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Abstract

Fracture risk is high in chronic kidney disease (CKD) and underlying pathophysiology and risk factors may differ from the general population.
In a cohort study of 3939 participants in the chronic renal insufficiency cohort (CRIC), we used Cox regression to test associations of putative
risk factors with the composite of first hip or vertebral fracture assessed using hospital discharge codes. Mean age was 58 years, 45% were
female, 42% were Black, and 13% were Hispanic. There were 82 hip and 24 vertebral fractures over a mean (SD) 11.1 (4.8) years (2.4 events
per 1000 person-years [95% CI: 2.0, 2.9]). Measured at baseline, diabetes, lower body mass index (BMI), steroid use, proteinuria, and elevated
parathyroid hormone (PTH) were each associated with fracture risk after adjusting for covariates. Lower time-updated estimated glomerular
filtration rate (eGFR) was associated with fractures (HR 1.20 per 10 mL/min/1.73m2 lower eGFR; 95% CI: 1.04, 1.38) as were lower time-updated
serum calcium and bicarbonate concentrations. Among time-updated categories of kidney function, hazard ratios (95% CI) for incident fracture
were 4.53 (1.77, 11.60) for kidney failure treated with dialysis and 2.48 (0.86, 7.14) for post-kidney transplantation, compared with eGFR ≥60.
Proton pump inhibitor use, dietary calcium intake, measures of vitamin D status, serum phosphate, urine calcium and phosphate, and plasma
fibroblast growth factor-23 were not associated with fracture risk. In conclusion, lower eGFR in CKD is associated with higher fracture risk,
which was highest in kidney failure. Diabetes, lower BMI, steroid use, proteinuria, higher serum concentrations of PTH, and lower calcium and
bicarbonate concentrations were associated with fractures and may be modifiable risk factors.

Keywords: fracture prevention, fracture risk assessment, biochemical markers of bone turnover, osteoporosis, PTH/Vit D/FGF23

Lay Summary

People with chronic kidney disease are at high risk of fractures. Our research assessed the relationship between several patient characteristics
and the risk of fractures in 3939 patients with chronic kidney disease. We found that the following characteristics were associated with a
higher risk of a hip or spine fracture: having diabetes, lower body mass index, use of steroid-containing medications, lower kidney filtration rate
(“eGFR”), higher amounts of protein spilled in the urine, lower calcium and bicarbonate levels, and higher parathyroid hormone levels. Future
studies should assess if improving these characteristics decreases the risk of fractures in patients with chronic kidney disease.

Introduction

Patients with chronic kidney disease (CKD) have a greater
risk of fracture than the general population, contributing to
substantial morbidity, mortality, and economic cost.1 Recent
gains in life expectancy of patients with CKD have been
accompanied by an increase in fractures, which are likely
due to a combination of traditional and kidney-related risk
factors.2 However, most published studies in this field have
assessed few exposures beyond the estimated glomerular fil-
tration rate (eGFR)3–6 or have been restricted to the dialysis

population.7–10 A thorough examination of potential risk fac-
tors for fracture in non-dialysis dependent CKD is important
for assessing the risk of this outcome and suggesting strategies
for prevention.

Low concentrations of 25-hydroxyvitamin D (25[OH]D)
and 1,25-dihydroxyvitamin D (1,25[OH]2D), elevated
parathyroid hormone (PTH) and fibroblast growth factor-23
(FGF-23), and abnormal calcium and phosphate metabolism
are highly prevalent features of CKD-mineral and bone
disorder (CKD-MBD), hypothesized to increase skeletal
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fragility and fracture risk.2 Optimal treatment targets for
these biomarkers remain unclear, and few studies have
assessed their association with fractures in non-dialysis
dependent CKD. The importance of traditional risk factors
for fracture, such as age, sex, race and ethnicity, diabetes
status, exercise, and body mass index (BMI), in persons with
CKD is also relatively unexplored.

We used a large national cohort study of CKD with
>11 years of median follow-up to evaluate putative risk
factors for hip and vertebral fractures, including a com-
prehensive panel of biomarkers of mineral metabolism.
eGFR, proteinuria, and serum calcium and bicarbonate
concentrations were also analyzed as time-updated exposures
to elucidate potential short-term effects of these measures on
fracture risk.

Methods

Study population

The chronic renal insufficiency cohort (CRIC) is an ongoing
prospective cohort study of persons with CKD.11 Between
2003 and 2008, CRIC recruited 3939 adults with known
CKD from nephrology clinics who had eGFR ranging from 20
to 70 mL/min/1.73m2 using the Modification of Diet in Renal
Disease study equation from seven clinical centers located
across the United States: Ann Arbor and Detroit, MI; Balti-
more, MD; Chicago, IL; Cleveland, OH; New Orleans, LA;
Philadelphia, PA; and Oakland, CA. Participants underwent
extensive clinical evaluation at baseline and at annual clinic
visits (where data including blood and urine specimens were
collected) and via telephone at 6-month intervals. Exclusion
criteria included dialysis for at least 1 month, prior kidney
transplant, and NYHA Class III and IV heart failure. Institu-
tional review boards at all participating centers approved the
study, and all participants gave written informed consent. This
analysis used data from the National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK) Central Repositories,
which is publicly available and can be accessed through
request at https://repository.niddk.nih.gov/studies/cric.

