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ABSTRACT

Background. Whether fracture rates, overall and by fracture site, vary by cause of kidney failure in patients receiving
dialysis is unknown.
Methods. Using the US Renal Data System, we compared fracture rates across seven causes of kidney failure in patients
who started dialysis between 1997 and 2014. We computed unadjusted and multivariable adjusted proportional
sub-distribution hazard models, with fracture events (overall, and by site) as the outcome and immunoglobulin A
nephropathy as the reference group. Kidney transplantation and death were competing events.
Results. Among 491496 individuals, with a median follow-up of 2.0 (25%, 75% range 0.9–3.9) years, 62 954 (12.8%)
experienced at least one fracture. Patients with diabetic nephropathy, vasculitis or autosomal polycystic kidney disease
(ADPKD) had the highest (50, 46 and 40 per 1000 person-years, respectively), and patient with lupus nephritis had the
lowest (20 per 1000 person-years) fracture rates. After multivariable adjustment, diabetic nephropathy [hazard ratio (HR)
1.43, 95% confidence interval 1.33–1.53], ADPKD (HR 1.37, 1.26–1.48), vasculitis (HR 1.22, 1.09–1.34), membranous
nephropathy (HR 1.16, 1.02–1.30) and focal segmental glomerulosclerosis (FSGS) (HR 1.13, 1.02–1.24) were associated with
a significantly higher, and lupus nephritis with a significantly lower (HR 0.85, 0.71–0.98) fracture hazard. The hazards for
upper extremity and lower leg fractures were significantly higher in diabetic nephropathy, ADPKD, FSGS and
membranous nephropathy, while the hazard for vertebral fracture was significantly higher in vasculitis. Our findings
were limited by the lack of data on medication use and whether fractures were traumatic or non-traumatic, among other
factors.
Conclusions. Fracture risk, overall and by fracture site, varies by cause of end-stage kidney disease. Future work to
determine underlying pathogenic mechanisms contributing to differential risks might inform more tailored treatment
strategies. Our study was limited by lack of data regarding numerous potential confounders or mediators including
medications and measures or bone biomarkers.
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LAY SUMMARY

Whether cause of kidney failure determines fracture risk in patients receiving dialysis had not been the focus of any
prior study. This study of patients who initiated dialysis in the USA between 1997 and 2014 determined that those
with diabetic nephropathy had the highest, and those with lupus nephritis the lowest, overall fracture rates. After
multivariable adjustment, comparing with immunoglobulin A nephropathy, the hazards for upper extremity and
lower leg fractures were higher in diabetic nephropathy, autosomal dominant polycystic kidney disease, focal
segmental glomerular sclerosis and membranous nephropathy; the hazard for vertebral fracture was higher in
vasculitis; and the hazard for hip fracture did not differ significantly by cause of kidney failure. These findings can
support clinical care, by informing more accurate counseling regarding fracture risk and identifying higher-risk
patient groups to target for preventative care. Future research is needed to uncover the pathogenic mechanisms
underlying disease-specific risks.

GRAPHICAL ABSTRACT

Keywords: dialysis, end-stage kidney disease, fracture

INTRODUCTION

Adults with kidney failure have multiple risk factors for bone
fragility, including abnormalmineral and vitaminDmetabolism,
secondary hyperparathyroidism, malnutrition, decreased mus-
cle strength, reduced physical activity [1] and use of psychoac-
tive medications that may increase fall risk [2]. As a result, pa-
tients with advanced chronic kidney disease (CKD) experience
significantly higher rates of fracture than patients with normal
or near normal kidney function [3–7]. The overall incidence of
fracture among patients receiving dialysis is estimated to be 17-
fold higher than in the general population [8], with fractures oc-
curring an average of 16 and 13 years earlier in men and women
on dialysis as compared with men and women in the general

population, respectively [9]. Further, fracture events are associ-
ated with a 2.5-fold higher mortality rate in individuals on dial-
ysis compared with the general population [8].

