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Abstract

Summary Fractures are common in chronic kidney disease
(CKD). We determined if bone mineral density testing by
dual energy X-ray absorptiometry (DXA) and high resolu-
tion peripheral quantitative computed tomography (HR
pQCT) could discriminate fracture status in CKD patients.
Both tests were able to discriminate fracture status. Further,
the addition of HR pQCT measurements to DXA measure-
ments did not improve fracture discrimination.
Introduction The optimal method to identify individuals
with CKD at high fracture risk is unknown.
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Methods We determined if bone mineral density (BMD) by
DXA and HR pQCT could discriminate fracture status in
211 adult men and women with stages 3 to 5 CKD, attend-
ing predialysis clinics in Toronto Canada, using logistic
regression. Results are expressed as the odds ratio (OR) of
fracture (prevalent vertebral and/or low trauma since age
40 years) per standard deviation decrease in the predictor
adjusted for age, weight, sex, and CKD stage. We con-
structed receiver operating characteristic curves to examine
the discriminative ability of BMD measures for fracture.
Results Most participants were Caucasian men with a mean
age of 63.3+15.5 years. There were 77 fractures in 74 partic-
ipants. Decreases in BMD were associated with increased
fracture risk: OR=1.56 (95% confidence interval (CI), 1.41
to 1.71) for BMD by DXA at the ultradistal radius, and OR=
1.24 (95% CI, 1.12 to 1.36) for cortical area by HR pQCT.
Further, while both tests were able to discriminate fracture
status, the addition of HR pQCT measures to BMD by DXA
did not improve fracture discrimination ability.

Conclusions Among CKD patients not yet requiring renal
replacement therapy, BMD by DXA is able to discriminate
fracture status.

Keywords Bone mineral density - Chronic kidney disease -
Fractures - Risk factors for fracture

Introduction

Fractures are common in patients with chronic kidney dis-
ease (CKD) and associated with substantial morbidity and
mortality [1]. One way to decrease the adverse outcomes
associated with fractures in patients with CKD is to identify
those at high risk and target treatments to this group.
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To date, studies have focused on the association between
fracture and bone mineral density (BMD) by dual energy X-ray
absorptiometry (DXA) and peripheral quantitative computed to-
mography (pQCT) in patients with stage 5 CKD on dialysis (5D
CKD) largely due to the substantial fracture burden in this popu-
lation. Overall, these studies suggest that BMD by DXA, while
slightly lower in those with fracture than those without, is not able
to discriminate fracture status in patients with stage SD CKD. In
contrast, cortical—but not trabecular bone—measures by
conventional and high resolution (HR) pQCT are strongly
associated with fractures in these patients [2—13].

It is important to note that fractures are not limited to patients
with stage SD CKD. Data obtained as part of the Third National
Health and Nutrition Examination Survey (NHANES) reported
an approximate twofold increase risk of hip fracture among
those with an estimated glomerular filtration rate (eGFR)
<60 ml/min, compared to those with an eGFR>60 ml/min
[14]. Data from the Study of Osteoporotic Fractures found that
fracture risk increased with worsening of renal function such
that compared to women with an eGFR>60 ml/min, hip frac-
ture risk was increased by 1.5-fold among those with an eGFR
between 45 to 50 ml/min and was doubled among women with
an eGFR<45 ml/min [15]. Further, 26 million North Ameri-
cans (13% of the population) are affected by CKD [16]. As
such, the burden of illness due to fractures is largely a result of
the fractures that occur before stage 5 CKD. Only one study has
reported on fracture risk assessment in patients with early
stages of CKD [10]. A positive association was found between
fractures and HR pQCT (radius and tibia) and DXA (hip, spine,
and radius). However, the relative contributions of DXA and
HR pQCT to fracture was not examined—a clinically impor-
tant point as very few health care facilities have access to HR
pQCT. Further, the generalizability of this study is limited by
the small sample size (32 with fractures and 59 without).

The purpose of our study was to assess the relative con-
tributions of DXA and HR pQCT measurements to fracture
risk among patients with stages 3 to 5 CKD. We hypothesized
that both DXA and HR pQCT would be associated with
fracture and that the addition of HR pQCT measurements to
DXA would not improve the discriminative ability of DXA.

