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Background. The fracture pathophysiology associated with type 2 diabetes and chronic kidney disease (CKD) is incompletely
understood. We examined individual fracture predictors and prediction sets based on different pathophysiological hypotheses,
testing whether any of the sets improved prediction beyond that based on traditional osteoporotic risk factors. Methods.
Within the CREDENCE cohort with adjudicated fracture outcomes, we assessed the association of individual factors with
fracture using Cox regression models. We used the Akaike information criteria (AIC) and Schwartz Bayes Criterion (SBC) to
assess six separate variable sets based on hypothesized associations with fracture, namely, traditional osteoporosis, exploratory
general population findings, cardiovascular risk, CKD-mineral and bone disorder, diabetic osteodystrophy, and an all-inclusive
set containing all variables. Results. Fracture occurred in 135 (3.1%) participants over a median 2.35 [1.88-2.93] years.
Independent fracture predictors were older age (hazard ratio [HR] 1.04, confidence interval [CI] 1.01-1.06), female sex (HR
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2.49, CI 1.70-3.65), previous fracture (HR 2.30, CI 1.58-3.34), Asian race (HR 1.74, CI 1.09-2.78), vitamin D therapy requirement
(HR 2.05, CI 1.31-3.21), HbAlc (HR 1.14, CI 1.00-1.32), prior cardiovascular event (HR 1.60, CI 1.10-2.33), and serum albumin
(HR 0.41, CI 0.23-0.74) (lower albumin associated with greater risk). The goodness of fit of the various hypothesis sets was similar
(AIC range 1870.92-1849.51, SBC range 1875.60-1948.04). Conclusion. Independent predictors of fracture were identified in the
CREDENCE participants with type 2 diabetes and CKD. Fracture prediction was not improved by models built on alternative
pathophysiology hypotheses compared with traditional osteoporosis predictors.

1. Introduction

Minimal trauma fractures are a global health issue, with an
annual toll of 9 million fractures, 740,000 associated-deaths,
and accounting for a loss of 1.75 million disability-adjusted
life-years [1]. The concept of osteoporosis, a systemic skeletal
syndrome incorporating low bone mass, microarchitectural
distortion of bone tissue, and increased susceptibility to frac-
ture, encapsulates the understanding of pathophysiological
factors leading to minimal trauma fractures in the general
population [1-4]. Established risk factors for minimal trauma
fracture in the general population include female sex,
advanced age, some classes of medication, and a previous his-
tory of fracture [3-5]. Other more exploratory clinical associ-
ations include alterations in circulating biomarkers, including
surrogate markers of frailty and compromised nutrition
reflected by a low serum albumin concentration [6].

Fracture rates in people with chronic kidney disease
(CKD) or type 2 diabetes mellitus are up to fourfold higher
compared with the general population [7-10]. The higher
rates are consistent with hypotheses that the pathophysiol-
ogy of poor bone quality and disrupted bone architecture
is distinct in CKD and type 2 diabetes as this patient group
has a further elevated risk compared to the general popula-
tion [9, 11-14]. The concept of chronic kidney disease-min-
eral and bone disorder (CKD-MBD) incorporates the
diverse pathologies associated with CKD, including markers
of impaired bone mineralisation and altered states of bone
turnover [14]. There is, however, a wide spectrum in both
alterations of bone microarchitecture and biochemical
abnormalities observed in patients with CKD-MBD resulting
in inherent difficulties in fracture risk prediction [15]. Con-
cepts of a diabetic osteodystrophy are not as well formulated
as for CKD-MBD although recent interest has focussed on a
potential direct role of microvascular disease on bone health
[16]. In this hypothesis, alterations to bone microarchitecture
occur in people with diabetes via a plausible mechanism of
compromised vasculature, as also occurs with established
mechanisms of diabetic macrovascular disease. Markers of
macrovascular risk may also signify increased risk for micro-
vascular disease although the association of these markers with
fracture has not been examined in large cohorts.

Microvascular disease could conceivably contribute to
poor bone health in CKD as well as diabetes. Like type 2 dia-
betes, CKD is also associated with vascular complications,
with rates of cardiovascular complications increasing
roughly 2.5-fold for every halving of estimated glomerular
filtration rate (eGFR) [17]. The vascular associations of
CKD are better described for macrovascular disease than
microvascular disease, but a potential microvascular patho-
logical process within bone is plausible [18]. Derangement

in metabolic parameters of mineral metabolism associated
with CKD may pose a risk of vessel calcification as well as
for poor bone mineralisation [14, 19].

