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ABSTRACT 

Background. Acute kidney injury ( AKI) is common. An AKI episode may disrupt the normal mineral bone balance 
maintained by normal kidney function, thereby modifying the risk of developing bone fractures. However, it remains 
unclear whether an AKI episode is associated with the risk of bone fractures. 
Methods. Using retrospective cohort study from an Australian Local Health District, we examined the association 

between an AKI episode and bone fractures using patient data between 2008 and 2017. Time-varying Cox proportional 
hazards and propensity-matched analysis were used to examine the association. Sensitivity analyses were undertaken 

to capture the impact of confirmed AKI status and AKI severity. 
Results. Of 123 426 included patients, 14 549 ( 12%) had an AKI episode and 12 505 ( 10%) had a bone fracture. In the 
unadjusted analysis, AKI was associated with bone fractures [hazard ratio ( HR) 1.99, 95% confidence interval ( CI) 
1.88–2.11]. This association persisted in the adjusted analysis ( HR 1.50, 95% CI 1.41–1.59) and propensity-matched dataset 
( HR 1.71, 95% CI 1.59–1.83) . The sensitivity analysis yielded similar results, with the AKI patients having a higher risk of 
fractures compared with no AKI patients in the adjusted analysis ( HR 1.34, 95% CI 1.25–1.43) and in the 
propensity-matched dataset ( HR 1.44, 95% CI 1.33–1.55) . Similar results were seen in the subsidiary sensitivity analysis 
excluding patients without baseline creatinine. We did not find an increased risk of bone fractures with increasing AKI 
severity ( P = .7) . Interaction tests demonstrated a significant association between sex and age category with AKI status 
and fractures, but not CKD stage or osteoporosis. 
Conclusions. AKI is associated with a greater risk of bone fractures. This could have implications for managing and 
screening for bone disease in patients post-AKI episode. This association should be examined in other cohorts and 
populations for verification. 
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KEY LEARNING POINTS 

What was known: 

• An acute kidney injury ( AKI) episode is associated with several adverse health outcomes, including progression of kidney 
disease, increased risk of cardiovascular events and death.

• Chronic kidney disease ( CKD) and AKI share similar and interconnected adverse event profiles.
• However, while mineral bone disorders have been clearly established in chronic CKD, it remains poorly studied in AKI.

This study adds: 

• Using a retrospective population cohort, covering a 10-year period, we examined the risk of bone fractures following an 
episode of AKI.

• We found a significant risk of bone fractures following an episode of AKI.
• The association remained valid in multivariable analysis, propensity-matched cohort and during sensitivity and subsidiary 

analysis.

Potential impact: 

• Bone fractures and possible bone mineral disorders should be added to adverse event profile after an episode of AKI.
• This could have implications in managing and screening for bone disease in patients post-AKI episode.
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NTRODUCTION 

he kidney is the principal organ responsible for maintaining 
omeostasis, with chronic disruptions of kidney function called 
hronic kidney disease ( CKD) . CKD is defined by an estimated 
lomerular filtration rate ( eGFR) ≤60 mL/min per 1.73 m2 and/or 
 urine albumin-to-creatinine ratio of ≥30 mg/mmol [1 ]. The 
resence of CKD is a significant risk factor for cardiovascular dis- 
ase, progression to kidney failure ( KF) and mortality [2 –5 ]. CKD 

s also a risk factor for developing mineral bone disorder ( MBD) ,
lso known as CKD-MBD [6 ]. CKD-MBD is reflected clinically as 
n increased risk of bone fractures, with an increasing risk as 
he severity of CKD advances [7 , 8 ]. 

Acute disruptions of kidney function is defined as acute kid- 
ey injury ( AKI) and graded as stage 1, 2 or 3 based on changes 
n creatinine from baseline and urine output [9 ]. AKI compli- 
ates around 20% of hospital admissions [10 ], with an increas- 
ng prevalence over time [11 , 12 ]. Similar to CKD, several ad- 
erse health outcomes have been associated with AKI exposure,
ncluding the development and progression of kidney disease,
ncreased risk of death and cardiovascular events [13 –15 ]. 

There is strong evidence that AKI and CKD have a similar and 
nterconnected adverse event profile. Both AKI and CKD have 
n increased risk of cardiovascular disease, mortality and kid- 
ey disease progression, with similar mechanisms linking the 
isease process with the adverse event. However, MBD remains 
ne association clearly examined and established in CKD which 
s poorly studied in AKI. Only one study to date examined the 
isk of bone fractures ( a surrogate marker for MBD) following an 
KI episode [16 ]. While a significant association was shown, the 
tudy only focused on patients surviving an AKI requiring dial- 
sis episode and compared them with no AKI patients, there- 
ore missing the vast majority of patients who present with less 
evere AKI. 

An examination of AKI and fracture risk is important.
he association between AKI and CKD, and adverse events 
nd pathophysiology mechanisms is incomplete without 
n examination of the association of AKI with MBD. This 
pproach also emphasizes the need to view AKI not merely 
s a transient reversible disorder, but as a consequential 
ondition that may precipitate long-term health issues, neces- 
itating ongoing monitoring and evaluation, including bone 
ealth. 
U
We therefore set out to examine the association between AKI 
xposure on the risk of fractures in a retrospective cohort de- 
ived from a local health population in Australia. We hypothe- 
ized that an episode of AKI is an independent risk factor for 
uture bone fractures. 

ATERIALS AND METHODS 

tudy cohort 

 retrospective population-based cohort study was carried out 
sing longitudinal data from an Australian regional health ser- 
ice, the Illawarra Shoalhaven Local Health District ( ISLHD) . We 
ncluded patients ( ≥18 years of age) who presented to the ISLHD 

ospitals or emergency departments or who had a laboratory 
est using the health district laboratory services between 1 Jan- 
ary 2008 through 31 December 2017. This study was approved 
y the ISLHD/University of Wollongong Human research ethics 
ommittee ( HREC 2018/409) and conducted in accordance with 
trengthening the Reporting of Observational Studies in Epi- 
emiology ( STROBE) guidelines [17 ]. 
We defined the index date as 180 days after date of first pre-

entation to create a 180-day washout period free of AKI and 
ractures. This approach ensured baseline creatinine levels were 
vailable to determine AKI and CKD status. Additionally, it al- 
owed a minimum of 6 months of follow-up and avoided the risk
f a bone fracture outcome occurring prior to an AKI exposure. 
We excluded patients: ( i) non-residents of the ISLHD, ( ii) on 

enal replacement therapy at the start of the study, ( iii) with 
issing information relating to laboratory and International 
lassification of Diseases–Tenth Revision ( ICD-10) coding, ( iv) 
ho had an AKI diagnosis 30 days pre- or post-fracture diagnosis 

 since the AKI episode may be related to the fracture episode) , ( v) 
ged more than 100 years, ( vi) with documented AKI or fracture 
rior to 2008 and ( vii) with follow-up ending before the 180-day 
ashout period. 

