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Abstract

We aimed to: (1) examine the relationship between glycemic control, BMD estimated from heel ultrasound (eBMD) and fracture risk in
individuals with type 1 (T1D) and type 2 diabetes (T2D) and (2) perform a one-sample Mendelian randomization (MR) study to explore
potential causal associations between glycemic control, eBMD, and fractures. This study comprised 452 131 individuals from the UK Biobank
with glycated hemoglobin ATC (HbA1c) and eBMD levels. At baseline, 4078 participants were diagnosed with T1D and 23682 with T2D.
HbA1. was used to classify patients into “adequately-" (ACD; n=17 078; HbA1c < 7.0%/53 mmol/mol) and “inadequately-" (ICD; n=10682;
HbA1¢ > 7.0%/53 mmol/mol) controlled diabetes. In individuals with T1D, a 1% unit (11 mmol/mol) increase in HbA;. levels was associated with
a 12% increase in fracture risk (HR: 1.12, 95% CI [1.05-1.19]). Fracture risk was highest in individuals with T1D and ICD (HR 2.84, 95%CI [2.53,
3.19]), followed by those with ACD (HR 2.26, 95%CI [1.91, 2.69]), as compared to subjects without diabetes. Evidence for a non-linear association
between HbA1; and fracture risk was observed (Ftest ANOVA p-value = 0.002) in individuals with T2D, with risk being increased at both low and
high levels of HbA1¢. Fracture risk between the T2D ACD and ICD groups was not significantly different (HR: 0.97 95%CI [0.91-1.16]), despite
increased BMD. In MR analyses genetically predicted higher HbA1. levels were not significantly associated with fracture risk (causal risk ratio:
1.04, 95%CI [0.95-1.14]). We did observe evidence of a non-linear causal association with eBMD (quadratic test p-value =0.0002), indicating
U-shaped relationship between HbA1. and eBMD. We obtained evidence that lower HbA. levels will reduce fracture risk in patients with T1D.
In individuals with T2D, lowering HbA levels can mitigate the risk of fractures up to a threshold, beyond which the risk may begin to rise again.
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Introduction

Diabetes mellitus is a common metabolic disorder charac-
terized by elevated blood glucose levels, affecting millions
of individuals worldwide. Type 1 diabetes (T1D) is an
autoimmune disease resulting in the destruction of pancreatic
beta cells and a subsequent lack of insulin production,
typically manifesting in childhood. Type 2 diabetes (T2D),
in contrast, arises from insulin resistance and relative insulin
deficiency, commonly linked to obesity and lifestyle factors,
and usually occurs in adults. While T1D necessitates lifelong
insulin therapy, T2D is often managed through lifestyle
modifications, oral medications, and sometimes insulin. While
the detrimental effects of poor glycemic control in diabetes on
various organ systems have been extensively investigated,' its
impact on skeletal health remains an area of ongoing research.
Previous studies have established fracture risk as a compli-
cation of diabetes.>~* Fractures pose significant challenges,
leading to considerable morbidity, mortality, and healthcare
costs.”*® However, understanding the complex relation

between glycemic control, measured by glycated hemoglobin
(HbA1.) levels, and fracture risk in individuals with both
T1D and T2D is crucial for implementing preventive
measures and improving patient outcomes.” Additionally,
investigating the relationship between glycemic control and
BMD, a key determinant of fracture susceptibility, can offer
insights into potential therapeutic strategies for mitigating
the skeletal complications associated with diabetes. Glycemic
control has been shown to be a key determinant of other
complications of diabetes including microvascular disease,
myocardial infarction, and all-cause mortality.! To address
these knowledge gaps comprehensively, we conducted a
large-scale observational study utilizing data from the UK
Biobank, a well-characterized population-based resource.®
Our study aimed to examine the relationship between
glycemic control, BMD, and fracture risk in individuals
with T1D and T2D; and utilize linear and non-linear
Mendelian randomization (MR) to explore potential causal
associations.
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Methods
Study population