SGLT-2 inhibitors are a novel class of medication that
induce glycosuria by blocking glucose resorption in the prox-
imal tubule, subsequently inducing changes to parameters of
bone mineral metabolism such as phosphate clearance, fibro-
blast growth factor 23 (FGF23), and parathyroid hormone
levels [20, 21]. A previous study in older patients with diabetes
has demonstrated that canagliflozin was associated with a
small but statistically decrease in total hip bone mineral den-
sity, over a 104-week period [22]. Despite this recognised dis-
turbance to clinical parameters, 2 previous meta-analyses have
not found an overall increased risk for this class of medication
and the occurrence of fracture [23, 24]. There was an associa-
tion in one of the two trials in the CANVAS program that also
utilised canagliflozin, although there was significant heteroge-
neity in the effects on fracture (p = 0.005) between CANVAS
(n=4330: HR 1.55 [95% CI 1.21, 1.97]) and CANVAS-R
(n=5812: HR 0.86 [95% CI 0.62, 1.19]), and the reasons for
the association in the CANVAS trial were not clear, possibly
representing a chance finding [25, 26].

The CREDENCE trial assessed the impact of a sodium-
glucose cotransporter-2 (SGLT2) inhibitor, canagliflozin,
on cardiovascular and kidney outcomes in participants with
known CKD and type 2 diabetes. In this trial, canagliflozin
treatment was not associated with an increased risk of frac-
ture (hazard ratio [HR] 0.98, confidence intervals [CI]
0.70-1.37) [27]. The CREDENCE participants represent a
large cohort with both established type 2 diabetes and
CKD with comprehensive follow-up. Fractures were a pre-
specified, reportable, and adjudicated event in the CRE-
DENCE trial, making this cohort ideal for examining the
relative association of markers of poor bone health.

Traditional risk factors for fracture in the general popu-
lation may not apply to this patient group, and so we sought
indirect evidence on whether other processes might be
linked to fracture risk. In this post hoc analysis, we sought
to explore the aetiology of fracture pathophysiology in peo-
ple with type 2 diabetes and CKD. We aimed to test whether
grouping risk factors according to aetiological hypothesis
sets might improve the ability to predict fracture in this
cohort: the aetiological hypothesis sets tested were composed
of specific factors associated with the disease-specific pro-
cesses of diabetes, CKD-MBD or vascular disease, or explor-
atory factors observed in the general population.

2. Material and Methods

2.1. Study Overview and Design. The CREDENCE trial was a
multicentre, randomised, double-blinded controlled trial
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designed to assess the safety and efficacy of canagliflozin in
participants with type 2 diabetes and known CKD (Clinical-
Trials.gov NCT02065791) [27].

2.2. Study Population. A total of 4401 individuals underwent
randomisation at 690 sites in 34 countries between March
2014 and May 2017. The trial recruited participants with
established type 2 diabetes of age greater than 30 years old
with no upper age limit. All participants had underlying
CKD, defined by the entry criteria of an eGFR between 30
and 90mL/min/1.73m> and macroalbuminuria (urinary
albumin-to-creatinine ratio > 300 to 5000 mg/g).

2.3. Randomisation and Conduct of the CREDENCE Trial.
Participants were randomised to canagliflozin 100 mg or
matching placebo, and study treatment was continued until
commencement of dialysis, receipt of a kidney transplant,
occurrence of diabetic ketoacidosis, pregnancy, or receipt
of disallowed therapy or study conclusion. Follow-up
occurred at 3, 13, and 26 weeks, then every 13 weeks. Gly-
caemic management was at the discretion of the treating
physician and in line with applicable local guidelines. The
use of other therapies was according to best practices
followed throughout the course of the study and instituted
according to local guidelines and policies. Local institutional
ethics committees approved the trial protocols at each site.
All participants provided written informed consent. The trial
was conducted according to the principles outlined in the
Declaration of Helsinki.

2.4. Main Trial Outcomes. The primary outcome of the
CREDENCE trial was the composite of kidney failure, dou-
bling of serum creatinine or death from kidney or cardiovas-
cular causes, with additional cardiovascular and kidney
events as secondary outcomes.