ata sources and baseline variables 

outinely collected de-identified existing data were extracted 
rom the Illawarra Health Information Platform ( IHIP) . IHIP is 
 non-identifiable databank established by the ISLHD and the 
niversity of Wollongong for research, planning and evaluation 
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THEN 48HrChange= “yes”
ELSE 48HrChange= “no”

If Ra�o >= 3.0 THEN “AKI Stage 3”
ELSE IF (Ra�o >= 1.5 AND current crea�nine > 354) THEN “AKI Stage 3”

ELSE IF Ra�o >=2 THEN “AKI Stage 2”
ELSE IF Ra�o >=1.5 THEN “AKI Stage 1”

ELSE if 48HrChange = “yes” THEN “AKI Stage 1”
ELSE “AKI Not Detected”

“AKI Status 
unknown”

Figure 1: Flowchart for derivation of AKI cohort based on creatinine ( μmol/L) pathology. Dashed line represents modification to original flowchart to identify patients 

with a first time AKI hospital admission. 
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urposes. Data from health district laboratory services and IHIP 
ere linked for a final de-identified dataset. Laboratory test data
rom 2007 to 2017 was used, 1 year prior to study cohort start
ate, to capture baseline creatinine for estimation of AKI and
KD prior to fracture presentation. 
Creatinine measurements were used to determine an AKI 

pisode and ICD-10, Australian Modification ( ICD-10-AM) codes 
rom hospitalized admissions were used to create a baseline 
-phenotype picture using comorbidities for each patient 
 Supplementary data, Table S1) . Baseline v aria b les wer e sex,
ge ( at first laboratory test or hospital presentation) , urbanity 
 major city or regional) and socio-economic indexes for areas 
SEIFA, measured by Index of Relative Socio-economic Advan- 
age and Disadvantage ( IRSAD) and categorized into tertiles 
f high, middle and low, with higher scores reflecting higher
ocioeconomic status]. Urbanity and IRSAD were determined 
rom the postcode of patients’ residential addresses, using the 
ccessibility/Remoteness Index of Australia taken from the 
ustralian Bureau of Statistics using Australian Standard Ge- 
graphical Classification from census data [18 ]. Comorbidities 
ere identified from the 180-day washout period and included 
s baseline demographics. 

efinitions 

ur exposure was an episode of AKI, diagnosed using ICD-10-AM 

odes or based on creatinine measurements, with the first AKI
pisode used. We adapted the National Health Service–endorsed
aboratory based AKI algorithm ( Fig. 1 ) ( developed to prospec-
ively identify an episode of AKI) [19 ]. We adapted the flowchart
or use in Australia [20 ] after modification to capture patients
ho presented to hospital with an AKI episode and with no pre-
ious creatinine measurement [21 ]. Patients who did not have an
KI based on laboratory tests or ICD-10-AM coding were classi-
ed as not having an AKI. CKD was defined as per ICD-10 cod-
ng or KDIGO definition based on serum creatinine [1 ] and sub
rouped as per eGFR into < 30, 30–60 and > 60. 

The primary outcome was fracture. Fracture was diagnosed
sing ICD-10-AM coding ( Supplementary data, Table S1) with 
he first fracture episode used for each patient. We excluded
ractures associated with trauma such as skull, facial and dig-
tal fractures, as well as pathological fractures due to malig-
ancy ( Supplementary data, Table S1) . Patients were censored 
t the death, commencement of renal replacement therapy or
ast follow-up visit. 

tatistical analysis 

ategorical data were expressed as numbers ( percentages) and 
ompared using chi-square test. Continuous data were ex-
ressed as mean with standard deviation or median with in-
erquartile range and analysed as per distribution using Stu-
ent’s t -test and the Mann–Whitney U test. Bone fracture rates
ere expressed as events [95% confidence interval ( CI) ] per 1000

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data


4 H.I. Cheikh Hassan et al.

Figure 2: Cohort selection flow diagram. Serial exclusion criteria to derive the final study cohort. 
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Table 1: Baseline characteristics of patients with and without AKI for full cohort and after propensity matching. 

Full cohort After propensity matching 

No AKI ( n = 108 877) AKI ( n = 14 549) SD No AKI ( n = 14 362) AKI ( n = 14 362) SD 

Sex ( male) 45 479 ( 42%) 7805 ( 54%) 0.24 7601 ( 53%) 7677 ( 54%) 0.01 
Age ( years) 50.9 ( 20.8) 68.8 ( 15.8) 0.97 69.9 ( 15.6) 68.6 ( 15.6) 0.07 

< 30 22 881 ( 21%) 498 ( 3%) 0.94 446 ( 3%) 498 ( 4%) 0.05 
30–< 50 29 311 ( 27%) 1215 ( 8%) 1124 ( 8%) 1215 ( 9%) 
50–70 32 894 ( 30%) 4821 ( 33%) 4456 ( 31%) 4813 ( 34%) 
> 70 23 791 ( 22%) 8015 ( 55%) 8336 ( 58%) 7836 ( 55%) 

Urbanity 0.03 0.02 
Major city 70 868 ( 65%) 9696 ( 67%) 9401 ( 66%) 9551 ( 67%) 
Regional 38 009 ( 35%) 4853 ( 33%) 4961 ( 35%) 4811 ( 33%) 

IRSAD 0.005 0.01 
Low 32 312 ( 30%) 4291 ( 30%) 4358 ( 30%) 4242 ( 30%) 
Middle 34 464 ( 32%) 4720 ( 32%) 4554 ( 32%) 4662 ( 33%) 
High 42 101 ( 39%) 5538 ( 38%) 5450 ( 38%) 5458 ( 38%) 

