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Background: Type 2 diabetes mellitus (T2D) is associated with an increased

fracture risk. There is little evidence for the effects of glucagon-like peptide 1

receptor agonists (GLP-1RA) on fracture risk in T2D. We aimed to investigate

the risk of major osteoporotic fractures (MOF) for treatment with GLP-1RA

compared to dipeptidyl peptidase 4 inhibitors (DPP-4i) as add-on therapies

to metformin.

Methods: We conducted a population-based cohort study using Danish

national health registries. Diagnoses were obtained from discharge diagnosis

codes (ICD-10 and ICD-8-system) from the Danish National Patient Registry,

and all redeemed drug prescriptions were obtained from the Danish National

Prescription Registry (ATC classification system). Subjects treated with

metformin in combination with either GLP-1RA or DPP-4i were enrolled

from 2007 to 2018. Subjects were propensity-score matched 1:1 based on

age, sex, and index date. MOF were defined as hip, vertebral, humerus, or

forearm fractures. A Cox proportional hazards model was utilized to estimate

hazard rate ratios (HR) for MOF, and survival curves were plotted using the

Kaplan-Meier estimator. In addition, Aalen’s Additive Hazards model was

applied to examine additive rather than relative hazard effects while allowing

time-varying effects.

Results: In total, 42,816 individuals treated with either combination were

identified and included. After matching, 32,266 individuals were included in

themain analysis (16,133 in each group). Median follow-up times were 642 days

and 529 days in the GLP-1RA and DPP-4i group, respectively. We found a crude

HR of 0.89 [0.76–1.05] for MOF with GLP-1RA compared to DPP-4i. In the fully

adjusted model, we obtained an unaltered HR of 0.86 [0.73–1.03]. For the case

of hip fracture, we found a crude HR of 0.68 [0.49–0.96] and a similar adjusted
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HR. Fracture risk was lower in the GLP-1RA group when examining higher daily

doses of the medications, when allowing follow-up to continue after

medication change, and when examining hip fractures, specifically.

Additional subgroup- and sensitivity analyses yielded results similar to the

main analysis.

Conclusion: In our primary analysis, we did not observe a significantly different

risk of MOF between treatment with GLP-1RA and DPP-4i. We conclude that

GLP-1RA are safe in terms of fracture.

KEYWORDS

GLP-1, DPP-4, fracture, diabetes, bone, osteoporosis, antidiabetic, glucose-
lowering drugs

Introduction

Although bone mineral density (BMD) is normal or even

elevated in individuals with type 2 diabetes mellitus (T2D), T2D

has been associated with an increased fracture risk (1). In

addition to increased BMD, individuals with T2D tend to have

a higher body mass index (BMI) than controls, which is believed

to be protective against fractures (2–4).

Glucagon-like peptide-1 receptor agonists (GLP-1 RA) and

dipeptidyl peptidase 4 inhibitors (DPP-4i) were both introduced

in Denmark in 2007, and new drugs in the classes are continually

being introduced (5). GLP-1 RAs have recently been

recommended for treatment of T2D in subjects with

cardiovascular disease (6) and are also used for weight loss (7).

Consequently, the use of these agents is increasing, creating a

need for information on potential effects on other organs such

as bone.

Knowledge about the impact of GLP-1 RAs on bone health

and fracture risk is limited. Studies attempting to investigate the

effects of various glucose-lowering drugs on fracture risk are

often subject to confounding and insufficient follow-up

durations (8). Cohort studies (9, 10) and meta-analyses (11,

12) have reported GLP-1 RAs to be associated with neutral

effects on fracture risk. One meta-analysis, however, found a

reduced fracture risk with GLP-1 RAs (13). However, the RCTs

analyzed suffer from use of different comparators and short

follow-up durations (median durations between 12 weeks and 2

years), and any beneficial effects on fracture rates on such short

time-scales may be due to a lower risk of falling rather than

improved bone quality. A recent network meta-analysis of 117

RCTs contained estimates of the risk ratios of six separate GLP-1

RAs compared to seven separate DPP-4 inhibitors; findings were

neutral except all comparisons against trelagliptin and the

comparison of semaglutide to saxagliptin, all of which showed

protective effects of the GLP-1 RAs in question (14). All

comparisons of GLP-1 RAs to placebo in the network meta-

analysis similarly revealed neutral effects except for albiglutide

which showed a significant protective effect.

For DPP-4is, most studies reported no association with

fracture risk (15–25). However, a few studies did find DPP-4is

to be associated with a reduced risk of fractures compared to

non-DPP-4i use (26, 27) or compared to glitazones (20).

In the present study, we aimed to investigate fracture risk in

individuals using GLP-1 RAs versus individuals using DPP-4is.

We hypothesized that there is no difference in fracture risk

between the two drug classes.

Study design and methods

The STROBE guideline for reporting of observational studies

was followed (STROBE checklist can be found in Supplemental

Table S1) (28).

Study design and setting

We conducted a nationwide registry-based cohort study

using data from the Danish national registries. We included all

individuals who initiated a combination of metformin and GLP-

1 RA or metformin and DPP-4i treatment between January 1st

2007 and December 31st 2018. As subjects were included when

either treatment combination was initiated, any previous use of

metformin, GLP-1 RA or DPP-4is alone or in combination with

any other glucose-lowering drug was allowed. We chose to

collect data from 2007 onwards as both GLP-1 RAs and DPP-

4is became available in Denmark in 2007. Outcome information

was collected by identifying all fracture-related diagnoses from
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index data onwards. Users of GLP-1 RAs were considered the

exposure group, and controls (DPP-4i users) were matched 1:1

using propensity scores.

Data sources

All data were provided in anonymized form by Statistics

Denmark (Danmarks Statistik, project identifier no. 703382).

Statistics Denmark obtained data from national Danish

registries. All Danish citizens are assigned a unique 10-digit

personal identification number (PIN) stored in the Danish Civil

Registration System, which contains high-fidelity individual-

level information on all residents in Denmark and Greenland

(29). This PIN allows easy and unambiguous individual-level

record linkage between different Danish registers (30, 31). The

Danish Government provides full health care to all Danish

citizens, including free access to hospitals and full or partial

reimbursement of drug expenses. The Danish National

Prescription Registry contains information on all prescription

drugs sold in Denmark since 1995 according to the Anatomical

Therapeutical Chemical (ATC) classification (32, 33). All

diagnosis codes are stored in the Danish National Patient

Registry, which covers all in- and outpatient contacts to the

hospital (34). All physician-assigned discharge diagnoses are

included, coded according to the International Classification of

Diseases, Eight Edition (ICD-8) from 1977 until 1993 and

according to ICD-10 from 1994 onwards.

All data on sex, date of birth, death, emigration, and

socioeconomic factors were obtained from the Danish Civil

Registration System.

Study population

The study population included subjects residing in

Denmark. A flowchart of the inclusion process is presented

in Figure 1.

We first identified persons treated with metformin and GLP-

1 RAs (the exposure drug) and/or DPP-4is (the control drug)

between January 1st 2005 and December 31st 2019. These dates

were set outside the study period to ensure that follow-up wasn’t

initiated inappropriately late or terminated early simply due to

natural intervals between redemptions (e.g., an individual with a

prescription redemption in Jan 2019 mistakenly has follow-up

terminated in early December 2018). For each medication, we

defined a start date (date of first redemption) and an end date

(date of last redemption plus the number of daily doses

redeemed on that date). We then excluded all individuals in

which treatment with GLP-1 RAs and DPP-4is overlapped for

the entire duration of treatment and those in which neither

medication overlapped with metformin use. Remaining

individuals were assigned to the exposure or control group

based on which medication was first taken singularly in

combination with metformin.

Then start and end dates were defined for each other class of

glucose-lowering medication. Those who were already treated

with an additional glucose-lowering drug (or several) at the

beginning of combination therapy were included if (and when)

the additional medication was halted and the individual thus

received only a combination of metformin and GLP-1 RA or

metformin and DPP-4i treatment. End of combination therapy

was defined as the day that treatment with metformin, the

exposure drug, or the control drug ceased or when another

glucose-lowering drug was initiated. Glucose-lowering drugs

were defined as any drugs with an ATC code beginning in

“A10”; i.e., insulins and analogues, biguanides, sulfonylureas,

alpha-glucosidase inhibitors, thiazolidinediones, DPP-4is, GLP-

1 RAs, sodium-glucose co-transporter 2 inhibitors,

and repaglinide.

Finally, the cohort was limited to those in which beginning of

combination therapy was between January 1st 2007 and Dec

31st 2018.

Exposure

The National Prescription Registry contains data on

redeemed drug prescriptions along with dates, doses and pack

sizes. Each medication–including the exposure and control

medications–was only considered used if an individual had

redeemed at least three prescriptions in the period outlined

above. Medications were identified using ATC codes

(Supplemental Table S2).

From the National Prescription Registry, we obtained the

Defined Daily Doses (DDD) variable, which is based on “the

assumed average maintenance dose per day for a drug used for

its main indication in adults”, according to the World Health

Organization Collaborating Centre for Drug Statistics

Methodology (35). The resultant number of days was added to

the date of last prescription redemption to estimate a true end-

of-treatment for each drug.

Of note, exposure to metformin, the exposure drug, and the

control drug was assumed to be continuous between initiation

and end-of-treatment. To estimate the effects of pauses in these

drugs, we calculated the cumulative dose (total number of

DDDs) for each drug between the last prescription redeemed

prior to or at index date until end of follow-up for each

individual. We then assessed pauses using the medication

possession ratio (MPR); the ratio of the cumulative number of

daily doses to the number of days in the same period. To remove

the effects of pauses in medication or low average medication

dose, several thresholds for MPR were used: MPR ≥ 0.5, MPR ≥

0.75, and MPR ≥ 0.95. Lower thresholds likely exclude

individuals without pauses in medication, whereas higher

thresholds more likely relate to the actual dosage that
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individuals receive (i.e., those with no pauses but receiving low-

to-intermediate doses are excluded with these thresholds).