2.5. Study Outcome for This Analysis. The outcome for these
analyses was the occurrence of an initial fracture during the
study period. Fracture was prespecified as a key safety out-
come and serious adverse event in the CREDENCE trial
and coded using the Medical Dictionary for Regulatory
Activities (MedDRA), from randomisation until 30 days
after the last date of blinded study medication. Information
collected included the site and type of fracture. Events were
independently adjudicated by a committee whose members
were unaware of trial group assignments. This consisted of
two independent reviewers, who confirmed the event occur-
rence and region, with a tie breaker system if the reviewers
disagreed on the outcome.

2.6. Statistical Analysis. A time to event analyses for the
occurrence of the first fracture during trial follow-up was
performed. All participants who received at least one dose
of canagliflozin or placebo through to the end of the trial
(i.e., modified intention-to-treat population) were included.

Fracture was analysed using a stratified Cox proportional
hazards regression model, with stratification according to
eGFR category at screening [1] =30 to <45mL/min/1.73m’
[2], 45 to <60 mL/min/1.73m?, or [3] 60 to <90 mL/min/
1.73m?, in accordance with previous safety analyses. Esti-

mated glomerular filtration (eGFR) was calculated using
the CKD-EPI (CKD Epidemiology Collaboration) formula.
Hazard ratios (HRs) and 95% confidence intervals (Cls)
were estimated for participants assigned to canagliflozin ver-
sus participants assigned to placebo, and annualised inci-
dence rates were calculated per 1000 patient-years.
Proportional hazard assumptions were checked by visual
assessment of the log cumulative-hazard functions and by
Kolmogorov-type supremum test.

Prior to considering all risk factors for fracture in this
trial population, the effect of canagliflozin versus placebo
according to multiple different baseline subgroups was
assessed by fitting Cox-proportional hazard models in each
of the prespecified subgroups, then fitting an interaction
term to the model to assess for heterogeneity. Subgroups
were selected according to plausible associations with the
aetiological hypothesis, including traditional and explor-
atory risk factors.

We avoided any use of model building based on auto-
matic procedures. Candidate variables for all modelling were
selected because of their association with the aetiological
hypotheses, namely:

(i) Traditional, well-established fracture risk factors of
age, sex, and self-reported history of any fracture

(ii) Exploratory general population factors of race,
serum albumin, and various medication use (proton
pump inhibitors [PPI], thyroid hormone replace-
ment, calcium supplement, vitamin D therapy
[defined by any form of vitamin D treatment, sup-
plementation or analogue use], calcium supplement
use, and beta blockers)

(iii) Associations of CKD-MBD including eGFR, urine
albumin-to-creatinine ratio, and baseline biochemi-
cal parameters associated with changes in bone and
mineral metabolism (alkaline phosphatase [ALP],
serum calcium, magnesium, phosphate, bicarbon-
ate, sodium, and urate)

(iv) Diabetic-osteodystrophy-related factors including
disease duration, baseline glycated haemoglobin
(HbA1c), baseline body mass index (BMI), retinop-
athy, neuropathy, and insulin use

(v) Established clinical associations of cardiovascular
disease including baseline systolic blood pressure,
low-density lipoprotein (LDL)-cholesterol, triglyc-
erides, history of smoking, cholesterol-lowering
statin use, and underlying history of cardiovascular
disease

Variables exhibiting collinearity on inspection of a scat-
ter plot for linear variables were excluded. These included
total cholesterol, high-density lipoprotein- (HDL-) choles-
terol, diastolic blood pressure, and geographic region, which
were excluded in favour of low-density lipoprotein- (LDL-)
cholesterol, systolic blood pressure, and race.

Only a small number of participants were taking bispho-
sphonates at baseline (n=19), and as this violated the
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supremum proportional hazards assumption, this variable
was not included in the models. No participants were
recorded as receiving other antiresorptives such as denosu-
mab or osteoanabolics such as teriparatide, at baseline.
Univariable models were used to assess the associations
of candidate risk factors with fracture. Multivariable models
were created that firstly tested the traditional osteoporotic
set as the base-case and then tested each of the variable sets
described above in combination with the traditional osteo-
porotic set, as well as an overall set of all tested variables.
The six models were compared by examining the Akaike
information criteria (AIC) and Schwartz Bayes Criterion
(SBC). All models were adjusted for treatment group alloca-
tion. Complete case data was analysed, and where there was
data missing for candidate variables, these cases were omit-
ted. All analyses were performed with the use of SAS soft-
ware, version 7.1 (SAS Institute). A p value of less than
0.05 was deemed statistically significant for all analyses.