Comorbidities 
CKD 3845 ( 4%) 3249 ( 22%) 0.58 2722 ( 19%) 3064 ( 21%) 0.07 
> 60 105 032 ( 97%) 11 300 ( 78%) 0.57 11 640 ( 81%) 11 298 ( 79%) 0.09 
30–60 3483 ( 3%) 2542 ( 18%) 2387 ( 17%) 2485 ( 17%) 
< 30 362 ( 0.3%) 707 ( 5%) 335 ( 2%) 581 ( 4%) 
Hypertension 8350 ( 8%) 2637 ( 18%) 0.32 2319 ( 16%) 2516 ( 18%) 0.04 
Diabetes 4892 ( 5%) 1806 ( 12%) 0.29 1512 ( 11%) 1701 ( 12%) 0.05 
CAD 3923 ( 4%) 1092 ( 8%) 0.17 940 ( 7%) 1039 ( 7%) 0.03 
CHD 1147 ( 1%) 809 ( 6%) 0.25 575 ( 4%) 710 ( 5%) 0.05 
Arrythmia 3917 ( 4%) 1351 ( 9%) 0.23 1132 ( 8%) 1282 ( 9%) 0.04 
Valvular heart disease 328 ( 0.3%) 184 ( 1.3%) 0.11 129 ( 1%) 163 ( 1%) 0.03 
PVD 694 ( 1%) 344 ( 2%) 0.14 235 ( 2%) 308 ( 2%) 0.04 
COPD 2286 ( 2%) 845 ( 6%) 0.19 675 ( 5%) 789 ( 6%) 0.04 
Cerebrovascular 2279 ( 2%) 621 ( 4%) 0.12 652 ( 5%) 603 ( 4%) 0.02
Liver 1016 ( 1%) 263 ( 2%) 0.08 213 ( 2%) 252 ( 2%) 0.02
Cancer 3868 ( 4%) 1033 ( 7%) 0.16 1012 ( 7%) 997 ( 7%) 0.005 
Undernutrition 1222 ( 1%) 487 ( 3%) 0.15 411 ( 3%) 457 ( 3%) 0.02
Osteoporosis 3402 ( 3%) 913 ( 6%) 0.15 912 ( 6%) 882 ( 6%) 0.01

Data are expressed as number ( percentage) or mean ( standard deviation) . 
SD: standardized difference; CAD: coronary artery disease; CHD: congestive heart failure; PVD: peripheral vascular disease; COPD: chronic obstructive pulmonary 

disease. 
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atient-years. To examine the association between AKI and frac- 
ures we conducted several analyses. First, we analysed the 
omplete dataset through Cox proportional hazard regression 
ith time to AKI specified as a time-varying exposure. Patients
ith no AKI served as the referent group and results are ex-
ressed as hazard ratio ( HR) with 95% CI. Model 1 was univariate
nalysis, Model 2 included baseline demographics ( age, sex, IR- 
AD, urbanity) and Model 3 included variables associated with 
isk of AKI and fractures.

Secondly, we used a propensity-matched dataset to balance 
aseline characteristics between the groups and repeating the 
nalysis. The clinical context of patients with AKI are expected 
o be different from those without AKI patients, resulting in
 high risk of imbalance in baseline characteristics between 
hese groups, many of which could be relevant to fracture risk.
 matched propensity cohort should overcome this confound- 
ng. Propensity scores were calculated using multivariable logis- 
ic regression matching index year of presentation and covari- 
tes chosen a priori as potential confounders ( such as age, sex,
resence of comorbidities such as CKD, coronary artery disease,
ancer and osteoporosis) and included in each of the propen- 
ity score models. Propensity matching used 1:1 optimal match- 
ng, caliper 0.1 without replacement. The success of propen- 
ity matching was examined by comparing the standardized 
ifference of the covariates, with < 0.1 seen as an appropriate
atching. 
Finally, we conducted a sensitivity analysis using only con-

rmed AKI status and excluding all patients with unknown AKI.
his was undertaken since ICD-10 coding is prone to misclas-
ification and patients who did not have available biochem-
stry results may have been incorrectly labelled as ‘No AKI’.
o reduce this measurement bias we a sensitivity analysis in-
luding only patients with a known AKI status ( baseline crea-
inine measurement within 365 days) was conducted, thereby 
xcluding all patients with an unknown AKI status. We un-
ertook a subgroup analysis in the sensitivity analysis, di-
iding the AKI according to severity into Stage 1, 2 or 3 [9 ]
nd evaluated the future fracture risk compared with no AKI
roup. 

Analysis was repeated for the complete dataset and the
ropensity-matched dataset in the sensitivity analysis in ad-
ition to a further subgroup analysis using AKI severity sta-
us. Potential effect modification of the relationship between
racture and age category, CKD category, sex and known os-
eoporosis by AKI status was assessed by adding AKI status X
ested variable interaction to models. Finally, due to the con-
erns of potential biases in AKI diagnosis for patients with no
revious creatinine measurements, where an improvement in 
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Table 2: Crude incidence rate of fracture by cohort. 

Fracture number Follow-up ( patient-years) Incidence rate ( per 1000 patient-years) 95% CI 

Complete dataset 
All 12 505 513 980 24.3 23.9–24.7 
No AKI 11 170 486 839 22.9 22.5–23.4 
AKI 1335 27 141 49.2 46.6–51.9 

Complete propensity 
All 4015 124 839 32.2 31.2–33.2 
No AKI 2696 97 962 27.5 26.5–28.6 
AKI 1319 26 877 49.1 46.5–51.8 

Sensitivity dataset 
All 9677 317 759 30.5 29.9–31.1 
No AKI 8637 296 649 29.1 28.5–29.7 
AKI 1040 21 111 49.3 46.4–52.4 

Stage I 859 17 191 49.7 46.7–53.4 
Stage II 120 2538 47.3 39.5–56.5 
Stage III 61 1382 44.1 34.3–56.7 

Sensitivity propensity 
All 3322 91 046 36.5 35.3–37.7 
No AKI 2283 69 959 31.3 31.2–34.0 
AKI 1039 21 087 49.3 46.4–52.4 

Stage I 858 17 168 49.9 46.7–53.4 
Stage II 120 2538 47.3 39.5–56.5 
Stage III 61 1381 44.2 34.4–56.8 

Subsidiary 
All 8003 306 487 26.2 25.5–26.7 
No AKI 7323 290 833 25.2 24.6–25.8 
AKI 680 15 654 43.4 40.3–46.8 
Stage I 612 14 102 43.4 40.1–46.9 
Stage II 47 1129 41.7 31.3–55.4 
Stage III 21 423 49.6 32.4–76.1 

Subsidiary propensity 
All 2190 83 507 26.2 25.2–27.3 
No AKI 1510 67 859 22.3 22.2–23.4 
AKI 680 15 648 43.5 40.3–46.8 
Stage I 612 14 096 43.4 40.1–46.9 
Stage II 47 1129 41.6 31.3–55.4 
Stage III 21 423 49.6 32.4–76.1 
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reatinine after initial admission was used to diagnose AKI, a 
ubsidiary analysis was performed on the sensitivity dataset.
ere patients diagnosed with an AKI without a previous crea- 
inine ( group D of our AKI algorithm) ( Fig. 1 ) were excluded from 

he analysis. 
Statistical analysis was preformed using STATA ( version 

5.1) . 