Beyond factors common to CKD more generally, features
unique to certain causes of kidney disease might differentially
affect bone turnover or mineralization, including: systemic in-
flammation [10–12] inmany types of kidney disease; exposure to
corticosteroids [13, 14] or calcineurin inhibitors [15] in glomeru-
lar diseases; urinary loss of vitamin D in diseases associated
with nephrotic-range proteinuria [16, 17]; and alterations in bone
mechano-sensing from dysfunctional polycystin in autosomal
dominant polycystic kidney disease (ADPKD) [18, 19]. Further,
these disease-specific factors might differentially act on cortical
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(dense outer bone layer) or trabecular (porous central) bone, pre-
disposing to increased fracture risk at cortical or trabecular rich
sites [13, 20]. Finally, pace of kidney disease progression prior to
starting dialysis, or age at the onset of kidney disease, can vary
by cause of kidney failure, resulting in differing severities and
durations of CKDmineral bone disorder (CKD-BMD) prior to dial-
ysis initiation [5, 6].

Whether fracture rates, overall and by fracture site, differ by
cause of kidney failure once patients start dialysis has not been
the focus of any prior study. Identifying any such differences
may inform understanding of underlying pathogenic mecha-
nisms and identify high-risk patient groups to target for per-
sonalized medical management or enrollment in clinical trials.
The objectives of this study were to: (i) determine rates of first
fracture after starting dialysis, according to cause of kidney fail-
ure; (ii) identify associations between cause of kidney failure and
fracture risk at specific sites (hip, lower femur, upper extremity,
lower leg or vertebral); and (iii) evaluate whether any observed
associations between cause of kidney failure and fracture risk
attenuate as time from dialysis initiation extends.

MATERIALS AND METHODS

Study design and population

This retrospective cohort study was conducted using the United
States Renal Data System (USRDS), an extensive database that
contains records for virtually all patients who initiate dialysis
or undergo kidney transplantation in the USA and incorporates
Medicare Institutional (Part A) and Physician/Supplier (Part
B) insurance claims for eligible patients [21]. We included
all adult patients (≥18 years) who initiated hemodialysis or
peritoneal dialysis in the USA between 1 January 1997 and 30
June 2014, with end-of study date 30 September 2015. The date
30 September 2015 was chosen for end of follow-up because
starting 1 October 2015, coding switched to a different system
[from International Classification of Diseases (ICD)-9 to ICD-10].
We were concerned that the change from ICD-9 to ICD-10 in
the USA could contribute to coding errors or misclassification.
We included patients with any of the following causes of
kidney failure: focal segmental glomerulosclerosis (FSGS), im-
munoglobulin A (IgA) nephropathy, membranous nephropathy,
lupus nephritis, vasculitis, diabetic nephropathy or ADPKD.
Membranoproliferative glomerulonephritis was not included
as a glomerular disease subgroup of interest due to the wide
heterogeneity in this group, which would make study findings
difficult to interpret. We excluded patients with recorded aged
>100 years, missing sex, missing first kidney failure treatment
modality, residence outside of the continental USA (i.e. Alaska,
Hawaii or the American Territories), and those who had a
pre-emptive kidney transplant prior to receiving maintenance
dialysis. Finally, because we required Medicare insurance (for
which most patients become eligible after receiving dialysis for
90 days) to capture fracture events using Medicare claims, we
excluded patients who died, discontinued dialysis, received a
kidney transplant, or did not have Medicare Parts A & B as their
primary insurance by the 90th day after dialysis initiation.

Exposure and covariates

Cause of kidney failure (primary exposure of interest), demo-
graphic characteristics, comorbidities, laboratory values and the
Quételet (body mass) index (BMI) were obtained from patient
and medevid files derived from Centers for Medicare & Medi-
caid Services (CMS) Medical Evidence Reports (Form CMS-2728)

submitted by nephrologists within 45 days of a patient starting
dialysis. Selection of a glomerular disease subtype on the Medi-
cal Evidence Report was reported to have a high positive predic-
tive value (>90%) but low sensitivity (≤30%) for detecting biopsy-
confirmed glomerular disease diagnoses in a previous validation
study [22]. The initial end-stage kidney disease (ESKD) treatment
modality was obtained from the rxhist60 file. We included resi-
dential ZIP code as a proxy for patient-level socioeconomic sta-
tus, using data from the US Census Bureau. We used Year 2000
Decennial Census data or American Community Survey (ACS) 5-
year data (2007–11) for patients starting dialysis prior to or after
2006, respectively [23, 24].

