, vBMD and microarchitecture, 
by scanning the non- dominant radius and left tibia (the 
opposite limb if a history of previous fracture). Non- 
dominant side was determined by participants report of 
left or right handedness. The limb being scanned was 
immobilized in a carbon fiber shell to minimize artifacts 
caused by movements.

A single anteroposterior projection of the scan site, the 
scout view, was obtained to enable placement of a refer-
ence line at the distal radial and tibial joint surfaces. The 
first CT slice was initiated at 7% of the radial length and 
8% of the tibial length from the end plate of the bone. 
This ensured the scans to be performed as close to the 

identical anatomic position as possible, despite differ-
ences in length of the bone and also avoiding the growth 
plate. Radial length was determined by measuring the 
forearm from the tip of the elbow to the radial styloid 
process with the elbow flexed at 90°. Tibial length was 
measured from the medial condyle to the medial malle-
olus with the knee at 90°. Measures were made with 
anmeasuring tape and rounded to up to nearest 1 cm. 
Each scan measurement included 110 parallel slices in 
the axial direction corresponding to 3D representation 
of 9.02 mm thick cross- sections. The scanning method-
ology has been further described by Shanbhogue et al.27

The scans were performed by trained staff and the 
researcher conducting the interview and physical exam-
inations was also present during the procedure. The 
operator immediately reviewed the most distal slice for 
motion artifacts. A maximum of three scans per anatomic 
site was allowed in case of visible motion artifacts. Image 
quality was graded after image reconstruction by one of 
the authors (VVS) using a five- step scale as suggested by 
the manufacturer (1=best, 5=worst) and images graded 
4 or 5 were disregarded.28 Thus, if a scan of grade 3 or 
better could not be produced within three attempts, the 
scan was excluded from the analysis.

Outcomes
Our predetermined primary outcome was bone strength 
described as estimated failure load. A μFE analysis solver 
provided by the manufacturer (Finite Element analysis 
Software V.1.15, Scanco Medical, Switzerland) was used 
to estimate the mechanical properties of the radius and 
tibia and an estimate of failure load (N) were calculated 
as described previously.29 The secondary outcome vari-
ables used in our analysis included total, cortical and 
trabecular areas (mm2), vBMD (mg hydroxyapatite/cm3) 
for the entire bone section (total vBMD), trabecular (Tb 
vBMD) and cortical regions (Ct vBMD), trabecular bone 
volume to tissue volume fraction (Tb BV/TV), trabecular 
number (Tb.N, mm−1), thickness (Tb.Th, mm), separa-
tion (Tb.Sp, mm), trabecular network inhomogeneity 
(SD of 1/Tb.N, mm), cortical thickness (Ct.Th, mm) and 
cortical porosity (Ct.Po, %).

To ensure repeatability, all scan evaluations were 
performed by the same researcher (GF), who was blinded 
to participant grouping during the analysis.

statistical analyses
Statistical differences between patients and controls 
were analyzed non- paired using χ² test, Fischer’s exact 
test, Students t- test or Rank- sum test where appropriate. 
Assumption of normal distribution was determined by 
the Shapiro- Wilk test.

The controls and patient cohort were compared using 
clinically driven regression models, adjusting for partic-
ipant factors that could affect the bone including age, 
sex, height and body mass index (BMI). All models 
were controlled with normal quantile plots and residual- 
versus- fitted plots. A separate analysis looking for an 
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Table 1 Demographic and clinical characteristics

Type 1 diabetes (n=84) Controls (n=55) P value

Male, n (%) 45 (54%) 33 (60%) 0.49

Age, years

  Median (range) 13.0 (6.5 to 17.9) 11.5 (6.1 to 17.5) 0.01

Ethnicity, n (%) 0.32

  Caucasian 80 (95%) 51 (91%)

  Middle East 4 (5%) 5 (9%)

Height, Z- score

  Median (range)

  All 0.44 (−2.22 to 3.45) 0.25 (−1.75 to 2.23) 0.87

  Boys 0.46 (−1.35 to 3.45) 0.11 (−1.39 to 1.94) 0.09

  Girls −0.06 (−2.22 to 2.15) 0.55 (−1.75 to 2.23) 0.15

Weight, Z- score

  Median (range)