The UK Biobank is a prospective cohort study that recruited
up to 502410 participants across 22 centers in the United
Kingdom. Participants were aged between 40 and 59 yr at
baseline.® HbAj. levels were measured in 482253 individ-
uals across 2 center visits. The initial assessment visit took
place between 2006 and 2010 and encompassed 95% of the
measurements taken. The second assessment visit took place
between 2012 and 2013. The date of HbA . measurement was
established as baseline. Individuals with prevalent fractures at
baseline were excluded (fracture definition provided below).
The median follow-up time was 11.72 yr during which 20 414
incident fractures occurred. The follow-up time end date
was determined as the date of the last recorded fracture.
Individuals who did not fracture or died before the end date
were censored. The date of an individual’s death was obtained
via death registry (data field 40000). A subset of 452131
individuals also had estimated BMD (eBMD) measurements
available, obtained over 3 center visits. The initial visit took
place between 2006 and 2010 encompassing 90% of the
measurements taken. Subsequent visits took place between
2012-2014 and 2014-2016. The MR study was performed
on a subset of 379600 individuals of European ancestry
who had genotype information available.” The UK Biobank
was conducted in full accordance with the ethical principles
outlined in the Declaration of Helsinki, as revised in 2013,
including adherence to protocols approved by their respective
institutional ethics review committees and all participants
provided written informed consent.

Diabetes definition and glycemic measures

Individuals with T2D were identified either via self-reporting
at baseline (data field 130709), obtaining an HbAq.
level > 6.5% (48 mmol/mol) at baseline, or via a recorded
International Classification of Diseases, Tenth Revision
(ICD-10) code E11 (non-insulin-dependent diabetes mellitus)
(data field 130708). Similarly, individuals with T1D were
defined using self-reported data, as well as, the ICD-10 code
E10 (Insulin-dependent diabetes mellitus). Plasma HbA1.
levels were measured using variant II turbo Hemoglobin
Testing System; from Bio-Rad. Individuals with diabetes and
HbA . levels >7% (53 mmol/mol) were considered to have
inadequate glycemic control, conversely those with <7% were
considered as having adequate control, according to American
Diabetes Association (ADA) guidelines.'” The duration of
diabetes was determined based on either the self-reported
age of diabetes diagnosis (data field 2976) or the earliest
date of the corresponding ICD-10 code. In cases where self-
reported ages were unavailable or entered incorrectly, they
were replaced with the first date of the ICD-10 code. Pre-
diabetes was defined using ADA guidelines as HbA . levels of
5.7-6.4% (39-46 mmol/mol).!!

Fractures and BIMD measurements

Estimated BMD (eBMD) was calculated from measured quan-
titative ultrasound speed of sound and broadband ultrasound
attenuation of the heel. Measurements were collected over 3
timepoints. The data collection and quality control of eBMD
measurements were conducted in accordance with the pro-
cedure outlined by the GEFOS consortium.'? Fractures were
defined according to ICD-10 codes. A full list of the codes used
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can be located in Supplementary Table S1. Fractures of the
skull, face, hands and feet, atypical femoral fractures, patho-
logical fractures due to malignancy, periprosthetic, and healed
fracture codes were excluded. Individuals who retracted their
informed consent, as of May 4, 2023, were removed.

Complications

Cardiovascular disease was defined using the ICD-10 codes
120, angina pectoris; 121, acute myocardial infarction; 122
subsequent ST elevation (STEMI) and non-ST elevation
(NSTEMI) myocardial infarction; 123, certain current
complications following STEMI and NSTEMI; 124, other
acute ischemic heart diseases; or 125, chronic ischemic heart
disease. Chronic kidney disease was defined by ICD-10
code N18; Chronic kidney disease. Diabetic retinopathy was
defined by the ICD-10 codes: E08.3 - diabetes mellitus due to
underlying condition with ophthalmic complications, E09.3 -
drug or chemical induced diabetes mellitus with ophthalmic
complications, E10.3 - T1D mellitus with ophthalmic compli-
cations, E11.3 - T2D mellitus with ophthalmic complications,
E13.3 - other specified diabetes mellitus with ophthalmic
complications.