The follow-up period was defined as the time between the

index date and end of combination therapy, emigration, death, or

December 31st 2018, whichever came first.

Outcomes

The primary outcome was incident major osteoporotic

fracture (MOF). MOF were defined as any of the following

fractures: Hip, vertebral, humerus, or forearm fracture. Fractures

were identified by ICD-10 codes (Supplemental Table S3). The

risks of any fracture, hip fracture, vertebral fracture, humerus

fracture, and forearm fracture were estimated in secondary

analyses.

Covariates

Data on covariates were obtained using ICD-8 (1977–1993)

and ICD-10 (1993–2018) codes (Supplemental Table S2), ATC

codes (1995–2018) (Supplemental Table S3), or a combination

of both (Supplemental Table S4). All covariates were assessed at

baseline (index date) and did not vary over time.

Age at baseline was calculated from the index date and date

of birth. Debut of diabetes was estimated as first-ever

prescription for glucose-lowering drug, and diabetes duration

FIGURE 1

Flowchart of the process of in-/exclusion. DPP-4i, dipeptidyl peptidase 4 inhibitor; GLP-1 RA, glucagon-like peptide-1 receptor agonists.
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at baseline was calculated as the time between diabetes debut

until index date.

Osteoporosis was defined as the presence of diagnosis codes

for osteoporos is , previous/current treatment with

antiosteoporotic medications and/or previous MOF; the

variable was assigned three levels (2 = previous MOF, 1 =

treatment/diagnosis, 0 = none).

As a proxy for heavy smoking (binary variable), we used

diagnosis codes related to lung diseases highly associated with

tobacco exposure along with diagnosis codes related to nicotine

or tobacco, previous use of medications for the treatment of

tobacco dependence, and initiation of drugs for obstructive

airway disease after the age of 40.

Obesity, alcohol consumption and hypertension (binary

variables) were defined by any diagnosis codes related to the

conditions in question and/or ever use of medications for

their treatment.

Late-diabetic complications, inflammatory bowel disease

(IBD), kidney disease, and previous falls (binary variables)

were identified through diagnosis codes.

The Charlson Comorbidity Index (CCI, numeric variable)

was calculated based on other comorbidities. The CCI was

modified to exclude kidney disease and late-diabetic

complications, as these covariates were separately adjusted for

in the statistical analyses.

Previous insulin use and previous glucocorticoid use were

identified through redeemed prescriptions (binary variables).

Income (numeric variable) along with marital status and

employment status (categorical variables; the latter classified by

Statistics Denmark according to the so-called SOCIO13

classification) were identified on the year preceding each

individual’s index year. Income (in Danish Kroner, DKK) was

adjusted for inflation to a 2018 level according to the Consumer

Price Index provided by Statistics Denmark and converted from

DKK to Euros using an exchange rate of 7.4363 DKK/Euro.

Statistical analysis

Descriptive statistics

Descriptive statistics are presented as numbers and

proportions (%), means and standard deviations (SD), or

medians and interquartile ranges (IQR). In the case of CCI,

median and 10th-90th percentile were presented rather than

median and IQR, as we expected a large majority of all

subjects to have CCI values of 0 or 1. Standardized mean

differences (SMD) were also calculated for all baseline

variables as recommended for propensity-score matched

studies (36). Cohen suggested that SMD values above 0.2 be

considered small, SMD values above 0.5 considered medium-

sized, and SMD values above 0.8 considered large (36, 37).

Missing data

There were only missing data in the socioeconomic variables

(marital status, income, and employment). Income was used as a

covariate in the main analysis, and missing data were imputed

beforehand. Missing data were assumed to be missing at random,

and multiple imputation was performed by multivariate imputation

using chained equations (38, 39). Ten imputations were produced,

each of which ran for ten iterations. As the proportion of missing

data was very low (0.3%), and the covariate (income) appeared to be

balanced between groups and not alter the results of the survival

analysis, it was omitted from all subgroup and sensitivity analyses.

Propensity-score matching

Due to imbalances in sex, age at baseline, and inclusion date,

we matched the two groups on propensity scores estimated from

these variables. A binomial logistic model was fitted to age, sex,

and inclusion date using treatment group as the dependent

variable (40, 41) and propensity scores were predicted for each

individual in the main cohort.

We matched subjects 1:1 on the logit transformation of the

propensity score by nearest-neighbor (“greedy”) matching

without replacement, using a caliper width equal to 0.2 x the

(pooled) SD of the transformed propensity scores (42, 43).

For multiple imputed datasets, matching and statistical

analyses were performed separately on each resultant dataset,

and the statistical estimates were finally pooled.

For subgroups, matching was done using the previously

computed propensity scores. In the subgroups examining specific

GLP-1 RAs, k:1 matching was performed, with k being the highest

possible number up to 10 which allowed every individual in the

exposure group to be matched to k controls within the set calipers.

After matching, balance in the matched variables was assessed

by inspecting the distributions of propensity scores across groups

and by calculating SMDs for each matching variable.

Multicollinearity

Multicollinearity was assessed using the Variance Inflation

Factor (VIF) which yielded values no higher than 1.4 for any

covariate. In addition, we examined Pearson’s partial correlation

coefficient for each pair of variables, and none revealed

significant correlations.

Survival analysis

On a non-imputed matched dataset, the Kaplan-Meier

Estimator was used to produce survival plots for all fracture
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types; a survival plot for MOF on a non-matched dataset was

also produced (44). For each subgroup and sensitivity analysis,

Kaplan-Meier curves for MOF were also produced.

For the primary analysis, we used the Cox proportional

hazards model to estimate hazard rate ratios (HRs) for fracture

between the exposure and the control groups. We estimated both

crude and adjusted HRs for primary and secondary outcomes.

The proportional hazards assumption was evaluated by

examining the scaled Schoenfeld residuals of each variable

(45). In the fully adjusted model, the covariate osteoporosis

was found to violate the proportional hazards assumption and

was therefore used as a stratification variable rather than

included in the adjustment model. To account for pairing in

the matched dataset, a robust variance estimator was used

(46, 47).

Finally, to examine a possible additive effect of GLP-1 RAs

on fracture risk, we used Aalen’s additive hazards regression

model; that is, to examine whether absolute rather than relative

differences in hazard could be found (48). In short, Aalen’s

additive hazards model produces a plot for each included

covariate, depicting how the given covariate affects the

absolute hazard of the outcome at all timepoints; i.e., all effects

are allowed to be time-varying. The plot for the intercept

corresponds to the baseline hazard that an individual would

experience if effects from all covariates and exposure were set

to zero.

Sensitivity and subgroup analyses

Several sensitivity and subgroup analyses were performed.

First, we examined males and females separately. Second, we

performed sensitivity analyses excluding those with low MPR

(selected thresholds are described previously in the section

Exposure) in either metformin or study drug (GLP-1 RA or

DPP-4i) during the study period. Third, we examined a cohort

excluding individuals with kidney disease, previous pancreatitis,

or previous falls. Fourth, we performed a sensitivity analyses

excluding individuals with follow-up times less than 6 months.

Fifth, we split the GLP-1 RA group into specific drug groups–

liraglutide, semaglutide, exenatide, dulaglutide, and lixisenatide–

based on the drug of which they had received the largest

cumulative dose during the study period; ties were handled by

allowing any person to appear in several of these subgroups, and

only three persons did so. Sixth, we performed the main analysis

in the full cohort without prior matching. Seventh, we performed

a sensitivity analysis excluding individuals treated with systemic

glucocorticoids within the last year prior to inclusion, while not

allowing follow-up to continue past initiation of systemic

glucocorticoid treatment. Lastly, we performed an analysis

analogous to the “intention-to-treat” approach in clinical trials;

we continued follow-up after changes in medication for an extra

2 years – or until death or emigration, whichever came first. The

sensitivity and subgroup analyses were performed on matched

groups unless stated otherwise.

Statistical software

All analyses were performed using R 4.1.0 (The R Core Team

& The R Foundation for Statistical Computing, Vienna, Austria)

in the integrated development environment (IDE) RStudio

1.4.1106 (RStudio, PBC, Boston, MA, USA). For imputation,

the package “mice” (v 3.13.0) was used. Matching was performed

using “MatchIt” (v. 4.2.0) and, for multiply imputed datasets,

“MatchThem” (v. 1.0.0). Survival analyses–i.e., Cox model,

Kaplan-Meier estimator, and Aalen’s additive hazards

regression–were performed using packages “Survival” (v.

2.1.11), “Survminer” (v. 0.4.9), and Survey (v. 4.0).

Results

Baseline characteristics

We identified 42,816 subjects treated with metformin in

combination with either GLP-1 RAs (n = 16,723) or DPP-4is

(n = 26,093). After propensity-score matching, a total of 32,266

(16,133 in each group) remained.

Table 1 shows baseline characteristics of subjects in either

group in both the full cohort and the matched cohort. The most

noticeable differences between the unmatched GLP-1 RA group

and the DPP-4i group were sex (43.1% vs. 40.3% females,

respectively), age (mean 56.6 vs. 63.6 years, respectively),

income (median 35,458 vs. 30,459 euros, respectively), and

employment status (59.0% vs. 41.1% retired, respectively).

Upon matching, these differences were highly attenuated, and

matching was satisfactory. Data from the matched cohort will be

presented in short in the following.