Methods
Study participants

We enrolled 211 subjects over 30 months from three pre-
dialysis clinics in Toronto, Canada. These tertiary care clin-
ics aim to provide multidisciplinary care to optimize patient
health while progressing through the stages of CKD.

We included men and women 18 years of age and older
with a Modification of Diet in Renal Disease short formula-
derived eGFR of <60 ml/min and classified subjects by stage
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of CKD according to the National Kidney Foundation Guide-
lines [17]. Specifically: stage 3 CKD (mild): eGFR=30—
59 ml/min, stage 4 CKD (severe): eGFR=15-29 ml/min,
and stage 5 CKD (kidney failure): eGFR<15 ml/min. We
excluded dialysis patients, patients with prior renal trans-
plants, those taking bisphosphonate therapy or calcitonin,
and women taking hormone replacement therapy and/or the
oral contraceptive pill. Radiographs, BMD measurements by
DXA and HR pQCT were obtained at a single study site. All
participants gave written informed consent. The study was
approved by the appropriate institutional review boards.

Interviewer-administered questionnaire

Participants were interviewed by a research coordinator about
age, race, current alcohol and caffeine consumption, current
smoking, physical activity, and family history of osteoporosis
(fractures in a first-degree relative). We inquired about a history
of fractures since age 40, falls in the past 12 months, and the
presence of diabetes. The questionnaire has been used in several
populations, including patients with stage 5 CKD [4, 12].

Chart review

We confirmed the cause and duration of CKD by chart review.
Patients attending the predialysis clinics have blood taken for
serum calcium, phosphate, creatinine, alkaline phosphatase,
25-hydroxy-vitamin D (25(OH) Dj3), and intact parathyroid
hormone (PTH) on a regular basis; timing of the blood work
required by the study protocol was designed to align with that
obtained for clinical purposes. All tests were performed by a
single, central laboratory using standardized methods and ref-
erence ranges were determined from this laboratory’s data (The
University Health Network). We analyzed values obtained
within 1 month before or after the BMD measurements.

Low-trauma fractures

We inquired about fractures since age 40 and classified frac-
tures as low-trauma or traumatic according to the World
Health Organization definition [18]. We included only low-
trauma fractures defined as fractures that occur from minimal
trauma, such as a fall from a standing height or less, in our
analyses. We excluded fractures of the fingers, toes, patella,
and skull. We confirmed all self-reported low-trauma fractures
by review of radiographs or radiology reports.

Prevalent vertebral fractures

We obtained anteroposterior and lateral radiographs of the
thoracic and lumbar spine and identified fractures by quantita-
tive morphometry. Our primary definition of a prevalent frac-
ture was defined as a decrease of at least 20% and 4 mm or
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greater in any vertical dimension compared with the vertebra
above or below one or more thoracic and lumbar vertebrae
[19]. We also examined fracture severity using a previously
described semiquantitative grading scale—where mild defor-
mity is classified as a 20-25% height loss (anterior, middle,
and/or posterior relative to adjacent vertebrae); moderate a 25—
40% height loss, and severe >40% height loss [20]. Films were
interpreted by two experienced radiologists, blinded to the
clinical history and results of BMD testing. Differences in
fracture classification were resolved by consensus.

HR pQCT measurements

We obtained HR pQCT measurements at the non-dominant distal
radius (non-weight bearing site) using the Xtreme CT device
(Scanco Medical AG, Basserdorf, Switzerland) at the University
of Toronto Centre of Excellence in Skeletal Health Assessment.
Measurements were performed by trained technologists who
were blinded to the study hypotheses and were not involved in
patient care. Distal radial measurements were obtained according
to manufacturer’s standard protocol. Briefly, to obtain distal radial
measurements, a reference line was set manually at the endplate
of the radius on an anteroposterior scout view. The region of
interest (a 9-mm stack of 110 slices) was identified automatically
at a set distance from this reference line. Measurements obtained
from HR pQCT include: total volumetric bone mineral density,
total area, cortical area and trabecular area, cortical volumetric
bone mineral density, trabecular volumetric bone mineral
density, cortical thickness, trabecular separation, and trabecu-
lar thickness. The reproducibility (root-mean-square coeffi-
cient of variation) for density measurements at the distal
radius are from 0.46% to 0.70%. To calculate this, 31 individ-
uals (25 women, 6 men; mean age 44.2 years, range 20-69)
with various densities were scanned at the distal radius accord-
ing to standard protocol by one operator. They were reposi-
tioned and rescanned by the same operator later the same day.