Statistical analyses
Observational associations

The reporting of epidemiological results was undertaken
following the STROBE and STROBE-MR guidelines. The
effect of HbA{c on BMD and fracture risk was estimated
from linear regression and Cox proportional hazards models,
respectively. Estimates were also obtained for the association
between glycemic groups (ie, ACD, ICD, pre-diabetes)
and outcomes in comparison to diabetes-free individuals.
Additionally, to compare the fracture risk between glycemic
groups hazard ratios (HR) were obtained when setting ACD
as the reference group. The continuous effect of HbA.
levels on eBMD and fractures was assessed in T1D, T2D,
and diabetes-free sub-group analyses. Non-linear effects were
also evaluated using linear tail-restricted cubic spline models
with 3 knots using the “rms” package in R. The number
of knots was determined by visual inspection of plots and
using Akaike information criterion, to compare models with
different degrees of freedom. The significance of the non-
linear spline terms was evaluated using an F-test ANOVA test.
All models were adjusted for: age, age”2, sex, height, weight,
smoking status (data field 20116), alcohol intake (data
field 1558), creatinine (23478), c-reactive protein (data field
30710), menopause (data field 2724), genetic ethnicity (data
field 22006), self-reported ethnicity (data field 21000), index
of Multiple Deprivation (data field 26410), and duration
of moderate activity (data field 894). In Cox models the
proportionality of hazards assumption was evaluated using
Schoenfeld residual plots. Variables with missing information
(less than 20%) were imputed using the mice package in R.'3
All observational analyses described here were adjusted for
multiple testing of 2 phenotypes using Bonferroni correction.

Sensitivity analyses

For sensitivity analyses, a second higher HbA{. cut-off was
defined at 9% (75 mmol/mol) with those above it being
classified as having adequate control and vice versa. This cut-
off was motivated by papers showing increased fracture risk
at higher HbA . cut-offs.'*1> Additionally, to investigate the
association between low HbA . and fracture risk, we further
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split those individuals with T2D and ACD by an HbA . level
of below 5.4% (36 mmol/mol) (the mean of the sample)
and labeled these individuals as hypoglycemic. The risk of
fractures in individuals with pre-diabetes was also evaluated.
The effect of diabetes duration of fracture risk was also
assessed in individuals with T2D and available duration data
(n=19263) by including diabetes duration as a covariate in
the Cox model. Additionally, disease duration was categorized
into 3 groups: less than 5 yr, more than 5 yr less but than
10 yr, and 10 yr and greater. Effect estimates were obtained
using Cox regression models with the group of less than
5 yr as the reference category. Lastly, to assess the potential
effect diabetic complications and comorbidities on fracture
risk and HbA1c levels we adjusted our statistical models for
hemoglobin concentration (data field 30020), as a measure of
anemia, chronic kidney disease, cardiovascular disease, and
diabetic retinopathy, using the ICD codes as reported in the
previous section of Complications.

Selection of genetic instrumental variables

We selected 88 conditionally independent genetic variants
as instrumental variables for HbAj. levels (Supplementary
Table S2) based on their association with HbA 1 (p<5 x 10-8)
in a genome-wide association study of 191362 individuals
of European ancestry.!® Palindromic SNPs were removed
and replaced by linkage disequilibrium proxies (r* > 0.80).
Standardized genetic risk scores (GRS) were constructed using
the 88 genetic variants for individuals with available genetic
data. To test the instrument strength, linear regression models,
adjusted for age at baseline, sex, and 10 genetic principal com-
ponents of ancestry, were constructed. The GRS explained 3%
of the variance of HbA ;. within the UK Biobank population
and displayed an F statistic of 1068.

Linear MR

For a genetic variant to act as a valid instrumental variable in
an MR analysis it had to satisfy the following assumptions:
(1) relevance: reliably associated with each of the exposures
included in the model; (2) exclusion restriction: the variant
needs to be associated with the outcome only through the
exposure of interest; and (3) independence: the variant should
be conditionally independent of the outcome given the expo-
sure and confounding factors.!” To obtain linear causal infer-
ences, we applied a 2-stage least squares regression (2SLS) for
continuous outcomes and structural mean models for binary
outcomes.'8:1? Both regression stages were adjusted by age,
sex, and the first 10 principal components of genetic ancestry.
A sensitivity analysis was performed by removing related
individuals (kingship coefficient < 0.0884) and recalculating
regression estimates.”’ MR power calculations were derived
using the mRnd web tool.2!