Median [IQR] follow-up times in the two groups were of 642

[223–1,414] days in the GLP-1 RA group and 529 [207–1,131]

days in the DPP-4i group. In total, we had 75,848 years of

combined follow-up time.

Sex was balanced between the groups with 42.3% females in

the GLP-1 RA group vs. 41.3% in the DPP-4i group. The GLP-1

RA group had a mean ( ± SD) age of 57.5 ( ± 11.3) vs. 57.9 ( ±

11.0) years in the DPP-4i group. Median [IQR] diabetes

duration was longer in the GLP-1 RA group with 4.95 [2.15–

8.55] years compared to 3.80 [1.33–7.03] years in the DPP-4i

group. CCI scores were balanced with medians [10th-90th

percentile] of 0 [0–2] in both groups. Previous MOF were

equally prevalent (9.6%) in both groups.

Subjects in the GLP-1 RA group had more complications of

diabetes (26.0% vs. 18.2%) and a higher occurrence of

hypertension (80.9% vs. 75.4%) compared to the DPP-4i group,

although these differences were below the minimum SMD
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TABLE 1 Baseline characteristics of full and matched cohorts.

Full Cohort Matched Cohort

GLP-1 RA group DPP-4i group GLP-1 RA group DPP-4i group SMD

n = 16,723 26,093 16,133 16,133

Sex (female), n (%) 7,210 (43.1%) 10,510 (40.3%) 6,827 (42.3%) 6,660 (41.3%) 0.021

Age (years), mean (±SD) 56.6 (±12.0) 63.6 (±12.4) 57.5 (±11.3) 57.9 (±11.0) 0.034

Follow-up time (days), median [IQR] 637 [222–1,403] 519 [196–1,133] 642 [223–1,414] 529 [207–1,131] 0.157

Inclusion Year, n (%) 0.290

2007 23 (0.1%) 712 (2.7%) 22 (0.1%) 428 (2.7%)

2008 171 (1.0%) 1,639 (6.3%) 160 (1.0%) 1,035 (6.4%)

2009 439 (2.6%) 1,207 (4.6%) 421 (2.6%) 777 (4.8%)

2010 2,026 (12.1%) 1,752 (6.7%) 1,986 (12.3%) 1,130 (7.0%)

2011 2,397 (14.3%) 2,074 (7.9%) 2,313 (14.3%) 1,276 (7.9%)

2012 2,107 (12.6%) 2,047 (7.8%) 2,045 (12.7%) 1,204 (7.5%)

2013 1,544 (9.2%) 2,270(8.7%) 1,488 (9.2%) 1,416 (8.8%)

2014 1,290 (7.7%) 2,598 (10.0%) 1,232 (7.6%) 1,585 (9.8%)

2015 1,446 (8.6%) 2,887 (11.1%) 1,384 (8.6%) 1,846 (11.4%)

2016 1,457 (8.7%) 3,128 (12.0%) 1,394 (8.6%) 1,841 (11.4%)

2017 1,607 (9.6%) 2,986 (11.4%) 1,559 (9.7%) 1,824 (11.3%)

2018 2,216 (13.3%) 2,793 (10.7%) 2,129 (13.2%) 1,771 (11.0%)

Diabetes Duration (years), median [IQR] 4.84 [2.07–8.44] 4.51 [1.71–5.54] 4.95 [2.15–8.55] 3.80 [1.33–7.03] 0.240

Charlson Comorbidity Index, mean (±SD) 0.69 (±1.12] 0.92 (±1.34) 0.70 (±1.13) 0.73 (±1.20) 0.023

Charlson Comorbidity Index, n (%) 0.024

Score 0 10,066 (60.2%) 13,947 (53.5%) 9,624 (59.7%) 9,655 (59.8%)

Score 1 3,779 (22.6%) 5,873 (22.5%) 3,675 (22.8%) 3,539 (21.9%)

Score 2 1,742 (10.4%) 3429 (13.1%) 1,708 (10.6%) 1,687 (10.5%)

Score 3 683 (4.1%) 1,555 (6.0%) 678 (4.2%) 731 (4.5%)

Score ≥4 450 (2.7%) 1,289 (4.9%) 448 (2.8%) 521 (3.2%)

Complications of diabetes, n (%) 4,275 (25.6%) 5,545 (21.3%) 4,188 (26.0%) 2,936 (18.2%) 0.188

Diabetic Neuropathy 694 (4.2%) 884 (3.4%) 690 (4.3%) 423 (2.6%) 0.091

Diabetic Nephropathy 499 (3.0%) 787 (3.0%) 489 (3.0%) 393 (2.4%) 0.036

Diabetic Retinopathy 1,192 (7.1%) 1,375 (5.3%) 1,160 (7.2%) 784 (4.9%) 0.098

Other 2,968 (17.7%) 3,787 (14.5%) 2,912 (18.1%) 1,947 (12.1%) 0.168

Osteoporosis, n (%) 0.031

No history 14,851 (88.8%) 22,504 (86.2%) 14,338 (88.9%) 14,272 (88.5%)

Diagnosed / Treated 244 (1.5%) 687 (2.6%) 242 (1.5%) 307 (1.9%)

Previous MOF 1,628 (9.7%) 2,902 (11.1%) 1,553 (9.6%) 1,554 (9.6%)

Risk factors for falls, n (%)

Hypoglycemic episodes 145 (0.9%) 368 (1.4%) 136 (0.8%) 150 (0.9%) 0.009

Previous Falls 669 (4.0%) 1080 (4.1%) 645 (4.0%) 584 (3.6%) 0.020

Visual Impairment 180 (1.1%) 442 (1.7%) 178 (1.1%) 188 (1.2%) 0.006

Any pancreatitis, n (%) 289 (1.7%) 514 (2.0%) 281 (1.7%) 306 (1.9%) 0.012

Acute Pancreatitis 261 (1.0%) 450 (1.7%) 253 (1.6%) 276 (1.7%) 0.011

Chronic Pancreatitis 63 (0.4%) 158 (0.6%) 61 (0.4%) 93 (0.6%) 0.029

Glucose-lowering drug use (prior to study period), n (%)

Metformin 16,377 (97.9%) 25,340 (97.1%) 15,807 (98.0%) 15,664 (97.1%) 0.057

SGLT2 inhibitors 694 (4.2%) 380 (1.5%) 673 (4.2%) 239 (1.5%) 0.163

GLP-1 receptor agonists 4,540 (27.1%) 178 (0.7%) 4,463 (27.7%) 124 (0.8%) 0.835

DDP-4 inhibitors 1,157 (6.9%) 4,242 (16.3%) 1,131 (7.0%) 2,222 (13.8%) 0.223

Insulin, any 2,256 (13.5%) 1,261 (4.8%) 2,156 (13.4%) 793 (4.9%) 0.296
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TABLE 1 Continued

Full Cohort Matched Cohort

GLP-1 RA group DPP-4i group GLP-1 RA group DPP-4i group SMD

Sulfonylureas 6,277 (37.5%) 8,248 (31.6%) 6,194 (38.4%) 4,279 (26.5%) 0.256

Alpha-glucosidase inhibitors 112 (0.7%) 136 (0.5%) 111 (0.7%) 61 (0.4%) 0.043

Glitazones 807 (4.8%) 1,033 (4.0%) 797 (4.9%) 572 (3.5%) 0.069

Repaglinide 337 (2.0%) 404 (1.5%) 336 (2.1%) 199 (1.2%) 0.067

Hypertension, n (%) 13,303 (79.5%) 21,046 (80.7%) 13,054 (80.9%) 12,168 (75.4%) 0.133

Chronic Kidney Disease, n (%) 545 (3.3%) 1,263 (4.8%) 533 (3.3%) 599 (3.7%) 0.022

Liver Disease, n (%) 488 (2.9%) 762 (2.9%) 472 (2.9%) 494 (3.1%) 0.008

Mild 447 (2.7%) 664 (2.5%) 431 (2.7%) 438 (2.7%) 0.003

Moderate to severe 84 (0.5%) 175 (0.7%) 84 (0.5%) 105 (0.7%) 0.017

Hyperparathyroidism, n (%) 84 (0.5%) 149 (0.6%) 84 (0.5%) 82 (0.5%) 0.002

Hyperthyroidism, n (%) 453 (2.7%) 897 (3.4%) 443 (2.7%) 442 (2.7%) 0

Hypogonadism, n (%) 36 (0.2%) 41 (0.2%) 36 (0.2%) 31 (0.2%) 0.007

Eating disorder or malabsorption, n (%) 82 (0.5%) 230 (0.9%) 72 (0.4%) 116 (0.7%) 0.036

Venous thromboembolism, n (%) 1,419 (8.5%) 2,316 (8.9%) 1,403 (8.7%) 1,258 (7.8%) 0.033

Inflammatory bowel disease, n (%) 532 (3.2%) 900 (3.4%) 505 (3.1%) 541 (3.4%) 0.013

Osteoarthritis, n (%) 2,804 (16.8%) 4,518 (17.3%) 2,785 (17.3%) 2,261 (14.0%) 0.090

Dementia, n (%) 931 (5.6%) 1,813 (6.9%) 888 (5.5%) 973 (6.0%) 0.023

Alcohol, n (%) 1,178 (7.0%) 1,862 (7.1%) 1,153 (7.1%) 1,251 (7.8%) 0.023

Smoking, n (%) 5,572 (33.3%) 8.699 (33.3%) 5,519 (34.2%) 4,933 (30.6%) 0.078

Obesity, n (%) 6,929 (41.4%) 6,058 (23.2%) 6,708 (41.6%) 4,284 (26.6%) 0.321

Other medications (prior to study period), n (%)

