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ABSTRACT

Patients with predialysis chronic kidney disease (CKD) have increased risk for fracture, but the structural
mechanisms underlying this increased skeletal fragility are unknown. We measured areal bone mineral
density (aBMD) by dual-energy x-ray absorptiometry at the spine, hip, and radius, and we measured
volumetric BMD (vBMD), geometry, and microarchitecture by high-resolution peripheral quantitative
computed tomography (HR-pQCT) at the radius and tibia in patients with CKD: 32 with fracture and 59
without fracture. Patients with fracture had lower aBMD at the spine, total hip, femoral neck, and the
ultradistal radius, the last having the strongest association with fracture. By HR-pQCT of the radius,
patients with fracture had lower cortical area and thickness, total and trabecular vBMD, and trabecular
number and greater trabecular separation and network heterogeneity. At the tibia, patients with fracture
had significantly lower cortical area, thickness, and total and cortical density. Total vBMD at both radius
and tibia most strongly associated with fracture. By receiver operator characteristic curve analysis,
patients with longer duration of CKD had area under the curve of >0.75 for aBMD at both hip sites and
the ultradistal radius, vBMD and geometry at the radius and tibia, and microarchitecture at the tibia. In
summary, patients with predialysis CKD and fractures have lower aBMD by dual-energy x-ray absorpti-
ometry and lower vBMD, thinner cortices, and trabecular loss by HR-pQCT. These density and structural
differences may underlie the increased susceptibility to fracture among patients with CKD.
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Fracture rates in patients with ESRD are elevated,!
as high as individuals who have normal kidney
function and are older by 10 to 20 years.? Recently,
there has been increasing recognition that patients
with predialysis chronic kidney disease (CKD) also
experience an increased fracture burden.> In
2006, we reported that participants who were older
than 50 years in the Third National Health and Nu-
trition Examination Survey (NHANES III) and had
an estimated GFR (eGFR) between 15 and 59 ml/
min (stages 3 and 4 CKD) had a two-fold higher risk
for hip fracture than individuals without CKD.¢
Subsequent studies confirmed our findings and also
demonstrated that fracture risk increases as kidney
function declines.>-* In one study, hip fracture risk
was as high in patients with stage 4 CKD as in pa-
tients with ESRD.* Given the rapid expansion of the
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population of individuals who are older than 65
years worldwide and the high prevalence of CKD in
the elderly,” it is highly important to improve our
understanding of the structural and biologic mech-
anisms that contribute to increased fracture rates in
patients with CKD so that we can develop strategies
to identify those who are at risk for fracture.

In patients with ESRD, relationships between areal
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bone mineral density (aBMD) measured by dual-energy x-ray
absorptiometry (DXA) and prevalent fractures are inconsistent;
some studies detected no difference in aBMD,8-1! whereas others,
including a meta-analysis, found lower aBMD in those with prev-
alent spine and nonspine fractures®!!-'2; therefore, recent Kidney
Disease: Improving Global Outcomes (KDIGO) guidelines for
the diagnosis and management of CKD-mineral and bone disor-
der (CKD-MBD) do not recommend routine measurement of
aBMD by DXA in patients with ESRD or in those with late stages
3 through 5 CKD, because more severe CKD is commonly asso-
ciated with renal osteodystrophy.'? In contrast, however, KDIGO
guidelines recommend DXA to assess fracture risk in patients with
stage 1 through early stage 3 CKD, as long as biochemical testing
does not suggest CKD-MBD.

Fractures occur when bone strength is not sufficient to
withstand an applied force. Bone strength is determined both
by the density of bone present and by the quality of that bone.
Whereas bone density is measured by DXA, other factors that
contribute to bone quality, such as cortical and trabecular mi-
croarchitecture, are not. Chronic parathyroid hormone excess,
a common biochemical feature of CKD, is generally associated
with trabecularization of endocortical bone, cortical thinning,
and increased cortical porosity.'*-'¢ Whereas effects of hyper-
parathyroidism on trabecular bone are less consistent, trabec-
ular structure and connectivity are generally maintained.'* The
resolution of DXA is too low to distinguish between cortical
and trabecular bone, both of which influence resistance to frac-
ture; this may account for its inconsistent utility in discrimi-
nating fracture status in patients with ESRD.

Bone biopsy studies have demonstrated that histomorpho-
metric abnormalities of renal osteodystrophy may begin early in
the development of CKD'7; therefore, DXA may also have limited
utility in patients with predialysis kidney disease. Recently, Bac-
chetta et al.'8 used high-resolution peripheral quantitative com-
puted tomography (HR-pQCT; voxel size 82 um) to demonstrate
that both cortical and trabecular microarchitecture are abnormal
in patients with early CKD compared with healthy control sub-
jects. In addition, they reported thinner cortices and abnormal
trabecular microarchitecture in a small number of patients with
CKD and with fractures; however, they did not measure aBMD by
DXA. In this study, we measured aBMD by DXA and volumetric
BMD (vBMD) and bone microarchitecture by HR-pQCT in pa-
tients with predialysis CKD (stages 2 through 5), with and without
prevalent fracture. On the basis of results in postmenopausal
women with normal kidney function reported by Boutroy et al.'?
and by our group,* we hypothesized that HR-pQCT would de-
tect abnormalities of vBMD and bone geometry and microstruc-
ture in patients with CKD and a history of fracture, whereas mea-
surement of aBMD by DXA would not.