  All 0.61 (−1.28 to 3.11) 0.59 (−2.76 to 2.77) 0.06

  Boys 0.67 (−1.28 to 3.11) 0.53 (−2.76 to 2.77) 0.13

  Girls 0.44 (−0.91 to 2.88) 0.62 (−1.23 to 2.04) 0.67

BMI, Z- score

  Median (range)

  All 0.63 (−1.73 to 3.12) 0.34 (−3.31 to 2.53) 0.07

  Boys 0.67 (−1.73 to 3.12) 0.34 (−3.31 to 2.53) 0.11

  Girls 0.55 (−0.94 to 2.63) 0.41 (−1.70 to 2.35) 0.13

Fracture prevalence, n 18 16 0.21

Calcium supplements, n (%) 3 (3%) 2 (4%) 1.0

Vitamin D supplements, n (%) 6 (5%) 2 (4%) 0.4

Multivitamin supplements, n (%) 16 (12%) 3 (8%) 0.02

  Boys 7 (15%) 2 (6%) 0.21

  Girls 9 (23%) 1 (5%) 0.06

Dietary milk (yes) 80 (94%) 56 (100%) 0.16

  >2 glasses/day 33 (41%) 19 (33%) 0.32

Use of asthma medication 6 (7%) 4 (7%) 0.61

Statistical significance (p<0.05) is highlighted in bold.
BMI, body mass index.

independent association between diabetes and sex 
affecting the bones was performed. If an independent 
association between sex and diabetes had been found, 
the results should be stratified by sex.

Within the type 1 diabetes group, HR- pQCT data was 
adjusted for sex, age, height and BMI in a linear regres-
sion model and analyzed for associations to disease 
parameters including latest year mean HbA1c, age at 
diabetes onset and disease duration. All statistical anal-
yses were performed using STATA V.15.0.

Assuming 130 participants and primary outcome 1 
SD=1.1 kN30, our study was powered to detect a true 
difference in radius failure load between patients and 
controls of 0.546 kN (alpha 0.05, beta 1–0.80).

ResulTs
Participants
The study included 84 children and adolescents with type 
1 diabetes and 55 healthy siblings as controls (figure 1). 
All eligible siblings were invited to participate and none 
meet the exclusion criteria. Participants were mainly 
Caucasian and a few of Middle Eastern origin, with no 
difference in distribution between patients with type 1 
diabetes and healthy controls (table 1). All included chil-
dren were healthy apart from diabetes. Children with type 
1 diabetes had a median disease duration of 4.9 years and 
median latest year HbA1c of 61.8 (range 41–106) mmol/
mol (9.8 (6.8–16.2)%) (table 2).
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Table 2 Characteristics of participants with type 1 diabetes

All Boys Girls P value

Diabetes duration, years

  Median (range) 4.2 (0.4 to 15.9) 4.1 (0.4 to 15.9) 4.3 (0.4 to 14.1) 0.7

Diabetes debut age, years

  Mean (SD) 7.9 (3.5) 7.8 (3.7) 8.1 (3.3) 0.7

HbA1c, median of disease duration 0.3

  Median (range), mmol/mol 62.0 (47.3 to 88.6) 60.9 (47.3 to 88.6) 62.6 (48.6 to 86.9)

  Median (range) % 7.8 (6.5 to 10.3) 7.7 (6.5 to 10.3) 7.8 (6.6 to 10.1)

HbA1c median of latest year 0.9

  Median (range), mmol/mol 61.8 (41 to 106) 61.9 (41 to 100.8) 61.0 (48.6 to 106)

  Median (range) % 7.8 (5.9 to 11.8) 7.8 (5.9 to 11.4) 7.7 (6.6 to 11.8)

Tanner stage, n (%) 0.3

  Prepuberty (stage 1) 19 (22%) 13 (28%) 6 (15%)

  Early puberty (stages 2 and 3) 23 (27%) 12 (26%) 11 (28%)

  Late puberty (stages 4 and 5) 43 (51%) 21 (45%) 22 (56%)

Puberty, n (%) 0.2

  Prepuberty 19 (22%) 13 (28%) 6 (15%)

  Puberty 66 (78%) 33 (72%) 33 (85%)

HbA1c, glycated hemoglobin.