Non-linear MR

To assess non-linear causal effects we sought to stratify indi-
viduals and calculate localized average causal effects (LACE)
using the ratio method (instrumental variable outcome asso-
ciation divided by the instrumental variable exposure asso-
ciation).?? To stratify individuals we adopted the doubly-
ranked method,”> which overcomes an important limitation
of the residual method, namely that it assumes that the effect
of the genetic instrument on the exposure is constant and
linear. Briefly, the doubly-ranked method is a non-parametric

approach for exposure stratification, such that, the stratifi-
cation is not a function of the instrumental variables and
each stratum has a different average level of the exposure.
This involves the initial ranking of individuals based on their
level of the instrumental variables, which are then divided into
pre-strata. After this, the individuals within each pre-stratum
are ranked based on their level of exposure and further
divided into strata. Additional test statistics for non-linearity
were calculated using the “SUMnlmr” R package.”? Next,
we obtained causal inferences on the shape of the exposure-
outcome relationship using fractional polynomials.>* These
polynomials represent the stratification of individuals into
either 10 strata or 100 strata. Non-linearity tests included: the
fractional polynomial degree test, the fractional polynomial
non-linearity test, the quadratic test and Cochran’s Q-test.
The fractional polynomial degree test was used to indicate the
polynomial degree preference, with a low p-value indicating
preference of a degree 2 polynomial. The fractional polyno-
mial non-linearity tests the best-fitting fractional polynomial
of a degree 1 against the linear model, with a low p-value
indicating a preference of fractional polynomials of degree
1. The quadratic test meta regresses LACE estimates against
the mean value of the exposure in each stratum, with a
lower p-value indicating non-linearity. Lastly, the Cochran’s
Q-test, tests also whether the LACE estimates differ more
than expected by chance, with a lower p-value indicating non-
linearity.>3-24

Results
Population characteristics

This study comprised 452131 individuals from the UK
Biobank cohort study. At baseline, 4078 (0.9%) individuals
had T1D and 23682 (5.2%) had T2D. A third group
comprised of individuals without diabetes (7=424371)
with a median glycated hemoglobin levels (HbAj.) level
of 5.4%. A median of HbA1. level of 7.4% was observed
in individuals with T1D and of 6.6% in those with T2D.
Individuals with each type of diabetes were stratified into 2
groups: HbA 1. > 7.0%/53 mmol/mol defined as inadequately
controlled diabetes (ICD; 7=10682); representing 62.9% of
those with T1D (2=2565) and 34.3% of those with T2D
(n=8117); and those with HbA . <7.0%/53 mmol/mol,
defined as adequately controlled diabetes (ACD; 7=17078).
The median follow-up time was 11.7 yr period during which
20414 incident fractures occurred. Fractures consisted of
2376 (12%) of the hip, 1913 (10%) of the vertebra, 5254 of
the forearms (26 %), 2664 of the ankles (14%). Other fracture
sites include the upper arm, pelvis, leg, patella, rib, scapula,
sternum, and clavicle (Supplementary Table S1). The mean
age of the participants was 58 yr old (SD=8) with similar
proportion of men and women (Table 1). In individuals with
T2D the mean disease duration was 5.5 yr (SD =5.2) before
inclusion at baseline. Estimated BMD (eBMD), derived via
heel ultrasound, was measured in all individuals.