Statins 13,229 (79.1%) 20,664 (79.2%) 12,959 (80.3%) 12,385 (76.8%) 0.087

Thiazides 7,306 (43.7%) 11,756 (45.1%) 7,219 (44.7%) 6,241 (38.7%) 0.123

Loop Diuretics 4,294 (25.7%) 7,019 (26.9%) 4,245 (26.3%) 3,344 (20.7%) 0.132

Potassium-saving diuretics 2,100 (12.6%) 3,480 (13.3%) 2,071 (12.8%) 1,731 (10.7%) 0.065

Antipsychotics drugs 2,160 (12.9%) 3,240 (12.4%) 2,047 (12.7%) 2,221 (13.8%) 0.032

Antiepileptics drugs 2,485 (14.9%) 3,546 (13.6%) 2,388 (14.8%) 2,255 (14.0%) 0.023

Antiarrhythmic drugs 299 (1.8%) 541 (2.1%) 297 (1.8%) 218 (1.4%) 0.039

Hypnotics 5,091 (30.4%) 7,892 (30.2%) 4,965 (30.8%) 4,578 (28.4%) 0.053

Antidepressants 6,431 (38.5%) 8,740 (33.5%) 6,177 (38.3%) 5,665 (35.1%) 0.066

Anxiolytics 4,914 (29.4%) 7,739 (29.7%) 4,797 (29.7%) 4,591 (28.5%) 0.028

Opioids 9,651 (57.7%) 14,437 (55.3%) 9,400 (58.3%) 8,582 (53.2%) 0.102

NSAID 14,911 (89.2%) 22,448 (86.0%) 14,430 (89.4%) 13,921 (86.3%) 0.097

Sex hormones 5,297 (31.7%) 6,612 (25.3%) 4,950 (30.7%) 4,417 (27.4%) 0.073

Antacids 8,794 (52.6%) 13,710 (52.5%) 8,251 (52.8%) 8,147 (50.5%) 0.046

Glucocorticoids 5,560 (33.2%) 8607 (33.0%) 5,436 (33.7%) 4,977 (30.8%) 0.061

Income (euros), median [IQR] 35,458
[25,456–51,287]

30,459
[23,026–44,975]

35,613
[25,512–51,563]

34,162
[25,067–49,448]

0.038

Income quintiles, n (%) 0.066

1st 2,772 (16.6%) 5,779 (22.1%) 2,631 (16.3%) 2,772 (17.2%)

2nd 2,931 (17.5%) 5,607 (21.5%) 2,850 (17.7%) 2,980 (18.5%)

3rd 3,255 (19.5%) 5,291 (20.3%) 3,114 (19.3%) 3,284 (20.4%)

4th 3,683 (22.0%) 4,869 (18.7%) 3,537 (21.9%) 3,526 (21.9%)

5th 4,056 (24.3%) 4,497 (17.2%) 3,977 (24.7%) 3,526 (21.9%)

Missing Data 26 (0.2%) 50 (0.2%) 24 (0.1 %) 45 (0.3%)

Marital Status, n (%) 0.027

Unmarried 3,274 (19.6%) 3,822 (14.8%) 2,935 (18.2%) 3,097 (19.2%)
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threshold of 0.2. In addition, those in the GLP-1 RA group were

more likely to have a history of obesity (41.6% vs. 26.6%, SMD

0.321) and had a slightly larger fraction of subjects included in the

years 2010-2012 and 2018 and a smaller fraction included in the

years 2007-2009 compared to the DPP-4i group. The only

covariates with SMDs above the minimum threshold of 0.2

were inclusion year, diabetes duration, obesity, and previous use

of DPP-4is, GLP-1 RAs, insulins, and sulfonylureas; with previous

use of GLP-1 RAs exhibiting an SMD of 0.835. In short, GLP-1

RA users had longer diabetes duration, higher prevalence of

obesity, and higher prevalence of previous use of insulins and

sulfonylureas than those in the DPP-4i group.

Socioeconomic variables were balanced between groups.

Risk of major osteoporotic fractures

Table 2 presents HRs for fractures in the matched cohort

during the study period. A MOF occurred in 1.8% (n = 286) and

1.7% (n = 274) of GLP-1 RA users and DPP-4i users,

respectively. The Crude HR for MOF with GLP-1 RAs

compared to DPP-4is was 0.89 [0.76–1.05]. When adjusted for

age and sex, this did not change (HR 0.91 [0.77–1.07]), nor did

the fully adjusted model alter the result (HR 0.86 [0.73–1.03]).

For each analysis in Table 2 and for the unmatched analysis of

MOF, we also present Kaplan-Meier survival curves for crude

illustrations (Figure 2), which yielded non-significant results in

all analyses of the matched cohort.

TABLE 1 Continued

Full Cohort Matched Cohort

GLP-1 RA group DPP-4i group GLP-1 RA group DPP-4i group SMD

Married / Registered Partnership 9,568 (57.2%) 14,867 (57.0%) 9,365 (58.0%) 9,304 (57.7%)

Divorced / Annulled Partnership 2,756 (16.5%) 4,002 (15.3%) 2,711 (16.8%) 2,550 (15.8%)

Widowed 1,054 (6.3%) 3,309 (12.7%) 1,054 (6.5%) 1,105 (6.8%)

Missing Data 71 (0.4%) 93 (0.4%) 68 (0.4%) 77 (0.5%)

Employment status, n (%) 0.033

Working 7,882 (47.1%) 8,800 (33.7%) 7,588 (47.0%) 7,395 (45.8%)

Unemployed 1,462 (8.7%) 1,380 (5.3%) 1,322 (8.2%) 1,249 (7.7%)

Retired 6,878 (41.1%) 15,406 (59.0%) 6,795 (42.1%) 7,052 (43.7%)

Student 131 (0.8%) 58 (0.2%) 78 (0.5%) 57 (0.4%)

Other 344 (2.1%) 399 (1.5%) 326 (2.0%) 335 (2.1%)

Missing Data 26 (0.2%) 50 (0.2%) 24 (0.1%) 45 (0.3%)

Alle data are presented as n (%); mean (±SD); or median [IQR]. DPP-4i, dipeptidyl peptidase 4 inhibitor; GLP-1 RA, glucagon-like peptide-1 receptor agonists; SGLT2, sodium-glucose co-
transporter 2; SMD, standardized mean difference; MOF, major osteoporotic fractures; NSAID, non-steroid anti-inflammatory drugs. SMDs above 0.2 are highlighted with bold font. Data
on income in the matched cohort (italicized) are presented without imputations.

TABLE 2 Hazard Ratios (HR) for various fracture types in the matched cohort.

Fracture Fractures, n (%) Unadjusted (HR [95% CI]) Age & sex (HR [95% CI]) Full model (HR [95% CI])

MOF GLP-1 RA: 286 (1.8) 0.89 [0.76 – 1.06] 0.91 [0.77 – 1.07] 0.86 [0.73 – 1.03]

DPP-4i: 274 (1.7)

Any GLP-1 RA: 647 (4.0) 1.01 [0.90 – 1.13] 1.01 [0.90 – 1.13] 0.97 [0.86 – 1.09]

DPP-4i: 552 (3.4)

Hip GLP-1 RA: 61 (0.4) 0.68 [0.49 – 0.96] 0.71 [0.51 – 1.00] 0.65 [0.46 – 0.93]

DPP-4i: 75 (0.5)

Vertebral GLP-1 RA: 40 (0.2) 0.70 [0.46 – 1.07] 0.72 [0.47 – 1.10] 0.71 [0.46 – 1.11]

DPP-4i: 49 (0.3)

Humerus GLP-1 RA: 89 (0.6) 0.92 [0.68 – 1.24] 0.93 [0.69 – 1.26] 0.91 [0.66 – 1.25]

DPP-4i: 84 (0.5)

Forearm GLP-1 RA: 116 (0.7) 1.12 [0.85 – 1.47] 1.10 [0.84 – 1.46] 1.06 [0.79 – 1.41]

DPP-4i: 88 (0.5)

DPP-4i, dipeptidyl peptidase 4 inhibitor; GLP-1 RA, glucagon-like peptide-1 receptor agonists; HR, Hazard Ratio; MOF, major osteoporotic fracture; Bold font: the HR was significantly
different from 1.00.
Full model: Adjusted for sex, age, inclusion date, diabetes duration, Charlson Comorbidity Index, any diabetic complication, previous falls, inflammatory bowel disease, ever insulin use, ever
glucocorticoid use, hypertension, kidney disease, alcohol, smoking, obesity and income, and stratified by osteoporosis.
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We found similar results when estimating HRs for hip,

vertebral, and humerus fractures, although only hip fractures

yielded a significant protective effect of GLP-1 RAs; the crude

HR for hip fracture with GLP-1 RAs compared to DPP-4is was

0.68 [0.49–0.96], which was unaltered in the fully adjusted model

(HR 0.65 [0.46–0.93]). The crude HR for vertebral fractures was

0.70 [0.46–1.07] with no change after full adjustment (HR 0.71

[0.46–1.11]) when comparing GLP-1 RAs with DPP-4is. For the

humerus, the crude HR was 0.92 [0.68–1.24], and the adjusted

HR was 0.91 [0.66–1.25] when comparing GLP-1 RAs with

DPP-4is. Estimates for any fracture and for forearm fractures

were neutral; for forearm fracture the crude HR was 1.12 [0.85–

1.47] and the fully adjusted HR 1.06 [0.79–1.41], and for any

fracture the crude HR was 1.01 [0.90–1.13], and the fully

adjusted HR was 0.97 [0.86-1.09] when comparing GLP-1 RAs

with DPP-4is.

