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ARTICLE INFO ABSTRACT

Aim: It is currently unclear if longstanding type 1 diabetes (T1D) affects bone mineral density (BMD).
Methods: BMD measured by dual-energy X-ray absorptiometry and history of fragility fracture was determined in
75 T1D participants with >50 years of diabetes duration and 75 age- and sex-matched non-diabetic controls. BMD
T-scores were determined for the lumbar spine (LS), total hip (TH) and femoral neck (FN).
Results: T1D participants had median diabetes duration of 54 [52, 58] years, 41 (55%) were females, and mean A;.
was 7.3 + 0.8%. T1D females had higher LS T-scores compared to female controls (—0.3 +1.2vs.—1.1+ 14,p=
0.014), lower FN T-scores (—1.5 4 1.0 vs. —1.2 4 0.9, p = 0.042) and more fragility fractures (7 (17%) vs. 1 (2%),
p = 0.021). In T1D, higher Alc was associated with higher adjusted odds of fragility fracture (p = 0.006). T1D
males and controls showed no difference in BMD or fractures.
Conclusions: There were no substantial differences in T-score between T1D and matched controls; however, T1D
females showed higher BMD at the LS and possibly paradoxically higher fragility fractures compared to matched
controls. These findings suggest that lower T-scores may not be associated with a history of fragility fracture in
females with longstanding T1D and that other factors should be investigated.
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1. Introduction

Longstanding type 1 diabetes (T1D) is associated with increased risk
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glycemia. While it is generally known that diabetes is associated with
altered bone metabolism, investigation of changes in bone mineral den-
sity (BMD) measured by dual-energy X-ray absorptiometry (DXA) sug-
gests that T1D is associated with lower BMD at one or more sites
compared to matched non-diabetic controls.'~® It is thought that reduc-
tions in BMD might occur early on in the natural history of T1ID*7-%;
however, there has been limited investigation of bone health in
longstanding T1D. To date a study from the Joslin Medalist cohort is
the first to reported no difference in BMD compared to controls.'®
While associations between diabetes complications and reduced
BMD have been identified, the risk factors associated lower BMD and
subsequent fracture risk in T1D is not completely understood.®'1-13
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Furthermore, there are conflicting reports on the impact of poor
glycemic control on BMD.*>1114-16 Ag such, the mechanisms behind
increased risk of fragility fracture in T1D has not yet been determined,
although several factors have been suggested, including poor glycemic
control"!7'® and presence of diabetes-related complications including
retinopathy and neuropathy.'”"!°

Though T1D is generally seen as a risk factor for fracture, it is
presently not known with certainty if longstanding T1D affects bone
health.?° In this light, we aimed to report on BMD, the incidence of
fragility fractures and associated factors as an exploratory analysis in
the Canadian Study of Longevity in Type 1 Diabetes.

2. Materials and methods
2.1. Study design

The present study is an analysis of baseline data collected from the
Canadian Study of Longevity in Type 1 Diabetes, and represents a
cross-sectional study of adults living with T1D for >50 years. The first
objective of the main study was to establish a baseline mail-based na-
tional registry to determine factors associated with the development
of complications associated with longstanding disease duration?'~2>;
the second was to phenotype complications in a portion of these
individuals in hospital (along with age- and sex-matched controls).?*-22
Between February 2015 and September 2016, 75 participants with
>50 years of T1D and 75 age- and sex-matched non-diabetic controls
participated in phase 2 of the study. Participants underwent extensive
phenotyping procedures over the course of 2 visits set 2-4 weeks
apart.?! Participant search criteria from the registry for the second
phase included those living in the Greater Toronto Area (i.e. proximity
to the University Health Network and Mount Sinai Hospital in Toronto,
Ontario, Canada where the study was conducted), or a willingness
to travel for two requisite study days. Non-diabetic controls were sex-
matched 1:1 and age-matched within five years of a T1D participant.
These matched controls were typically spouses, family or friends of
study participants. Exclusion criteria common to both non-diabetic con-
trols and T1D participants were specific to phenotyping procedures
which were not the focus of this manuscript and included 1) any current
eye infection, corneal damage, severe movement disorder, or
proparacaine allergy to preclude safe corneal confocal microscopy ex-
amination and 2) blood pressure >140/90 mm Hg to preclude angioten-
sin II infusion procedures. The purpose of the current exploratory
analysis was to characterize BMD as measured by DXA and to describe
the prevalence of bone fragility facture among longstanding T1D partic-
ipants as compared to age-and sex-matched non-diabetic controls. All
participants provided written informed consent, and the study and its
procedures were approved by the institutional ethics board at the Uni-
versity Health Network and Mount Sinai Hospital in Toronto, ON,
Canada.