BMD by DXA

We assessed BMD at the lumbar spine (L1-L4), total hip, and
the non-dominant ultradistal and 1/3 radius using one Hologic
Discovery A densitometer (Hologic Inc, Waltham, MA, USA).
Tests were performed by one of two International Society of
Clinical Densitometry certified technologists not involved in
the care of study participants, and blinded to our study hy-
potheses. The short-term in vivo precision (root-mean-square
coefficient of variation) is: 1.01% at the total lumbar spine (L1
to L4), 1.08% at the total hip, and 1.5% for the distal radius.

Outcomes

Fractures were classified as follows: (1) prevalent vertebral
fractures by spinal radiographs and/or a clinical spine

fracture; (2) a history of a nonspine fracture since age
40 years; and (3) either of the first two classifications.

Statistical analyses

We used bivariate analyses (¢ test, chi-squared or Fisher's
exact test, as appropriate) to examine differences in demo-
graphic and lifestyle factors, medical history, cause of CKD,
serum markers of mineral metabolism, and duration of CKD
by fracture. We used logistic regression to examine the
associations between fractures and radiographic measure-
ments: BMD at the lumbar spine (L1-L4), total hip, 1/3
and ultradistal radius, and HR pQCT measures (total volu-
metric BMD, total area, cortical density, cortical area, corti-
cal thickness, trabecular area, trabecular density, trabecular
separation, and trabecular thickness). We considered HR
pQCT measures that have been previously reported to be
associated with fractures in patients with and without CKD
[10, 12, 21, 22]. We considered each predictor as a contin-
uous variable and adjusted our analyses for age, weight, sex,
and stage of CKD. Results are expressed as the odds ratio of
fracture per standard deviation decrease in the predictor.

To examine the discriminative ability of these tests by
fracture status, we constructed receiver operating character-
istic (ROC) curves for each predictor variable. We compared
the area under the ROC curves (AUC) for each DXA and
HR pQCT measurement using a chi-squared test [23, 24].
To compare the predictive value of DXA alone to the
predictive value of DXA and HR pQCT to discriminate
fracture status, we considered the fact that BMD by DXA
is a composite measure reflecting both projected area and
bone mineral content and that a similar comparator for HR
pQCT would be total volumetric BMD and cortical thick-
ness. We then derived a logistic model using BMD by DXA
at the ultradistal radius, total volumetric BMD, and cortical
thickness by HR pQCT at the radius and compared the linear
predictor from this model to the logistic model derived from
using BMD by DXA at the ultradistal radius alone. Analy-
ses were performed with STATA Version 11.0 (STATA
Corp., College Station, TX, USA). Statistical tests were
considered significant at a two-tailed level of 0.05 and were
not adjusted for multiple comparisons.

Results

Characteristics of study population

We identified 432 eligible patients by chart review. Of these, 221
did not wish to participate (the most common reasons being that
they were “too busy” or had difficulty obtaining transportation).

Of those who declined, 200 (90%) allowed us to conduct a chart
review to compare demographic characteristics of
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nonparticipants and participants. Patients who declined to partic-
ipate were more often women (120 of 200; 60%), than those who
agreed (86 of 211; 40%; p<0.001), but there were no other
significant differences. Most of our 211 consented participants
were Caucasian men with a mean age of 63.3+15.5 years, a
mean duration of CKD of 96.74+125.3 months, and roughly one
third had CKD attributed to diabetic nephropathy. The propor-
tions of participants were approximately equally divided between
CKD stages 3, 4, and 5. Compared to participants without
fractures, those with fractures were older (61 vs. 68 years; p=
0.03), weighed less (81 vs. 75 kg; p=0.05), had a higher level of
serum PTH (22 vs. 40 pmol/L; p=0.002), were less likely to be
in stage 3 CKD (39% vs. 16%; p<0.0001), and reported falling
more frequently in the past year (22% vs. 54%; p<0.001)
(Table 1). In all participants, serum calcium was in the normal
range (normal range 2.20 to 2.62 mmol/L), as was alkaline
phosphatase (normal range<110 U/L), phosphate was slightly
elevated (normal range 0.8 to 1.35 mmol/L), 25(OH) D5 was in
the suboptimal range (defined as 25 to 75 nmol/L), and serum
PTH was elevated (normal range 1.6 to 6.9 pmol/L).