We selected a set of covariates for model adjustment
based on clinical significance. We considered temporal (year
of dialysis initiation), demographic, socioeconomic and clinical
factors, measured at baseline (day of dialysis initiation), that
might confound the association between primary cause of
kidney failure and fracture rates. Demographic factors included
age, sex, race (Black, White, Asian, other), Hispanic ethnicity
(yes/no), geographic region (Northeast, Midwest, South, West)
and the following neighborhood-level socioeconomic factors:
% unemployed among residents 16 years or older; % with less
than a high-school education among residents aged 25 years or
older; proportion living below the federal poverty line; median
household income; and median rent. Clinical factors at dialy-
sis initiation included: comorbidities (diabetes, heart failure,
coronary heart disease, cerebrovascular disease, hypertension,
chronic obstructive pulmonary disease, current or recent smok-
ing, cancer, peripheral vascular disease, needing assistance
with daily activities and inability to transfer), laboratory values
[serum albumin, estimated glomerular filtration rate (eGFR)
and hemoglobin], dialysis modality [hemodialysis or peritoneal
dialysis] and BMI. We calculated eGFR from reported serum
creatinine and demographics at dialysis initiation, using the
2012 CKD Epidemiology Collaboration equation [25].

Outcome variables

The primary endpoint was a composite of first hip, lower femur,
vertebral, upper extremity or lower leg fracture, with follow-up
time starting on Day 91 after dialysis initiation. Secondary
endpoints included individual components of the composite
outcome. We ascertained fracture events from Medicare Insti-
tutional (Part A) and Physician/Supplier (Part B) files and using
ICD-9, Clinical Modification (ICD-9-CM) codes (Supplementary
data, Table S1). Fractures were defined using different algo-
rithms as different fracture types are treated differently and
reflected differently in claims [26]. Fractures of the hip, femur,
lower leg and upper extremity were identified if a correspond-
ing diagnosis code appeared in an inpatient claim or both a
diagnosis code and a procedure code appeared in the same
line of a Part B physician claim. Hip and femur fractures were
identified from a Part B claim and required the service site to
be an inpatient hospitalization or emergency department visit.
Vertebral fractures were identified if the diagnosis code ap-
peared in an inpatient claim. We also required that no fracture
claim for the same site could occur within 180 days of a previous
claim.

We treated kidney transplantation and death as competing
events. Censoring, for patients who had not yet experienced a
fracture or a competing event, occurred at the first of: loss of
Medicare A & B as primary insurance; survival to 5 years and
90 days after dialysis initiation; or end-of study (31 December
2014).
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Statistical analyses

We summarized baseline characteristics, stratified by cause
of kidney failure, using means with standard deviations or
medians with 25%, 75% ranges for continuous variables and
counts with proportions for categorical variables. We calculated
unadjusted fracture event rates as the number of events per
1000 person-years. We computed age/sex and age/sex/race
standardized rates, adjusted to the 2015 US population, using
US Census Bureau 2015 American Community Survey 5-Year
Estimates [27]. For lupus nephritis, no fractures were observed
in non-White men aged 65–75 years, so we calculated age- and
race-standardized fracture rates were for women instead of
calculating age/sex/race standardized rates in the full group.We
also calculated and plotted the cumulative incidence of fracture,
death and kidney transplantation (i.e. primary outcome and
competing events) following dialysis initiation by cause of ESKD.

To evaluate whether any between-group differences in
fracture rate shortly after starting dialysis might dissipate the
longer a patient remains on dialysis, we calculated first fracture
incidence rates for each year after dialysis initiation among
patients still at risk for experiencing a first fracture at the begin-
ning of the year, i.e. persons who are still alive, without having
experienced a censoring or competing event in the year(s) prior.

To account for the competing risks of kidney transplantation
and death, we used proportional sub-distribution hazard mod-
els (Fine and Gray) to compute sub-distribution hazard ratios
and 95% confidence intervals (CIs) [28]. The sub-distribution
hazard is defined as the probability of the outcome event oc-
curring at time t, given that the patient had not yet experienced
an outcome event, but may have experienced a competing
event (transplantation or death), up to time t. Thus, the sub-
distribution hazard ratio (HR) can be used to directly answer the
question of whether patients with comparator causes of ESKD
are more likely to experience a fracture event when compared
with those with the reference cause of ESKD [29]. IgA nephropa-
thy was selected as the reference group, as we expected patients
with IgA nephropathy to have a comparatively low fracture rate,
as a result of infrequent/remote corticosteroid exposure and a
lower comorbidity burden.

As a companion analysis, we censored patients at time of
death or kidney transplantation and used Cox proportional
hazards regression to obtain cause-specific HRs (unadjusted
and fully adjusted models only). For both sub-distribution
hazard and cause-specific hazard models, we stratified by year
of dialysis initiation.