2.2. Study procedures and diabetes complication definitions

Participants underwent review of medical history, physical exam,
BMD, and completed an additional questionnaire specific to bone
health. On day two, participants underwent objective neurological test-
ing including nerve conduction study and corneal nerve fibre length
(CNFL) testing, renal hemodynamic function study and coronary artery
calcification scoring at Cardiac CT Unit. Blood samples were collected for
biochemical analysis of standard clinical parameters including: A, lipid
profile, calcium, parathyroid hormone (PTH), phosphate, alkaline phos-
phatase, electrolytes, serum creatinine, estimated glomerular filtration
rate (eGFR), spot albumin/creatinine ratio (ACR), thyroid stimulating
hormone (TSH) and estradiol using standard University Health Network
procedures analyzed on Abbott Architect Chemistry Analyzer (Abbott,
Illinois USA).

Diabetic neuropathy was defined according to Toronto consensus
criteria (abnormal nerve conduction study in two nerves, plus the pres-
ence of neuropathic signs and/or symptoms). Diabetic nephropathy was
defined based on the presence of albuminuria according to an albumin-
to-creatinine ratio (ACR) >2 mg/mmol as well as stage 3 chronic
kidney disease (CKD3) by an estimated glomerular filtration rate
(eGFR) <60 ml/min/1.73 m? according to the Modification of Diet in
Renal Disease (MDRD) Study Equation. Presence of diabetic retinopathy,
and its classification as proliferative (PDR) or non-proliferative (NPDR),
was diagnosed based on wide-field retinal scanning (Optos Tx200,
Optos, Dunfermile Scotland UK) and interpretation by a retinal specialist
(M.H.B.). Cardiovascular disease (CVD) was defined based on the
presence of history of myocardial infarction, coronary artery disease
(CAD), stroke, or peripheral vascular disease.

2.3. Bone mineral density

BMD was measured at the lumbar spine (LS), total hip (TH) and
femoral neck (FN) by DXA using a Hologic (Discovery QDR, model:
Discovery A (S/N 85675) bone densitometer. BMD values were
expressed in T-scores and Z-score in relation to the male and female ref-
erence population (Hologic reference for the spine site, NHANES refer-
ence for TH and FN). The coefficient of variance for the DXA was 0.20%
at LS. One trained technician performed all DXA measurements and
analyses any abnormal scans due to potential fractures or deformities
were excluded. World Health Organization criteria for classification of
“low bone mass” or osteopenia and osteoporosis were used according
to the T-score values, where normal indicating T-score of —1.0 SD or
above, “low bone mass” or osteopenia is T-score less than —1 and
greater than —2.5 SD, and osteoporosis when the T-score is less than
or equal to —2.5 SD. Insulin pumps were disconnected from patients
who were using them at the time of the DXA measurement.

2.4. Definition of fragility fracture

We supplemented the first and second study phase data with a
questionnaire focused on bone health in which participants were
asked to report risk factors for osteoporosis, history of osteoporosis
medications use, calcium and vitamin D supplement use, history of
exposure to glucocorticoids for longer than 3 months, use of hormonal
replacement therapy and testosterone therapy as well as family history
of osteoporosis or fractured hip. Questions concerning fragility fracture
in adult life (>18 years old), defined as spontaneous fractures or fracture
after a fall from standing position, were specified according to their
locations (excluding skull, hands/fingers and feet/toes fractures) along
with non-fragility fractures. All questionnaires were reviewed by
study staff for accuracy. The questionnaire is included as Supplemental
material.