Table 1 Characteristics of study participants

When we examined markers of mineral metabolism by stage
of CKD and fracture status, we found that serum calcium and
alkaline phosphatase were in the normal range regardless of
CKD stage and/or fracture status. Phosphate was in the normal
range in stage 3 CKD and in stage 4 CKD without fractures.
Phosphate was above the normal range in stage 4 CKD with
fractures and in stage 5 CKD regardless of fracture status.
Further, phosphate was higher in stage 5 CKD with fractures
compared to those without (p=0.04). Vitamin D was in the
suboptimal range for all subjects except those with stage 3
CKD without fractures. Further, vitamin D decreased with
increasing stage of CKD (test for trend=0.05). Serum PTH
was elevated in all stages of CKD regardless of fracture status
—higher in patients with fractures compared to those without
in each stage of CKD (p<0.01 for all comparisons), and
increased with declining renal function (test for trend p=0.02)
(Table 2).

There were 77 fractures in 74 participants: 41 participants
had prevalent spine fractures and 2 had clinical spine fractures;
34 self-reported low-trauma fractures (15 wrist, 5 rib, 3

Variable All Participants with Participants without
(N=211) fracture® (N=74) fracture (N=137)
Men, (%) 125 (59.2%) 41 (55.4%) 84 (61.3%)
Age, years 63.3 (£15.5) 67.6 (£14.7) 61.0 (£15.5)
Weight, kg 78.8 (£18.5) 75.4 (£17.3) 80.7 (19.0)

Caucasian race (%)
Duration of CKD, months

Stage of CKD, by MDRD:

147 (70%)
96.7 (£125.3)

Stage 3 66 (31%)
Stage 4 75 (35.5%)
Stage 5 70 (33.2%)
Cause of CKD:

Diabetes 82 (38.6%)
Glomerulonephritis 40 (19.1%)
Hypertension 9 (4.3%)
Other 80 (38.1%)
Calcium (mmol/L) 2.36 (+0.14)
Phosphate (mmol/L) 1.37 (+0.39)
25-hydroxy-vitamin D (nmol/L) 66.5 (£36.2)
Serum PTH (pmol/L) 27.9 (£32.0)
Serum alkaline phosphatase (U/L) 83.7 (£38.2)
Current alcohol consumption 74 (35.4%)
Current smoking 21 (10.1%)
At least 4 caffeinated beverages a day 23 (11.2%)
Self-reported fall, past 12 months 70 (33.2%)
Self-reported walking >2 h/week 121 (58.2%)
Current diabetes 86 (41%)

56 (75.7%)
88.3 (£118.9)

12 (16%)
29 (39.2%)
33 (44.6%)

33 (44.6%)
5 (6.8%)
3 (4.1%)
33 (44.6%)
2.34 (0.15)
1.32 (+0.34)
59.6 (+28.1)
39.7 (£35.7)
79.9 (+35.8)
20 (27.0%)
8 (10.8%)
8 (11.3%)
40 (54.1%)
37 (50%)
29 (39.7%)

91 (66.9%)
100.8 (+128.5)

54 (39.1%)
46 (33.6%)
37 (27%)

49 (35.8%)
35 (25.7%)
6 (4.4%)
47 (34.6%)
2.37 (20.13)
1.40 (+0.41)
70.3 (+39.8)
22.0 (£28.3)
85.9 (+39.6)
54 (40%)
13 (9.7%)
15 (11.1%)
30 (21.9%)
84 (62.7%)
57 (41.6%)