Table 3 Multiple regression analyses* of HR- pQCT results, type 1 diabetes patients compared with healthy sibling controls

 

Radius Tibia

Coef. (95% CI) P value Coef. (95% CI) P value

Bone strength         

  Failure load, N −390.6 (−621.2 to −159.9) 0.001 −891.9 (−1321 to −462.9) <0.001

Geometry         

  Total bone area, mm2 −12.4 (−24.2 to −0.6) 0.04 −23.3 (−57.3 to 10.7) 0.18

  Cortical area, mm2 −4.3 (−8.3 to −0.2) 0.04 −6.8 (−12.6 to −1.0) 0.02

  Tb area, mm2 −8.1 (−20.5 to 4.3) 0.20 −16.4 (−51.3 to 18.5) 0.35

Volumetric density         

  Total vBMD, mg/cm3 −14.0 (−38.2 to 10.2) 0.26 −17.7 (−33.9 to −1.6) 0.03

  Cortical vBMD, mg/cm3 −5.6 (−27.5 to 16.3) 0.61 −8.1 (−26.6 to 10.3) 0.39

  Tb vBMD, mg/cm3 −18.8 (−30.9 to −6.8) 0.002 −16.7 (−26.3 to −7.1) 0.001

Microarchitecture         

  Tb bone volume fraction −0.016 (−0.026 to −0.006) 0.002 −0.014 (−0.022 to −0.006) 0.001

  Tb thickness, mm −0.001 (−0.005 to 0.003) 0.59 −0.004 (−0.009 to 0.001) 0.09

  Tb numbers, 1/mm −0.17 (−0.26 to −0.07) <0.001 −0.09 (−0.17 to −0.00) 0.04

  Tb inhomogeneity 0.032 (0.012 to 0.051) 0.002 0.018 (0.002 to 0.035) 0.03

  Cortical thickness, mm −0.051 (−0.141 to 0.039) 0.27 −0.056 (−0.138 to 0.027) 0.19

  Cortical porosity, % 0.005 (−0.001 to 0.011) 0.10 0.004 (−0.003 to 0.012) 0.24

Statistical significance (p<0.05) is highlighted in bold.
Unadjusted data is available as an online supplemental file.
*Adjusted for age, sex, height and body mass index.
HR- pQCT, high- resolution peripheral quantitative CT; Tb, trabecular bone; vBMD, volumetric bone mineral density.

Diabetes complications were registered in only 
two participants who had minimal microalbumin-
uria. One participant was in treatment with an 

angiotensin- converting enzyme inhibitor due to familial 
essential hypertension, and another received statin due 
to familial hypercholesterolemia.
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Table 4 Latest year HbA1c adjusted* associations with HR- pQCT results

Radius Tibia

Coef. (95% CI) P value Coef. (95% CI) P value

Bone strength         

  Failure load, N −3.7 (−15.6 to 8.2) 0.54 −26.7 (−52.7 to −0.7) 0.04

Geometry         

  Total bone area, mm2 −0.45 (−1.21 to 0.32) 0.2 −0.8 (−2.9 to 1.3) 0.44

  Cortical area, mm2 0.02 (−0.20 to 0.24) 0.87 −0.22 (−0.56 to 0.13) 0.21

  Tb area, mm2 −0.46 (−1.25 to 0.31) 0.25 −0.58 (−2.68 to 1.52) 0.58

Volumetric density         

  Total vBMD, mg/cm3 0.12 (−1.27 to 1.51) 0.86 −0.77 (−1.69 to 0.15) 0.10

  Cortical vBMD, mg/cm3 0.61 (−0.81 to 1.03) 0.86 0.016 (−1.13 to 1.17) 0.98

  Tb vBMD, mg/cm3 −0.59 (−1.33 to 0.15) 0.11 −0.65 (−1.21 to −0.08) 0.03

Microarchitecture         

  Tb bone volume fraction −0.0005 (−0.001 to 0.000) 0.11 −0.0005 (−0.010 to −0.0001) 0.03