For all analyses, we added covariates to regression models
sequentially. Model 1 (unadjusted model) included cause of
ESKD, stratified by year. Model 2 added demographic and so-
cioeconomic characteristics. Model 3 added comorbidities and,
dialysis modality. Model 4 added laboratory values and Model
5 (fully adjusted model) added BMI. Model 6 included Model 1
adjusted for age and sex only.

We used log(-log) plots of 1 – cumulative incidence function
and plots of Loess smoothed scaled Schoenfeld residuals to
examine the proportional hazards assumption [29, 30].

Missing data

The frequency of missing covariate data ranged from <1% (e.g.
Hispanic ethnicity) to 24% (serum albumin) and 32% of patients
had at least one variable with missing data. Missing data were
similarly distributed across all categories of the exposure vari-
able. We assumed these data to be missing at random and used

multiple imputation through the joint modeling approach to
generate 33 imputed data sets [31]. Besides the event indicator
and the Nelson–Aalen estimate of the cumulative hazard,
the imputation model also included all variables in the fully
adjusted model.

Statistical analyses were performed using a combination of
SAS version 9.4 (SAS Institute, Inc., Cary, NC), R version 3.1.2, and
Stata version 13.1 (StataCorp., 2013, Stata Statistical Software:
Release 13, College Station, TX, USA).

A Stanford University School of Medicine Institutional Re-
view Board (IRB) approved the study as minimal risk, as all data
were de-identified (IRB protocol number 17 904).

RESULTS

Patient characteristics

Creation of the study cohort (n = 491 496) is summarized in
Fig. 1. Patients with lupus nephritis were the youngest (mean
age 42 ± 16 years) and had the highest proportion of women
(81.2%) and persons identified as being of Black race (53.5%). In
contrast, patients with vasculitis were the oldest (66 ± 16 years)
and had the highest proportion of persons identified as being
of White race (89.2%). Use of peritoneal dialysis as a first ESKD
treatment modality was highest in IgA nephropathy (19.6%)
and lowest in diabetic nephropathy (7.2%) and vasculitis (7.5%).
Patients with IgA nephropathy, lupus nephritis and ADPKD had
comparatively low comorbidity frequencies, whereas patients
with diabetic nephropathy had the highest comorbidity burden,
the highest mean BMI (29.8 ± 7.9 kg/m2) and were most likely
to be non-ambulatory (6.8%) (Table 1).

Unadjusted fracture rates, by cause of kidney failure

Overall, 62 954 (12.8%) patients experienced at least one fracture
over a median follow-up of 2.0 (25%, 75% range 0.9–3.9) years,
while 15 528 (3%) had two fractures and 3884 (0.8%) had three or
more fractures (Table 2). Patients with lupus nephritis had the
lowest fracture rate, both overall (20 per 1000 persons per year)
and at individual fracture sites (Table 2). At the other end of
the spectrum, patients with diabetic nephropathy or vasculitis
had the highest fracture rates (50 and 46 per 1000 persons per
year, respectively). Examining individual fracture sites, patients
with diabetic nephropathy had the highest rates of lower femur
and upper extremity or lower leg fractures (43 and 24 per 1000
persons per year, respectively) while those with vasculitis had
the highest rates of hip and vertebral fractures (28 and 10 per
1000 persons per year, respectively).

Supplementary data, Fig. S1 displays the cumulative in-
cidences of fracture and the competing events of death and
kidney transplantation following dialysis initiation, by cause of
kidney failure.

Age-, sex- and race-standardized fracture rates, by
cause of kidney failure

After adjusting for age and sex, the composite fracture rate
was lowest in membranous nephropathy (21 events per 1000
persons per year), remained highest in diabetic nephropathy (41
events per 1000 persons per year) and was now second highest
in ADPKD (31 events per 1000 persons per year). With further
adjustment for race (age/sex/race-adjusted rates not calculable
for lupus nephritis), the composite fracture rate was lowest in
vasculitis or FSGS (25 events per 1000 persons per year), highest
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All patients who initiated ESKD treatment in the
US between 1 Jan 1997 and 30 June 2014

(n = 1 861 391)

Excluded:
• Age < 18 (n = 17 322) 
• Missing sex (n = 288) 
• Age > 100 (n = 88)

Excluded:
• Missing cause of ESKD (n = 26 976)
• Uncertain cause of ESKD (n = 66 306)
• MPGN (n = 5552)
• Cause of ESKD other than DN, ADPKD, or glomerular disease
  (n= 817 613)