2.5. Statistical analysis

Statistical analyses were performed using SAS version 9.4 for
Windows (SAS Institute, Cary, NC). Comparisons of characteristics be-
tween T1D and controls - both the total study population and stratified
by sex - were made using the Student's t-test, the Wilcoxon rank sum
test, or the y>-test. In particular, prevalence of fragility fractures was
compared using the y2-test. T-scores were the variable chosen a priori
for the primary comparison of BMD (g/cm?) and differences in Z-score
are presented in Supplemental Table 1. Confounders, also chosen a
priori, included body mass index (BMI), calcium and vitamin D
supplement use, osteoporosis medication use, and current alcohol
consumption. An «a-level of 0.05 was used for tests of statistical
significance.
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3. Results

The characteristics of T1D participants and the control group are
shown in Table 1. T1D participants reported higher use of calcium sup-
plements (40 (53%) vs. 26 (35%), p = 0.021) and vitamin D (59 (79%)
vs. 47 (63%), p = 0.031) compared to the control group; however the
intake of these supplements was not different between groups (calcium
(600 mg [342-683] vs. 500 mg [333-800], p = 0.79, and vitamin D
(1000 IU [1000-1600] vs. 1000 IU [1000—2000] p = 0.59)). Low BMI
(<18.5) was present in 0 (0%) T1D participants and 1 (1%) control.
Self-reported fragility fracture history tended to be higher in T1D
participants compared to controls (9 (12%) vs. 3 (4%), p = 0.071) with
T1D females having more fragility fractures compared to female
controls (7 (17%) vs. 1 (2%), p = 0.021).

Differences in BMD (g/cm?) and T-score between T1D and controls
and as stratified by sex are presented in Table 2, unadjusted and with
adjustments made for BMI, bone supplement use, osteoporosis medica-
tion use, and current alcohol consumption. This data is presented graph-
ically in Fig. 1 with additional details including Z-scores presented in

Supplemental Table 1. The LS skeletal health of females with T1D was
reflected in higher in overall T-scores. However, at the FN, T1D females
had a lower proportion of normal (11 (27%) vs. 14 (33%)) and
osteopenia-range (22 (54%) vs. 27 (63%)) T-scores compared to con-
trols. Accordingly, T1D females also had higher proportion of
osteoporosis-range T-scores (8 (20%) vs. 2 (5%)); no difference was
found in scores at the TH. Males with and without T1D did not differ
significantly in BMD at any of the measured sites. Sensitivity analyses
excluding participants with eGFR <60 ml/min/1.73 m? and those on
osteoporosis medication did not change these conclusions.

To explore factors associated with low bone density in longstanding
T1D, we compared T1D participants with normal bone density (defined
by a T-score > —1.0 at least one site, n = 20) to those with low bone
density (defined by a T-score < —1.0 in at least one site, n = 55,
Supplemental Table 2). Univariate analysis showed that there were no
differences in age, sex, duration of diabetes or use of calcium and
vitamin D supplementation. Compared to those with normal bone den-
sity, participants with low bone density had lower BMI (p = 0.005) and
lower daily insulin dose (p = 0.017). The presence of diabetes-related