Mean+SD unless otherwise reported

? Fracture defined as self-reported low-trauma fracture since 40 and/or prevalent vertebral fracture by morphometry at study entry
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Table 2 Markers of mineral metabolism by CKD stage and fracture
Marker Stage 3 Stage 4 Stage 5
No fracture Fracture No fracture Fracture No fracture Fracture
(N=54) (N=12) (N=46) (N=29) (N=37) (N=33)
Calcium (mmol/L) 2.35(0.14) 2.40 (0.16) 2.39 (0.16) 2.32 (0.15) 2.36 (0.17) 2.34 (0.13)
Phosphate (mmol/L) 1.18 (0.37) 1.17 (0.35) 1.22 (0.33) 1.36 (0.41) 1.46 (0.39) 1.67 (0.37)
25-hydroxy-vitamin D (nmol/L) 79.4 (35.8) 72.7 (29.6) 67.3 (32.0) 55.5(27.4) 52.0 (26.0) 55.2 (33.9)
Serum PTH (pmol/L) 15.8 (33.3) 34.1 (31.0) 14.5 (29.0) 25.3 (35.8) 37.5 (35.3) 51.5 (32.9)
Alkaline Phosphatase (U/L) 74.3 (30.0) 94 (24.5) 100.6 (49.2) 83.9 (41.4) 78.0 (30.2) 73.6 (33.4)

Mean+SD; fracture defined as self-reported low-trauma fracture since 40 and/or prevalent vertebral fracture by morphometry at study entry

humerus, 2 hip, 1 clavicle, 1 sacrum, 1 pelvis, and 6 ankle)
since age 40 years and 3 participants had both a prevalent spine
fracture and another low-trauma fracture. Of the 41 prevalent
spine fractures, 21 were classified as mild, 19 moderate, and 1
severe.

Association between HR pQCT measures, DXA,
and fractures

All measures of BMD by DXA were statistically significantly
higher in patients without fractures compared to those with
fractures. With regards to HR pQCT: trabecular separation was
statistically significantly lower in those without fractures (by
self report and/or prevalent vertebral fractures) compared to
those with fractures; trabecular thickness, total and trabecular

area were not statistically significantly different by fracture
status; the remainder of the HR pQCT measures were statisti-
cally significantly higher in those without fractures compared
to those with fractures. Serum PTH was inversely correlated
with all cortical measures by HR pQCT (r ranged from 0.4 to
0.67) and not correlated with trabecular measures (7 ranged
from 0.1 to 0.23). Results were similar and statistical signifi-
cance was unchanged when we considered prevalent vertebral
fractures and self-reported fractures separately (Table 3).
After adjusting for age, weight, sex and stage of CKD, we
found that each standard deviation decrease in BMD by DXA at
the total hip, lumbar spine, ultradistal, and 1/3 radius was associ-
ated with an increased risk of fracture (by self report and/or
prevalent vertebral fracture). Similarly, decreases in total volu-
metric BMD, total area, cortical area, cortical density, trabecular

Table 3 Bone mineral density and bone geometry (by dual-energy X-ray absorptiometry—DXA and high resolution peripheral quantitative