Excluded:
• Non-study primary glomerular disease subtype, including 
  histologically not examined (n = 62 753)
• Non-study secondary glomerular disease subtype (n = 6346)

Excluded: 
• Residence in American territories, Hawaii, or Alaska (n = 28 485)
• Preemptive kidney transplant (n = 21 679)
• Missing ESKD treatment modality (n = 57 444) 

Excluded:
• Death (n = 19 343)
• Kidney transplantation (n = 1771)
• Renal recovery (n = 69)
• Loss to follow-up (n = 28) in first 90 days
• Lacking Medicare A & B as primary insurance payer at day 91
  (n = 330 661) 

Final cohort
(N = 491 496)

All patients with age > 18 and age < 100
and no missing sex

(n = 1 843 699)

Well defined cause of ESKD
(n = 951 435)

Residence in America, no preemptive Tx
or missing ESKD modality

(n = 843 361)

Figure 1: Cohort selection.

in diabetic nephropathy (47 events per 1000 persons per year),
and second highest in ADPKD or membranous nephropathy (31
events per 1000 persons per year).

Multivariable-adjusted fracture rates, by cause of
kidney failure

Comparing fracture hazards in IgA nephropathy (reference
group) with the six comparator causes of kidney failure, ad-
justed hazards (Model 5) for the composite fracture outcome
were significantly higher in patients with diabetic nephropathy
(HR 1.43, 95% CI 1.33–1.53), ADPKD (HR 1.37, 1.26–1.48), vas-
culitis (HR 1.22, 1.09–1.34), membranous nephropathy (HR 1.16,
1.02–1.30) or FSGS (HR 1.13, 1.02–1.24) and were significantly
lower in lupus nephritis (HR 0.85, 95% CI 0.71–0.98) (Tables 3,
Fig. 2). Because standardized fracture rates for lupus nephritis

could only be adjusted for age and sex, Model 6 was added and
showed similar findings to other models.

Site-specific fracture rates, by cause of kidney failure

We observed no significant differences in hip fracture rates
according to cause of kidney failure. In fully adjusted models
(Table 3), patients with diabetic nephropathy were the only
group with a significantly higher hazard for lower femur frac-
tures (HR 1.83, 95% CI 1.43–2.23), while those with vasculitis
were the only group with a significantly higher hazard for ver-
tebral fractures (HR 1.33, 95% CI 1.04–1.62). Multiple comparator
groups had higher hazards for upper extremity or lower leg
fractures, including: diabetic nephropathy (HR 1.90, 95% CI
1.74–2.05), ADPKD (1.87, 1.71–2.03), membranous nephropathy
(1.32, 1.11–1.54) and FSGS (1.27, 1.10–1.44). At the other end of
the spectrum, patients with lupus nephritis had numerically
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Table 2: Fracture event starting 90 days after dialysis initiation, among US patients with ESKD attributed to glomerular disease, diabetic
nephropathy or ADPKD.

Number of
events Years at risk

Event rate (per
1000 person

years)

Age and sex
standardized
event rate (per

1000 persons per
year)

Age, sex and race
standardized
event rate (per

1000 persons per
year)

Composite (any) fracture
IgA nephropathy 390 14 794 26 26 27
FSGS 1500 55 567 27 23 25
Membranous nephropathy 397 12 460 32 21 31
Lupus nephritis 520 26 123 20 25 N/Aa

Vasculitis 637 13 786 46 27 25
Diabetic nephropathy 57 607 1162 982 50 41 47
ADPKD 1903 48 131 40 31 31

Hip fracture
IgA nephropathy 205 15 226 13 10 11
FSGS 763 57 260 13 13 13
Membranous nephropathy 240 12 821 19 11 13
Lupus nephritis 213 26 848 8 11 N/Aa

Vasculitis 394 14 274 28 13 13
Diabetic nephropathy 26 623 1226 930 22 14 17
ADPKD 965 50 522 19 13 13

Lower femur fracture
IgA nephropathy 25 15 554 16 2 2
FSGS 90 58 300 15 1 1
Membranous nephropathy 27 13 162 20 1 1
Lupus nephritis 35 27 195 13 1 N/Aa

Vasculitis 28 14 949 19 1 1
Diabetic nephropathy 5366 1258 173 43 4 5
ADPKD 83 52080 16 1 1