FIGURE 2

Kaplan-Meier Survival Curves of fracture. Survival curves are presented with number-at-risk tables. Time in years on the x-axes. Note, the y-axes
go from 0.80 or 0.90 to 1.00. DPP-4i, dipeptidyl peptidase 4 inhibitor; GLP-1 RA, glucagon-like peptide-1 receptor agonists; MOF, Major
osteoporotic fracture.
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Subgroup and sensitivity analyses

Subgroup and sensitivity analyses are presented in Table 3.

For the various analyses, Kaplan-Meier curves are presented in

Supplemental Figure S1.

Effects between groups were similar between males and

females. No changes in effect sizes were observed when

excluding individuals with chronic kidney disease, previous

pancreatitis and previous falls. When examining different

thresholds for MPR, a clear trend was apparent with larger

TABLE 3 Hazard Ratios for MOF in subgroup and sensitivity analyses.

Analysis n = Fractures, n
(%)

Unadjusted (HR [95%
CI])

Age & sex (HR [95%
CI])

Full model (HR [95%
CI])

Males GLP-1 RA:
9,409

103 (1.1) 0.90 [0.68 – 1.18] 0.90 [0.69 – 1.18] 0.85 [0.64 – 1.12]

DPP-4i: 9,409 101 (1.1)

Females GLP-1 RA:
6,622

184 (2.8) 0.96 [0.78 – 1.19] 1.00 [0.80 – 1.23] 0.97 [0.77 – 1.22]

DPP-4i: 6,622 156 (2.4)

MPR ≥ 0.5 GLP-1 RA:
12,897

222 (1.7) 0.90 [0.75 – 1.09] 0.92 [0.76 – 1.11] 0.87 [0.71 – 1.06]

DPP-4i: 12,897 211 (1.6)

MPR ≥ 0.75 GLP-1 RA:
9,590

152 (1.6) 0.80 [0.64–0.998] 0.81 [0.64 – 1.01] 0.75 [0.60 – 0.95]

DPP-4i: 9,590 163 (1.7)

MPR ≥ 0.95 GLP-1 RA:
6,195

83 (1.3) 0.72 [0.54 – 0.97] 0.73 [0.54 – 0.96] 0.62 [0.46 – 0.84]

DPP-4i: 6,195 99 (1.6)

No CKD etc. GLP-1 RA:
14,726

251 (1.7) 0.88 [0.74 – 1.05] 0.90 [0.75 – 1.07] 0.85 [0.70 – 1.02]

DPP-4i: 14,726 244 (1.7)

6+ months follow-up GLP-1 RA:
12,695

275 (2.2) 0.86 [0.73 – 1.02] 0.88 [0.74 – 1.04] 0.84 [0.71 – 1.00]

DPP-4i: 12,695 274 (2.2)

Liraglutide GLP-1 RA:
14,961

280 (1.9) 0.92 [0.77 – 1.09] 0.93 [0.79 – 1.11] 0.89 [0.75 – 1.06]

DPP-4i: 14,961 249 (1.7)

Semaglutide GLP-1 RA: 615 1 (0.2) 0.81 [0.11 – 5.98] N/A N/A

DPP-4i: 4,305 71 (1.6)

Exenatide GLP-1 RA: 435 3 (0.7) 0.42 [0.13 – 1.34] N/A N/A

DPP-4i: 3,480 52 (1.5)

Dulaglutide GLP-1 RA: 325 3 (0.9) 1.25 [0.32 – 4.91] N/A N/A

DPP-4i: 975 13 (1.3)

Lixisenatide GLP-1 RA: 15 0 (0) N/A N/A N/A

DPP-4i: 150 2 (1.3)

Full cohort (unmatched) GLP-1 RA:
16,723

290 (1.7) 0.67 [0.58 – 0.78] 0.91 [0.78 – 1.05] 0.87 [0.74 – 1.02]

DPP-4i: 26,093 578 (2.2)

Glucocorticoid as
exclusion

GLP-1 RA:
14,635

242 (1.7) 0.93 [0.78 – 1.12] 0.95 [0.79 – 1.14] 0.89 [0.74 – 1.08]

DPP-4i: 14,635 219 (1.5)

Intention-to-treat
analysis

GLP-1 RA:
16,133

410 (2.5) 0.89 [0.78 – 1.02] 0.90 [0.79 – 1.03] 0.85 [0.74 – 0.98]

DPP-4i: 16,133 425 (2.6)

DPP-4i, dipeptidyl peptidase 4 inhibitor; GLP-1 RA, glucagon-like peptide-1 receptor agonists; HR, Hazard Ratio; MOF, major osteoporotic fracture; MPR, medication possession rate; N/A,
not available. Bold font = the HR was significantly different from 1.00.
“No pause”: excluded those with pauses in metformin, SGLT2 inhibitor or GLP-1 receptor agonist during the study period. “No CKD etc.”: Excluded those with chronic kidney disease,
previous falls and previous chronic pancreatitis. “6+ months follow-up”: Excluding all with follow-up times less than 183 days.
Full model: Adjusted for sex, age, inclusion date, diabetes duration, Charlson Comorbidity Index, any diabetic complications, previous falls, inflammatory bowel disease, ever insulin use,
ever glucocorticoid use, hypertension, kidney disease, alcohol, smoking and obesity, and stratified by osteoporosis.
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difference in fracture risk for increasing MPR thresholds

between the GLP-1 RA group and the DPP-4i group. At MPR

≥ 0.5, the adjusted HR was quite similar to that in the main

analysis (HR 0.87 [0.71-1.06]), but this became lower at MPR ≥

0.75 (HR 0.75 [0.60 – 0.95]) and lower yet at MPR ≥ 0.95 (HR

0.62 [0.46 – 0.84])

When excluding subjects with follow-up times shorter than

6 months, 25,390 individuals remained, and the unadjusted HR

for MOF was found to be 0.86 [0.73–1.02] for GLP-1 RAs

compared to DPP-4is. The fully adjusted model yielded a

similar HR of 0.84 [0.71–1.00].

Dividing the GLP-1 RA group into subgroups based on the

specific drug yielded five groups; liraglutide, semaglutide,

exenatide, dulaglutide, and lixisenatide. However, liraglutide

users comprised the far majority of GLP-1 RA users (92%),

and no other subgroup had sufficient fracture rates to allow

reasonable estimation of HRs.

Examining the full (unmatched) cohort for MOF risk yielded

a significant protective effect in the GLP-1 RA group (unadjusted

HR 0.67 [0.58–0.78]) compared to the DPP-4i group. The same

effect can be seen in the Kaplan-Meier plot of MOF in the

unmatched cohort (p < 0.0001). However, this effect was

attenuated in the fully adjusted model to entirely resemble the

matched analyses (HR 0.87 [0.74–1.02]).

The results were not altered when defining recent or ongoing

glucocorticoid use as an exclusion criterion (adjusted HR for

MOF 0.89 [0.74–1.08]). When performing an “intention-to-

treat” analysis, the HR for MOF was found to be 0.89 [0.78–

1.02] with GLP-1 RAs compared to DPP-4is, although this

became significant in the fully adjusted model (HR 0.85 [0.74

– 0.98]).

Using Aalen’s additive hazards regression model, we

attempted to model the effects of the drugs on fracture in an

entirely different way (Figure 3). This test revealed a near-

significant protective effect of the GLP-1 RAs compared to

DPP-4is with a slope of -0.0042 (p = 0.051). However, this

slope only reflects a linear approximation to the time-varying

effect of the analysis. Assessing the plot, the excess hazard was

initially negative (significantly so), but temporarily increased

towards zero after around four to six years of exposure, after

which it declined once more; this is consistent with a protective

effect of GLP-1 RAs on both short and long time-scales.

FIGURE 3

Aalen’s Additive Regression Plots. Plots of the time-varying additive hazards plotted against time (years) on the x-axes for covariates used in
Aalen’s Additive Regression Model. This regression model assumes additive risks (producing hazard rate differences) rather than multiplicative
risks (producing hazard rate ratios) for each covariate. The plots contain the cumulative hazards attributable to each covariate, and the slope at
any point on the plot corresponds to a hazard rate; positive slopes represent increased risks, and negative slopes represent reduced risks. Note
that effects may be time-varying, and the slopes can therefore be positive at one timepoint and negative at another timepoint. The intercept
term represents a baseline hazard (the hazard of an individual for whom exposure and all covariate values are zero).
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Performing the Aalen’s additive hazards model on the intention-

to-treat analysis revealed a continuing downward slope for GLP-

1 RAs and a less pronounced attenuation on intermediate time-

scales (slope -0.0038, p = 0.015).

As a final measure, we analyzed deaths in the two groups in

order to assess potential bias induced by an imbalance in these.

In the GLP-1 RA group, 190 (1.2%) deaths occurred with a

median [IQR] time-to-event of 647 [188–1,407] days, whereas

the DPP-4i group experienced 175 (1.1%) deaths with a median

time-to-event of 549 [230–1099] days. Indeed, the crude HR for

death (with MOF as a censoring event) in the GLP-1 RA group

with the DPP-4i group as reference was 0.94 [0.77–1.15]. When

adjusted for age and sex, this became 0.96 [0.78–1.18] and when

fully adjusted 0.78 [0.64–0.98].

In addition to the estimates of treatment on fracture risk, we

have presented all covariate estimates from the main analysis of

MOF in Supplemental Table S5. Please note that these are merely

associations as they appear in the given model and do not represent

effects that may be interpreted in any causal manner.