3. Results

3.1. Population and Fracture Incidence. Of the 4401 partici-
pants randomised in the CREDENCE trial, 4397 received at
least one dose of medication and were included in this analysis
as the on-study population. The mean age was 63 + 9 years,
and 33.9% of the patients were women (Supplementary
Table 1) including 1201 women aged over 55. The mean
HbAlc value was 8.3%. The mean eGFR was 56.2 mL/min/
1.73m?, while there were 1311 participants with an eGFR <
45mL/min/1.73m?. The cohorts were followed for a median
of 2.35 years (interquartile range [IQR] 1.88 to 2.93 years).

Overall, a total of 159 fractures occurred in 135 (3.1%)
participants. The event rate for initial fracture was 11.9 frac-
tures per 1000 patient years (Supplementary Figure 1). The
mean time to initial fracture was 483.6 +320.7 days. The
most common initial fracture site was the lower limb,
comprising around half of the events (64/135, 47.4%),
followed by the upper limb (39/135, 28.9%). Only 9
participants  experienced a spinal fracture (6.7%)
(Supplementary Table 2).

There was no evidence of an effect of canagliflozin on
fracture, with 67 participants randomised to canagliflozin
and 68 randomised to placebo experiencing this outcome
(HR 0.98 (CI 0.70-1.37) (Supplementary Figure 1). The lack
of an effect of canagliflozin on fracture risk was generally
consistent across all studied subgroups, including subgroups
defined by the traditional fracture risk factors of age and
previous history of fracture (Supplementary Figure 2).

3.2. Risk Factors for Fracture

3.2.1. Univariable Modelling. In univariable regression
models, traditional variables associated with fracture
included age (HR 1.03, CI 1.01-1.05, p < 0.001), female sex
(HR 2.3, CI 1.64-3.23, p < 0.001), and a history of previous
fractures (HR 2.31, CI 1.60-3.33, p <0.001). Exploratory
general population factors associated with fracture included
lower serum albumin (HR 0.49, CI 0.32-0.74, p <0.001)
and vitamin D therapy (HR 2.1, CI 1.39-3.19, p < 0.001).

Journal of Diabetes Research

None of the CKD-MBD factors were associated with frac-
ture. In particular, there was no association with lower eGFR
(p=0.09) or with baseline urine albumin-to-creatinine ratio
(p =0.882). Among the diabetic osteodystrophy-related fac-
tors, a higher HbA1c was associated with an increased frac-
ture risk (HR 1.13, CI 1.00-1.28, p=0.05) but no other
diabetes-related parameters were statistically significant.
Among risk factors for cardiovascular disease, only a history
of cardiovascular disease was associated with fracture (HR
1.51, CI 1.07-2.14, p = 0.002) (Supplementary Table 3).

3.2.2. Multivariable Modelling of Variable Sets. The multi-
variable model of traditional osteoporotic risk factors dem-
onstrated all factors were independently predictive of
fracture (Table 1(a)).

The multivariable model that included exploratory risk
factors in addition to the base-case found that all traditional
risk factors and some general exploratory factors—Asian
race (HR 1.72, CI 1.13-2.62, p=0.012), lower serum albu-
min (HR 0.47, CI 0.30-0.72, p < 0.001), and vitamin D ther-
apy (HR 1.96, CI 1.27-3.03, p = 0.0002)—were significantly
associated with fracture (Table 1(b)).

The inclusion of CKD-MBD factors in addition to tradi-
tional osteoporosis risk factors did not yield any significant
associations with biochemical or CKD-related parameters
after accounting for the traditional factors (Table 1(c)). Sim-
ilarly, none of the diabetic-osteodystrophy-related factors
were significantly associated with fracture after accounting
for the traditional osteoporosis factors (Table 1(d)).

A history of cardiovascular disease was associated with
fracture after accounting for the traditional osteoporosis risk
factors (HR 1.45, CI 1.02-2.07, p = 0.04) but none of the car-
diovascular risk factors, including smoking history, baseline
lipid levels, or systolic blood pressure, were significantly
associated with fracture (Table 1(e)).

In the overall, all-inclusive model, results of significance
testing were largely consistent with those seen in separate
variable set testing. The traditional osteoporosis risk factors
remained significantly associated with fracture with HRs
that approximated the base model of the traditional osteopo-
rosis risk factors alone (Figure 1).