Upper extremity or lower leg fracture
IgA nephropathy 175 15 154 12 12 12
FSGS 702 56 778 12 12 13
Membranous nephropathy 165 12 828 13 10 18
Lupus nephritis 267 26 636 10 11 N/Aa

Vasculitis 212 14 534 15 11 20
Diabetic nephropathy 28 785 1206 674 24 23 26
ADPKD 1029 49 697 21 18 18

Vertebral fracture
IgA nephropathy 70 15 478 5 4 4
FSGS 217 58 164 4 3 3
Membranous nephropathy 61 13 107 5 3 4
Lupus nephritis 84 27 137 3 5 N/Aa

Vasculitis 143 14 789 10 5 4
Diabetic nephropathy 7379 1256 187 6 4 5
ADPKD 302 51 718 6 4 4

aAge/sex/race standardized rates not calculable for lupus nephritis. Among women with lupus nephritis, the age and race-standardized rates were 13, 13, 1, 14 and 4
per 1000 persons per year for composite, hip, lower femur, extremity (upper extremity or lower leg) and vertebral fractures, respectively.
Highest and lowest event rate per fracture outcome in bold.

lower adjusted hazards for fracture at all individual sites but the
difference was only statistically significant for upper extremity
or lower leg fractures (HR 0.80, 95% CI 0.61–0.99).

Annual fracture rates after dialysis initiation, by cause
of kidney failure

Sex- and age-adjusted fracture rates according to time since
dialysis initiation are depicted in Fig. 3. In general, fracture
rates appear to increase with longer dialysis vintage. Diabetic
nephropathy was associated with the highest fracture rate at
all time points, including in the first year following dialysis
initiation; in contrast, fracture rates in ADPKD were compar-
atively low in the first year following dialysis initiation and

increased rapidly over time such that rates are almost as high
as in diabetic nephropathy by the fourth year following dialysis
initiation. Finally, rates in vasculitis and lupus nephritis were
comparatively high in the first year following dialysis initia-
tion, lagging only behind diabetic nephropathy, and remained
relatively stable over time.

Sensitivity analyses

In general, cause-specific HRs were similar to sub-distribution
HRs, indicating that the competing risks of death and trans-
plantation did not materially influence the association between
cause of kidney failure and fracture (Supplementary data,
Table S2).
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Hazard ratio (95% CI, log-scale)
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Figure 2: Adjusted HRs for fracture risk starting 90 days after dialysis initiation in US patients with ESKD attributed to one of five glomerular diseases, diabetic

nephropathy or ADPKD compared with IgA nephropathy.

0

5

10

15

20

25

30

35

40

45

50

55

FSGS Lupus
nephritis

IgA
nephropathy

Membranous
nephropathy

Vasculitis Diabetic
nephropathy

ADPKD

In
ci

de
nc

e 
ra

te

Year following dialysis initiation 
1st 2nd 3rd 4th 5th

Figure 3: Age- and sex- adjusted incidence rates (per 1000 person years) of first fracture for each year after dialysis initiation (starting 90 days after dialysis initiation)
by cause of kidney failure.

DISCUSSION

In this cohort study of 491 496 patients who initiated dialysis
in the USA between 1997 and 2014, rates of first fracture after
starting dialysis varied significantly by cause of kidney failure,
even after adjusting for between-group differences in sociode-
mographic and clinical characteristics. Patients with diabetic
nephropathy or ADPKD had 43% and 37% higher fracture
hazards, respectively, when compared with patients with IgA
nephropathy, while risk was lowest in lupus nephritis.

Focusing on individual fracture sites, vasculitis was associ-
ated with a significantly higher hazard for vertebral fractures
and diabetic nephropathy was associated with a significantly
higher hazard for lower femoral fractures; we found no sig-
nificant associations between cause of kidney failure and hip
fracture risk. Extremity (upper extremity or lower leg) fracture
hazards showed the largest variability by cause of kidney failure
and were significantly higher in diabetic nephropathy, membra-
nous nephropathy, FSGS and ADPKD, and significantly lower in
lupus nephritis, when compared with IgA nephropathy.
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Patients on dialysis are a heterogeneous population, differ-
ing not only by cause of kidney failure, but also by duration of
kidney disease prior to kidney failure, prior and current drug ex-
posures, comorbidities and functional status. We hypothesized
that differences in these factors would contribute to differential
fracture rates according to cause of kidney failure. We were not
surprised to identify diabetic nephropathy as being strongly
associated with higher fracture risk, even after multivariable
adjustment for available sociodemographic and clinical factors.
Diabetes is a well-recognized risk factor for fracture, even in the
absence of overt kidney disease, with proposed mechanisms
including direct effects of hyperglycemia on bone health, visual
impairment, autonomic neuropathy, and impaired ambulation
due to peripheral vascular disease or peripheral neuropathy
[19]. The higher fracture rates observed in ADPKD were more
surprising. However, pre-clinical studies have suggested that
bone defects can result from loss of polycystin 1 and polycystin
2, and a recent report identified impaired bone formation even
early in the disease process in patients with ADPKD [32].