Discussion

Summary of findings

In the present study, we found that the risk of MOF was

slightly lower, albeit not significantly, in those treated with GLP-

1 RA compared to those treated with DPP-4is as add-on

therapies to metformin. HRs were generally on the order of

magnitude of 0.85-0.90; i.e., a 10-15% lower risk of fractures with

GLP-1 RAs. These results were similar across various analyses,

which will be summarized in the following.

Examining specific fracture sites revealed non-significantly

reduced risk of fractures of the humerus and of the spinewithGLP-1

RAs compared to DPP-4is. Interestingly, however, in the case of hip

fractures, we found a statistically significant effect of GLP-1 RAs

comparedtoDPP-4iwithrisk reductionsofasmuchas30-35%.Risks

ofanyfractureandofforearmfractureweresimilarbetweenthegroups.

When estimating HRs for MOF in the full unmatched

cohort, the unadjusted analysis yielded a highly significant

difference between the groups. However, this higher risk in the

unmatched DPP-4i group appeared to be confounded by age, as

the unmatched DPP-4i group was on average 7 years older than

the GLP-1 RA group; indeed, the effect was attenuated in the

adjusted analyses to resemble the results of the main analysis.

In our “intention-to-treat” sensitivity analysis with an

additional two years of follow-up, we found an unadjusted HR

very similar to the main analysis, although this became a

significant protective effect in the fully adjusted analysis. Since

changes in bone tissue manifest as fractures with a long delay,

this may hint at more pronounced slow-acting effects on bone of

the two drugs, although imbalances in confounding factors

between the groups may also arise as time passes.

Similarly, when increasing the minimum thresholds for average

daily dose received in the analysis of MOF, differences between the

two groups became larger and increasingly significant. Although

this study was not designed to examine a dose-response relationship

between the exposure and the outcome, this finding may indicate a

dose-dependent effect. This lends credence to a causal interpretation

of the associations discussed above.

As increased fall risk may be a contributor to the fracture

risk in diabetes (49), we performed a subgroup analysis

excluding those with known previous falls. In addition, we

adjusted for covariates related to falls, diabetic neuropathy,

diabetic retinopathy, and visual impairment.

In order to rule out differential mortality as a source of bias in

our study, we estimated HRs of death in the two groups and found a

negligible difference, although this became significant in the fully

adjusted model. A lower mortality in the GLP-1 RA group would

expectedly lead to an underestimation of the fracture risk in that

group, thereby exaggerating a protective effect of GLP-1 RAs.

However, due to the small number of deaths, we believe that the

magnitude of such an effect must be negligible.

Previous research

Observational studies and meta-analyses of RCTs on fracture

risk with GLP-1 RAs have found mostly neutral effects (9–12, 14,

50), although one meta-analysis found reduced risk of fractures

(13). Similarly, studies on DPP-4is have found neutral effects on

fracture risk (23–25). Most studies, however, are limited by short

follow-up durations (8). Furthermore, research on glucose-lowering

drugs and fracture risk is subject to much heterogeneity between

studies, particularly due to the many different choices of

comparators. Performing randomized controlled clinical trials on

the timescales required for long-term outcomes as osteoporotic

fractures is often not feasible in a general population not otherwise

at high risk of fractures.

However, studies on markers of bone health point towards

direct beneficial effects of GLP-1 RAs on bone. Two randomized

controlled trials demonstrated reduced bone loss during weight

loss with GLP-1 RA compared to placebo (51, 52). Indeed,

osteoblastic cell lines express GLP-1 receptors (53), and GLP-1

receptor knockout mice exhibited increased bone resorption and

cortical osteopenia (54).

Strengths and limitations

This cohort study was performed using data from Danish

nationwide registries. These contain individual-level data on all

prescription medications and diagnosis codes along with

socioeconomic factors. This provides high-fidelity information on

diseases and treatments in the whole period in which GLP-1 RAs

and DPP-4is have been marketed in Denmark, allowing an
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unbiased study population with very little missing data, and

providing results which are highly generalizable to other

similar populations.

TheuseofDPP-4isasacomparatorprovidedahighlycomparable

controlgroup,particularlyasbothdrugswereusedinthesettingofsole

add-onmedicationtometformin,andbothdrugshavesimilarpriority

in themanagement ofT2D.However,GLP-1RAsare oftenpreferred

for T2D subjects with obesity or cardiovascular disease, providing a

potential for confounding by indication. Although we attempted to

adjust for this, we did not have direct measurements of BMI. In

addition, a large proportion of the GLP-1 RA group (13.8%) had

received DPP-4is before baseline, whereas only 0.8% of the DPP-4i

group had received GLP-1 RAs prior. This indicates that DPP-4i

treatment is in some cases attempted before switch toGLP-1 RAs, as

the cost of DPP-4is is lower, and GLP-1 RAs (during the period in

which this study was conducted) required injections. The price

difference between the drugs was reflected in the income gap

between the two groups, which was however diminished with

matching. The tendency for some individuals to have received DPP-

4isbeforeswitchingtoGLP-1RAsmayaccountforthelongerdiabetes

duration and the slightly higher prevalence of diabetic complications

and hypertension in the GLP-1 RA group.

Propensity-score matching is a method of mimicking some

of the characteristics of a randomized controlled trial (41, 42),

and it provided us with fairly balanced matching. However,

matching resulted in the discarding of many subjects; the cohort

reduced from 42,816 to 32,266 individuals. To examine whether

this introduced any bias or resulted in the loss of efficiency, a

sensitivity analysis was performed on the full cohort.

In addition, a variety of subgroup and sensitivity analyses

confirmed the finding from the main analysis. This supports the

conclusion of neutral or slightly reduced risk of fracture with GLP-1

RA treatment compared to DPP-4i treatment in this population.

Residual confounding in an observational study cannot be ruled

out. Particularly, we were unable to account for diet and exercise,

both of which may serve as confounders. Lack of access to lab results

and other clinical information prevented adjustment for variables

such as BMD, BMI, and glycemic control (e.g., HbA1c). In addition,

some covariates such as smoking and alcohol consumption were

crudely estimated through diagnosis codes and previous

medications. Similarly, the utility of diagnosis codes to identify

falls and other risk factors for fracture is limited, and therefore

differential fall patterns between the two groups may still be a cause

of residual confounding. However, those treated with GLP-1 RAs

appear to have higher prevalence of late-diabetic complications and

previous SU and insulin use. These factors indicate that the GLP-1

RA group is more severely affected by diabetes compared to the

DPP-4i group, and the GLP-1 RA group may thus be subject to

residual confounding associated with higher fracture risk; this would

in turn lead to over-estimation of fracture risk in those receiving

GLP-1 RAs. As a consequence, the true HR would potentially be

more in favor of GLP-1 RAs than the HRs observed in this study.

As changes in bone structure take time to manifest as

fractures, median follow-up times less than 2 years may not be

sufficient to fully assess the effects of these drugs. However, in the

matched cohort, a full 13,767 individuals had more than two

years of follow-up time, with nearly half of those (n = 6,650)

having more than four years.

Conclusion

In our primary analysis, the risk of MOF was not significantly

different between users of GLP-1 RA and DPP-4i. However, in a

secondary analysis, users of GLP-1 RA exhibited a significantly

lower risk of hip fracture and a lower risk of MOF compared to

DPP-4i users when allowing follow-up to continue after medication

change. In addition, when examining higher doses of treatment, the

difference inMOF risk between the two groups became increasingly

larger (with increasing statistical significance) with higher dose

thresholds. In contrast, the remaining analyses of MOF revealed

fracture risks that are comparable between DPP-4i users and GLP-1

RA users. The results of this study are in line with previous research

and support the continued use of GLP-1 RAs in the management of

T2D in patients at risk of fracture.

Data availability statement

The datasets presented in this article are not readily available

because. All eligible research organizations can apply for access

to data at Statistics Denmark. Requests to access the datasets

should be directed to https://www.dst.dk/da/TilSalg/

Forskningsservice/Dataadgang.

Author contributions

All authors contributed to the article according to the ICJME

requirements for co-authorship. All authors critically revised the

paper for intellectual content and approved the submitted

versions and the final version of the manuscript. ZKA, RV,

and JS-L designed the study. ZKA, RV, JS-L and PV had access

to all data used in the study. ZKA performed data management

and statistical analyses with assistance from all co-authors. ZKA

interpreted the data and wrote the manuscript. JS-L, RV, PV,

RF-N and SG made ongoing critical revisions of study design

and data interpretation.

Funding

This work was supported by a Steno Collaborative Grant, Novo

Nordisk Foundation, Denmark (Grant no. NNF18OC0052064).