ESULTS 

tudy population 

 total of 225 897 patients met our inclusion criteria with 
ur final cohort, after exclusions, consisting of 123 426 indi- 
iduals with a total follow-up time of 513 980 patient-years 
 Fig. 2 ) . Our population had more females ( 57%) , a mean age 
f 53.0 ( 21.1) years, with most living in a major city com- 
ared with a regional area ( 65% vs 35%) . The most com- 
on comorbidity at baseline was CKD ( 6%) and hyperten- 
ion ( 9%) with diabetes and coronary artery disease present 
n 5% and 4%, respectively. Mean follow-up time was 4.2 ( 2.9) 
ears. 
cute kidney injury 

n AKI episode occurred in 14 549 ( 12%) of patients. During the 
ollow-up period 219 ( 0.2%) patients were censored for starting 
ialysis and 11 064 ( 9%) were censored due to death. Compared 
ith patients who did not have an AKI episode those with an AKI
ere more likely to be older ( mean age 68.8 years vs 50.9 years,
 < .001) , have a background of CKD ( 22% vs 4%, P < .001) , hyper-
ension ( 18% vs 8%, P < .001) and diabetes ( 12% vs 5%, P < .001) 
 Table 1 ) . 

isk of fracture in full dataset 

 fracture occurred in 12 505 ( 10%) patients. In the AKI group 
335 patients developed a fracture compared with the no AKI 
roup of 11 170. The crude incidence of fractures for the full
ohort was 24.3 per 1000 patient years ( 95% CI 23.9–24.7) . In 
he AKI group the crude incidence of fracture was significantly 
igher when compared with the no AKI group ( 49.2 vs 22.9 
er 1000 patient years, P < .001) ( Table 2 ) . AKI was a signifi-
ant risk factor for future risk of bone fracture ( HR 1.99, 95% CI 
.88–2.11, P < .001) ( Fig. 3 ) with the risk remaining significant 
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Figure 3: Kaplan–Meier curve showing time to fracture according to AKI in ( a) complete dataset ( b) propensity-matched dataset. 
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Table 3: Risk of fracture following an AKI episode by cohort. 

Complete dataset HR 95% CI Sensitivity dataset HR 95% CI Subsidiary dataset HR 95% CI 

Full cohort Full cohort Full cohort 
Model 1 1.99 1.88–2.11 Model 1 1.65 1.55–1.76 Model 1 1.63 1.50–1.76 
Model 2 1.59 1.50–1.68 Model 2 1.39 1.37–1.49 Model 2 1.41 1.30–1.53 
Model 3 1.50 1.41–1.59 Model 3 1.34 1.25–1.43 Model 3 1.38 1.27–1.49 

Propensity Propensity Propensity 
Model 1 1.73 1.61–1.86 Model 1 1.47 1.36–1.59 Model 1 1.78 1.62–1.96 
Model 2 1.76 1.64–1.89 Model 2 1.46 1.48–1.69 Model 2 1.78 1.61–1.94 
Model 3 1.71 1.59–1.83 Model 3 1.44 1.33–1.55 Model 3 1.76 1.59–1.93 

Model 1: unadjusted. 

Model 2: Model 1 + age, sex, IRSAD, urbanity. 
Model 3: Model 2 + CKD, hypertension, diabetes, CAD, CHD, arrythmia, valvular heart disease, PVD, COPD, cerebrovascular disease, liver disease, cancer, undernutrition, 
osteoporosis. 

CAD: coronary artery disease; CHD: congestive heart failure; PVD: peripheral vascular disease; COPD: chronic obstructive pulmonary disease. 

Figure 4: Success of propensity matching. COPD: chronic obstructive pulmonary disease. 
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n multivariate analysis ( HR 1.50, 95% CI 1.41–1.59, P < .001) 
 Table 3 ) . 

isk of fracture in the propensity-matched dataset 

e successfully matched 14 362 patients with an AKI with 14 362 
atients with no AKI based on propensity score, with a success- 
ul balance across patient characteristics ( Table 1 , Fig. 4 ) . In the 
ropensity-matched dataset, the crude incidence of fracture in 
he AKI group remained higher per 1000 patient years ( 49.1, 95% 

I 46.5–51.8) compared with the no AKI group ( 27.5, 95% CI 26.5–
8.6) . In multivariate models the risk of fracture in the AKI group 
ompared with the no AKI group remained significantly elevated 
 HR 1.71 95% CI 1.59–1.83, P < .001) ( Table 3 , Fig. 3 ) . 

ensitivity analysis 

fter excluding patients with no confirmed AKI status, we anal- 
sed 70 908 patients with a confirmed AKI history based on their
aboratory results ( Supplementary data, Fig. S1) , of which 10 662 
 15%) had an episode of AKI. There were 8163 ( 12%) patients with 
KI stage 1, 1469 ( 2%) with AKI stage 2 and 1030 ( 1%) with AKI 
tage 3. Baseline description for the AKI and no AKI group is
rovided in Supplementary data, Table S2. 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
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Table 4: Risk of fracture following AKI by subgroup in final model for the complete dataset and the sensitivity dataset. 

Complete dataset HR ( 95% CI) P -value Sensitivity HR 95% CI dataset P -value 

Full cohort Full cohort 
Sex .06 a .2 a 

Male 1 ( Ref) 1 ( Ref) 
Female 1.18 ( 1.14–1.22) 1.39 ( 1.33–1.45) 

eGFR strata .9 a .2 a 

≥60 1 ( Ref) 1 ( Ref) 
30- < 60 1.14 ( 1.07–1.22) 1.09 ( 1.03–1.17) 
< 30 1.14 ( 0.97–1.33) 1.15 ( 0.99–1.33) 

Age .04 a .07 a 

< 30 1 ( Ref) 1 ( Ref) 
30–50 1.13 ( 1.06–1.21) 1.28 ( 1.16–1.41) 
50–70 1.23 ( 1.15–1.30) 1.44 ( 1.32–1.57) 
> 70 2.39 ( 2.25–2.54) 3.02 ( 2.77–3.29) 

Osteoporosis 1.34 ( 1.18–1.52) .1 a 1.47 ( 1.29–1.67) .4 a 

AKI stage .7 b 

1 1.38 ( 1.28–1.48) 
2 1.32 ( 1.10–1.58) 
3 1.26 ( 0.97–1.60) 