We also hypothesized that cause of kidney failure might
differentially influence fracture risk at specific sites. Given that
corticosteroids are known to preferentially affect trabecular
bone [33], we hypothesized that diseases commonly treated
with corticosteroids might be associated with higher fracture
rates at trabecular-rich sites, i.e. vertebral and hip fractures.
Our finding of a higher hazard for vertebral fractures uniquely
among patients with vasculitis might support this hypothesis,
as patients with rapidly progressive glomerulonephritis or
systemic vasculitis might be most likely to have had recent or
current exposure to corticosteroids at the time of dialysis initia-
tion. Our finding that patients with vasculitis or lupus nephritis
had comparatively high fracture rates, that lagged only behind
rates in diabetic nephropathy, in the first year after dialysis
initiation might also support a role for recent corticosteroid
exposure contributing to fracture risk in these disease groups.
Conversely, secondary hyperparathyroidism results in dispro-
portionate loss of cortical bone [34, 35]. We determined that
patients with diabetic nephropathy or ADPKD experienced the
highest overall rates of fracture, particularly at cortical-rich sites
(upper extremity and lower leg), which we hypothesize might be
explained by long-standing exposure to hyperparathyroidism in
the setting of kidney disease that is typically slowly progressive.

Our finding that patients with lupus nephritis had the lowest
overall and site-specific fracture rates, even after multivariable
adjustment,were somewhat unexpected, especially considering
that patients with lupus nephritis are known to have higher
fracture rates when compared with the general population [36].
While we cannot explain this finding, we wonder whether it
might reflect different prescription patterns of bone-protective
medications and overall bone care in younger patients exposed
to glucocorticoids. Alternatively, incomplete adjustment for
unmeasured confounding factors including physical activity
may be more relevant in this younger patient group.

This study has several limitations. First, data regarding
numerous potential confounders or mediators of our observed
association between cause of kidney failure and fracture risk
are not routinely available in USRDS data, including: levels of
phosphate, parathyroid hormone, and other parameters of bone
and mineral metabolism; current or prior exposure to medica-
tions including corticosteroids or bone-protective agents; and
measures of disease activity (e.g. hemoglobin A1C, markers of
active lupus or vasculitis, markers of active nephrosis). Second,
we lacked data on duration of kidney disease prior to dialysis
initiation. Third, we lacked measurements of muscle function,

balance or other determinants of falls, which in turn lead to
fractures (although we were able to adjust for assistance with
daily activities and ability to transfer). Accordingly, a causal re-
lation between cause of kidney failure and fracture risk cannot
be assumed, nor can the relative contribution from disease- and
treatment-related factors to observed findings be explained.
Fourth, data on high energy (traumatic) versus low energy
(non-traumatic) fractures were not available in our cohort. Fifth,
few validation studies have assessed fracture diagnoses using
administrative claims data. Vertebral fractures in particular
are often under diagnosed, especially at the time of incident
fracture.

Nevertheless, this study also has important strengths.
It is the first study, to our knowledge, to compare fracture
rates across cause of kidney failure groups, and in doing so
challenges the current research and public health reporting
paradigm to group all causes of kidney failure—or at least all
glomerular causes of kidney failure—together when reporting
fracture risks in kidney failure populations. This study also
has important clinical and research implications, and supports
individualized approaches to fracture prevention strategies
that consider cause of kidney failure as an important fracture
risk determinant. Finally, as a population-based study, find-
ings are broadly applicable to all patients receiving dialysis in
the USA.

In summary, cause of kidney failure should be considered
when evaluating fracture risk in patients receiving dialysis.
Findings from this study can inform the counseling of pa-
tients regarding their absolute risk of fracture after starting
dialysis. Future research could explore potential mechanisms
contributing to differential risks.
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