Glycemic control and eBMD

In individuals with T1D, HbA . levels were not significantly
associated with eBMD (beta=0.01SD, 95%CI [—-0.03, 0.02])
(Supplementary Table S5), although there was weak evidence
suggesting a non-linear U-shaped relationship (F-test ANOVA
p-value =0.08) (Figure 1a). In T1D, the ACD (beta=-0.03
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Table 1. Participant baseline characteristics.
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‘Women Men
N 247712 204419
Age (yr) 58 (50-63) 58 (50-64)
Height (cm) 162 (158-167) 176 (171-180)
Weight (kg) 69 (61.6-78.4) 84 (76-93)
eBMD (g/cm?) 0.51 (0.43-0.59) 0.56 (0.48-0.64)
HbA1c (%) 5.4(5.2-5.6) 5.4 (5.2-5.6)
Type 2 diabetes, 1(%) 9417 (3.8%) 14265 (7.0%)
Type 1 diabetes, 1n(%) 1752 (0.7%) 2326 (1.1%)
ACD (<7%/53 mmol/mol), (%) 7057 (2.8%) 10021(5.0%)
ICD (>7%/53 mmol/mol), n(%) 4112 (1.7%) 6570 (3.2%)
Incident fractures, (%) 13636 (5.5%) 6778 (3.3%)
Moderate activity (min/d) 60 (30-66) 60 (30-66)
Creatinine (umol/L) 63.6 (57.3-71.2) 79.3 (72.2-87.8)
CRP (mg/L) 1.47 (0.67-2.83) 1.34 (0.68-2.56)
Deprivation® 15.2 15.59
(8.16-20.67) (8.27-21.35)

Menopause Yes 150586 0

No 58105 0

Not sure (had a hysterectomy) 28215 0

Not sure (other reason) 10565 0
Smoking Current 22129 25368

Previous 78245 78755

Never 147338 100296
Alcohol intake Daily 40165 52273

3-4 times a week 51272 53968

1-2 a week 64199 53036

1-3 a month 32311 18063

Occasionally 36740 14 595

Never 23025 12484

Values depict medians and interquartile-ranges. Abbreviations: ACD, adequately controlled diabetes; CRP, C-reactive protein; eBMD, estimated BMD; ICD,
inadequately controlled diabetes. ? Deprivation refers to the English indices of deprivation. A composite measure of social economic status.

SD, 95%CI [-0.09, 0.03]) and ICD (beta=—0.08 SD, 95%CI
[—0.12, —0.03]) groups displayed lower eBMD with respect
to HbA1. levels, in comparison to diabetes-free individuals
(Figure 2a). In individuals with T2D, a 1% (11 mmol/mol)
increase in HbA{. levels was associated with a 0.01 SD
eBMD increase (95%CI [0.00-0.02]) (Supplementary Table
S5). No evidence of a non-linear association between HbA .
and eBMD was observed for T2D in sub-group analyses
(F-test ANOVA p-value=0.72) (Figure 1b). In the T2D
analysis, stratification by glycemic control yielded concordant
results with a positive association between HbA 1. and eBMD
in the ACD (beta=0.05SD, 95%CI [0.03, 0.07]) and ICD
(beta=0.09SD, 95%CI [0.06, 0.11]) groups. Individuals
with ICD had increased eBMD in comparison to those
with ACD (beta=0.04, 95%CI [0.01, 0.07]). In diabetes-
free individuals, HbA1. levels were negatively associated to
eBMD (beta = —0.055D, 95%CI [—0.06, —0.04]). In addition,
evidence for a non-linear association between HbA;. and
eBMD was also observed (F-test ANOVA p-value=0.02)
(Figure 1c).

Glycemic control and fracture risk

A 1% (11 mmol/mol) increase in HbA . levels was associated
with a 12% increase in fracture risk (HR: 1.12,95%CI [1.04-
1.19]) in individuals with T1D (Figure 1d, Supplementary
Table S3). Risk estimates were similar between men and
women (Supplementary Table S4). In the T1D sub-group
analysis Cox regression Schoenfeld residual plots indicated a
violation of the proportionality of hazards assumption for age
as a covariate. However, upon conducting analyses stratified
by age, with groups delineated as <38-50, <50-55, <55-60,

<60-65, and <65-81 yr, we found that the HR adhered to
the proportionality assumption (Supplementary Figure S1).
Subsequently, associations between glycemic control groups
and fracture risk were evaluated. As compared to individuals
without diabetes, those with T1D had increased fracture risk
in both the ACD (HR 2.26,95%CI [1.86,2.66]) and ICD (HR
2.84, 95%CI [2.53, 3.26]) groups (Figure 2b). Furthermore,
individuals with ICD had a higher fracture risk than those
with ACD (1.27, 95%CI [1.01, 1.53]), when tested using a
linear regression with ACD as the reference group.