RESULTS

Characteristics of Study Participants
Of 91 patients, 32 had a total of 49 fractures. Eighteen patients
had 22 vertebral fractures, 14 of which were mild and eight of
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which were moderate. Twenty patients had 27 nonvertebral
fractures (eight wrist, four ankle, three rib, two humerus, two
femur, three tibia/fibula, four metatarsal, and two at other
sites). Six patients had both prevalent vertebral and nonverte-
bral fracture.

Groups with and without fracture (Table 1) were balanced
for age, race, weight, height, use of tobacco and alcohol, cause
and duration of CKD, and laboratory parameters (serum cal-
cium and phosphorus) associated with secondary hyperpara-
thyroidism (SHPT) and metabolic acidosis (CO,). Although
more women were present in the fracture group, the difference
was not statistically significant (P = 0.1). The proportion of
patients who were taking phosphate binders and calcium and
vitamin D supplements did not differ.

DXA and HR-pQCT Measurements by Fracture Status
In patients with a history of fracture, absolute aBBMD (g/cm?)
by DXA was 7 to 10% lower (Table 2) at the lumbar spine (LS),
femoral neck (FN), total hip (TH), ultradistal radius (UDR)
but not one-third radius (1/3R). More patients with fracture
had osteoporosis (T score =—2.5) at the TH (16 versus 3%;
P < 0.05) and UDR (38 versus 16%; P < 0.05) than patients
without fracture (Figure 1); however, the majority of patients
with fracture had T scores >—2.5 (all sites 48%, LS 81%, TH
81%. FN 75%. 1/3R 72%, and UDR 63%). Low aBMD at the
LS, both hip sites, and the UDR but not 1/3R was associated
with increased odds of fracture (Table 2). For each SD decrease
in LS, TH, and FN aBMD, there was a 93, 65, and 86% in-
creased odds of fracture, respectively. Notably, low UDR
aBMD was associated with the highest risk, with greater than
two-fold increased odds of fracture.

Figure 2 shows representative HR-pQCT images of the ra-
dius and tibia (Figure 2A), from a healthy, postmenopausal
white woman (Figure 2B), a woman with CKD and without
fracture (Figure 2C), and a woman with CKD and with fracture
(Figure 2D). At the radius, HR-pQCT measurements of bone
geometry, density, and microarchitecture demonstrated that
cortical area (CtArea) and thickness (CtTh), total density
(Dtot) and trabecular density (Dtrab), and trabecular number
(TbN) were lower and trabecular separation (TbSp) and net-
work heterogeneity (TbSpSD) higher in the fracture group
(Table 2). For each SD decrease in CtArea and CtTh, there was
an 85 and 78% increased odds of fracture, respectively (Table
2). Similarly, each SD decrease in Dtot and Dtrab was associ-
ated with more than a two-fold increased odds of fracture.
Trabecular microarchitectural parameters associated with
fracture included TbN, TbSp, and TbSpSD; each SD decrease
in TbN increased odds of fracture by 79%, whereas each SD
increase in TbSp and TbSpSD increased odds of fracture by 71
and 76%, respectively.

At the weight-bearing tibia, CtArea, CtTh, and both Dtot
and cortical density (Dcort) were lower in the fracture group,
but trabecular vBMD (Dtrab) and microarchitecture did not
differ. Similarly, cortical parameters were associated with frac-
ture, whereas trabecular parameters were not. Both CtArea and
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Table 1. Characteristics of study participants
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Characteristic

Fracture (n = 32) No Fracture (n = 59)

eGFR (ml/min; median [range])
Women (n [%])
Age (years; mean *= SD)
Race (n [%])
white
black
Hispanic
Weight (kg; mean = SD)
Height (cm; mean + SD)
BMI (mean * SD)
Duration of kidney failure (years; median [range])
Cause of kidney failure (n [%])
diabetes or hypertension
nephritis/nephrosis
other
Laboratory parameters
serum calcium (mg/dl; mean = SD)
serum phosphorus (mg/dl; mean * SD)
serum bicarbonate (mM/L; mean + SD)
Current alcohol consumption (n [%])
Current smoking (n [%])
Using a vitamin D supplement (n [%])
Using a calcium supplement (n [%])
Using phosphate binder (n [%])

33 (7 to 68) 30 (7 to 76)
19 (59) 24 (41)
729 70+ 9
15 (47) 22 (37)

4(12) 4(7)

13 (41) 33 (56)
76 =17 81 =14
165 =10 165 =9
285 29*+6
3.7 (0.2 to 26.0) 5.1(0.1 t0 20.2)
23(72) 42 (71)

2(6) 4(7)

7 (22) 13 (22)
9.5+ 0.6 9.4+ 0.5
40=*+1.0 3.8 *+0.7
238 £3.6 23.0 £ 3.1

3(9 7(12)

4(12) 9 (15)

20 (74) 36 (61)

8 (27) 12 (21)

5(17) 10 (17)

P < 0.05. BMI, body mass index.