The assessments of fit of the different models did not
vary greatly. The model with the best numerical AIC fit
was the overall model which included all factors (1849.51).
The CKD-MBD model had the weakest numerical fit
(1870.92) while the base-case (traditional osteoporotic fac-
tors alone) had an intermediate fit (1863.98) although the
difference across the range of best to worst fit was marginal
(Table 2).

4. Discussion

Systematic identification and adjudication of fracture events
in the CREDENCE trial allowed a rigorous evaluation of the
rates and associations of fracture in a high-risk multicentre
population with type 2 diabetes, macroalbuminuria, and an
eGFR range between 30 and 90 mL/min/1.73m’. Canagliflo-
zin had no impact on fracture rates in the overall trial pop-
ulation or across a broad range of subgroups. In this
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HR 95% CI p value
Traditional Risk factors
Sex (Female) —— 2.49 1.70  3.65 <0.001
Age (years) 0 1.04 1.01 1.06 0.002
History of fracture (Y) —a— 2.30 1.58 3.34 <0.001
Exploratory General Population Factors
Asian race (Ref. White) o 1.74 1.09 278 0.021
Black (Ref. White) o 0.36 0.11 1.16 0.087
Other (Ref. White) —_——— 1.31 071 242 0.390
Serum albumin (g/dL) —— 0.41 023 074 0.003
Thyroid hormone use (Y) —— 1.18 0.71 1.95 0.522
Proton Pump Inhibitor use (Y) 8 iig gZZ ;22 g;?;
Calcium supplement use (Y) —_ . . . .
Vitamin D therapy (Y) —a— 2.05 131 321 0.002
Beta blocker use (Y) = 0.86 0.59 1.26 0.447
CKD-MBD
Albumin to Creatinine Ratio (mg/g) o 1.00 1.00  1.00 0.138
eGFR (mL/min/1.73m?) O 0.99 0.98 1.01 0.453
Magnesium (mg/dL) —a— 0.62 031 127 0.190
Phosphate (mg/dL) —— 0.96 0.69 1.32 0.781
Calcium (mg/dL) —{— 0.84 0.57 1.23 0.370
Bicarbonate (mEq/L) P 1.01 0.95 1.08 0.762
Alkaline Phosphatase (mIU/L) B 1.00 1.00 1.01 0.416
Sodium (meQ/L) U@ 1.04 097 1.10 0.263
Urate (mg/dL) 1.09 097 1.22 0.131
Diabetic Osteodystrophy
Diabetes duration (years) o 0.99 0.97 1.01 0.222
BMI (kg/m?) o 0.97 0.94 1.01 0.094
HbAIlc (%) fen 115 1.00 132 0.044
Insulin use (Y) —— 1.01 0.66 1.54 0.971
Retinopathy (Y) —i— 1.14 0.79 1.65 0.471
Neuropathy (N) —— 1.01 0.70 145 0.958
Cardiovascular Risk Factors
Statin use (Y) 1.24 0.80 191 0.334
Triglycerides (mmol/L) W 1.02 092 1.14 0.713
LDL-C (Y) i 0.98 082 1.17 0.816
Smoking habit (Y) — 0.93 0.54 1.62 0.799
History of Cardiovascular Disease (Y) —{— 1.60 110 233 0.015
Systolic Blood Pressure (Y) o 1.00 0.99 1.01 0.954

0.1 1

FiGure 1: Multivariable Cox-proportional model for all variables and fracture. CKD-MBD: chronic kidney disease-mineral bone disorder;
CIL: confidence interval; eGFR: estimated glomerular filtration rate (note: estimated glomerular filtration was calculated using the CKD-EPI
(CKD Epidemiology Collaboration) formula); HR: hazard ratio; LDL-C: low-density lipoprotein-cholesterol.