Propensity cohort Propensity cohort 
Sex < .001 a < .001 a 

Male 1 ( Ref) 1 ( Ref) 
Female 1.61 ( 1.51–1.72) 1.56 ( 1.46–1.67) 

eGFR strata .7 a .5 a 

≥60 1 ( Ref) 1 ( Ref) 
30–< 60 1.06 ( 1.09–1.28) 1.19 ( 1.09–1.30) 
< 30 1.07 ( 1.03–1.45) 1.16 ( 0.98–1.36) 

Age .001 a .03 a 

< 30 1 ( Ref) 1 ( Ref) 
30–50 1.27 ( 0.98–1.63) 1.31 ( 1.01–1.71) 
50–70 1.38 ( 1.10–1.74) 1.53 ( 1.20–1.94) 
> 70 2.42 ( 1.93–3.03) 2.63 ( 2.07–3.33) 

Osteoporosis 1.48 ( 1.24–1.77) .2 a 1.44 ( 1.18–1.76) .9 a 

AKI stage .7 b 

1 1.44 ( 1.33–1.57) 
2 1.37 ( 1.14–1.65) 
3 1.31 ( 1.01–1.69) 

a P -value for interaction. 
b P -value for significance across AKI stages. 
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There were 9677 ( 14%) episodes of fractures, 1040 in patients 
ith an AKI compared with 8637 in patients with no AKI. The
isk of fracture following an episode of AKI remained elevated 
 HR 1.34, 95% CI 1.25–1.43, P < .001) in the full dataset for the sen-
itivity analysis ( Table 3 , Supplementary data, Fig. S2) . However,
e did not find an increased fracture risk with increasing stages
f AKI in the subgroup analysis ( Table 4 , Supplementary data,
ig. S3) . 

We successfully matched 10 644 patients with no AKI episode
 Supplementary data, Table S1 and Fig. S4) with 10 644 patients 
ith an AKI episode, out of which 8146 ( 38%) had AKI Stage
, 1469 ( 7%) had AKI Stage 2 and 1029 ( 5%) had AKI stage 3.
imilar to the previous analysis AKI remained an independent 
isk factor for fractures ( Table 3 , Supplementary data, Fig. S2) ,
ith similar estimates regardless of severity of AKI ( Table 4 ,
upplementary data, Fig. S3) . 

ubsidiary sensitivity analysis 

 subsidiary analysis was preformed using the sensitivity 
ataset, were only patients with AKI episodes where a previous
reatinine measurement was available were included ( Fig. 1 , ex-
luding group D) . In this analysis we excluded 2036 patients
n group D and a total of 68 872 patients were included with
aseline description for the AKI and no AKI group provided in
upplementary data, Table S2. 

The fracture rates and risk of fracture were similar in
he subsidiary analysis to the previous analysis ( Tables 2
nd 3 , Supplementary data, Figs S5 and S6) in both the 
omplete dataset and the propensity-matched dataset 
 Supplementary data, Fig. S7 showing success of propensity 
atching) . 

nteraction tests 

nteraction tests demonstrated a significant association be- 
ween sex ( in the complete and the sensitivity propensity
atasets) and age category ( in the complete dataset for the full
ohort and in both the complete and the sensitivity propensity
atasets) with AKI status and fractures ( Table 4 ) , but not CKD
tage and osteoporosis. No significance for interaction was seen
n the subsidiary analysis ( Supplementary data, Table S4) . For 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
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Table 5: Relationships between AKI exposure and fracture stratified by sex and age category. 

Fracture 

Full dataset Sensitivity 

AKI status 
Full cohort, 

n ( %) 
( n = 12 505) , 
HR ( 95% CI) 

Propensity, 
n ( %) 

( n = 4015) , 
HR ( 95% CI) 

Full cohort, 
n ( %) 

( n = 9677) , 
HR ( 95% CI) 

Propensity, 
n ( %) 

( n = 3322) , 
HR ( 95% CI) 

AKI sex 
No 

Female 6712 ( 54) 1 ( Ref) 1632 ( 41) 1 ( Ref) 5286 ( 55) 1 ( Ref) 1371 ( 41) 1 ( Ref) 
Male 4458 ( 36) 0.86 ( 0.82–0.89) 1064 ( 27) 0.56 ( 0.51–0.60) 3351 ( 35) 0.71 ( 0.68–0.75) 912 ( 27) 0.59 ( 0.54–0.64) 

Yes 
Female 744 ( 6) 1.59 ( 1.47–1.72) 737 ( 18) 1.47 ( 1.34–1.61) 602 ( 6) 1.32 ( 1.21–1.44) 601 ( 18) 1.27 ( 1.15–1.41) 
Male 591 ( 5) 1.22 ( 1.12–1.33) 582 ( 15) 1.14 ( 1.03–1.26) 438 ( 5) 1.02 ( 0.92–1.12) 438 ( 13) 0.98 ( 0.88–1.10) 

AKI age 
No 

< 30 1481 ( 12) 1 ( Ref) 59 ( 1) 1 ( Ref) 590 ( 6) 1 ( Ref) 53 ( 2) 1 ( Ref) 
30–< 50 2289 ( 18) 1.12 ( 1.05–1.19) 150 ( 4) 1.02 ( 0.76–1.38) 1231 ( 13) 1.26 ( 1.14–1.39) 143 ( 4) 1.09 ( 0.79–1.49) 
50–70 3068 ( 25) 1.21 ( 1.13–1.28) 652 ( 16) 1.01 ( 0.77–1.32) 2307 ( 24) 1.40 ( 1.28–1.53) 611 ( 18) 1.21 ( 0.91–1.61) 
> 70 4332 ( 35) 2.37 ( 2.23–2.52) 1835 ( 46) 1.75 ( 1.35–2.27) 4509 ( 47) 2.99 ( 2.74–3.26) 1476 ( 44) 2.05 ( 1.56–2.70) 

Yes 
< 30 21 ( 0.2) 0.87 ( 0.57–1.34) 21 ( 0.5) 0.71 ( 0.43–1.16) 20 ( 0.2) 0.94 ( 0.60–1.47) 20 ( 0.6) 0.72 ( 0.43–1.21) 
30–< 50 79 ( 0.6) 1.54 ( 1.23–1.94) 79 ( 2) 1.33 ( 0.95–1.87) 71 ( 0.7) 1.69 ( 1.32–2.17) 71 ( 2) 1.33 ( 0.93–1.91) 
50–70 364 ( 3) 1.95 ( 1.73–2.19) 364 ( 9) 1.73 ( 1.31–2.29) 300 ( 3) 2.14 ( 1.86–2.47) 300 ( 9) 1.71 ( 1.28–2.31) 
> 70 871 ( 7) 3.59 ( 3.28–3.93) 855 ( 21) 3.07 ( 2.35–4.01) 649 ( 7) 3.92 ( 3.49–4.39) 648 ( 20) 3.05 ( 2.29–4.05) 

HR represents adjusted HR for the full model. 
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ex, females were at a higher risk of fracture compared with 
ales in the no AKI group. An AKI exposure increased the risk of 

ractures, with a larger effect seen in female sex compared with 
ale sex ( Table 5 , Supplementary data, Table S5) . Increasing age 
as a risk factor for fracture risk, with a similar disproportion- 
te increase in risk of fracture in the AKI group compared with 
he no AKI group. 