Fracture risk in individuals with T2D showed evidence
for a U-shaped non-linear association with increased risk
(F-test ANOVA p-value =0.002) observed at both low and
high levels of HbAj. (Figure 2e). A similar non-linear
association was observed in diabetes-free individuals (F-test
ANOVA p-value <0.001), although attenuated within healthy
HbA1. levels (Figure 2f). Duration of diabetes was found
to be associated to fracture risk (Supplementary Figure
S2). However, when included in the T2D Cox model no
modification of the effect of HbA{. on fracture risk was
observed. Fracture risk was increased in T2D ACD (1.19,
95%CI [1.10, 1.29]) and ICD (1.23, 95%CI [1.10, 1.36])
groups, in comparison to diabetes-free individuals (Figure 2b).
However, individuals with ICD did not have an increased
fracture risk in comparison to those with ACD (0.97,
95%CI [0.90, 1.04]). Dichotomizing on an HbA;. level of
9% produced similar observations (Supplementary Figure
S3, Supplementary Table S3). We further split individuals
with T2D and ACD with an HbA;. level of lower than
5.4% and labeled this group as hypoglycemic (n= 1401).
Individuals within the hypoglycemic group had the greatest
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Figure 1. Associations between HbA1c and eBMD (a-c)/fracture risk (d-f)

by diabetes status and type. Reference value was set to 5.4% (36 mmol/mol)

for all analysis groups. The shaded area represents the 95% CI. For eBMD plots the covariates were set to the mean values. For example, for type 2

diabetes the covariates were: age =61, sex = male, weight =879, height

=169, alcohol intake = 1-2 per week. Creatinine =72.18 CRP =2.1, deprivation

score = 17.42, ethnicity = white European, duration of moderate activity = 60, non-smoker. Abbreviations: CRP, C-reactive protein; eBMD, estimated BMD.

fracture risk (1.49, 95%CI [1.16, 1.83]) (Supplementary
Figure S4). Additionally, individuals with pre-diabetes did not
present higher fracture risk (HR: 0.99, 95%CI [0.95-1.04];
n=61951) in comparison to controls.

One-sample MR

One-sample MR analyses revealed no significant evidence
of a linear or a non-linear association between genetically
predicted HbA. levels and fracture risk (power=0.94)
(Supplementary Figure S5, Supplementary Tables S6 and S7).
With regards to eBMD, we observed significant evidence of
a negative linear association between genetically predicted
HbA. levels and eBMD, in diabetes-free (beta=—0.09,
95%CI [—0.12, —0.05]) individuals and in the total popula-
tion (beta=-0.08, 95%CI [—-0.11, —0.05]) (Supplementary
Figure S6a, Supplementary Table S8). We observed no signif-
icant difference in effect estimates when related individuals
were removed (Supplementary Table S8). Non-linear MR
revealed strong non-linear relationship between HbAj. and
eBMD in the overall population. The quadratic test yielded
a p-value of 0.0002. This was supported by evidence from
the fractional polynomial test (p-value=0.009). Additional,
evidence suggested that best-fitting fractional polynomial of
degree 2 fitted the data better than the best-fitting fractional

polynomial of degree 1 (p-value=0.02). The best-fitting
fractional polynomial of degree 2 had powers 1 and -1. The
Cochran Q test was also significant (p-value =0.001). Graphs
and strata estimates indicated a negative slope from HbA.
levels between 4 and 6.5%, after which the slope becomes
positive (Supplementary Figure S6b, Supplementary Tables
S9-S11). We tested whether this relationship changed when
controlling for various complications and found no evidence
of a change (Supplementary Table S12). Yet, these analyses
were underpowered (see Supplementary Tables S6 and S8 for
power calculations).