Exposures and covariates

At baseline, sociodemographic characteristics, smoking status,
comorbidities, medication use, and vitamin D and calcium
intake from food and supplements were ascertained using
standardized questionnaires, and blood and 24-h urine
specimens were collected. Participants identified themselves as
belonging to one of four racial or ethnic groups: non-Hispanic
Black, Hispanic, non-Hispanic White, or other. Diabetes was
defined as a fasting blood glucose >126 mg/dL, non-fasting
blood glucose >200 mg/dL, or use of insulin or any other
antidiabetic medication. Anthropometric measurements and
blood pressure were assessed using standardized protocols.
Physical activity was ascertained using the Multi-Ethnic Study
of Atherosclerosis (MESA) Typical Week Physical Activity
Survey.12 Serum creatinine was measured using an enzymatic
method on a Vitros 950 Chemistry Analyzer (Ortho-Clinical
Diagnostics, Raritan, NJ) at the CRIC Central Laboratory and
standardized to isotope dilution mass spectrometry-traceable
values.13 eGFR was calculated from serum creatinine
using the 2021 CKD Epidemiology Collaboration (CKD-
EPI) equation. Plasma PTH was measured using a total

PTH assay, which detects the 1-84 PTH molecule and 7-
84 fragments (normal range 10–57 pg/mL; Scantibodies,
Santee, CA), and plasma FGF-23 was measured using a
second-generation carboxy-terminal assay (Immutopics, San
Clemente, CA).14 Serum calcium and phosphate, and 24-h
urine protein, calcium, and phosphate were also measured
in the CRIC Study’s central laboratory. Serum creatinine,
calcium, and bicarbonate, and 24-h urine protein were
repeated at every annual CRIC Study visit and used in time-
updated analyses (see Statistical Analysis below). Vitamin
D metabolites were measured from serum collected at the
1-year CRIC Study visit in a subset of the CRIC Study
population originally as part of another case-cohort study
(Supplementary Figure S1)15 using immunoaffinity extraction
and liquid chromatography–tandem mass spectrometry (LC–
MS/MS).16 Total 25(OH)D and 1,25(OH)2D were calculated
by the sum of their respective D2 and D3 concentrations.
The vitamin D metabolite ratio (VDMR) is a relatively
newer measure of vitamin D status that estimates tissue-level
vitamin D activity by dividing the concentration of the major
downstream metabolite (24,25-dihydroxyvitamin D3) by the
concentration of available substrate (25[OH]D3) and then
multiplying by 1000.15

Outcomes

The primary outcome was a composite of first hip or vertebral
fracture. Fracture diagnoses were abstracted from inpatient
International Classification of Diseases, Ninth Revision (ICD-
9) and Tenth Revision (ICD-10) codes from all hospital-
izations reported by participants at semiannual participant
interviews conducted from the start of CRIC in 2003. Codes
used for hip fracture were ICD-9: 820.x; ICD-10: S72.0x,
S72.1x, and S72.2x; codes used for vertebral fracture were
ICD-9: 805.x and 806.x; ICD-10: M48.4, M48.5, S22.0x
and S32.0x.17–19 We used hip fracture codes in any position
on a hospital claim and vertebral fracture codes only in
the first position on the hospital claim (i.e., listed as the
primary discharge diagnosis) based on a validated algorithm
shown to have a positive predictive value for incident fracture
that exceeds 95%.18 Follow-up was through December 2021
for all outcomes, although the beginning of follow-up time
differed by exposure. For non-vitamin D exposures, follow-up
time was measured from the baseline examination; for vitamin
D measures (25[OH]D, 1,25[OH]2D, and VDMR) that were
measured in a subset at the 1-year study visit, follow-up time
began at the 1-year study visit.

Statistical analysis

We constructed nested Cox regression models to assess asso-
ciations between each putative risk factor and the composite
end-point of first hip or vertebral fracture. An initial ana-
lytic model adjusted for age, sex, race and ethnicity, and
a second model additionally adjusted for diabetes, smoking
status, self-reported physical activity, systolic blood pressure,
BMI, dietary calcium, and vitamin D intake from food and
supplements, anti-hypertensive use, statin use, bisphospho-
nate use, estrogen-containing medications, steroid use, eGFR,
and log-transformed 24-h urine protein. Missing covariates
were multiply imputed using chained equations via the mice
package (M = 20).20 The multiple analyses over the imputa-
tions were then combined using Rubin’s rules to account for
the variability in the imputation procedure.21 Analyses of
vitamin D measures (25[OH]D, 1,25[OH]2D, and VDMR;
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N = 1784) used the same Cox regression models, but were
weight-adjusted using Borgan II weights as was done previ-
ously to account for the non-random participant sampling
(Supplementary Figure S1).22,23 eGFR, proteinuria, serum
calcium, and serum bicarbonate were also analyzed as time-
updated exposures using the same Cox regression models,
where the reported hazard ratios are weighted averages of
individual hazard ratios calculated using annually repeated
measurements.24 Time-updated covariate values were used
when available. Participants with changing eGFR, proteinuria,
serum calcium, or serum bicarbonate may contribute follow-
up time to multiple eGFR, proteinuria, serum calcium, or
serum bicarbonate categories up to the time of first fracture or
censoring. Missing values were replaced using last observation
carried forward; censoring for progression to maintenance
dialysis or kidney transplantation, out of 30 096 possible
study visit measurements, serum creatinine was carried for-
ward 106 times, proteinuria 14 772 times, serum calcium
1262 times, and serum bicarbonate 1258 times. Finally, we
examined the functional forms of associations of exposures
with fracture risk using generalized additive models.25 A two-
sided P-value <0.05 was considered statistically significant.
All analyses were conducted with R version 4.2.3 (R Founda-
tion for Statistical Computing).