  Tb thickness, mm −0.0000 (−0.0003 to 0.0002) 0.79 −0.0000 (−0.0003 to 0.0024) 0.96

  Tb numbers, 1/mm −0.007 (−0.013 to −0.001) 0.02 −0.006 (−0.011 to −0.001) 0.02

  Tb inhomogeneity 0.002 (0.001 to 0.003) 0.005 0.001 (0.000 to 0.002) 0.04

  Cortical thickness, mm 0.001 (−0.004 to 0.006) 0.59 −0.019 (−0.007 to 0.003) 0.43

  Cortical porosity, % −0.0001 (−0.0004 to 0.0003) 0.56 −0.0001 (−0.0006 to 0.0003) 0.55

Statistical significance (p<0.05) is highlighted in bold.
*Adjusted for age, sex, height and body mass index.
HbA1c, glycated hemoglobin; HR- pQCT, high- resolution peripheral quantitative CT; Tb, trabecular bone; vBMD, volumetric bone mineral 
density.

The children with diabetes were on average 1 year 
older than the healthy controls. No differences in sex- 
distribution, Z- scores of height, weight and BMI, or 
intake of calcium or D- vitamin supplements, were found 
between the groups; however, multivitamin supplements 
were more common in the diabetes group. No difference 
in fracture prevalence was observed between the groups.

HR-pQCT
Five radius scans (four children with diabetes, one 
control) were excluded due to motion artifacts and one 
tibia scan was not completed due to technical problems 
with the scanner.

Primary outcome
In children with type 1 diabetes, estimated bone strength 
(failure load) was reduced in both radius and tibia when 
compared with the healthy sibling controls. Results 
of the adjusted model of radius was β −390.6 (−621.2 
to −159.9) N, p=0.001, and tibia, β −891.9 (−1321 to 
−462.9) N, p<0.001 (table 3). R2 values in the model were 
R2=0.76 and R2=0.83 in radius and tibia, respectively.

Secondary outcomes
The cortical area in radius and tibia was reduced in 
patients with type 1 diabetes. The trabecular vBMD was 
also reduced in both sites. When looking at the microar-
chitecture, the trabecular number was reduced and the 

trabecular network inhomogeneity was increased in both 
radius and tibia in patients with type 1 diabetes.

Increasing average HbA1c in the latest year was asso-
ciated with reduced trabecular number and increased 
inhomogeneity in both radius and tibia (table 4). Same 
trend was seen with HbA1c across entire disease period, 
but only inhomogeneity in radius was found to be statis-
tically significant (p=0.02), while inhomogeneity in tibia 
and trabecular number in both sites was close to being 
statistically significant (p<0.08). Moreover, tibia failure 
load, trabecular vBMD and trabecular bone volume 
to tissue volume fraction were reduced with increasing 
latest year HbA1c.

We found no association between bone parameters 
and disease duration or age at diabetes onset. Last, no 
interaction between diabetes and sex in relation to bone 
parameters was found.

dIsCussIon
Findings
In children with type 1 diabetes, we identified reduced 
estimated bone strength measured as failure load in 
both tibia and radius. This reduced bone strength might 
be explained by a reduced trabecular bone mineral 
density, adverse microarchitecture and reduced cortical 
area. Moreover, increasing latest year HbA1c was asso-
ciated with reduced trabecular number and increased 
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inhomogeneity and in tibia also with reduced bone 
strength, trabecular vBMD and trabecular bone volume 
to tissue volume fraction.

In support of our findings, a recently published study by 
Mitchell et al examining young girls with type 1 diabetes 
using HR- pQCT likewise reported reduced estimated 
failure load and reduced trabecular vBMD, along with 
associations between increased HbA1c and decreased 
trabecular vBMD and altered microarchitecture.31 
Earlier studies using pQCT have also reported trabecular 
bone deficits in young patients with type 1 diabetes.17 32 33 
Our findings are in keeping with others studies in young 
patients with type 1 diabetes, where aBMD, vBMD or 
trabecular vBMD were negatively correlated to HbA1c 
and/or poor glycemic control.17 18 32