Al-Mashhadi et al. 10.3389/fendo.2022.882998

Frontiers in Endocrinology frontiersin.org14

https://www.dst.dk/da/TilSalg/Forskningsservice/Dataadgang
https://www.dst.dk/da/TilSalg/Forskningsservice/Dataadgang
https://doi.org/10.3389/fendo.2022.882998
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fendo.2022.882998/full#supplementary-material

References

1. Vestergaard P. Discrepancies in bone mineral density and fracture risk in
patients with type 1 and type 2 diabetes–a meta-analysis. Osteoporos Int (2007) 18
(4):427–44. doi: 10.1007/s00198-006-0253-4

2. Janghorbani M, Van Dam RM, Willett WC, Hu FB. Systematic review of type
1 and type 2 diabetes mellitus and risk of fracture. Am J Epidemiol (2007) 166
(5):495–505. doi: 10.1093/aje/kwm106

3. Bonds DE, Larson JC, Schwartz AV, Strotmeyer ES, Robbins J, Rodriguez BL,
et al. Risk of fracture in women with type 2 diabetes: the women's health initiative
observational study. J Clin Endocrinol Metab (2006) 91(9):3404–10. doi: 10.1210/
jc.2006-0614

4. Al-Mashhadi Z, Viggers R, Fuglsang-Nielsen R, Langdahl B, Vestergaard P,
Gregersen S, et al. Bone health in the elderly with type 2 diabetes mellitus–a
systematic review. OBM Geriatrics (2020) 4(2):65. doi : 10.21926/
obm.geriatr.2002123

5. Davies MJ, D'Alessio DA, Fradkin J, Kernan WN, Mathieu C, Mingrone G,
et al. Management of hyperglycaemia in type 2 diabetes, 2018. a consensus report
by the American diabetes association (ADA) and the European association for the
study of diabetes (EASD). Diabetologia (2018) 61(12):2461–98. doi: 10.1007/
s00125-018-4729-5

6. Buse JB, Wexler DJ, Tsapas A, Rossing P, Mingrone G, Mathieu C, et al. 2019
update to: Management of hyperglycaemia in type 2 diabetes, 2018. a consensus
report by the American diabetes association (ADA) and the European association
for the study of diabetes (EASD). Diabetologia (2020) 63(2):221–8. doi: 10.1007/
s00125-019-05039-w

7. Mehta A, Marso SP, Neeland IJ. Liraglutide for weight management: a
critical review of the evidence. Obes Sci Pract (2017) 3(1):3–14. doi: 10.1002/
osp4.84

8. Al-Mashhadi Z, Viggers R, Fuglsang-Nielsen R, de Vries F, van den Bergh JP,
Harslof T, et al. Glucose-lowering drugs and fracture risk-a systematic review. Curr
Osteoporos Rep (2020) 18(6):737–58. doi: 10.1007/s11914-020-00638-8

9. Driessen JH, Henry RM, van Onzenoort HA, Lalmohamed A, Burden AM,
Prieto-Alhambra D, et al. Bone fracture risk is not associated with the use of
glucagon-like peptide-1 receptor agonists: a population-based cohort analysis.
Calcif Tissue Int (2015) 97(2):104–12. doi: 10.1007/s00223-015-9993-5

10. Driessen JH, van Onzenoort HA, Starup-Linde J, Henry R, Burden AM,
Neef C, et al. Use of glucagon-Like-Peptide 1 receptor agonists and risk of fracture
as compared to use of other anti-hyperglycemic drugs. Calcif Tissue Int (2015) 97
(5):506–15. doi: 10.1007/s00223-015-0037-y

11. Mabilleau G, Mieczkowska A, Chappard D. Use of glucagon-like peptide-1
receptor agonists and bone fractures: a meta-analysis of randomized clinical trials. J
Diabetes (2014) 6(3):260–6. doi: 10.1111/1753-0407.12102

12. Su B, Sheng H, Zhang M, Bu L, Yang P, Li L, et al. Risk of bone fractures
associated with glucagon-like peptide-1 receptor agonists' treatment: a meta-
analysis of randomized controlled trials. Endocrine (2015) 48(1):107–15. doi:
10.1007/s12020-014-0361-4

13. Cheng L, Hu Y, Li YY, Cao X, Bai N, Lu TT, et al. Glucagon-like peptide-1
receptor agonists and risk of bone fracture in patients with type 2 diabetes: A meta-

analysis of randomized controlled trials. Diabetes Metab Res Rev (2019) 35(7):
e3168. doi: 10.1002/dmrr.3168

14. Zhang YS, Zheng YD, Yuan Y, Chen SC, Xie BC. Effects of anti-diabetic
drugs on fracture risk: A systematic review and network meta-analysis. Front
Endocrinol (Lausanne) (2021) 12:735824. doi: 10.3389/fendo.2021.735824

15. Choi HJ, Park C, Lee YK, Ha YC, Jang S, Shin CS. Risk of fractures and
diabetes medications: a nationwide cohort study. Osteoporos Int (2016) 27
(9):2709–15. doi: 10.1007/s00198-016-3595-6

16. Losada E, Soldevila B, Ali MS, Martinez-Laguna D, Nogues X, Puig-
Domingo M, et al. Real-world antidiabetic drug use and fracture risk in 12,277
patients with type 2 diabetes mellitus: a nested case-control study. Osteoporos Int
(2018) 29(9):2079–86. doi: 10.1007/s00198-018-4581-y

17. Driessen JH, van Onzenoort HA, Henry RM, Lalmohamed A, van den
Bergh JP, Neef C, et al. Use of dipeptidyl peptidase-4 inhibitors for type 2 diabetes
mellitus and risk of fracture. Bone (2014) 68:124–30. doi: 10.1016/
j.bone.2014.07.030

18. Driessen JH, van Onzenoort HA, Starup-Linde J, Henry R, Neef C, van den
Bergh J, et al. Use of dipeptidyl peptidase 4 inhibitors and fracture risk compared to
use of other anti-hyperglycemic drugs. Pharmacoepidemiol Drug Saf (2015) 24
(10):1017–25. doi: 10.1002/pds.3837

19. Driessen JH, van den Bergh JP, van Onzenoort HA, Henry RM, Leufkens
HG, de Vries F. Long-term use of dipeptidyl peptidase-4 inhibitors and risk of
fracture: A retrospective population-based cohort study. Diabetes Obes Metab
(2017) 19(3):421–8. doi: 10.1111/dom.12843

20. Gamble JM, Donnan JR, Chibrikov E, Twells LK, Midodzi WK, Majumdar
SR. The risk of fragility fractures in new users of dipeptidyl peptidase-4 inhibitors
compared to sulfonylureas and other anti-diabetic drugs: A cohort study. Diabetes
Res Clin Pract (2018) 136:159–67. doi: 10.1016/j.diabres.2017.12.008

21. Majumdar SR, Josse RG, Lin M, Eurich DT. Does sitagliptin affect the rate of
osteoporotic fractures in type 2 diabetes? population-based cohort study. J Clin
Endocrinol Metab (2016) 101(5):1963–9. doi: 10.1210/jc.2015-4180

22. Ustulin M, Park SY, Choi H, Chon S, Woo JT, Rhee SY. Effect of dipeptidyl
peptidase-4 inhibitors on the risk of bone fractures in a Korean population. J
Korean Med Sci (2019) 34(35):e224. doi: 10.3346/jkms.2019.34.e224

23. Chen Q, Liu T, Zhou H, Peng H, Yan C. Risk of fractures associated with
dipeptidyl peptidase-4 inhibitor treatment: A systematic review and meta-analysis
of randomized controlled trials. Diabetes Ther (2019) 10(5):1879–92. doi: 10.1007/
s13300-019-0668-5

24. Josse RG, Majumdar SR, Zheng Y, Adler A, Bethel MA, Buse JB, et al.
Sitagliptin and risk of fractures in type 2 diabetes: Results from the TECOS trial.
Diabetes Obes Metab (2017) 19(1):78–86. doi: 10.1111/dom.12786

25. Mosenzon O, Wei C, Davidson J, Scirica BM, Yanuv I, Rozenberg A, et al.
Incidence of fractures in patients with type 2 diabetes in the SAVOR-TIMI 53 trial.
Diabetes Care (2015) 38(11):2142–50. doi: 10.2337/dc15-1068

26. Dombrowski S, Kostev K, Jacob L. Use of dipeptidyl peptidase-4 inhibitors
and risk of bone fracture in patients with type 2 diabetes in Germany-a

Al-Mashhadi et al. 10.3389/fendo.2022.882998

Frontiers in Endocrinology frontiersin.org15

https://www.frontiersin.org/articles/10.3389/fendo.2022.882998/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.882998/full#supplementary-material
https://doi.org/10.1007/s00198-006-0253-4
https://doi.org/10.1093/aje/kwm106
https://doi.org/10.1210/jc.2006-0614
https://doi.org/10.1210/jc.2006-0614
https://doi.org/10.21926/obm.geriatr.2002123
https://doi.org/10.21926/obm.geriatr.2002123
https://doi.org/10.1007/s00125-018-4729-5
https://doi.org/10.1007/s00125-018-4729-5
https://doi.org/10.1007/s00125-019-05039-w
https://doi.org/10.1007/s00125-019-05039-w
https://doi.org/10.1002/osp4.84
https://doi.org/10.1002/osp4.84
https://doi.org/10.1007/s11914-020-00638-8
https://doi.org/10.1007/s00223-015-9993-5
https://doi.org/10.1007/s00223-015-0037-y
https://doi.org/10.1111/1753-0407.12102
https://doi.org/10.1007/s12020-014-0361-4
https://doi.org/10.1002/dmrr.3168
https://doi.org/10.3389/fendo.2021.735824
https://doi.org/10.1007/s00198-016-3595-6
https://doi.org/10.1007/s00198-018-4581-y
https://doi.org/10.1016/j.bone.2014.07.030
https://doi.org/10.1016/j.bone.2014.07.030
https://doi.org/10.1002/pds.3837
https://doi.org/10.1111/dom.12843
https://doi.org/10.1016/j.diabres.2017.12.008
https://doi.org/10.1210/jc.2015-4180
https://doi.org/10.3346/jkms.2019.34.e224
https://doi.org/10.1007/s13300-019-0668-5
https://doi.org/10.1007/s13300-019-0668-5
https://doi.org/10.1111/dom.12786
https://doi.org/10.2337/dc15-1068
https://doi.org/10.3389/fendo.2022.882998
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


retrospective analysis of real-world data. Osteoporosis Int (2017) 28(8):2421–8. doi:
10.1007/s00198-017-4051-y