Discussion

We confirm an increased fracture risk in individuals with
T1D and T2D from a relatively healthy young cohort.>’
Furthermore, we observed a linear association between HbA 1
and an increased fracture risk in individuals with T1D and
a non-linear association in individuals with T2D. Individuals
with T1D and ICD (>7%/53 mmol/mol) had greater fracture
risk, than those with ACD (<7%/53 mmol/mol). In T2D,
fracture risk did not differ between ACD and ICD groups
even after increasing the HbAq. dichotomization cut-off to
9% (75 mmol/mol). This lack of change in fracture risk was
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Figure 2. (a) Forest plot depicting associations between eBMD and
glycemic control groups in comparison to controls. (b) Forest plot depicting
fracture risk ratios of glycemic control groups in comparison to controls.
Abbreviations: ACD, adequately controlled diabetes; eBMD, estimated
BMD; ICD, inadequately controlled diabetes .

observed despite higher BMD levels in individuals with ICD.
However, individuals with T2D and an HbA. level below
5.4% (36 mmol/mol) had the greatest fracture risk. In T1D, we
observed evidence that lowering HbA 1 levels will reduce frac-
ture risk. In T2D, we observed evidence that both higher and
lower HbA 1. levels were associated with increased fracture
risk. Our work brings to perspective the results of some previ-
ous studies'*»26=2% indicating that individuals with T2D and
ACD present lower or similar fracture risk to that of diabetes-
free individuals. Leveraging genetic information, we observed
no association between genetically predicted higher HbA .
levels and fracture risk. However, we did observe evidence of
a non-linear association between genetically predicted HbA .
levels and eBMD in the total population. We observed a
negative association between HbA . and eBMD between 4.0
and 6.5% (20-48 mmol/mol), after which the association to
eBMD became positive. These results are concordant with our
findings in the observational analysis and provide evidence of
a causal non-linear relationship.

Previous studies have suggested that the increased fracture
risk in T2D is largely mediated by poor glycemic con-
trol.!3-26=2 While individuals with T2D and ICD showed
a higher fracture risk compared to those without diabetes, the
ACD group also had an increased fracture risk. No difference
between ICD and ACD groups regarding fracture risk was
observed, even after increasing the cut-off to 9% (75 mmol/-
mol). Paradoxically, ICD was associated with higher eBMD,
but this did not beget an expected decrease in fracture risk,
a well-established phenomenon observed in individuals with
T2D.2 Many of the studies reporting a significant relationship
between poor glycemic control and fracture risk report vary-
ing cut-offs of HbA . levels for defining adequate/inadequate
glycemic control. Clinicians often utilize cut-offs or threshold
values to assist in the process of making decisions. However,
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their effectiveness is a subject of debate® Cut-offs are
problematic because they typically correspond to the specific
population being studied and thus seldom produce consistent
outcomes when applied to separate studies or datasets.
Additionally, employing cut-offs to categorize a continuous
predictor can potentially hinder accurate risk prediction.’!
Our results describe a U-shaped relationship between HbA .
and fracture risk in individuals with T2D and diabetes-free
individuals. Similarly, a large retrospective study of 652901
elderly male veterans with T2D observed that fracture
risk was not increased in individuals with HbA{. > 8.5%
(69 mmol/mol), but was increased in individuals with
HbA ;. <6.5% (48 mmol/mol).3? Individuals with low levels
of HbA;. can be considered as hypoglycemic.>® Evidence
suggests that hypoglycemia can lead to a loss of balance
and an increase in falls, which can subsequently increase
their fracture risk.>* While this explanation seems plausible,
it is important to state that the ADA suggests that HbA,
“does not provide a measure of glycemic variability or
hypoglycemia”.>! Alternatively, the observed association with
increased fracture risk in individuals with very low HbA.
levels could be confounded by the use of glucose-lowering
medication. However, this would not explain the increased
risk in diabetes-free individuals. Individuals with anemia or
other conditions shortening the lifespan of red blood cells
(ie, glucose-6-phosphate dehydrogenase deficiency, sickle-
cell disease, etc.), may have underestimated HbA. levels.’’
Considering the association between anemia and heightened
risk of fractures,’® we incorporated measured hemoglobin
concentrations into our statistical models to evaluate their
impact. The inclusion of hemoglobin markedly enhanced the
model’s explanatory power, as evidenced by a significant
F-test ANOVA (p-value <2x107-16). Nevertheless, the
estimated effects of HbA 1. were not statistically different from
those in the model that excluded hemoglobin concentrations
(Supplementary Table S12). In T1D, poor glycemic control
was linearly associated with increased fracture risk. No
significant differences in eBMD were observed across
glycemic control groups. This could be a consequence of non-
linear effects (for which we observed weak evidence) and/or
low statistical power. In line with our findings, a nested case—
control study in the United Kingdom reported no differences
in fracture risk in relation to glycemic control among
individuals with T2D. However, similar to our study, they did
observe a difference in fracture risk for those with T1D.3”
Other studies also report increased fracture risk in T1D
individuals with poor glycemic control.'*3®% Nevertheless,
these studies reported different magnitude of effects likely due
to differences in underlying cohort populations. Differences
in the relationship between HbA . and bone fragility across
the different types of diabetes are expected. This can be
a consequence of the distinct pathological mechanisms,
age of disease onset and duration.?”>* Diabetes disease
duration has been shown to affect both fracture risk and
glycemic control in T1D and T2D.'* However, when including
duration as a covariate in our analysis, we observed no
modification of the association between HbA . and fracture
risk. Emanuelsson et al. published a one-sample MR study
that tested the association between glucose concentrations
and fragility fractures in the UK Biobank and 2 studies from
Copenhagen.*! They reported a causal association between
high non-fasting glucose concentrations and increased
risk of arm fracture in the Copenhagen studies and UK
Biobank combined (RR 1.41 [1.11, 1.79], p=0.004), with
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similar results for fasting glucose and HbAj. in 2-sample
MR analyses (ORs 1.50 [1.03, 2.18], p=0.03; and 2.79
[1.12, 6.93], p=0.03, respectively). Mendelian randomization
estimates for any fragility fracture did not reach statistical
significance (UK Biobank OR 1.11 [0.91, 1.34], p=0.31).
The results of the Emanuelsson study are consistent with
the results we report here. Reporting no significant causal
association between HbA;. concentrations and all fracture
types. However, the Emanuelsson study has increased power
from the addition of the Copenhagen studies which combined
have a higher prevalence of fractures (13.5%) than the UK
Biobank (3.8%).