HR- pQCT supplied multiple data on early deficits in 
bone quality in children with type 1 diabetes. The trabec-
ular number was reduced and the inhomogeneity was 
increased in both radius and tibia when having diabetes, 
consistent with deficiency in bone modeling. Inter-
estingly, these two bone parameters were increasingly 
affected with increasing latest year HbA1c. HbA1c for 
the entire disease period showed similar trend, but the 
findings were only statistically significant for inhomoge-
neity in radius. Mean HbA1c for the entire disease period 
could be confounded by factors present within this 
period of possibly many years and is influenced by high 
HbA1c measurements at the time of diagnosis followed 
by a patient/parent learning curve. We believe that latest 
year HbA1c is the most interesting and relevant to report. 
Latest year HbA1c is reflecting recent glycemic control 
and likely superior to the most recently measured HbA1c 
value as one measurement may not reflect the more 
overall glycemic control of the child. We recognize that 
other observation periods than the latest year may be rele-
vant to future research. Microarchitecture being affected 
by glycemic control of the latest year, but not necessarily 
the entire disease period is supporting a dynamic nature 
of bone modeling in children and adolescents and a 
potential for reversibility with improving HbA1c which 
have also been suggested earlier.34

In our study, we did not find any association between 
age of diabetes onset and bone parameters. All our cases 
were diagnosed with childhood onset type 1 diabetes. A 
study by Shah et al suggested that childhood onset type 1 
diabetes has more deleterious effect on the bones than 
adult onset type 1 diabetes, but it is still unclear if this 
difference is the effect of diabetes during bone accrual or 
may be due to longer duration of diabetes.35

We have previously examined the same cohort described 
in this study using DXA evaluation but were not able to 
demonstrate decreased aBMD in the children with type 
1 diabetes.12 Within this HR- pQCT study, the particu-
larly trabecular bone changes were further supported by 
our finding of reduced trabecular bone vBMD, without 
significant reductions in cortical bone vBMD. The differ-
ential reduction in vBMD may contribute to the explana-
tion of why the aBMD by DXA was normal in our cohort 

(and in other studies), as most of the mineral is found 
in the bone cortex. Whereas cortical bone vBMD was 
unchanged, the cortical bone area was reduced in our 
participants. The reduced bone area has been described 
in other studies,11 14 even though children with type 
1 diabetes reach a normal final height.36 This reduced 
bone size could also be a confounder to aBMD by DXA. 
We believe our current findings demonstrate the supe-
riority of HR- pQCT compared with DXA scan in iden-
tifying bone complications in type 1 diabetes at an early 
stage.

strenghts and limitations
The principal strength of our study was the use of 
HR- pQCT to assess bone strength in children and adoles-
cents with type 1 diabetes. HR- pQCT accurately assesses 
bone microarchitecture and also provides a novel way to 
non- invasively assess bone strength.37 To our knowledge, 
this method is the most accurate method to assess bone 
strength in vivo, but for technical reasons, only the distal 
peripheral skeleton can be assessed by this method. This 
scan technique provides a lot of parameters with the 
calculated failure load being the most interesting with the 
potential to predict fracture risk and therefore the focus 
of our attention. Our secondary outcomes were chosen to 
provide a possible explanation for differences in failure 
load, describing specific bone geometric parameters and 
microarchitecture parameters which we had predeter-
mined before conducting the study. When having a lot of 
outcomes, there can be a risk of chance findings. We have 
limited our conclusions by only incorporating significant 
findings made in both tibia and radius. As these two 
measurements are independent of each other, the risk of 
having a chance finding in the same parameter at both 
sites would be small.

Another strength was our focus on patients with type 
1 diabetes without comorbidities and the use of healthy 
siblings as our control group. Genetics account for a 
majority of the variations in bone structure and healthy 
siblings are in general more comparable in terms of 
genetics, lifestyle and socioeconomic status. There-
fore, we chose siblings as the control group despite the 
possible limitations including missing populations- based 
differences.

Last, our cohort had no overt selection bias from non- 
participating Danish children with type 1 diabetes without 
comorbidity. 64% of the invited patients participated 
in the study. The main reasons for non- participation 
were comorbidities (17%) and lack of consent (16%) 
(figure 1). The latter was predominantly justified by lack 
of time on behalf of the participant or their parents, as 
the examinations were performed in daytime school and 
working hours.