RESULTS

Participant characteristics

The CRIC Study cohort was 42% non-Hispanic Black, 13%
Hispanic, and 42% non-Hispanic White (Table 1). At base-
line, mean (standard deviation [SD]) age was 58,11 45% were
female, 3% reported bisphosphonate use, and 10% reported
steroid use. Mean (SD) eGFR was 4415 mL/min/1.73 m2,
median (interquartile range [IQR]) 24-h urine protein was
0.2 (0.1–0.9) g/day, and median (IQR) PTH was 54 (35–90)
pg/mL. Participant characteristics were similar in the subset
in whom vitamin D metabolites were measured at the 1-year
study visit. The mean (SD) total 25(OH)D, total 1,25(OH)2D,
and VDMR in this group was 19 (10.5) ng/mL, 30 (15.5)
pg/mL, and 38 (19.7) pg/ng, respectively.

Fracture events

In the full cohort, we observed 82 hip and 24 vertebral
fractures over a mean (SD) follow-up of 11.1 (4.8) years for
an incidence rate of 2.4 events per 1000 person-years (95%
CI: 2.0, 2.9). In the subset of participants with vitamin D
measurements, we observed 36 hip and 10 vertebral fractures
over a mean (SD) follow-up of 9.4 (4.8) years for an incidence
rate of 2.6 events per 1000 person-years (95% CI: 1.7, 3.7).

Fracture risk factor assessment

In the full cohort, older age, diabetes, lower BMI, steroid use,
and baseline proteinuria >1.5 g relative to <0.1 g were signif-
icantly associated with higher fracture risk after adjusting for
demographic and clinical covariates, while sex, physical activ-
ity, dietary calcium intake, proton pump inhibitor use, baseline
serum bicarbonate, and baseline eGFR were not (Table 2).
Non-Hispanic Black race was associated with lower fracture
risk compared with Non-Hispanic White race. When analyzed
as a time-updated exposure, lower serum bicarbonate was
associated with higher fracture risk after adjusting for time-
updated covariates including eGFR (HR 1.07 per 1 mg/dL

Figure 1. Associations of eGFR and PTH as continuous variables with risk
of hip and vertebral fractures. The generalized additive models estimate
the hazard ratio of hip and vertebral fractures according to (A) time-updated
eGFR and (B) baseline PTH. The models are adjusted for age, sex, race
and ethnicity, diabetes, smoking status, self-reported physical activity,
systolic blood pressure, body mass index, dietary calcium intake from
food and supplements, dietary vitamin D intake from food and supple-
ments, anti-hypertensive use, statin use, bisphosphonate use, estrogen-
containing medications, steroid use, log-transformed proteinuria. The PTH
model additionally adjusts for eGFR. Covariates in the time-updated eGFR
model are also time-updated. The shaded areas represent the 95% CI.
The histogram shows the distribution of PTH concentration at baseline.
eGFR, estimated glomerular filtration rate; PTH, parathyroid hormone; CI,
confidence interval.

lower serum bicarbonate; 95% CI: 1.01, 1.14; Table 3). Time-
updated analyses also revealed that lower continuous eGFR
was associated with higher fracture risk (hazard ratio [HR]
1.20 per 10 mL/min/1.73 m2 lower eGFR; 95% CI: 1.04,
1.38; Table 3). Generalized additive modeling of time-updated
eGFR suggested an inflection point at ∼40 mL/min/1.73 m2,
below which there was higher fracture risk (Figure 1). Among
time-updated categories of kidney function, the greatest risk
was observed in kidney failure treated with dialysis (HR 4.53
relative to eGFR >60; 95% CI: 1.77, 11.60; Table 3). The
hazard ratio was also high for participants who received kid-
ney transplantation, although this finding was not statistically
significant (HR 2.48 relative to eGFR >60; 95% CI: 0.86,
7.14).

Among the biomarkers of mineral metabolism tested, PTH
above the upper normal limit for the assay used (57 pg/mL)
was significantly associated with higher fracture risk in the
final covariate-adjusted model (HR 1.70; 95% CI: 1.10, 2.65;
Table 4). Generalized additive modeling suggested a positive
adjusted association between PTH and fracture risk to a
PTH of ∼100 pg/mL, above which the confidence intervals

https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae021#supplementary-data
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Table 1. Characteristics of chronic renal insufficiency cohort (CRIC) Study participants.

Entire study populationa

(N = 3939)
Vitamin D subsetb

(N = 1784)

Demographics
Age (yr), mean (SD) 58 (11) 59 (11)
Female, n (%) 1778 (45) 45%
Race or ethnicity, n (%)

Non-Hispanic Black 1650 (42) 42%
Hispanic 497 (13) 12%
Non-Hispanic White 1638 (42) 43%
Other 154 (4) 3%

Medical history and lifestyle
Hypertension, n (%) 3391 (86) 89%
Diabetes, n (%) 1908 (48) 50%
Current smoking, n (%) 517 (13) 11%
Self-reported physical activity (MET/week), median (IQR) 164 (108–247) 165 (113–249)

Dietary intake
Daily calcium intake from food (mg), median (IQR) 616 (423–874) 627 (436–873)
Daily calcium intake from supplements (mg), median (IQR) 0 (0–143) 0 (0–106)
Daily vitamin D intake from food (mcg), median (IQR) 3 (2–5) 3 (2–5)
Daily vitamin D intake from supplements (IU), median (IQR) 7 (0–400) 3 (0–326)