27. Hou WH, Chang KC, Li CY, Ou HT. Dipeptidyl peptidase-4 inhibitor use is
associated with decreased risk of fracture in patients with type 2 diabetes: a
population-based cohort study. Br J Clin Pharmacol (2018) 84(9):2029–39. doi:
10.1111/bcp.13636

28. von Elm E, Altman DG, Egger M, Pocock SJ, Gotzsche PC, Vandenbroucke
JP, et al. The strengthening the reporting of observational studies in epidemiology
(STROBE) statement: guidelines for reporting observational studies. Int J Surg
(2014) 12(12):1495–9. doi: 10.1016/j.ijsu.2014.07.013

29. Schmidt M, Pedersen L, Sorensen HT. The Danish civil registration system as a
tool in epidemiology. Eur J Epidemiol (2014) 29(8):541–9. doi: 10.1007/s10654-014-9930-3

30. Schmidt M, Schmidt SAJ, Adelborg K, Sundboll J, Laugesen K, Ehrenstein
V, et al. The Danish health care system and epidemiological research: from health
care contacts to database records. Clin Epidemiol (2019) 11:563–91. doi: 10.2147/
CLEP.S179083

31. Furu K, Wettermark B, Andersen M, Martikainen JE, Almarsdottir AB,
Sorensen HT. The Nordic countries as a cohort for pharmacoepidemiological
research. Basic Clin Pharmacol Toxicol (2010) 106(2):86–94. doi: 10.1111/j.1742-
7843.2009.00494.x

32. Kildemoes HW, Sorensen HT, Hallas J. The Danish national prescription
registry. Scand J Public Health (2011) 39(7 Suppl):38–41. doi: 10.1177/
1403494810394717

33. Pottegard A, Schmidt SAJ, Wallach-Kildemoes H, Sorensen HT, Hallas J,
Schmidt M. Data resource profile: The Danish national prescription registry. Int J
Epidemiol (2017) 46(3):798–f. doi: 10.1093/ije/dyw213

34. Schmidt M, Schmidt SA, Sandegaard JL, Ehrenstein V, Pedersen L, Sorensen
HT. The Danish national patient registry: a review of content, data quality, and
research potential. Clin Epidemiol (2015) 7:449–90. doi: 10.2147/CLEP.S91125

35. World health organization collaborating centre for drug statistics
methodology. Definition Gen considerations. Available at: https://www.whocc.no/
atc_ddd_index_and_guidelines/atc_ddd_index/.

36. Austin PC. Balance diagnostics for comparing the distribution of baseline
covariates between treatment groups in propensity-score matched samples. Stat
Med (2009) 28(25):3083–107. doi: 10.1002/sim.3697

37. Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed.
Hillsdale. N.J: L Erlbaum Associates; (1988), 567. Available at: https://www.utstat.
toronto.edu/~brunner/oldclass/378f16/readings/CohenPower.pdf.

38. Azur MJ, Stuart EA, Frangakis C, Leaf PJ. Multiple imputation by chained
equations: what is it and how does it work? Int J Methods Psychiatr Res (2011) 20
(1):40–9. doi: 10.1002/mpr.329

39. White IR, Royston P, Wood AM. Multiple imputation using chained
equations: Issues and guidance for practice. Stat Med (2011) 30(4):377–99. doi:
10.1002/sim.4067

40. Williamson EJ, Forbes A. Introduction to propensity scores. Respirol (2014)
19(5):625–35. doi: 10.1111/resp.12312

41. Austin PC. An introduction to propensity score methods for reducing the
effects of confounding in observational studies. Multivariate Behav Res (2011) 46
(3):399–424. doi: 10.1080/00273171.2011.568786

42. Rosenbaum PR, Rubin DB. Constructing a control group using multivariate
matched sampling methods that incorporate the propensity score. Am Statistician
(1985) 39(1):33–8. doi: 10.2307/2683903

43. Austin PC. Optimal caliper widths for propensity-score matching when
estimating differences in means and differences in proportions in observational
studies. Pharm Stat (2011) 10(2):150–61. doi: 10.1002/pst.433

44. Kaplan EL, Meier P. Nonparametric estimation from incomplete
observations. J Am Stat Assoc (1958) 53(282):457–81. doi: 10.1080/
01621459.1958.10501452

45. Hess KR. Graphical methods for assessing violations of the proportional
hazards assumption in cox regression. Stat Med (1995) 14(15):1707–23. doi:
10.1002/sim.4780141510

46. Lin DY, Wei LJ. The robust inference for the cox proportional hazards
mode l . J Am Sta t Assoc (1989) 84(408) :1074–8 . do i : 10 .1080/
01621459.1989.10478874

47. Austin PC. The performance of different propensity score methods for
estimating marginal hazard ratios. Stat Med (2013) 32(16):2837–49. doi: 10.1002/
sim.5705

48. Abadi A, Saadat S, Yavari P, Bajdik C, Jalili P. Comparison of aalen's
additive and cox proportional hazards models for breast cancer survival: analysis of
population- based data from British Columbia, Canada. Asian Pac J Cancer Prev
(2011) 12(11):3113–6.

49. Rasmussen NH, Dal J. Falls and fractures in diabetes-more than bone
fragility. Curr Osteoporos Rep (2019) 17(3):147–56. doi: 10.1007/s11914-019-
00513-1

50. Starup-Linde J, Gregersen S, Vestergaard P. Associations with fracture in
patients with diabetes: a nested case-control study. BMJ Open (2016) 6(2):e009686.
doi: 10.1136/bmjopen-2015-009686

51. Hygum K, Harslof T, Jorgensen NR, Rungby J, Pedersen SB, Langdahl BL.
Bone resorption is unchanged by liraglutide in type 2 diabetes patients: A
randomised controlled trial. Bone (2020) 132:115197. doi: 10.1016/
j.bone.2019.115197

52. Iepsen EW, Lundgren JR, Hartmann B, Pedersen O, Hansen T, Jorgensen
NR, et al. GLP-1 receptor agonist treatment increases bone formation and prevents
bone loss in weight-reduced obese women. J Clin Endocrinol Metab (2015) 100
(8):2909–17. doi: 10.1210/jc.2015-1176

53. Pacheco-Pantoja EL, Ranganath LR, Gallagher JA, Wilson PJ, Fraser WD.
Receptors and effects of gut hormones in three osteoblastic cell lines. BMC Physiol
(2011) 11:12. doi: 10.1186/1472-6793-11-12

54. Yamada C, Yamada Y, Tsukiyama K, Yamada K, Udagawa N,
Takahashi N, et al. The murine glucagon-like peptide-1 receptor is
essential for control of bone resorption. Endocrinol (2008) 149(2):574–9.
doi: 10.1210/en.2007-1292

Al-Mashhadi et al. 10.3389/fendo.2022.882998

Frontiers in Endocrinology frontiersin.org16

https://doi.org/10.1007/s00198-017-4051-y
https://doi.org/10.1111/bcp.13636
https://doi.org/10.1016/j.ijsu.2014.07.013
https://doi.org/10.1007/s10654-014-9930-3
https://doi.org/10.2147/CLEP.S179083
https://doi.org/10.2147/CLEP.S179083
https://doi.org/10.1111/j.1742-7843.2009.00494.x
https://doi.org/10.1111/j.1742-7843.2009.00494.x
https://doi.org/10.1177/1403494810394717
https://doi.org/10.1177/1403494810394717
https://doi.org/10.1093/ije/dyw213
https://doi.org/10.2147/CLEP.S91125
https://www.whocc.no/atc_ddd_index_and_guidelines/atc_ddd_index/
https://www.whocc.no/atc_ddd_index_and_guidelines/atc_ddd_index/
https://doi.org/10.1002/sim.3697
https://www.utstat.toronto.edu/~brunner/oldclass/378f16/readings/CohenPower.pdf
https://www.utstat.toronto.edu/~brunner/oldclass/378f16/readings/CohenPower.pdf
https://doi.org/10.1002/mpr.329
https://doi.org/10.1002/sim.4067
https://doi.org/10.1111/resp.12312
https://doi.org/10.1080/00273171.2011.568786
https://doi.org/10.2307/2683903
https://doi.org/10.1002/pst.433
https://doi.org/10.1080/01621459.1958.10501452
https://doi.org/10.1080/01621459.1958.10501452
https://doi.org/10.1002/sim.4780141510
https://doi.org/10.1080/01621459.1989.10478874
https://doi.org/10.1080/01621459.1989.10478874
https://doi.org/10.1002/sim.5705
https://doi.org/10.1002/sim.5705
https://doi.org/10.1007/s11914-019-00513-1
https://doi.org/10.1007/s11914-019-00513-1
https://doi.org/10.1136/bmjopen-2015-009686
https://doi.org/10.1016/j.bone.2019.115197
https://doi.org/10.1016/j.bone.2019.115197
https://doi.org/10.1210/jc.2015-1176
https://doi.org/10.1186/1472-6793-11-12
https://doi.org/10.1210/en.2007-1292
https://doi.org/10.3389/fendo.2022.882998
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	The risk of major osteoporotic fractures with GLP-1 receptor agonists when compared to DPP-4 inhibitors: A Danish nationwide cohort study
	Introduction
	Study design and methods
	Study design and setting
	Data sources
	Study population
	Exposure
	Outcomes
	Covariates

	Statistical analysis
	Descriptive statistics
	Missing data
	Propensity-score matching
	Multicollinearity
	Survival analysis
	Sensitivity and subgroup analyses
	Statistical software

	Results
	Baseline characteristics
	Risk of major osteoporotic fractures
	Subgroup and sensitivity analyses

	Discussion
	Summary of findings
	Previous research
	Strengths and limitations

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References