CtTh were associated with increased odds of fracture by 73 and
82%, respectively. Each SD decrease in Dtot and Dcort was
associated with an 85 and 70% increased odds of fracture, re-
spectively. Between groups, differences (3 to 19%) were gener-
ally smaller at the tibia than at the radius. In general, percent-
age differences between groups with and without fracture (3 to
44%) were larger by HR-pQCT than by DXA.

Correlations between measures of aBMD and vBMD by
DXA and HR-pQCT, respectively, were weakest between
TH BMD and radius Dcort (r = 0.22, P = 0.03) and stron-
gest between UDR BMD and radius Dcort (r = 0.81; P <
0.0001).

Receiver operating characteristic (ROC) analyses of the
whole cohort demonstrated that no DXA or HR-pQCT
measurement yielded an area under the curve (AUC) of
>0.75 (Table 2); however, stratification by tertile of CKD
duration (Table 3) improved fracture discrimination by
both DXA and HR-pQCT. For patients in the lowest tertile,
no DXA or HR-pQCT parameter discriminated fracture sta-
tus. For patients in the middle tertile, HR-pQCT measures
of density (Dtot), geometry (CtArea and CtTh), and trabec-
ular microarchitecture (TbN, TbSp, and TbSpSD) at the
tibia had high discrimination for fracture; Dtot, TbN, and
TbSp had highest discrimination (AUC 0.86 and 0.81, re-
spectively). In contrast, for patients in the highest tertile,
HR-pQCT measures of density (Dtot and Dcort) and geom-
etry (CtArea and CtTh) at the radius and tibia had higher
discrimination for fracture, whereas trabecular microarchi-
tecture did not. The AUC was 0.86, 0.82, and 0.81 for radius
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Dtot, Dcort, and CtTh, respectively, and 0.80 and 0.78 for
tibia Dcort and CtArea, respectively. For DXA, UDR and FN
aBMD performed with highest discrimination in patients
with the longest CKD duration (AUC 0.84 and 0.78, respec-
tively; Figure 3). Patients who had had CKD for =6.9 years
had more severe CKD than those with CKD for <6.9 years
(mean eGFR 24 = 11 versus 38 = 17 ml/min; P < 0.0001).
Age, body mass index, gender, race, calcium, phosphorus,
or CO, did not differ by CKD duration (data not shown).

DISCUSSION

To our knowledge, this is the first study to investigate and
compare the utility of DXA and HR-pQCT to assess fracture
status in patients with predialysis CKD. Our results indicate an
array of parameters measured by both techniques differ be-
tween patients with and without fracture. With regard to mea-
sures of density, aBMD by DXA of the LS, TH, FN, and UDR
were associated with fracture. By HR-pQCT, Dtrab at the ra-
dius but not the tibia and Dcort at the tibia but not the radius
were associated with fracture. With regard to bone geometry
and microarchitecture, CtArea and CtTh of both radius and
tibia and TbN and TbSpSD at the radius only were associated
with fracture. From a mechanistic perspective, HR-pQCT im-
aging suggested that lower cortical density, thinner cortices,
and trabecular loss distinguish patients with CKD and with
fracture. Despite marked differences in all of these parameters
in the group as a whole, no DXA or HR-pQCT measurement
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Table 2. Comparison of imaging parameters for patients with CKD and with and without fractures

[+
Parameter (m'::t:rzm (':'n"e:r:a:“srg) Diﬁe/r"ence OR (95% ClI) AUC (95% Cl)

DXA
total LS BMD (g/cmz) 0.957 £ 0.173 1.069 = 0.203* -10 1.93 (1.15 to 3.25) 0.66 (0.54 to 0.78)
total LS T score -1.1+x15 -0.1 £ 1.8° 1.91 (1.15t0 3.17) 0.67 (0.55 t0 0.78)
TH BMD (g/cm?) 0.840 = 0.171 0.923 = 0.176° -9 1.65 (1.02 to 2.67) 0.63 (0.50 to 0.75)
TH T score -1.2+1.1 -0.7 =11 1.60 (0.98 to 2.58) 0.61(0.49 to0 0.73)
FN BMD (g/cmz) 0.677 = 0.127 0.755 + 0.154° -10 1.86 (1.10 to 3.14) 0.66 (0.55 t0 0.78)
FN T score -1.9+0.9 1.4 +1.1° 1.76 (1.05 to 2.99) 0.62 (0.50 to 0.75)
1/3R BMD (g/cmz) 0.652 + 0.107 0.697 £ 0.117 -7 1.51 (0.96 to 2.37) 0.60 (0.48 t0 0.72)
1/3R T score -1.6+18 -12+x14 1.30 (0.84 to 2.02) 0.52 (0.39 to 0.65)
UDR BMD (g/cm?) 0.363 = 0.084 0.430 + 0.093° -16 2.29 (1.34 to 3.89) 0.68 (0.57 to 0.80)
UDR T score -21*+14 -1.3=*x1.2° 1.94 (1.17 to 3.21) 0.62 (0.50 to 0.75)