Medication use
Anti-hypertensives, n (%) 3325 (84) 82%
Statins, n (%) 2153 (55) 60%
Bisphosphonates, n (%) 128 (3) 3%
Estrogen-containing medications, n (%) 154 (4) 4%
Steroids, n (%) 391 (10) 12%

Physical examination data
BMI (kg/m2), mean (SD) 32.1 (7.8) 32.0 (7.3)
Systolic BP (mmHg), mean (SD) 129 (22) 126.5 (21)
Diastolic BP (mmHg), mean (SD) 72 (13) 69.9 (12)

Laboratory data
eGFR (mL/min per 1.73 m2), mean (SD) 44 (15) 43 (16)
Bicarbonate (mEq/L), mean (SD) 24 (3) 24 (3)
24-h total urine protein (g/day), median (IQR) 0.2 (0.1–0.9) 0.2 (0.1–0.9)
24-h urine calcium excretion (mg/day), median (IQR) 39 (17–85) 41 (18–88)
24-h urine phosphate excretion (mg), median (IQR) 709 (507–948) 715 (511–941)
Calcium (mg/dL), mean (SD) 9.2 (0.5) 9.3 (0.3)
Phosphate (mg/dL), mean (SD) 3.7 (0.7) 4.0 (0.6)
FGF-23 (pg/mL), median (IQR) 145 (96–239) 134 (85–250)
PTH (pg/mL), median (IQR) 54 (35–90) 61 (40–98)
24,25(OH)2D3 (ng/mL), mean (SD) - 0.8 (0.7)
25(OH)D3 (ng/mL), mean (SD) - 17.1 (10.1)
VDMR (pg/ng), mean (SD) - 38.0 (19.7)
Total 25(OH)D (ng/mL), mean (SD) - 19.0 (10.5)
Total 1,25(OH)2D (pg/mL), mean (SD) - 30.0 (15.5)

aCharacteristics for the entire study population are from the baseline CRIC Study visit. bCharacteristics for this subset of participants are weight-adjusted to
account for non-random participant sampling. Characteristics for this subset are from the 1-year CRIC Study visit, except for self-reported physical activity,
dietary calcium and vitamin D intake, and 24-h urine calcium and phosphate excretion, which are from the baseline CRIC Study visit. CRIC, Chronic
Renal Insufficiency Cohort; SD, standard deviation; MET, metabolic equivalent of task; IQR, interquartile range; BMI, body mass index; eGFR, estimated
glomerular filtration rate; FGF-23, fibroblast growth factor-23; PTH, parathyroid hormone; 24,25(OH)2D3, 24,25-dihydroxyvitamin D3; 25(OH)D3, 25-
hydroxyvitamin D3; VDMR, vitamin D metabolite ratio; 25(OH)D, 25-hydroxyvitamin D; 1,25(OH)2D, 1,25-dihydroxyvitamin D.

notably widened (Figure 1). Time-updated serum calcium, but
not baseline serum calcium, was also associated with higher
fracture risk (HR 1.44 per 1 mg/dL lower serum calcium; 95%
CI: 1.02, 2.03; Table 3). Although hazard ratios suggested
increased fracture risk with lower values of each of the three
vitamin D measures and higher FGF-23, none of these associ-
ations were statistically significant after covariate adjustment
and confidence intervals were wide.

Discussion

In this longitudinal cohort study, we found that lower eGFR
was associated with higher fracture risk, and the risk was
greatest in kidney failure treated with dialysis. Baseline

proteinuria, PTH above the normal range, and lower serum
calcium and bicarbonate were also associated with higher
fracture risk, while lower dietary calcium intake, lower
vitamin D status, other measures of mineral metabolism,
and proton pump inhibitor use were not. We also confirmed
associations of several established risk factors derived from
the general population, such as older age, diabetes, lower
BMI, and steroid use, with higher fracture risk in this large
population of patients with CKD.

Prior studies evaluating fracture risk in persons with
CKD,3-6 while having large sample sizes (N = 9704–679 114),
have largely used one-time measurements of eGFR and pro-
teinuria, or focused exclusively on populations with kidney
failure treated with dialysis7,8 or kidney transplantation.26

To our knowledge, our study is the first to test associations
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Table 2. Associations of baseline demographic and clinical characteristics with hip and vertebral fractures (N = 3939).

N at risk
(N events)

Incidence rate,
events/1000
person-years
(95% CI)

Hazard Ratio (95% CI)

Model 1 Model 2

Overall 3939 (106) 2.4 (2.0, 2.9)
Age, per decade higher 1.92 (1.53, 2.42)a 1.96 (1.51, 2.55)a

Sex
Male 2161 (51) 2.2 (1.6, 2.8) Ref Ref
Female 1778 (55) 2.7 (2.0, 3.4) 1.28 (0.87, 1.89) 1.34 (0.86, 2.10)

Race and ethnicity
Non-Hispanic Black 1650 (33) 1.9 (1.2, 2.5) 0.60 (0.39, 0.92)a 0.46 (0.28, 0.74)a

Hispanic 497 (9) 1.8 (0.6, 2.9) 0.64 (0.31, 1.28) 0.49 (0.23, 1.06)
Non-Hispanic White 1638 (60) 3.2 (2.4, 4.0) Ref Ref
Other 154 (4) 2.2 (0.0, 4.3) 0.77 (0.28, 2.11) 0.59 (0.21, 1.66)