computed tomography—HR pQCT at the radius) by fracture status

Measure Participants Participants Participants with Participants with
without fracture with fracture® prevalent vertebral clinical fractures
(N=137) (N=74) fracture (N=41) (N=38)
DXA g/em?®
Total hip BMD 0.95 (0.15) 0.85 (0.15) 0.83 (0.14) 0.86 (0.15)
Lumbar spine (L1 to L4) BMD 1.10 (0.22) 1.01 (0.20) 1.01 (0.23) 1.02 (0.17)
Ultradistal radius BMD 0.46 (0.08) 0.38 (0.08) 0.37 (0.08) 0.39 (0.08)
1/3 Radius BMD 0.74 (0.09) 0.68 (0.10) 0.67 (0.10) 0.67 (0.11)
HR pQCT
Total volumetric BMD, mg HA/em?® 312.8 (61.4) 255.7 (66.7) 245.8 (66.6) 267.0 (62.0)
Total area, mm?> 312.8 (83.8) 320 (79.8) 318.8 (67.4) 315.5(90.2)
Cortical area, mm® 59.0 (14.9) 46.7 (19.3) 43.1 (19.0) 48.5 (18.9)
Trabecular area, mm? 246.6 (78.0) 262.5 (75.6) 264.2 (62.9) 256.5 (85.4)
Cortical density, mg HA/cm® 834.0 (69.3) 767.4 (88.7) 751.5 (87.6) 777.7 (85.9)
Trabecular density, mg HA/cm® 162.1 (41.8) 136.2 (44.5) 136.3 (43.8) 140.6 (45.9)
Cortical thickness, mm 0.79 (0.2) 0.61 (0.2) 0.55(0.2) 0.64 (0.24)
Trabecular separation, mm 0.46 (0.2) 0.54 (0.2) 0.51 (0.1) 0.48 (0.1)
Trabecular thickness, mm 0.07 (0.04) 0.06 (0.01) 0.06 (0.01) 0.06 (0.01)

Reported as mean (£SD)

Fracture defined as self-reported low-trauma fracture since 40 and/or prevalent vertebral fracture by morphometry at study entry
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density, trabecular thickness, and cortical thickness by HR pQCT
were associated with an increased fracture risk while an increase
in trabecular separation was associated with an increase in frac-
ture risk. Trabecular area by HR pQCT was not significantly
associated with fracture risk. Results were similar and statistical
significance remained unchanged when we considered prevalent
vertebral fractures and self-reported fractures separately for all
measures except cortical density, cortical thickness, and trabecular
thickness which did not reach statistical significance (Table 4).
ROC curves confirmed that BMD testing by DXA and HR
pQCT measures (except trabecular area) at all sites was able to
discriminate among participants with and without fractures
(Table 4). The greatest area under the ROC curve was obtained
for BMD by DXA at the ultradistal radius (AUC: 0.80; 95%
confidence interval 0.74 to 0.87) which was statistically

significantly greater than all other measures (p<0.001 for all
comparisons). Among HR pQCT measures, with the exception
of trabecular thickness, cortical measures were associated with
statistically significantly greater AUC’s compared with trabec-
ular measures (p<0.003 for all comparisons).

We also examined the effect of combining BMD by DXA at
the ultradistal radius measure together with a composite mea-
sure of HR pQCT, specifically total volumetric BMD and
cortical thickness, to determine if the addition of HR pQCT to
BMD by DXA could improve fracture discrimination. When
the composite HR pQCT measure was added to the BMD by
DXA at the ultradistal radius, the AUC was 0.81 (95% CI1 0.74
to 0.88). However, this AUC was not significantly different
than BMD by DXA at ultradistal radius alone (AUC 0.80; 95%
CI1 0.74 to 0.87; p=0.37) (Fig. 1).

Table 4 Associations between bone mineral density and bone geometry (by dual-energy X-ray absorptiometry—DXA and high resolution
peripheral quantitative computed tomography—HR pQCT at the radius) and fracture (prevalent vertebral and/or clinical fracture)

All Participants

Participants with

Participants with Clinical

Prevalent Vertebral Fractures
Fracture

Predictor OR of AUROC OR of AUROC OR of AUROC

fracture fracture fracture
DXA
Total hip BMD, 1.33 0.74 1.37 0.74 1.35 0.78
g/em? (1.19 to 1.47) (0.67 to 0.81) (1.15 to 1.59) (0.65 to 0.84) (1.12 to 1.58) (0.67 to 0.88)
Lumbar spine 1.23 0.70 1.25 0.70 1.26 0.79
BMD, g/cm? (1.10 to 1.36) (0.63 to 0.78) (1.09 to 1.41) (0.59 to 0.81) (1.07 to 1.45) (0.70 to 0.89)
Ultradistal radius 1.56 0.80 1.53 0.82 1.54 0.79
BMD, g/cm? (1.41 to 1.71) (0.74 to 0.87) (1.36 to 1.7) (0.73 t0 0.91) (1.33 to 1.75) (0.69 to 0.89)
1/3 Radius BMD, 1.43 0.73 1.44 0.71 1.43 0.78
g/em? (1.29 to 1.57) (0.66 to 0.81) (1.28 to 1.6) (0.62 to 0.81) (1.23 to 1.63) (0.68 to 0.89)
HR pQCT
Total volumetric 1.25 0.76 1.24 0.79 1.25 0.78
BMD, mg HA/cm® (1.13 to 1.37) (0.69 to 0.83) (1.09 t01.39) (0.69 to 0.88) (1.11 to 1.39) (0.68 to 0.89)
Total area, mm? 1.21 0.67 1.22 0.67 1.22 0.78