HRpQCT, radius
total area (mm?) 274 + 59 293 +73 -6 1.33(0.85 to 2.08) 0.56 (0.44 to 0.69)
CtArea (mm?) 45 + 15 55 + 192 —-18 1.85(1.12 to 3.08) 0.63 (0.51 to 0.75)
trabecular area (mm?) 228 =53 237 *+ 69 -4 1.15(0.74 t0 1.79) 0.52 (0.40 to 0.65)
Dtot (mg HA/cm?3) 255 + 63 300 = 71° —-15 2.11(1.24 to 3.57) 0.66 (0.54 t0 0.77)
Dcort (mg HA/cm®) 801 + 82 825 + 81 -3 1.35(0.87 to 2.10) 0.56 (0.43 to 0.68)
Dtrab (mg HA/cm?3) 122 + 43 151 + 48° -19 2.01(1.21 to 3.34) 0.65 (0.53 to0 0.77)
BV/TV (%) 10.2 = 3.6 12.6 = 4.0° -19 2.01 (1.21 to 3.35) 0.65 (0.53 to 0.76)
CtTh (um) 626 + 179 743 + 241° —-16 1.78 (1.09 to 2.91) 0.61 (0.49 to 0.73)
TbN (1/mm) 1.7 0.5 2.0 +0.4° -12 1.79 (1.13 to 2.83) 0.64 (0.52 to 0.77)
trabecular thickness (um) 59 =13 64 + 13 -8 1.62 (0.98 to 2.70) 0.58 (0.45 to 0.71)
TbSp () 574 + 206 477 + 164° 20 1.71 (1.07 to 2.74) 0.65 (0.53 to0 0.78)
TbSpSD (1/um) 315 = 214 218 + 146° 44 1.76 (1.07 to 2.91) 0.65 (0.53 to0 0.78)

HRpQCT, tibia
total area (mm?) 769 + 139 771 £ 147 -0.3 1.02 (0.66 to 1.57) 0.50 (0.37 to 0.63)
CtArea (mm?) 90 * 46 110 + 38P —-18 1.73 (1.04 to 2.88) 0.67 (0.55 to 0.79)
trabecular area (mm?) 679 + 133 662 + 143 3 0.88 (0.57 to 1.36) 0.55 (0.42 to 0.67)
Dtot (mg HA/cm?3) 226 + 56 259 + 63° -13 1.85 (1.11 to 3.09) 0.65 (0.53 to 0.76)
Dcort (mg HA/cm?) 744 + 87 786 + 77° -5 1.70 (1.07 to 2.68) 0.62 (0.50 to 0.74)
Dtrab (mg HA/cm®) 142 + 37 158 + 48 —-10 1.48 (0.92 to 2.37) 0.57 (0.45 to 0.70)
BV/TV (%) 11.8 = 3.1 13.2+4.0 -10 1.48 (0.92 to 2.38) 0.58 (0.45 to 0.70)
CtTh (um) 793 + 374 979 + 338° -19 1.82 (1.09 to 3.02) 0.68 (0.56 to 0.80)
TbN (1/mm) 17+04 1.9+05 -8 1.44 (0.92 to 2.25) 0.58 (0.46 to 0.70)
trabecular thickness (um) 68 = 12 69 =10 -2 1.11 (0.71 to 1.72) 0.56 (0.43 to 0.68)
TbSp (um) 542 + 189 494 += 179 10 1.29 (0.84 to 1.98) 0.58 (0.46 to 0.70)
TbSpSD (1/um) 292 + 232 248 + 163 18 1.25 (0.82 to 1.92) 0.56 (0.44 to 0.68)

2P < 0.01.

bp < 0.05.

P < 0.001.

40

35 1

30 1

*
25 1
20 % M Fracture
151 O Non-Fracture
10 A1

5 -

0 - T T T T

Lumbar Total Hip Femoral 1/3 Radius Ultradistal
Spine Neck Radius

Figure 1. Osteoporosis is significantly more common at the total
hip and ultradistal radius in CKD patients with fracture. (*P < 0.05).
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discriminated fracture status by ROC analysis; however, diag-
nostic test characteristics of several DXA and HR-pQCT
measurements were better in patients with longer CKD du-
ration. Although KDIGO guidelines do not recommend
measurement of BMD by DXA in patients with late stages 3
through 5 CKD, our data suggest diagnostic test character-
istics for DXA are superior in patients with longer duration
and more severe CKD than in those with less severe CKD.
Although several studies have shown that aBMD by DXA is
lower in patients with predialysis CKD than without
CKD,%2122 only two have assessed relationships between frac-
ture and aBMD.>¢ In an analysis of NHANES III participants
with stages 3 and 4 CKD, we observed that FN BMD was lower
than that in matched control subjects without CKD but was