Diabetes
No 2031 (49) 2.0 (1.4, 2.6) Ref Ref
Yes 1908 (57) 3.0 (2.2, 3.8) 1.53 (1.04, 2.27)a 1.99 (1.29, 3.09)a

Body mass index (kg/m2)
≥ 35 1148 (21) 1.6 (0.9, 2.4) 0.57 (0.33, 0.99)a 0.51 (0.29, 0.91)a

30 – <35 1028 (28) 2.5 (1.6, 3.4) 0.86 (0.53, 1.41) 0.81 (0.50, 1.34)
25 – <30 1124 (38) 3.0 (2.0, 4.0) Ref Ref
< 25 628 (19) 2.7 (1.5, 4.0) 0.98 (0.56, 1.72) 0.94 (0.53, 1.68)
Per 5 kg/m2 lower 1.26 (1.08, 1.47)a 1.30 (1.10, 1.52)a

Dietary calcium intake (food and supplements), per 100 mg/d
lower

1.01 (0.97, 1.06) 1.02 (0.96, 1.08)

Physical activity, per 10 MET/week lower 1.02 (1.00, 1.04)a 1.01 (0.99, 1.03)
Steroid use

No 3548 (89) 2.3 (1.8, 2.7) Ref Ref
Yes 391 (17) 4.0 (2.1, 6.0) 1.68 (1.00, 2.83)a 1.80 (1.06, 3.07)a

Proton pump inhibitor use
No 3141 (82) 2.3 (1.8, 2.9) Ref Ref
Yes 742 (23) 2.9 (1.7, 4.1) 1.05 (0.66, 1.67) 1.04 (0.65, 1.67)

Bicarbonate (mEq/L)
≥ 22 3232 (86) 2.4 (1.9, 2.9) Ref Ref
< 22 676 (20) 2.9 (1.6, 4.1) 1.47 (0.90, 2.41) 1.19 (0.71, 1.99)
Per 1 mEq/L lower 1.03 (0.97, 1.09) 1.00 (0.94, 1.07)

eGFR (mL/min per 1.73 m2)
≥ 60 606 (12) 1.6 (0.7, 2.5) Ref Ref
45 – <60 1159 (32) 2.3 (1.5, 3.1) 1.16 (0.59, 2.29) 1.08 (0.54, 2.16)
30 – <45 1433 (35) 2.3 (1.5, 3.1) 1.19 (0.60, 2.36) 1.05 (0.52, 2.14)
< 30 741 (27) 3.9 (2.4, 5.4) 2.36 (1.15, 4.86)a 1.94 (0.89, 4.23)
Per 10 mL/min per 1.73 m2 lower 1.17 (1.01, 1.36)a 1.12 (0.95, 1.31)

Proteinuria (g/24 h)
< 0.10 1375 (43) 2.6 (1.8, 3.4) Ref Ref
0.10 – <0.50 1095 (30) 2.4 (1.5, 3.3) 1.14 (0.71, 1.84) 1.05 (0.65, 1.71)
0.50 – <1.50 583 (12) 2.0 (0.8, 3.1) 1.23 (0.64, 2.38) 1.16 (0.58, 2.33)
≥ 1.50 690 (19) 2.8 (1.5, 4.1) 2.14 (1.20, 3.80)a 2.04 (1.03, 4.02)a

Per 500 mg/gCr higher 1.04 (0.98, 1.09) 1.02 (0.96, 1.08)

Model 1 adjusted for age, sex, and race and ethnicity (excluding the variable when it was the exposure). Model 2 additionally adjusted for diabetes, smoking
status, self-reported physical activity, systolic blood pressure, body mass index, dietary calcium intake from food and supplements, dietary vitamin D intake
from food and supplements, anti-hypertensive use, statin use, bisphosphonate use, estrogen-containing medications, steroid use, eGFR, and log-transformed
proteinuria (excluding body mass index, dietary calcium intake, eGFR, or proteinuria when it was the exposure). aP < 0.05. CI, confidence interval; MET,
metabolic equivalent of task; eGFR, estimated glomerular filtration rate.

of time-updated measures of kidney function and proteinuria
with fracture risk. By doing so in a population with a broad
range of CKD severity, we were able to directly compare
incidence rates across the full spectrum of kidney disease
from non-dialysis dependent CKD to kidney failure treated
with dialysis and kidney transplantation. The highest risk of
fracture was seen in those on dialysis, which is consistent
with the known severity of CKD-MBD abnormalities in this
population. We found a positive association between baseline
proteinuria and fractures, but not time-updated proteinuria
and fractures in models that adjusted for time-updated
covariates including eGFR. This may be expected if the
association between proteinuria and fracture risk is mediated

by a subsequent worsening of eGFR and development of
kidney failure. Alternatively, it could be that hypothesized
effects of proteinuria on fractures is harmful over many years
rather than in the short-term. Notably, our overall event rate
was lower than event rates reported in other non-dialysis
dependent CKD cohorts, which has ranged from 3.9 to 46.3
per 1000 person-years.2,3 This may be due to differences
in the methods used to assess fractures and the sites of the
fractures assessed. Our reliance on inpatient codes will have
missed outpatient fractures, especially vertebral fractures,
which are often subclinical. We also studied a relatively
young population, whose baseline age was nearly 20 years
younger than another cohort of >100 000 participants with
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Table 3. Associations of time-updated exposures with hip and vertebral fractures (N = 3939).