Table 1
Characteristics of the participants with longstanding type 1 diabetes and the age- and sex-matched controls, shown as combined cohorts and stratified by sex.
Total cohort Females Males
Controls T1D Controls T1D Controls T1D
n=75 n=75 n =43 n =41 n =32 n =34
Clinical characteristics
Female sex, n (%) 43 (57%) 41 (55%) - - - -
Age (years) 65 + 8 66 + 8 64 + 8 65+ 8 66 + 8 67 + 8
Diabetes duration (years) - 54 [52, 58] - 53[52,57] - 5552, 58]
Age at diagnosis (years) - 106, 17] - 106, 17] - 10 [5, 16]
Daily insulin dose (units) - 35.6 + 13.2 - -
Current smoking, n (%) 3 (4%) 3 (4%) 1(3%) 0 (0%) 2 (6%) 3(9%)
Current alcohol consumption, n (%) 46 (65%) 59 (80%)" 25 (63%) 34 (83%)" 21 (68%) 25 (76%)
BMI (kg/m?) 273+ 54 26.6 + 3.8 272 £ 66 26.8 + 4.7 273 £ 34 263 £ 25
Biochemical characteristics
Aic (%) 57 + 04 73 + 08" 57 + 03 75 + 1.0" 5.7 + 0.5 72 4+ 06"
Total cholesterol (mmol/l) 4.89 £+ 0.94 3.87 + 077" 5.27 + 0.89 4,06 + 0.76™ 437 + 0.76 3.63 £ 0.72"
HDL (mmol/1) 1.39 4+ 0.38 1.65 + 0.45™ 1.54 4+ 0.38 1.79 + 047" 1.19 £+ 0.27 1.48 + 036"
LDL (mmol/1) 2.80 + 0.77 1.86 + 0.54™" 3.07 + 0.69 1.92 + 052" 244 + 0.74 1.79 £ 056"
Triglycerides (mmol/l) 1.52 + 1.00 0.78 + 039 142 + 091 0.77 + 042" 1.66 + 1.11 0.79 + 037"
ALP (U/1) 71 £ 17 75 £ 22 73 £ 19 75 + 24 68 + 14 76 + 20
Calcium (mmol/1) 2.31 £ 0.10 2.32 + 0.10 2.33 £ 0.10 2.35 + 0.10 2.28 + 0.10 2.29 + 0.10
PTH (pmol/1) 4.8 (3.6, 6.8] 4[3.4,7.0] 4.8 3.6, 6.8] 491[3.1,7.5] 4.3[3.6,6.7] 4.8 [3.5,6.1]
Estradiol (pmol/l) 37[37,39] 41.5(37,64]" 37[37,39] 43[37,66]" - -
eGFRyiprp (ml/min/1.73 m?) 84 + 14 72 +£ 177 80 £ 12 67 + 15 91 + 14 78 + 18"
Presence of complications
Retinopathy
None - 12 (16%) - 5(12%) - 7 (21%)
NPDR - 24 (32%) - 13 (32%) - 11 (32%)
PDR - 39 (52%) - 23 (56%) - 16 (47%)
Neuropathy - 65 (89%) - 33 (83%) - 32 (97%)
Nephropathy - 8 (11%) - 5(12%) - 3(9%)
Cardiovascular disease - 15 (20%) - 10 (24%) - 5 (15%)
Presence of condition which may cause secondary osteoporosis® 7 (11%) 17 (23%) 4 (11%) 11 (28%) 3(11%) 6 (18%)
Risk of falls 5(8%) 6 (9%) 4 (12%) 5 (13%) 1(5%) 1 (4%)
Use of medications
Osteoporosis medications 9 (12%) 9 (12%) 8 (19%) 8 (20%) 1(3%) 1(3%)
Vitamin D supplement 49 (65%) 59 (79%) 33 (77%) 38 (93%)" 16 (50%) 21 (62%)
Calcium supplement 26 (35%) 41 (55%)" 20 (47%) 27 (66%) 6 (19%) 14 (38%)"
Steroids 5(8%) 4 (5%) 4(11%) 4 (10%) 1 (4%) 0 (0%)
HRT (post menopause) 12 (31%) 12 (30%) 12 (31%) 12 (30%) 0 (0%) 0 (0%)
Testosterone 2 (8%) 0 (0%) 0 (0%) 0 (0%) 2(7%) 0 (0%)
Fracture history
Fragility fracture history in adult life 3 (4%) 9 (12%) 1(2%) 7 (17%)" 2 (6%) 2 (6%)
Any fracture history 32 (43%) 40 (53%) 18 (42%) 27 (66%)" 14 (44%) 13 (38%)

T1D, type 1 diabetes mellitus; ALP, alkaline phosphatase; PTH, parathyroid hormone; eGFRy;prp, estimated glomerular filtration rate by the Modification of Diet in Renal Disease Study
equation; NPDR, nonproliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy; HRT: hormone replacement therapy. Risk of falls was determine from self-reported

questionnaire.

¢ Includes the following conditions: graves, primary hyperparathyroidism, rheumatoid arthritis, malabsorption, chronic lung disease, chronic liver disease.

* p<0.05.
** p<0.01.
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Table 2

Unadjusted and adjusted® differences in bone mineral density in participants with longstanding type 1 diabetes and the age- and sex-matched controls, shown as combined cohorts and

stratified by sex.