Our study has some limitations inherent to observational
studies. Despite the large sample size, the low prevalence of
incident fractures in the study population means statistical
power is still limited for the one-sample MR analyses
of fracture risk. Power calculations for diabetes-specific
stratified MR analyses suggest that a sample size of 218 351
individuals with diabetes is needed to achieve 80% power
(Supplementary Table S6). We were unable to account fully for
the consequences of diabetes disease duration and inadequate
control in this study. Yet, controlling for diverse diabetes
complications like diabetic retinopathy, kidney disease, and
microvascular disease showed consistent effect estimates
(Supplementary Table S12). Furthermore, we employed
HbA1. which was only measured at baseline and therefore
was not reflective of long-term glycemic control. Additionally,
the UK Biobank has been reported to suffer from “healthy
volunteer bias”.>> As such, longitudinal studies with repeated
measurements of HbA., a detailed assessment of diabetes
duration, and evaluation of DXA-derived BMD change over
time will provide a more comprehensive understanding of
these associations. Additionally, prospective studies should
consider examining other factors such as glycemic variability,
hypoglycemic events, previous fractures and the effects of
glucose-lowering medications on fracture risk. Lastly, the non-
linear MR method has a number of limitations.*>

We observed distinct relationships between HbA{. and
bone fragility in T1D and T2D and postulate that this is due
to the underlying differences in disease pathology, including
the anabolic effect of insulin on bone. We advise against the
use of hard cut-offs for defining adequate/inadequate glycemic
control as these can vary across the populations being studied.
We obtained evidence that lower HbA . levels will reduce
fracture risk in patients with T1D. In individuals with T2D,
lowering HbA 1 levels can mitigate the risk of fractures up to a
threshold, beyond which the risk may begin to rise once more.
Our study contributes to the growing body of evidence on
the relationship between glycemic control, fractures, and bone
health, highlighting the need for individualized management
strategies in individuals with diabetes to optimize skeletal
outcomes and reduce fracture risk. Furthermore, longitudinal
studies with repeated measurements are needed to identify the
key determinants of fracture risk in T2D.
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