N events Incidence rate,
events/1000
person-years
(95% CI)

Hazard Ratio (95% CI)

Model 1 Model 2

Kidney function
eGFR ≥60 8 1.2 (0.4, 2.0) Ref Ref
eGFR 45 – <60 20 1.9 (1.1, 2.9) 1.38 (0.60, 3.16) 1.33 (0.58, 3.04)
eGFR 30 – <45 24 2.0 (1.2, 2.8) 1.38 (0.61, 3.13) 1.31 (0.57, 3.00)
eGFR <30 23 2.5 (1.6, 3.7) 2.04 (0.89, 4.66) 1.88 (0.79, 4.46)
Transplant 7 3.9 (1.2, 7.3) 4.26 (1.53, 11.92)b 2.48 (0.86, 7.14)
Kidney failure treated with dialysis 24 6.0 (3.8, 8.7) 6.28 (2.72, 14.48)b 4.53 (1.77, 11.60)b

eGFR, per 10 mL/min per 1.73 m2 lowera 1.29 (1.14, 1.46)b 1.20 (1.04, 1.38)b

Proteinuria (g/24 h)a

< 0.10 30 2.0 (1.3, 2.7) Ref Ref
0.10 – <0.50 39 2.5 (1.7, 3.4) 1.54 (0.92, 2.55) 1.21 (0.71, 2.03)
0.50 – <1.50 21 2.6 (1.5, 3.9) 2.16 (1.19, 3.92)b 1.32 (0.68, 2.56)
≥ 1.50 16 2.8 (1.8, 4.0) 2.94 (1.65, 5.21)b 1.51 (0.74, 3.06)

Proteinuria, per 500 mg/gCr highera 1.06 (1.02, 1.09)b 1.02 (0.98, 1.07)
Serum Calcium (mg/dL)a

≥ 8.5 95 2.3 (1.9, 2.8) Ref Ref
< 8.5 11 4.2 (2.0, 7.1) 2.87 (1.50, 5.47)b 1.59 (0.80, 3.16)
Per 1 mg/dL lower 1.84 (1.32, 2.55)b 1.44 (1.02, 2.03)b

Serum Bicarbonate (mEq/L)a

≥ 22 65 2.0 (1.5, 2.4) Ref Ref
< 22 41 3.9 (2.7, 5.1) 2.36 (1.58, 3.51)b 1.66 (1.07, 2.56)b

Per 1 mEq/L lower 1.14 (1.07, 1.20)b 1.07 (1.01, 1.14)b

The units of eGFR are mL/min per 1.73 m2. Model 1 adjusted for age, sex, and race and ethnicity. Model 2 additionally adjusted for diabetes, smoking
status, self-reported physical activity, systolic blood pressure, body mass index, dietary calcium intake from food and supplements, dietary vitamin D intake
from food and supplements, anti-hypertensive use, statin use, bisphosphonate use, estrogen-containing medications, steroid use, eGFR, and log-transformed
proteinuria (excluding eGFR or proteinuria when it was the exposure). Model covariates were time-updated. aParticipants who progressed to maintenance
dialysis or kidney transplantation were censored at the time of dialysis initiation or kidney transplantation in analyses of continuous eGFR, proteinuria, and
serum calcium and bicarbonate. bP < 0.05. eGFR, estimated glomerular filtration rate.

CKD.3 It is also possible that the CRIC Study population is a
comparatively healthier CKD cohort than others.

PTH rises in CKD to compensate for 1,25(OH)2D defi-
ciency, hypocalcemia, and hyperphosphatemia, but does so
by increasing bone resorption, which may lower bone min-
eral density (BMD) and lead to fractures. Associations of
PTH with fractures have been well-studied in the dialysis
population8-10 and in children with CKD,27 but less so in
non-dialysis dependent adults with CKD. The last interna-
tional guideline on optimal PTH concentration in non-dialysis
dependent CKD, which recommended that clinicians con-
sider PTH-lowering therapies for persistently elevated PTH,
was published in 2017 based on grade 2C evidence (very
weak and low quality).28 Since then, Geng et al. reported
positive associations of PTH with fracture risk in a popu-
lation with stage 3 and 4 CKD.29 This finding is generally
supported by our study, although we identified increased
risk at a PTH threshold above the normal range, whereas
Geng et al. found increased fracture risk at any PTH con-
centration. While not entirely unexpected given the role of
calcium in the mineralized skeleton, few studies have directly
identified hypocalcemia as a risk factor for fracture in non-
dialysis dependent adults with CKD. This may simply be an
issue of reduced availability of calcium leading to abnor-
mal bone mineralization, as with the pathogenesis of rick-
ets and osteomalacia; lower serum calcium has previously
been associated with mineralization defects in histomorpho-
metric studies of pediatric participants with stage 2-5 CKD
and adults on dialysis.30,31 This effect could be mediated
by PTH. Alternatively, confounding by other components

of CKD-MBD, such as 1,25-dihdroxyvitamin D deficiency
and consequent reduced dietary calcium absorption, is also
possible. In our prior work, we observed that lower VDMR
was associated with fractures in populations that included
some participants with mild CKD.17,32 In this study, we
did not observe significant associations between any of the
vitamin D measures and fracture risk, although the estimates
were in the direction seen in prior studies, and our study
likely had insufficient power to detect these associations given
that vitamin D metabolites were only measured in a sub-
set of the CRIC Study population. Whether or not PTH-
lowering therapies, including activated and supplemental vita-
min D, reduce clinical fractures in CKD remains uncertain
and untested by randomized clinical trials. The few trials
of activated vitamin D on BMD in CKD have been small
and have produced mixed results.33 Large trials of vitamin
D supplementation in the general population without kidney
disease or elevated PTH have also had mixed results for
fractures.34,35

In one of the most racially and ethnically diverse CKD
cohorts, we identified Black race as a protective factor for
fractures compared with White race. The apparent “paradox”
in the general population that Black Americans have higher
BMD and lower fracture rates than White Americans despite
markedly lower 25(OH)D and 1,25(OH)2D concentrations
and higher PTH is well-described.36 It would appear that
the severe mineral metabolism disturbances in CKD do not
fundamentally alter the relationship between race, vitamin D
status, and the yet unidentified factor(s) that may explain this
paradox.
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Table 4. Associations of biomarkers of mineral metabolism measured at a single time point with hip and vertebral fractures.