J Am Soc Nephrol 21: 1371-1380, 2010



50 mm

Figure 2. HR-pQCT provides detailed images of bone geometry
and microarchitecture at the radius (left) and tibia (right). (A) Scout
view represents the reference line position (solid line) and the
measurement site (dotted line). (B) Images from a healthy, post-
menopausal white woman. (C) Images from a predialysis female
patient with CKD and without fracture. (D) Images from a predi-
alysis female patient with CKD and with prevalent fracture.

not associated with hip fracture.® In contrast, a post hoc analysis
of postmenopausal women who had moderate to severe CKD
and participated in the Study of Osteoporotic Fractures (SOF)>
found that FN BMD contributed independently to risk for
both hip and vertebral fracture. Our finding that decreased
aBMD was associated with fracture is consistent with those
reported for the SOF; however, it is noteworthy that half of
fractures occurred in patients with CKD, with aBMD measure-
ments above World Health Organization diagnostic threshold
for osteoporosis (T score =—2.5), similar to reports of women
with postmenopausal osteoporosis.2* By HR-pQCT, decreased
Dcort at the weight-bearing tibia and Dtrab at the non—-weight-
bearing radius were associated with fracture. Interestingly and

J Am Soc Nephrol 21: 1371-1380, 2010
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Table 3. AUC for the ability of imaging modalities to
discriminate fracture status stratified by duration of CKD

Parameter Tertile 1 Tertile 2 Tertile 3
DXA
total LS BMD (g/cmz) 0.55 0.66 0.72
TH BMD (g/cmz) 0.50 0.65 0.75
FN BMD (g/cm?) 0.61 0.62 0.78
1/3R BMD (g/cm?) 0.55 0.55 0.68
UDR BMD (g/cm?) 0.55 0.67 0.84
HRpQCT, radius
total area (mm?) 0.60 0.67 0.55
CtArea (mm?) 0.52 0.61 0.74
trabecular area (mm?) 0.61 0.60 0.65
Dtot (mg HA/cm?3) 0.50 0.68 0.86
Dcort (mg HA/cm?) 0.54 0.52 0.82
Dtrab (mg HA/cm?3) 0.54 0.67 0.71
BV/TV (%) 0.54 0.67 0.71
CtTh (um) 0.53 0.57 0.81
TbN (1/mm) 0.55 0.63 0.71
trabecular thickness (um) 0.47 0.63 0.58
ThSp (um) 0.56 0.66 0.72
TbSpSD (1/um) 0.53 0.70 0.73
HRpQCT, tibia
total area (mm?) 0.59 0.61 0.67
CtArea (mm?) 0.43 0.75 0.78
trabecular area (mm?) 0.63 0.51 0.77
Dtot (mg HA/cm?3) 0.59 0.86 0.77
Dcort (mg HA/cm?3) 0.54 0.56 0.80
Dtrab (mg HA/cm?3) 0.58 0.73 0.64
BV/TV (%) 0.58 0.73 0.64
CtTh (um) 0.46 0.76 0.77
TbN (1/mm) 0.60 0.81 0.60
trabecular thickness (um) 0.53 0.47 0.63
TbSp (um) 0.60 0.81 0.60
TbSpSD (1/um) 0.66 0.77 0.63

Tertile 1, =2.7 years; tertile 2, 2.7 to 6.9 years; tertile 3, =6.9 years.

contrary to our hypothesis, aBMD and vBMD by DXA and
HR-pQCT, respectively, were equivalently associated with
fracture (odds ratios 1.65 to 2.29). These findings are consis-
tent both with the moderate to strong correlations between
aBMD and vBMD and with studies of postmenopausal women
without CKD,?*-2¢ in which decreased aBMD measured at any
site was similarly associated with osteoporotic fracture.

There are few studies with which to compare our microar-
chitectural findings. Bacchetta et al.'® compared HR-pQCT of
the radius and tibia in white patients with CKD with healthy
matched control subjects. The 13 patients with fractures (trau-
matic and fragility combined) had significantly lower total
vBMD, CtTh, and TbN at both radius and tibia. In contrast, we
did not find significant differences in trabecular microarchi-
tecture at the tibia. Bacchetta er al. did not evaluate the ability
of HR-pQCT to discriminate fracture status and did not mea-
sure BMD by DXA in patients with CKD. In a study of 52
patients who were on long-term hemodialysis (HD; 27 with
prevalent fracture), Jamal et al.® evaluated conventional pQCT
of the distal radius and found that cortical parameters were

Bone Imaging in Patients with CKD 1375
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BMD
2