clinically well-characterised population with both type 2 dia-
betes and CKD, we confirmed that fracture was indepen-
dently predicted by the traditional osteoporotic risk factors
of age, female sex, and prior history of fracture, whether
tested alone or in combination with other potential risk fac-
tors. Additional variables that were independently associated
with fracture risk after accounting for traditional osteoporotic
factors included Asian race, lower serum albumin, use of a
vitamin D therapy, HbAlc, and a history of cardiovascular
disease. In all models, while a number of less established risk
factors were associated with fracture and may indicate the
presence of novel pathophysiological pathways, most or all
of the ability to predict fracture risk in this cohort was deter-
mined by well-established, traditional predictors of fracture.
The fracture rate of 3.1% in this trial of participants with
diabetic kidney disease was roughly twice as high as that
seen in other trials of SGLT2 inhibitors which were con-
ducted in people with high-risk cardiovascular disease and

underlying type 2 diabetes, and similar to that seen in the
DAPA-CKD trial that also recruited participants with
known CKD [24, 28]. Fracture rates are increased in people
with reduced kidney function, defined as an eGFR less than
60 mL/min/1.73m?* [8, 29]. A recent meta-analysis also
reported an increased risk of fracture as kidney function
deteriorates, with highest rates in patients with stage 5
CKD [30]. As eGFR declines, biochemical indicators of
altered bone mineralisation, such as impaired phosphate
regulation and secondary hyperparathyroidism, are increas-
ingly common, posing an increased risk of poor bone qual-
ity. Despite this, neither eGFR nor albuminuria were
independent predictors for fracture in the CREDENCE
cohort, after accounting for the traditional osteoporotic risk
factors. Furthermore, we did not find associations with base-
line serum urate, bicarbonate, sodium, alkaline phosphatase,
calcium, or phosphate levels, all of which have been previ-
ously implicated in altering bone mineralisation or increased



Journal of Diabetes Research

"UOLIIIY) SaAeq Z)IeMUDS :DFS BLIAILID UOTJRULIOJUT IBYY DIV

08761 LV 1681 91881 CETO8I 879681 1272061 698061 €L7L061 vL88I 508061 9°GL81 81°8061 ods
15°6¥81 LV 1681 €9°CG81 CETO8I €V°L981 1272061 6'0L81 €L7L061 596781 508061 86'€981 81°8061 oIV
SI)BLIEAOD SI1BLIBAOD $9]BLIBAOD S9)BLIRAOD S9)BLILAOD SI)BLILAOD SI1BLIBAOD $9]BLIBAOD S9)BLILAOD SI)BLILAOD SI)BLILAOD $9]BLIBAOD
P mnoyim P noyMm PIM oYM PIM mnoym P MOTHM PIM MomIM
$10)0€J paje[a1 uonjemndod

[opout [[e12AQ)

$10J0BJ YSLI TB[NOSBAOIPIR))

Aydonsdpoaiso onaqerq

s1030e) AGIN-AXO

sasayjodAy [eorSojonee uo paseq sxojorpaid [eryusjod jo sjog

[erouad Arojerordxy 2no10doa1so [euonipe .

-9oueuLIojad [ppowr Jo uostredwo)) iz a14V,],



Journal of Diabetes Research

fracture risk [19]. It remains possible that potential factors
associated with CKD-MBD may predict fracture in popula-
tions with more advanced CKD.

This analysis provides further information regarding the
safety of canagliflozin, with no observed increase in fracture
following exposure compared to those receiving placebo,
over a mean of 2-year follow-up. This is concordant with a
recent meta-analysis of SGLT2 inhibitors that did not show
an overall risk of fracture [23]. Whilst a finding from one
trial of the CANVAS program (CANVAS) did demonstrate
an increased risk of fracture, despite extensive analysis of
trial heterogeneity and participant characteristics, no clear
explanation was found, and this may represent a chance
finding [25]. Our findings have not provided any further
insight into this observed outcome in the CANVAS program
or provided any evidence for a canagliflozin-specific effect
(within the class of SGLT?2 inhibitors) on risk of fracture.

Newer hypotheses on fracture pathophysiology include
pathways mediated by diabetes, CKD, and vascular disease
(all conditions which were well represented in the CRE-
DENCE cohort). Despite this, most predictors for fracture
in this trial population are consistent with traditional risk
factors for osteoporosis, including older age, female sex,
and prior history of fracture [31]. In this analysis, some
less-established factors also proved to be independently pre-
dictive of fracture. Lower serum albumin was associated
with fracture, an association reported previously in a cohort
with underlying cardiovascular disease [6], and may repre-
sent compromised nutritional status or an increased inflam-
matory status [32]. The association between HbAlc and
fracture risk found in the CREDENCE cohort confirms a
previous report from over 20,000 participants aged over 65
with type 2 diabetes, supporting the hypothesis that
impaired glycaemic control or other associations with diabe-
tes may lead to poorer bone quality [33].