N at risk
(N events)

Incidence rate,
events/1000
person-years
(95% CI)

Hazard Ratio (95% CI)

Model 1 Model 2

Vitamin D metabolites (N = 1784)
25(OH)D (ng/mL)

< 20 1059 (29) 2.5 (1.3, 3.9) 1.86 (0.82, 4.22) 2.41 (0.86, 6.73)
≥ 20 725 (17) 2.7 (1.3, 4.5) Ref Ref
Per 1 SD lower 1.44 (0.97, 2.13) 1.58 (0.99, 2.50)

1,25(OH)2D
Tertile 1 702 (19) 2.1 (0.8, 3.8) 2.33 (0.90, 6.00) 1.62 (0.56, 4.65)
Tertile 2 547 (18) 3.4 (1.7, 5.7) 2.08 (0.81, 5.33) 1.76 (0.71, 4.35)
Tertile 3 535 (9) 2.2 (0.7, 4.2) Ref Ref
Per 1 SD lower 1.33 (0.99, 1.78) 1.06 (0.77, 1.44)

VDMR
Tertile 1 680 (15) 2.4 (1.0, 4.1) 1.57 (0.59, 4.17) 0.94 (0.32, 2.72)
Tertile 2 595 (19) 4.0 (2.0, 6.3) 2.05 (0.88, 4.81) 1.58 (0.72, 3.50)
Tertile 3 509 (12) 1.5 (0.3, 2.9) Ref Ref
Per 1 SD lower 1.38 (1.07, 1.78)a 1.17 (0.87, 1.58)

Related measures of mineral metabolism (N = 3939)
PTH (pg/mL)

≤ 57 2050 (51) 2.1 (1.5, 2.7) Ref Ref
> 57 1809 (53) 2.9 (2.1, 3.7) 1.66 (1.12, 2.46)a 1.70 (1.10, 2.65)a

Per 1 SD higher log-transformed PTH 1.15 (0.93, 1.42) 1.11 (0.87, 1.42)
C-FGF-23

Tertile 1 1294 (26) 1.6 (1.0, 2.2) Ref Ref
Tertile 2 1292 (40) 2.7 (1.9, 3.5) 1.50 (0.91, 2.46) 1.30 (0.77, 2.20)
Tertile 3 1293 (39) 3.2 (2.2, 4.3) 2.08 (1.25, 3.45)a 1.53 (0.85, 2.74)
Per 1 SD higher in log-transformed

C-FGF-23
1.35 (1.11, 1.64)a 1.20 (0.95, 1.51)

Serum Calcium (mg/dL)
< 8.5 229 (4) 1.8 (0.0, 3.6) 1.11 (0.40, 3.06) 0.83 (0.29, 2.35)
≥ 8.5 3678 (101) 2.5 (2.0, 2.9) Ref Ref
Per 1 mg/dL lower 0.97 (0.65, 1.44) 0.86 (0.57, 1.29)

Serum Phosphate (mg/dL)
≤ 4.5 3459 (90) 2.3 (1.8, 2.8) Ref Ref
> 4.5 412 (14) 3.7 (1.8, 5.6) 2.01 (1.13, 3.57)a 1.56 (0.84, 2.90)
Per 1 mg/dL higher 1.49 (1.12, 1.98)a 1.32 (0.95, 1.83)

Urine Calcium Excretion (mg/day)
Tertile 1 1256 (29) 2.2 (1.4, 2.9) Ref Ref
Tertile 2 1256 (43) 3.2 (2.2, 4.2) 1.36 (0.85, 2.19) 1.54 (0.95, 2.49)
Tertile 3 1256 (32) 2.1 (1.4, 2.9) 0.89 (0.53, 1.50) 1.13 (0.64, 1.99)
Per 100 mg/24 h higher 0.79 (0.57, 1.10) 0.90 (0.63, 1.28)

Urine Phosphate Excretion
Tertile 1 1256 (36) 2.7 (1.8, 3.7) Ref Ref
Tertile 2 1256 (39) 2.8 (1.9, 3.7) 0.99 (0.62, 1.58) 1.18 (0.73, 1.91)
Tertile 3 1256 (29) 1.9 (1.2, 2.7) 0.73 (0.43, 1.25) 0.92 (0.52, 1.64)
Per 100 mg/24 h higher 0.97 (0.91, 1.04) 1.01 (0.94, 1.08)

Vitamin D analyses are weight-adjusted to account for the non-random sampling of this subset of participants (N = 1784). Incidence rates for vitamin
D metabolites are based on the randomly selected participants of this subset (N = 1101). Analyses of the remaining exposures use the entire CRIC Study
population (N = 3939). Follow-up time was from the 1-year study visit for vitamin D metabolites and from the baseline examination for the other non-vitamin
D exposures; 57 ng/mL is the upper limit of normal for the PTH assay used. Model 1 adjusted for age, sex, and race and ethnicity. Model 2 additionally adjusted
for diabetes, smoking status, self-reported physical activity, systolic blood pressure, body mass index, dietary calcium intake from food and supplements,
dietary vitamin D intake from food and supplements, anti-hypertensive use, statin use, bisphosphonate use, estrogen-containing medications, steroid use,
eGFR, and log-transformed proteinuria. aP < 0.05. CI, confidence interval; 25(OH)D, 25-hydroxyvitamin D; SD, standard deviation; 1,25(OH)2D, 1,25-
dihydroxyvitamin D; VDMR, vitamin D metabolite ratio; PTH, parathyroid hormone; C-FGF-23, C-terminal fibroblast growth factor-23.