Total Density

Radius

Cortical Density

Cortical Thickness

OTertile 1
Tertile 2

| Tertile 3
Cortical Area

Trabecular Area

Total Density

Tibia

Cortical Density

Cortical Thickness

Trabecular Number

Trabecular Separation

Trabecular Heterogeneity

000 010 020 030 040 050 060 070 080 090 1.00

Figure 3. Longer kidney disease duration associates with im-
proved fracture discrimination by DXA and HR-pQCT. Tertile 1,
=2.7 years; tertile 2, 2.7 to 6.9 years; tertile 3, =6.9 years; black,
vertical line corresponds to AUC 0.75.

strongly associated with fracture, with an approximate 16- and
three-fold increased odds of fracture, respectively, for each SD
decrease in Dcort and CtTh. Dcort highly discriminated fracture
status (AUC 0.89; 95% confidence interval 0.90 to 0.99). In con-
trast, neither Dtrab measured by pQCT nor hip and LS BMD
measured by DXA was associated with fracture. Of note, resolu-
tion of conventional pQCT (approximately 300 wm) used in that
study was too low to assess trabecular microarchitecture.®

Our finding that diagnostic accuracy of both DXA and HR-
PQCT was better in patients with longer duration and more
severe CKD deserves further exploration, because KDIGO
guidelines do not recommend routine BMD testing for pa-
tients with stages 3 through 5D CKD. This finding is consistent
with data that fracture risk increases with increasing time on
HD.%!! Although no studies have directly demonstrated im-
proved fracture risk assessment by DXA after adjustment for
CKD duration, several studies suggested this may be true.!’?
In a study of patients with ESRD, Urena et al.'' demonstrated
that fracture risk was associated both with lower total body z
scores and longer HD duration. Another study that used cen-
tral QCT to evaluate determinants of vertebral fracture in 72
patients with ESRD reported a strong association between frac-
ture and cortical vBMD and a modest inverse association be-
tween HD duration and decreased cortical vBMD (r = —0.38,
P < 0.001)27; however, resolution of central QCT is too low to
measure reliably the thin rim of cortical bone encompassing
the vertebral body.?® It is also interesting to note that the AUCs
we calculated for radius Dtot and Dcort in patients with the
longest duration of and most severe CKD are similar to the
AUC of Dcort reported in patients with ESRD by Jamal et al.

1376

Journal of the American Society of Nephrology

Although their study did not evaluate relationships between
diagnostic accuracy of pQCT for fracture and CKD duration,
patients had been on HD for >1 year and median HD duration
was approximately 40 months.

Our study found that diagnostic accuracy of both DXA and
HR-pQCT for fracture in patients with short-term duration of
CKD is poor and similar to that reported for patients with
normal kidney function.!*23¢ AUCs reported in our study are
consistent with those recently reported by Melton et al.,?° in
which diagnostic test characteristics of DXA and HR-pQCT
for fracture were evaluated in 100 postmenopausal women
with prevalent Colles fracture and 105 matched control sub-
jects without fracture. Strong associations were detected be-
tween fracture and parameters measured by DXA and HR-
pQCT (odds ratios 1.4 to 2.0), but fracture discrimination by
both DXA and HR-pQCT was equivalent and AUCs were
<0.75 (0.48 to 0.68).2° Although HR-pQCT did detect micro-
structural differences that have been associated with fragility
fractures in other studies,!®-31-35 in our cross-sectional investi-
gation, these microstructural differences did not predict frac-
tures. Several post hoc analyses of the major registry osteopo-
rosis clinical trials suggested that measurement of BMD by
DXA may be useful to assess incident fracture risk in patients
with stages 1 through 4 CKD and without biochemical evi-
dence of CKD-MBD.21:36:37 Prospective studies are needed
to determine whether measurement of microstructure by
HR-pQCT, application of finite element analysis (a computa-
tional method to evaluate bone strength) to HR-pQCT data
sets, or evaluation of bone turnover markers improves fracture
discrimination by HRpQCT. In this regard, it is possible that
no imaging technique will predict fracture adequately, because
a major component of fracture risk is related to fall risk, a risk
that cannot be assessed by either DXA or HR-pQCT.