ISCUSSION 

sing a large population-based cohort covering a 10-year period,
e showed that an episode of an AKI, even at milder stages, is 
 significant risk factor for future bone fractures. To our knowl- 
dge this is the first study to examine this association in all pa- 
ients presenting with AKI, regardless of its severity or hospi- 
al setting. We found the effect consistent and preserved across 
ultiple approaches which included propensity matching, to 
ontrol for confounders, and sensitivity analysis with a post hoc 
nalysis, to control for possible AKI misdiagnosis. 

CKD is a risk factor for fractures, with the risk increasing 
s CKD severity progresses [7 , 8 , 22 ]. Classical risk factors 
ssociated with fractures in the general population are seen 
n higher proportions in CKD patients such as older age,
ex, lower mineral density ( osteoporosis/osteopenia) [23 ],
ncreased inflammation and glucocorticoid therapy [24 , 25 ].
n addition, CKD patients have non-traditional risk factors 
or fractures manifesting through CKD-MBD. CKD-MBD is a 
esult of disruptions to the normal control of vitamin D, phos- 
hate, calcium, parathyroid hormone and fibroblast growth 
actor 23 ( FGF-23) from impaired kidney function [24 , 25 ]. This 
n turn leads to abnormalities in bone quality and health 
rom bone turnover disruption, microarchitecture and me- 
hanical properties in addition to a lower bone volume and 
ineralization [24 , 26 ]. 
The evidence linking CKD with MBD and the association 

ith an increased risk of fractures is well established, however,
imilar studies in the AKI population are limited despite evi- 
ence that AKI causes disruptions to the normal mineral bone 
alance. Episodes of AKI results in as much as a 15-fold increase 
n FGF-23 [27 , 28 ], parathyroid hormone resistance [29 , 30 ] and 
ecreased synthesis of 1,25-dihydroxyvitamin D [28 , 31 ] in the 
mmediate post-AKI period [32 ]. Klotho, a cytoprotective protein 
ighly expressed in kidneys, also decreases significantly after 
n AKI episode [32 ]. Chronic klotho depletion has been associ- 
ted with low bone turnover and patchy defects in mineraliza- 
ion in mice studies [33 , 34 ]. While these studies tentatively sup-
ort the link between AKI and a reduction in bone health, we 
emain limited by the lack of a validated short-term biomarker 
f bone injury associated with acute or chronic bone health [32 ].
imilarly, beyond the available limited biomarker measures and 
xaminations, the association between AKI and long-term bone 
ealth is poorly studied in the literature. Most of the studies em- 
loyed animal models and with a limited appreciation on how 

ong the mineral hormonal disruptions ( such as elevated FGF-23) 
ersist in humans after an AKI episode. When such biomarkers 
ere examined in the literature following an AKI episode ( such 
s FGF-23 or 1,25-dihydroxyvitamin D) short-term outcomes fo- 
used on mortality or need for renal replacement therapy, rather 
han bone health [28 , 31 , 35 ]. 

No study has examined all AKI episodes on overall min- 
ral bone health including long-term outcomes. One study did 
xamine the association between AKI and the risk of fractures 
16 ], but limited the patient population to AKI patients who re- 
uired dialysis and recovered. This resulted in a small study pop- 
lation ( 448 patients) , and the results would not be generalizable 
o all patients with AKI, particularly those with a milder form 

f AKI who would represent the majority of AKI presentations.
nother relevant study is an examination we previously under- 
ook showing an increased risk of kidney stones following an 
KI episode [20 ]. This again, highlights the hypothesis that an 
KI episode results in bone mineral balance dysregulation, re- 
ulting in long-term clinical outcomes such as an increased risk 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
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f kidney stones. Our current study further adds to this field by
howing that long-term clinical outcomes to potential disrup- 
ions in the normal mineral balance extends to bone health and
 likely increased risk of fractures. 

A major strength of our study includes using a large cohort
f patients attending a local health district over a 10-year pe-
iod and being able to capture all hospitalizations and laboratory
esting for these patients. We were able to include all creatinine
easurements for any emergency, in-hospital admission or out- 
atient measurements since they were provided by a single lab-
ratory service for the local health district, regardless of the clin-
cal care setting. This allowed us to establish baseline creatinine,
etermine undiagnosed or undocumented AKI and confirm CKD 

tatus. In addition, the large number of patients allowed for suc-
essful propensity matching with similar characteristics apart 
rom AKI exposure. Our sensitivity analysis further strength- 
ned our findings by allowing for the inclusion of patients with
 confirmed AKI status. A subsidiary sensitivity analysis exclud- 
ng patients with AKI where a prior creatinine measurement was
ot available also yielded similar results demonstrating consis- 
ency across the cohort, further supporting our conclusions. 

Our study does have several limitations. The retrospective 
ature of our cohort prevents us from proving the direction
f causality or the effect of unmeasured confounders. AKI is
ot a single entity but rather a heterogenous diagnosis with
 wide range of aetiologies with complex underlying patho- 
hysiological processes. In addition, AKI is not a static entity
r variable, but it does have longitudinal post-AKI outcomes 
epending on levels of recovery such as complete resolution,
ecurrent AKI, and progression to acute kidney disease or to
KD. We were not able to account for these in our analysis.
nfortunately, we were not able to account for these in our
nalysis. Our AKI definition was also dependent on an ICD-10 
iagnosis or serum creatinine, and we did not have urine output
o assist in the diagnosis. However, such a limitation is inherent
o most administrative databases examining AKI. It also has to
e acknowledged that our data source is derived from a clinical
dministrative database and we were unable to account for 
mportant variables such as osteoporosis confirmation on DEXA 

 dual X-ray absorptiometry) scan, body mass index or vitamin 
 status, which may be relevant to fracture risk. With respect
o the outcome, our fracture diagnosis mostly relied on symp-
omatic hospitalization or admission for management, and 
hile we would anticipate that most fractures would present 
o hospital for management, we could not ascertain this for
ll cases. We did not have information on medications which
ay have influenced fracture outcomes, either as preventative 
easures ( e.g. bisphosphonates and oral vitamin D) or as a risk 

 e.g. steroids) . Our sensitivity analysis was also heavily weight 
owards the milder AKI stages ( Stage 1) . While this aligns with
xpectations and is consistent with those of a hospitalized 
opulation, it may not give an accurate reflection for the more
evere stages of AKI. This may have been a reason why a
ose–response relationship was not seen between the more 
evere forms of AKI and risk of bone fractures. We therefore
aution that our results need to be seen as hypothesis gener-
ting with further confirmation in other cohorts and datasets 
equired. 