Compromised vasculature has been postulated as a
mechanism for poor bone quality in patients with type 2 dia-
betes that leads to an increased fracture risk [16, 17]. Whilst
macrovascular disease is most commonly described at coro-
nary and cerebrovascular sites, and in peripheral vascula-
ture, other potential sites of involvement such as bone are
plausible. This hypothesis provides an explanation for the
alterations to bone microarchitecture that occur in patients
with type 2 diabetes, compromising bone quality and
increasing fracture risk [11, 12]. A previous analysis of a
large prospective cohort study of individuals with high car-
diovascular risk noted an increase in hip fractures with sub-
clinical cardiovascular disease [34]. Smoking, an established
cardiovascular disease risk factor, is also considered a tradi-
tional risk factor for osteoporosis and is part of risk predic-
tion algorithms such as FRAX [35], yet was not associated
with fracture in the current analysis. Whether the associa-
tions of a history of cardiovascular disease, poor diabetes
control, and indeed low serum albumin with fracture reflect
concurrent vascular compromise in bone, or serve as indica-
tors of an overall burden of disease and frailty in these indi-
viduals, remains unclear.

Vitamin D deficiency is an extensively studied, tradi-
tional risk factor for fracture, albeit with no clear target level

for fracture prevention [36]. Supplemental vitamin D was
not found to reduce fracture risk or improve bone mineral
density in a recent meta-analysis [37]; however, vitamin D
replacement continues to be recommended for high-risk,
vitamin D deplete individuals in major guidelines [3, 38].
In this analysis, our definition of vitamin D therapy included
both calcitriol and cholecalciferol, with the former poten-
tially used for management of secondary hyperparathyroid-
ism. Indication bias may explain the association of vitamin
D therapy with fracture. Additionally, the clinical implica-
tions are that supplementation alone may not be sufficient
to reduce fracture risk and that individuals who have previ-
ously been vitamin D deficient remain at ongoing risk of
fracture despite vitamin D therapy.

This analysis has some relevant limitations. Short trial
follow-up time may have limited the power for analysis of
safety outcomes such as fracture, as sufficient time may not
have elapsed for subjects to develop this complication. The
trial population only included participants with stage 2 and
3 CKD and may not be generalisable to people with more
severe kidney impairment, who are more likely to have clin-
ical features of CKD-MBD such as secondary hyperparathy-
roidism, or to people with type 2 diabetes but no underlying
kidney impairment. Therefore, the results apply to people
with coexisting type 2 diabetes and CKD (specifically an
eGFR 30-90 and macroalbuminuria) and cannot necessarily
be generalised to other populations. The CREDENCE trial
was designed to test the effect of canagliflozin on cardiorenal
outcomes and not on fracture, although fracture was a
reportable adverse event. This trial recruited a significantly
higher proportion of male participants and therefore rela-
tively underrepresents women, a group with increased frac-
ture risk in most studies. Due to small sample size, we
were unable to compare outcomes for different sites of frac-
ture. Some potential associations with fracture could not be
assessed, including some biochemical parameters disrupted
by CKD, such as vitamin D circulating concentration level
or associated dosing, parathyroid hormone, fibroblast
growth factor 23 (FGF-23), and bone-specific alkaline phos-
phatase. Additionally, an association with fracture and the
results of bone imaging or bone mineral density assessment
was not explored in this analysis, but may be useful for
future studies. Whilst an effect of canagliflozin on fracture
cannot be excluded, all models were adjusted for treatment
group inclusion to minimise this source of bias. Strengths
of this analysis include the study population, comprising of
a cohort derived from a large randomised controlled trial,
performed to a high standard at multiple international sites.
The outcome of fracture was adjudicated by an independent
committee who was unaware of trial group allocation. We
were able to incorporate multiple components into this anal-
ysis when considering risk factors, including past medical
history, medication use and biochemical results at study
baseline, supporting a robust and comprehensive analysis.

5. Conclusion

Traditional osteoporotic risk factors predict fracture in
patients with coexisting type 2 diabetes and stage 2-3 CKD.
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Whilst some additional factors such as a history of cardio-
vascular disease and lower serum albumin levels are associ-
ated with fracture, incorporating them into models built on
alternative pathophysiology hypotheses does not meaning-
fully improve the ability to predict fracture.
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