This study has several limitations. Our sample size was rel-
atively small. The cross-sectional design did not permit either
the assessment of fracture prediction or the evaluation of lon-
gitudinal effects of CKD and its associated metabolic and hor-
monal abnormalities on bone structure. We used CKD dura-
tion as a surrogate for longer exposure to metabolic and
hormonal abnormalities associated with CKD. Although our
data suggest that effects are progressive over time, possibly
related to metabolic and hormonal alterations that accompany
progressive kidney failure (e.g., SHPT, metabolic acidosis, hy-
pogonadism) and may adversely affect bone density, geometry,
and microarchitecture, our method to quantify CKD duration
was limited by our ability to obtain historical information on
kidney function. Measurements of vitamin D metabolites,
parathyroid hormone, and biochemical markers of bone turn-
over, particularly bone-specific alkaline phosphatase, which
could provide additional information regarding potential bio-
chemical mechanisms, are not yet available. Finally, we did not
include a control group without CKD; however, because the
hypotheses of this investigation were comparisons by fracture
status, the absence of a control group without CKD is reason-
able.
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Technical limitations of HR-pQCT must be considered. HR-
PQCT voxel size (82 um) is at the threshold of trabecular dimen-
sions and is also greater than cortical pore size. Thus, partial vol-
ume effects limit assessment of trabecular microarchitecture and
cortical density.?® The algorithm for measurement of CtTh as-
sumes density of fully mineralized bone is 1.2 g hydroxyapatite
(HA)/cm®. Cortex segmentation is then based on a threshold al-
gorithm whereby voxels with a mean density greater than one-
third apparent cortical bone value are considered to belong to the
cortical region.> CtTH is then derived from the formula (cortical
volume/circumference). These assumptions may not apply to pa-
tients with SHPT or to those with osteomalacia; however, excel-
lent correlations have been demonstrated between HR-pQCT
and microCT measures of CtTh (R = 0.98).40

In conclusion, in patients with predialysis CKD, an array of
parameters measured by DXA and HR-pQCT were associated
with fracture history. Diagnostic test characteristics for DXA and
HR-pQCT were better for patients with longer duration of and
more severe CKD. Both cortical and trabecular abnormalities
may contribute to fracture susceptibility early in the course of
CKD, whereas cortical deficits seem to underlie propensity for
fracture in patients with CKD of longer duration. Although HR-
pQCT provides novel information regarding the structural mech-
anisms that may cause bone fragility in patients with CKD, neither
imaging tool demonstrated an AUC >0.75. Longitudinal studies
are required to investigate further the microstructural and bio-
chemical pathogenesis of fracture and to determine whether DXA
and HR-pQCT predict incident fracture in patients with predialy-
sis CKD.

CONCISE METHODS

Patients
For this analysis, all predialysis patients who had CKD with and with-

out a history of fracture and were enrolled in an ongoing longitudinal
study of relationships between kidney function and bone structure
and strength were included in this analysis (n = 91). Participants were
recruited from the general medicine and nephrology clinics of Co-
lumbia University Medical Center (CUMC) between August 2006
and September 2009. eGFR was determined by the Modification of
Diet in Renal Disease (MDRD) short formula.#! Patients included in
this analysis had eGFR <90 ml/min. Patients with a history of kidney
transplantation or malignancy and those who were taking bisphos-
phonates, gonadal steroids, aromatase inhibitors, and anticonvul-
sants that induce hepatic cytochrome P450 enzymes were excluded.
Two patients had a remote history of glucocorticoid use (>1 year
before the study visit) for treatment of IgA nephropathy and idio-
pathic FSGS. The CUMC institutional review board approved the
study, and all patients provided written informed consent.

Laboratory Measurements
Laboratory parameters were measured by Quest Diagnostics. Serum

creatinine was determined by the Jaffe reaction, and serum calcium,
phosphorus, and bicarbonate were measured by spectrophotometry.

J Am Soc Nephrol 21: 1371-1380, 2010

www.jasn.org | CLINICAL RESEARCH

Assessment of CKD, Fracture Status, and Factors
Associated with BMD

CKD duration was estimated for all patients by review of medical
records and previous measurements of serum creatinine. The on-
line medical records system at CUMC contains clinical and demo-
graphic data dating to 1990, and this system was used to determine
date of CKD duration for patients who were seen within the
CUMC system (approximately 95% of this cohort). The onset of
CKD was determined from the earliest serum creatinine levels that
consistently corresponded to an eGFR <90 ml/min and would be
in compliance with Kidney Disease Outcomes Quality Initiative
Guidelines (KDOQI).*? For patients lacking historical informa-
tion (seven [8%] patients), duration of kidney function was based
on the date of first presentation to a nephrologist. In cases of
inadequate historical clinical data, the serum creatinine at ne-
phrology presentation was uniformly abnormal. In cases when the
earliest serum creatinine was abnormal and no normal-range se-
rum creatinine levels were available, duration of CKD was based
on the date of abnormal serum creatinine. Cause of kidney disease
was grouped into three categories: (1) Diabetic and hypertensive
kidney disease; (2) glomerular causes of CKD (nephritis or ne-
phrosis); and (3) other causes of CKD (polycystic kidney disease,
tubulointerstitial, or unknown).

Fragility fracture was defined as a fracture associated with
trauma equivalent to or less than a fall from a standing height;
fractures associated with major trauma, such as motor vehicle ac-
cidents, and skull and digit fractures were excluded. Both vertebral
and nonvertebral fragility fractures were included. Nonvertebral
fractures were ascertained by self-reported history during our
standardized interview and confirmed by review of radiographs or
radiology reports. Twenty patients had 27 nonvertebral fractures;
10 of these were confirmed by radiographs, whereas 17 were con-
firmed only by patient report. Vertebral fractures were identified
by an expert skeletal radiologist (R.B.S.) and graded by the semi-
quantitative method on spine radiographs performed according to
the protocol of the SOF.43 All study patients underwent lateral
spine x-rays. Because all vertebral fractures were identified at the
study visit, it was not possible to determine their occurrence in
relationship to the duration of CKD.