In summary, we showed an increased risk of bone fractures
ollowing an AKI episode. Our study contributes novel informa- 
ion to the field, adding to the list of adverse sequelae after
n episode of AKI and tying AKI and CKD to BMD. We would
ecommend further research to confirm these findings in other 
ettings. 
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ATA AVAILABILITY STATEMENT 

he data underlying this article will be shared on reasonable
equest to the corresponding author. 

UNDING 

o funding was received for this research. 

ONFLICT OF INTEREST STATEMENT 

one declared. 

EFERENCES 

. KDIGO 2012 clinical practice guideline for the evaluation
and management of chronic kidney disease. Kidney Int Suppl
2013; 3 :1–150.

. Go AS, Chertow GM, Fan D et al. Chronic kidney disease and
the risks of death, cardiovascular events, and hospitaliza-
tion. N Engl J Med 2004; 351 :1296–305. https://doi.org/10.1056/
NEJMoa041031

. Tonelli M, Muntner P, Lloyd A et al. Risk of coro-
nary events in people with chronic kidney disease com-
pared with those with diabetes: a population-level co-
hort study. Lancet 2012; 380 :807–14. https://doi.org/10.1016/
S0140-6736(12)60572-8

. Chronic Kidney Disease Prognosis Consortium, Matsushita 
K, van der Velde M, Astor BC et al. Association of estimated
glomerular filtration rate and albuminuria with all-cause 
and cardiovascular mortality in general population cohorts: 
a collaborative meta-analysis. Lancet 2010; 375 :2073–81.

. Woo KT, Choong HL, Wong KS et al. The contribution of
chronic kidney disease to the global burden of major non-
communicable diseases. Kidney Int 2012; 81 :1044–5. https://
doi.org/10.1038/ki.2012.39

. Moe S, Drueke T, Cunningham J et al. Definition, evalu-
ation, and classification of renal osteodystrophy: a posi-
tion statement from Kidney Disease: Improving Global Out-
comes ( KDIGO) . Kidney Int 2006; 69 :1945–53. https://doi.org/
10.1038/sj.ki.5000414

. Goto NA, Weststrate ACG, Oosterlaan FM et al. The
association between chronic kidney disease, falls, and 
fractures: a systematic review and meta-analysis. Osteo- 
poros Int 2020; 31 :13–29. https://doi.org/10.1007/s00198-019-
05190-5

. Vilaca T, Salam S, Schini M et al. Risks of hip and nonverte-
bral fractures in patients with CKD G3a-G5D: a systematic
review and meta-analysis. Am J Kidney Dis 2020; 76 :521–32.
https://doi.org/10.1053/j.ajkd.2020.02.450

. Kidney Disease: Improving Global Outcomes ( KDIGO) Acute 
Kidney Injury Work Group. KDIGO clinical practice guideline
for acute kidney injury. Kidney Int Suppl 2012; 2 :1–138.

0. Susantitaphong P, Cruz DN, Cerda J et al. World incidence of
AKI: a meta-analysis. Clin J Am Soc Nephrol 2013; 8 :1482–93.
https://doi.org/10.2215/CJN.00710113

1. Hsu CY, McCulloch CE, Fan D et al. Community-based in-
cidence of acute renal failure. Kidney Int 2007; 72 :208–12.
https://doi.org/10.1038/sj.ki.5002297

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae282#supplementary-data
https://doi.org/10.1056/NEJMoa041031
https://doi.org/10.1016/S0140-6736(12)60572-8
https://doi.org/10.1038/ki.2012.39
https://doi.org/10.1038/sj.ki.5000414
https://doi.org/10.1007/s00198-019-05190-5
https://doi.org/10.1053/j.ajkd.2020.02.450
https://doi.org/10.2215/CJN.00710113
https://doi.org/10.1038/sj.ki.5002297


12 H.I. Cheikh Hassan et al.

1

1

 

1

1
 

 

1
 

1

1
 

1

2

2

2

 

2

 

2

2

2

2

2

2

3

3  

3

3

3  

3

R

©
C
a

2. Hsu RK, McCulloch CE, Dudley RA et al. Temporal changes 
in incidence of dialysis-requiring AKI. J Am Soc Nephrol 
2013; 24 :37–42. https://doi.org/10.1681/ASN.2012080800

3. Chawla LS, Amdur RL, Shaw AD et al. Association between 
AKI and long-term renal and cardiovascular outcomes in 
United States veterans. Clin J Am Soc Nephrol 2014; 9 :448–56.
https://doi.org/10.2215/CJN.02440213

4. Go AS, Hsu CY, Yang J et al. Acute kidney injury and risk of 
heart failure and atherosclerotic events. Clin J Am Soc Nephrol 
2018; 13 :833–41. https://doi.org/10.2215/CJN.12591117

5. Ikizler TA, Parikh CR, Himmelfarb J et al. A prospective co- 
hort study of acute kidney injury and kidney outcomes,
cardiovascular events, and death. Kidney Int 2021; 99 :456–65.
https://doi.org/10.1016/j.kint.2020.06.032

6. Wang WJ, Chao CT, Huang YC et al. The impact of acute kid- 
ney injury with temporary dialysis on the risk of fracture.
J Bone Miner Res 2014; 29 :676–84. https://doi.org/10.1002/jbmr.
2061

7. von Elm E, Altman DG, Egger M et al. The Strengthen- 
ing the Reporting of Observational Studies in Epidemiology 
( STROBE) statement: guidelines for reporting observational 
studies. Ann Intern Med 2007; 147 :573–7. https://doi.org/10.
7326/0003-4819-147-8-200710160-00010

8. Australia Bureau of Statistics: Australian Standard Geo- 
graphical Classification. ABS Catalogue No. 12160. Canberra,
Australia: Australian Bureau of Statistics, 2010.