Total cohort Females

Males

Controls T1D Unadjusted Controls T1D Unadjusted Adjusted Controls T1D Unadjusted Adjusted
(n=75) (n=75) p-value (n =43) (n=41) p-value p-value® (n = 32) (n=34) p-value p-value
Lumbar spine
BMD (g/cm?) 099 4+ 0.16 1.04 £ 0.16 0.067 093 + 0.16 1.01 & 0.14 0.015 0.022 1.06 + 0.14 1.06 £ 0.19 0.93 0.41
T-score —-08+14 —-03+14 0.041 —-11+14 —-03+12 0.007 0014 —-03+12 —-03+16 0.92 0.38
Femoral neck
BMD (g/cm?) 0.76 + 0.12 0.72 £ 0.13 0.041 0.71 £ 0.10 0.68 & 0.11 0.13 0.056 0.82 £ 0.11 0.77 + 0.13 0.068 0.64
T-score —-114+£09 —-144+10 0.022 -124+09 —-15+1.0 0.12 0042 —-08+07 —12+09 0.053 0.70
Total hip
BMD (g/cm?) 0.93 +£ 0.14 091 + 0.13 0.25 0.88 +£ 0.14 0.86 + 0.12 0.54 027 1.01 £ 0.11 0.96 + 0.13 0.14 0.74
T-score —044+10 —06+09 0.22 —05+11 —07+1.0 0.60 0.25 —024+07 —05+08 0.13 0.81
Combined
Normal T-scores 28 (37%) 20 (27%) 0.36 10 (23%) 11 (27%) 091 091 18 (56%) 9 (26%) 0.036 0.21
Low bone mass in at 38 (51%) 43 (57%) 25 (58%) 22 (54%) 13 (41%) 21 (62%)
least one site
Osteoporosis in at 9 (12%) 12 (16%) 8 (19%) 8 (20%) 1(3%) 4 (12%)

least one site

Data are mean =+ SD or n (%). T-scores in the normal range defined as values > — 1, in the low bone mass range as —1 > T-score values > — 2.5, and in the osteoporosis range is defined as

values < —2.5. Bold p-values indicate p-value < 0.05.

2 Adjusted analysis accounted for participants' BMI, bone supplement use, osteoporosis medication use, and current alcohol consumption.
b n a sensitivity analysis of the female participants in which we excluded the 8 (19%) of controls and 9 (20%) of T1D participants exposed to osteoporosis medications (antiresorptive

agents other than estrogen, anabolic agents), results were unchanged.

complications (retinopathy, neuropathy, nephropathy and CVD) was
similar between those with normal bone density and low bone density.
In multivariable logistic regression using a forward selection model, BMI
and PTH were identified as the factors most strongly associated with
low bone density (adjusted OR 0.73 and 1.41 for every 1 unit increase
in BMI and PTH, respectively).

We used univariate and multivariate regression to explore factors
associated with fracture history in the T1D population (Supplemental
Table 3). For any fracture history, female sex and a history of
macrovascular disease were associated with higher odds of having any
fracture history (adjusted OR 2.90 for female sex and 7.30 for
macrovascular disease). For fragility fracture history, A1c was associated
with higher odds of fragility fracture (adjusted OR 4.13 for every 1% in-
crease is Alc).

4. Discussion

In individuals with longstanding T1D, we showed that females with
T1D had higher BMD at the LS and lower BMD at the FN compared to
age- and sex-matched controls. Males with T1D were not different
from age- and sex-matched controls for BMD at all sites. While females
with T1D reported higher fragility fractures, it appeared that BMD was
not associated with fragility fractures in longstanding T1D. The reported
incidence of fragility fracture in the present study is consistent with
other studies investigating bone health in T1D postmenopausal
women and adults >50 years of age with insulin-dependent diabetes.?®
This is in contrast to recent findings from the Joslin Medalist Study, that
reported a low prevalence of self-reported non-vertebral fractures in
participants with >50 years of T1D but also did not find an association
with BMD.'° We acknowledge that the comparison of fragility fractures
between T1D and controls in this study is susceptible to information
bias; however, this bias should be non-differential information bias
since both groups were treated the same and were equally likely to
have errors in recall. While we might be missing some of the magnitude
of fragility fractures, it is important to interpret the results given our
unique population.