(1.14 to 1.28) (0.59 to 0.75) (1.10 to 1.32) (0.57 to 0.78) (1.05 to 1.39) (0.67 to 0.88)
Cortical area, 1.24 0.73 1.24 0.77 1.23 0.79
mm? (1.12 to 1.36) (0.65 to 0.81) (1.01 to 1.47) (0.67 to 0.87) (1.0 to 1.24) (0.69 to 0.90)
Trabecular area, 1.00 0.52 1.2 0.68 1.1 0.78
mm? (0.99 to 1.0) (0.38 to 0.59) (0.97 to 1.43) (0.58 to 0.79) (0.95 to 1.25) (0.67 to 0.88)
Cortical density, 1.11 0.73 1.11 0.75 1.1 0.78
mg HA/cm® (1.06 to 1.16) (0.65 to 0.80) (0.99 to 1.21) (0.66 to 0.85) (0.95 to 1.25) (0.67 to 0.88)
Trabecular 1.23 0.62 1.21 0.73 1.21 0.79
density, mg HA/cm?® (1.17 to 1.29) (0.55 to 0.75) (1.09 to 1.3) (0.63 to 0.83) (1.07 to 1.37) (0.69 to 0.89)
Cortical 1.10 0.73 1.1 0.77 1.20 0.78
thickness, mm (1.04 to 1.16) (0.66 to 0.81) (0.99 to 1.21) (0.68 to 0.87) (1.06 to 1.34) (0.67 to 0.88)
Trabecular 0.57 0.69 0.59 0.68 0.58 0.78
separation, mm (0.18 to 0.96) (0.61 to 0.76) (0.16 to 1.02) (0.58 to 0.79) (0.14 to 1.02) (0.68 to 0.89)
Trabecular 1.45 0.79 1.54 0.75 1.52 0.78
thickness, mm (1.01 to 3.33) (0.71 to 0.86) (0.95 to 4) (0.65 to 0.85) (0.94 to 3.85) (0.68 to 0.88)

Results are expressed as odds ratio of fracture (OR) per standard deviation decrease in predictor (95% CI) and as area under the receiver operator
characteristic curve (AUROC; 95% CI) and are adjusted for age, weight, sex and stage of CKD
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Fig. 1 Ability of BMD by DXA alone compared with BMD by DXA
and a composite HR pQCT measure to identify participants with
fracture. Fracture defined as self-reported low-trauma fracture since
40 and/or prevalent vertebral fracture by morphometry at study entry

Discussion

We found that both BMD by DXA and HR pQCT parame-
ters are associated with fractures among men and women
with stages 3 to 5 CKD. In our study population, the mea-
sure that was best able to discriminate between fractured and
nonfractured patients was BMD by DXA at the ultradistal
radius with an AUC of 0.80. This measure was better than
any HR pQCT measures and the addition of any of the HR
pQCT measures to BMD by DXA at the ultradistal radius
did not improve fracture discrimination. This has important
clinical implications—the 26 million North Americans with
stages 3 to 5 CKD not on dialysis and at high fracture risk
can be identified by BMD testing with DXA; the ultradistal
radius being the preferred site.

The performance test characteristics of both DXA and
HR pQCT measures in our study are similar to those previ-
ously reported by a single smaller study of CKD patients not
on dialysis [10]. That study, which enrolled 32 patients with
fractures and 59 without, also reported that areal BMD by
DXA and total volumetric BMD by HR pQCT were both
associated with fracture; however, they did not formally
compare DXA measures to HR pQCT measures. Of note,
both in this small CKD study and in our current study, DXA
and HR pQCT were associated with fracture even when
bone mass measurements were obtained after the fracture
occurred.