9. Selby NM, Hill R, Fluck RJ; NHS England ‘Think Kidneys’ AKI 
Programme. Standardizing the early identification of acute 
kidney injury: the NHS England National Patient Safety 
Alert. Nephron 2015; 131 :113–7. https://doi.org/10.1159/
000439146

0. Cheikh Hassan HI, Murali K, Lambert K et al. Acute kid- 
ney injury increases risk of kidney stones-a retrospective 
propensity score matched cohort study. Nephrol Dial Trans- 
plant 2023; 38 :138–47.

1. Duff S, Murray PT. Defining early recovery of acute kidney 
injury. Clin J Am Soc Nephrol 2020; 15 :1358–60. https://doi.org/
10.2215/CJN.13381019

2. Naylor KL, Garg AX, Zou G et al. Comparison of fracture 
risk prediction among individuals with reduced and nor- 
mal kidney function. Clin J Am Soc Nephrol 2015; 10 :646–53.
https://doi.org/10.2215/CJN.06040614

3. Bucur RC, Panjwani DD, Turner L et al. Low bone mineral 
density and fractures in stages 3-5 CKD: an updated system- 
atic review and meta-analysis. Osteoporos Int 2015; 26 :449–58.
https://doi.org/10.1007/s00198-014-2813-3

eceived: 25.3.2024; Editorial decision: 2.9.2024 
The Author( s) 2024. Published by Oxford University Press on behalf of the ERA.
ommons Attribution-NonCommercial License ( https://creativecommons.org/l
nd reproduction in any medium, provided the original work is properly cited. F
4. Kidney Disease: Improving Global Outcomes ( KDIGO) CKD- 
MBD Work Group. KDIGO clinical practice guideline for the 
diagnosis, evaluation, prevention, and treatment of chronic 
kidney disease-mineral and bone disorder ( CKD-MBD) . Kid- 
ney Int Suppl 2009; 1 :S1–130.

5. Pimentel A, Urena-Torres P, Zillikens MC et al. Fractures in 
patients with CKD-diagnosis, treatment, and prevention: a 
review by members of the European Calcified Tissue Society 
and the European Renal Association of Nephrology Dialysis 
and Transplantation. Kidney Int 2017; 92 :1343–55. https://doi.
org/10.1016/j.kint.2017.07.021

6. Malluche HH, Porter DS, Monier-Faugere MC et al. Differ- 
ences in bone quality in low- and high-turnover renal os- 
teodystrophy. J Am Soc Nephrol 2012; 23 :525–32. https://doi.
org/10.1681/ASN.2010121253

7. Christov M, Waikar SS, Pereira RC et al. Plasma FGF23 lev- 
els increase rapidly after acute kidney injury. Kidney Int 
2013; 84 :776–85. https://doi.org/10.1038/ki.2013.150

8. Leaf DE, Siew ED, Eisenga MF et al. Fibroblast growth fac- 
tor 23 associates with death in critically ill patients. Clin J 
Am Soc Nephrol 2018; 13 :531–41. https://doi.org/10.2215/CJN.
10810917

9. Somerville PJ, Kaye M. Resistance to parathyroid hormone 
in renal failure: role of vitamin D metabolites. Kidney Int 
1978; 14 :245–54. https://doi.org/10.1038/ki.1978.116

0. Massry SG, Coburn JW, Lee DB et al. Skeletal resistance to 
parathyroid hormone in renal failure. Studies in 105 human 
subjects. Ann Intern Med 1973; 78 :357–64. https://doi.org/10.
7326/0003-4819-78-3-357

1. Lai L, Qian J, Yang Y et al. Is the serum vitamin D level at
the time of hospital-acquired acute kidney injury diagnosis 
associated with prognosis? PLoS One 2013; 8 :e64964. https://
doi.org/10.1371/journal.pone.0064964

2. Neyra JA, Moe OW. Bone dysregulation in acute kid- 
ney injury. Nephron 2023; 147 :747–53. https://doi.org/10.1159/
000534228

3. Kawaguchi H, Manabe N, Miyaura C et al. Independent im- 
pairment of osteoblast and osteoclast differentiation in 
klotho mouse exhibiting low-turnover osteopenia. J Clin In- 
vest 1999; 104 :229–37. https://doi.org/10.1172/JCI5705

4. Suzuki H, Amizuka N, Oda K et al. Involvement of the klotho
protein in dentin formation and mineralization. Anat Rec 
( Hoboken) 2008; 291 :183–90. https://doi.org/10.1002/ar.20630

5. Leaf DE, Wolf M, Waikar SS et al. FGF-23 levels in patients 
with AKI and risk of adverse outcomes. Clin J Am Soc Nephrol 
2012; 7 :1217–23. https://doi.org/10.2215/CJN.00550112
 This is an Open Access article distributed under the terms of the Creative 
icenses/by-nc/4.0/) , which permits non-commercial re-use, distribution, 
or commercial re-use, please contact journals.permissions@oup.com

https://doi.org/10.1681/ASN.2012080800
https://doi.org/10.2215/CJN.02440213
https://doi.org/10.2215/CJN.12591117
https://doi.org/10.1016/j.kint.2020.06.032
https://doi.org/10.1002/jbmr.2061
https://doi.org/10.7326/0003-4819-147-8-200710160-00010
https://doi.org/10.1159/000439146
https://doi.org/10.2215/CJN.13381019
https://doi.org/10.2215/CJN.06040614
https://doi.org/10.1007/s00198-014-2813-3
https://doi.org/10.1016/j.kint.2017.07.021
https://doi.org/10.1681/ASN.2010121253
https://doi.org/10.1038/ki.2013.150
https://doi.org/10.2215/CJN.10810917
https://doi.org/10.1038/ki.1978.116
https://doi.org/10.7326/0003-4819-78-3-357
https://doi.org/10.1371/journal.pone.0064964
https://doi.org/10.1159/000534228
https://doi.org/10.1172/JCI5705
https://doi.org/10.1002/ar.20630
https://doi.org/10.2215/CJN.00550112
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

	INTRODUCTION
	MATERIALS AND METHODS
	Study cohort
	Data sources and baseline variables
	Definitions
	Statistical analysis
	RESULTS
	Study population
	Acute kidney injury
	Risk of fracture in full dataset
	Risk of fracture in the propensity-matched dataset
	Sensitivity analysis
	Subsidiary sensitivity analysis
	Interaction tests
	DISCUSSION
	SUPPLEMENTARY DATA
	DATA AVAILABILITY STATEMENT
	FUNDING
	CONFLICT OF INTEREST STATEMENT
	REFERENCES