Current alcohol consumption was defined as one or more drinks
daily. Current tobacco use was reported as having smoked tobacco in
the 5 years before the study visit. Vitamin D supplementation was
defined as any use of ergocalciferol (n = 22), cholecalciferol (n = 27),
paricalcitol (n = 17), doxercalciferol (n = 6), or calcitriol (n = 5).
Phosphate binders included calcium acetate (n = 1) or sevelamer
(n = 14). No patient was taking cinacalcet, lanthanum carbonate, or
aluminum-containing phosphate binding agents.

Measurement of aBMD by DXA
aBMD by DXA was measured at the total LS (L1 through L4), TH, FN,

and nondominant 1/3R and UDR using a Hologic QDR 4500 densi-
tometer (Hologic, Inc, Waltham, MA) in the array (fan beam) mode.
In our laboratory, short-term in vivo precision is 0.68% for the spine,
1.36% for the FN, and 0.70% for the radius. T scores compared pa-
tients with young-normal populations of the same race and gender
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provided by the manufacturer (spine and forearm) and by NHANES
III (TH and FN).

HR-pQCT Imaging of the Radius and Tibia
HR-pQCT (XtremeCT; SCANCO Medical AG, Bassersdorf, Switzer-

land) of the nondominant forearm and leg was performed by a dedi-
cated research densitometry technologist as described previously'®
and performed in our laboratory (Figure 2).34 HR-pQCT of the
dominant limb was performed when there was a previous fracture or
an arteriovenous fistula or graft in the nondominant limb. The arm or
leg was positioned in the scanner, and the region of interest was de-
fined on a scout film by manual placement of a reference line at the
endplate of the radius or tibia, with the first slice 9.5 and 22.5 mm
proximal to the reference line at the radius and tibia, respectively. A
stack of 110 parallel CT slices was acquired at the distal end of both
sites using an effective energy of 40 keV, slice thickness of 82 um,
image matrix size 1024 X 1024, and a nominal voxel size of 82 um.
This provided a three-dimensional image of approximately 9 mm in
the axial direction. Attenuation data were converted to equivalent HA
densities. The European Forearm Phantom was scanned daily for
quality control.

The analysis methods have been described,3%-4445 validated ex
vivo against the gold standard w-CT at the radius*® and tibia,?% and
applied in several clinical studies.!830-33-35.4647 Image processing
and calculation of numerical values were performed using Scanco
software. Briefly, the volume of interest is automatically separated
into cortical and trabecular regions using a threshold-based algo-
rithm set to one third the apparent cortical bone density. Mean
CtTh is defined as the mean cortical volume divided by the outer
bone surface. Trabecular bone density is defined as the average
bone density within the trabecular volume of interest; BV/TV (%)
is derived from Dtrab, assuming the density of fully mineralized
bone was 1.2 g HA/cm® (BV/TV = 100 X Dtrab/1200 mg HA/
cm?). Because measurements of trabecular microstructure are lim-
ited by the resolution of the XtremeCT, which approximates the
width of individual trabeculae, trabecular structure is assessed us-
ing a semiderived algorithm.*48 Trabeculae are identified by a
mid-axis transformation method, and the distance between them
is assessed by the distance-transform method.*® TbN is defined as
the inverse of the mean spacing of the mid-axes. Trabecular thick-
ness and TbSp are derived from BV/TV and TbN using formulas
from traditional quantitative histomorphometry: Trabecular
thickness = (BV/TV)/TbN, and TbSp = (1 — BV/TV)/TbN. The
intraindividual distribution of separation (um), a parameter that
reflects the heterogeneity of the trabecular network, is also calcu-
lated.

Statistical Analysis
Statistical analyses were conducted using SAS 9.2 (SAS Institute, Cary,

NC). Categorical data were compared using x* test. All continuous
data were log-transformed before statistical testing, and group differ-
ences were determined by ¢ test for unequal variances. No adjustments
for age; gender; race; duration of kidney failure; or serum levels of
calcium, phosphorus, or bicarbonate were performed because of the
homogeneous distribution of these variables between the two popu-
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lations (Table 1). Univariate logistic regression was performed to de-
termine univariate relationships between fracture and measures of
bone density and microarchitecture determined by DXA and HR-
PQCT, respectively. Standard ROC curve analysis was performed to
determine the ability of DXA and HR-pQCT to discriminate fracture
status. In this type of analysis, an AUC >0.75 is considered compel-
ling evidence for the ability to discriminate an outcome.”®>! A diag-
nostic test with an AUC of 0.5 is considered to perform no better than
chance. ROC analysis was also performed on groups of patients strat-
ified by duration of kidney failure. Stratification was determined on
the basis of tertiles of CKD duration. These categories were =2.7, 2.7
to 6.9, and =6.9 years.
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