BMD and bone micro-architecture are primary contributors to fragil-
ity fracture risk.>° The lack of association between BMD and fragility
fracture in our study suggests that T1D participants may have abnormal
bone quality as a result of altered bone architecture as has been previ-
ously suggested.®' Further investigation of bone architecture in the

long duration cohorts are ongoing and will be important to provide a
more comprehensive understanding of the changes in bone health
thatincreases fragility fracture risk. Exploratory analysis of our data sug-
gests that A;. was the only independent variable associated with history
of fragility fracture, irrespective of low BMD. This is consistent with pre-
vious studies that reported glycemic control was positively associated
with fractures but not bone density in patients with T1D.'®

We observed no difference in blood calcium concentration between
T1D and controls despite mixed evidence on the impact of drugs used in
the management of T1D and related complications on bone
metabolism.>? The T1D cohort reported higher use of calcium and vita-
min D supplements, which might have been related to the observed LS
BMD results. These findings also might represent the successful knowl-
edge translation efforts of calcium and vitamin D supplementation to
maintain BMD in post-menopausal females.

Meta-analyses>- indicate that an increase in facture risk may be
related to diabetes type. T1D appears to be associated with lower
BMD, whereas T2D is associated with higher BMD as a result of differ-
ences in BMI in these populations and subsequent differences in bone
metabolism. Our data and others>->° show that BMI is positively associ-
ated with BMD. Future research of BMD, bone architecture and fracture
risk should examine the effects physical activity and specifically weight
bearing exercises, which have been shown to improve BMD and de-
crease fracture risk.>*>> Physical activity is associated with lower A;.
and has been shown to attenuate the progression of diabetic neuropa-
thy, which can further reduce the risk of fragility fracture.®® The inci-
dence of hypoglycemia is a major risk factor for falls and should also
be considered in future research®” alongside the use of pump therapy
and continuous glucose monitoring.

This is the first study in long-standing T1D to compared bone health
to matched-controls. Our control group is representative of the general
population as demonstrated by their Z-scores (Supplemental Table 1).
However, these controls might not be truly representative of the general
population as they were spouses, family members of friends of the T1D
participants. These controls are more frequently exposed to information
regarding blood glucose control and related lifestyle practices. This se-
lection of controls provides the most representative control group and
a more conservative analysis of the effects of longstanding T1D on
bone health and as such, we consider this to be a non-differential sam-
pling bias. We do acknowledge that our study shows an incidence of
fractures similar to previous population based studies®®; however
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Fig. 1. Comparison of bone mineral density (BMD) between participants with
longstanding type 1 diabetes and age- and sex-matched controls. Analysis of BMD is
shown in panels A - lumbar spine (LS), B - femoral neck (FN) and C - total hip (TH).

there is a lower prevalence of fragility fractures. This could be the result
of participant under reporting, which creates an information bias or
measurement bias from the clinical assessment and as such this data
should be interpreted with caution.

It is important to note additional limitations of the current study. We
used a cross-sectional study design, which allow an association rather
than a causality assessment. Current reports of A;. allows us to assess
the glucose control over the last three months but not long-term expo-
sure, however others have shown a strong longitudinal association with
current and previous glycemic control.>® Degenerative changes of the
spine, vertebral compression fractures and aortic calcifications all can
lead to inaccurately higher readings of BMD at the lumbar spine.*°

Our study is subject to selection bias as we are examining participants
with >50 years T1D and therefore the results presented here might
not be applicable to the broader population; however, here we seek to
understand the factors associated with skeletal health in this group.
For the assessment of calcium and vitamin D supplement use and risk
of falls we used self-reported questionnaires that are susceptible to re-
call bias.

5. Conclusion

The present study showed that in a cohort with >50 years of T1D, T-
scores in females with T1D was lower at the FN and also higher at the LS
compared to matched controls despite higher reported fragility frac-
tures, additionally, lower BMD is not associated with presence of fragil-
ity fractures in longstanding T1D. This raises the possibility that
abnormalities in bone quality and architecture might be related to the
risk of fragility facture and should be examined along with lifestyle fac-
tors and diabetes complications in future studies.
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