The fact that BMD testing with DXA can be used in
stages 3 to 5 CKD to assess fracture risk is consistent with
what has been reported in an analysis using data from the
Study of Osteoporotic Fractures which demonstrated that
among women with moderate to severe CKD, femoral neck
BMD independently contributed to the risk of hip and spine
fracture [15]. In addition, randomized trials of alendronate,
risedronate, raloxifene, denosumab, and teriparatide for the

prevention of osteoporotic fractures enrolled some patients
who had markers of mineral metabolism and serum creati-
nine in the normal range but estimated creatinine clearances
in the range of 15 to 60 ml/min (stages 3 and 4 CKD) and
BMD by DXA was able to predict fracture risk in these
patients [25-28].

With the exception of trabecular thickness, compared to
cortical measures, the AUC’s for trabecular measures by HR
pQCT were lower indicating poorer discriminative ability.
Indeed, the AUC for trabecular area was 0.52 (95% CI 0.38
to 0.59). One potential explanation for this finding is that in
early stages of CKD, before dialysis, the adverse bone
effects are primarily due to excess PTH [29]. Histomorpho-
metric studies demonstrate that hyperparathyroidism prefer-
entially affects cortical bone, resulting in subperiosteal
resorption (reflected by a decrease in cortical area) and
intracortical porosity (reflected by a decrease in cortical
density) [30]. In keeping with these findings, we found that
serum PTH was weakly correlated with all our cortical
measures.

Our findings are different than what we and others have
reported in stage SD CKD. In the dialysis population, cor-
tical pQCT measures are strongly associated with fractures
but there is no association between BMD by DXA or
trabecular measures by HR pQCT and fractures [4, 6, 12].
These divergent findings are consistent with the concept that
the type of bone disease differs by stage of CKD. In early
stages (stages 3, 4, and early stage 5-predialysis), the pre-
dominant form of bone disease is hyperparathyroid bone
disease which is associated with decreases in BMD prefer-
entially at cortical sites, while in later stages (late stage 5
and dialysis), adynamic bone disease, osteomalacia and
mixed renal osteodystrophy become more prevalent [29,
31]. These latter forms of renal osteodystrophy, which in-
crease fracture risk, may or may not be associated with
alterations in BMD by DXA, limiting the diagnostic utility
of this test in dialysis patients.

Our study had some limitations. Our data were cross-
sectional and as such we cannot comment on the ability of
BMD testing by DXA or HR pQCT parameters to prospec-
tively identify patients with CKD who will have fracture.
Also, due to the cross-sectional design, we could not eval-
uate the influence that progression of renal disease has on
these bone measures. We did not perform bone biopsies and
as such are unable to directly determine the effects of PTH
on cortical and trabecular bone parameters. While this is the
largest cross-sectional study of bone mass measures in CKD
stages 3 to 5, there were only 77 fractures limiting our
ability to perform subanalyses by stage and type of fracture
and/or by severity of vertebral fracture. Most of our subjects
were Caucasian men which limits the application of our
findings to women and other races. Finally and perhaps
most importantly, the participants in our study were active,
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with very minimal abnormalities of serum calcium, phos-
phate, PTH, and 25(OH) D; limiting the generalizability of
our findings to patients that are less active and have greater
disturbances of mineral metabolism.

It is important to note that the paucity of mineral abnor-
malities in our participants likely means that for the
most part they did not have CKD-MBD. Our findings,
specifically that BMD testing might be meaningful in these
patients, is not out of keeping with the 2009 Kidney Disease
Improving Global Outcomes Clinical Practice Guideline for
the Diagnosis, Evaluation, and Treatment of CKD—Mineral
and Bone Disorder (CKD-MBD) which indicate that BMD
testing should not be performed in patients with stages 3-5D
with evidence of CKD-MBD [32].

In summary, we found that in patients with stages 3 to 5
CKD, BMD testing by DXA is able to discriminate well
among those with or without fractures. Further, the addition
of HR pQCT measures to BMD by DXA does not improve
fracture discrimination.
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