We found associations of diabetes, steroid use, and lower
BMI with fracture risk. Few other large-scale studies have
assessed whether traditional modifiable risk factors for
fracture interact with CKD; among those that have, many
lacked direct measurements of kidney function, relied on
diagnosis codes to ascertain CKD status, and could not adjust
for CKD severity. Diabetes may increase fracture risk through
a variety of mechanisms, though data prior to this study
have been mixed as to whether kidney disease compounds
this risk. Two observational studies in Europe reported that
a diagnosis code of diabetic kidney disease was associated

with fractures in patients with type 1 diabetes,37,38 though
they lacked eGFR and proteinuria measurements. Melton III
et al. did not find that diabetic kidney disease was associated
with higher fracture risk in patients with type 2 diabetes,
and also lacked eGFR and proteinuria data.39 There are also
very few studies on the risk of steroid-associated fractures in
CKD. In a South Korean study of patients with a diagnosis
code for glomerular disease, glucocorticoid exposure was
associated with increased fracture risk regardless of dose.40

eGFR and proteinuria data were unavailable. Finally, two
prior studies examined associations of BMI with fracture in
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CKD and had contrasting results. In a subgroup analysis of
participants with CKD, South Korean adults who remained
at a BMI <18.5 over an 8-year period had increased fracture
risk compared with those who remained at normal BMI (HR
1.165; 95% CI: 1.113, 1.218).41 In contrast, BMI was not
associated with adjudicated fractures in an ancillary study of
the CREDENCE trial,42 though this study examined a slightly
different population (mild kidney impairment [stage 2 and 3
CKD] exclusively from diabetic kidney disease) and had a
shorter follow-up time (median 2.35 years).

Chronic acidosis suppresses bone formation and increases
bone resorption, leading to a net efflux of calcium and other
proton buffers from bone, which may result in reduced bone
strength and fractures.43 Our time-updated analysis of bicar-
bonate is consistent with findings by Mathur et al., who
also observed associations of lower serum bicarbonate with
fractures in >50 000 persons with stage 3-5 CKD,44 as well
as an abundance of experimental and observational studies
that link metabolic acidosis with lower areal and volumetric
BMD, impairments in bone quality, and higher markers of
bone turnover.45 We can think of a few reasons why time-
updated, and not baseline, serum bicarbonate was associated
with fracture risk in our study. First, in vivo murine stud-
ies have shown that the cellular bone response to acidosis
varies with the duration of acidosis.46 Whereas aberrant bone
remodeling and function have been demonstrated in as short
as 14 days of acidosis,47 these effects may attenuate over time
as a result of compensatory mechanisms that may help stabi-
lize bone mass.46 Second, serum bicarbonate concentrations
change over time and baseline measurements may not have
captured the complexity of a changing exposure. Alternatively,
confounders and their relationship with serum bicarbonate
also change over time, and time-dependent confounding may
have led to biased time-updated results. Lastly, our analysis of
baseline serum bicarbonate may have lacked power to detect
true long-term associations with fracture. The mean serum
bicarbonate concentration in the CRIC cohort was normal
at baseline, in contrast to the population studied by Mathur
et al., who had more prominent acidosis and significantly
more events.44 Despite the supporting evidence, randomized
trials of alkali therapy in CKD have not demonstrated effec-
tiveness in improving bone health markers, BMD, or physical
function48-50; trials that use fractures as clinical endpoints
have not been conducted and are needed.

Strengths of our study include analyses across the full
spectrum of kidney disease including kidney failure treated
with dialysis and kidney transplantation, a comprehensive
assessment of traditional and kidney-related risk factors for
fracture, and comprehensive measurements of biomarkers of
CKD-MBD. We used gold standard methods for the measure-
ment of exposures, such as 24-h urine collections for protein,
calcium, and phosphate excretion and LC–MS/MS for vitamin
D metabolites. This study also has important limitations.
First, this study is observational and subject to confounding.
Second, most of our exposures were only measured once and
may not capture the complexity of changing values over time.
This includes the vitamin D measures, which were measured
in a subset of CRIC participants, and their analyses may be
underpowered. Third, we tested 21 exposures and acknowl-
edge the potential of false positive findings as a limitation.

In conclusion, lower eGFR, lower serum calcium, lower
serum bicarbonate, proteinuria, and elevated PTH are kidney-
related risk factors associated with fracture risk in persons

with non-dialysis dependent CKD. Associations of several
modifiable risk factors that are well-established in the general
population, such as diabetes, steroid use, and lower BMI,
with fractures suggest that they remain important for fracture
prevention in CKD. Future studies are needed to develop or
improve fracture risk prediction tools for the CKD population
and confirm whether risk factor-modifying therapies reduce
fracture risk.
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