Our study also had limitations. The CIs for many of our 
reported variables are wide. This is in part explained by 
the limitations in the size of our cohort; however, many of 
the reported bone variables also seem to be very varying 
across the cohort even after adjustment for known 
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confounder such as age and sex. We recognize that this 
makes the study prone to type 2 error, and more associa-
tions may be discovered in a larger study. Despite of these 
limitations, many outcomes of interest, including failure 
load, have 95% CIs that does not include 0 and hence are 
statically significant. Also, some changes in microarchi-
tecture might be harder to detect in the radius do to the 
greater amount of motion artifacts in this region.

Another limitation was the mean age difference of 
1 year between the patients with diabetes and their sibling 
controls. We therefore adjusted for age, among other 
group differences, in our linear regression analyses, 
assuming linearity with age. Overall, the choice of sibling 
controls both had strengths and limitations. We were not 
able to report on pubertal stage at debut of diabetes. 
However, the mean age at debut was 7.9 years, allowing 
the assumption that the majority of the participants were 
prepubertal at diabetes debut. Even though we adjusted 
for sex and our analyses showed no interaction between 
diabetes and sex in relation to bone parameters, larger 
studies with stratification of sex would be preferred.

Our findings may not be valid in other cohorts with 
higher or lower HbA1c means as result of differences 
in blood glucose control. The population of our uptake 
region was by far of Danish ethnic origin and therefore 
the study may loss validity in other populations.

Moreover, daily insulin dose may be an important 
parameter to include in analyses, as bone size is positively 
influenced by insulin. This was not included in our study. 
Children with type 1 diabetes have obtained a normal 
final height after improvement of diabetes regulation by 
modern insulin therapy.36 In our cohort, the vast majority 
of children were treated with continuous subcutaneous 
insulin infusion (CSII) and therefore did not allow for 
analyses between treatment with multiple daily injections 
and CSII.

No difference in self- reported fracture prevalence was 
detected between patients and controls. However, this 
study was not designed to detect a difference in fracture 
between the groups due to low participant numbers and 
short observation time. Follow- up studies and large- scale 
studies are needed to address this question.

Future research
The mechanism behind the fragility of bones in type 
1 diabetes is still not fully understood. Hyperglycemia 
may lead to increased production of advanced glycation 
end products, which may lead to osteoblastic apoptosis, 
decreased osteoblast proliferation and increased osteo-
clast activation.16 38 Reduced osteoblast and increased 
osteoclast signaling has been described in children and 
adolescents with type 1 diabetes,4 5 but further studies 
with bone turnover markers are needed to elucidate the 
underlying mechanisms causing altered bone structure 
in patients with type 1 diabetes.

The increased fracture risk in type 1 diabetes is highly 
relevant due to the morbidity and mortality associated 
with fractures. Fragility fractures resulting from low bone 

strength may be a significant cause of major skeleton 
complications, which reduces quality of life in patients 
with type 1 diabetes.39

Estimation of bone strength by aBMD from DXA 
scan is probably insufficient for patients with type 1 
diabetes, as poor bone quality is a more likely cause for 
the elevated fracture risk.16 Our study highlights the 
limitations of DXA compared with HR- pQCT in children 
and adolescents. Although currently a research tool, 
HR- pQCT holds potential for use in the clinical diagnosis 
and management in osteoporosis and in type 1 diabetes. 
Prospective studies are needed to evaluate HR- pQCT as 
a tool to identify the fracture risk in individuals with type 
1 diabetes.

ConClusIon
Bone strength assessed as calculated failure load by 
HR- pQCT was found to be reduced in children with type 
1 diabetes when compared with healthy sibling controls. 
The reduced bone strength could partly be explained by 
reduced trabecular vBMD, reduced trabecular number 
and reduced cortical area. Increasing latest year HbA1c 
was associated with several adverse changes in bone 
parameters.

More studies are needed to evaluate HR- pQCT as 
a tool for identifying the fracture risk in patients with 
type 1 diabetes. Future studies should examine whether 
improvements in diabetes control may lead to improve-
ments in bone strength and hence reduce the risk of late 
bone complications in type 1 diabetes.
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