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ARTICLE INFO ABSTRACT

Keywords: End stage renal disease (ESRD) is associated with sarcopenia and skeletal fragility. The objectives of this cross-
Chronic kidney disease sectional study were to (1) characterize body composition, bone mineral density (BMD) and bone structure in
Sarcopenia hemodialysis patients compared with controls, (2) assess whether DXA areal BMD (aBMD) correlates with
Bone mineral density peripheral quantitative CT (pQCT) measures of volumetric BMD (vBMD), cortical dimensions and MRI measures
DXA o of trabecular microarchitecture, and (3) determine the magnitude of bone deficits in ESRD after adjustment for
Quantitative computed tomography ) U .

MRI muscle mass. Thirty ESRD participants, ages 25 to 64 years, were compared with 403 controls for DXA and pQCT
outcomes and 104 controls for MRI outcomes; results were expressed as race- and sex- specific Z-scores relative
to age. DXA appendicular lean mass index (ALMI kg/m?) and total hip, femoral neck, ultradistal and 1/3rd
radius aBMD were significantly lower in ESRD, vs. controls (allp < 0.01). pQCT trabecular vBMD (p < 0.01),
cortical vBMD (p < 0.001) and cortical thickness (due to a greater endosteal circumference, p < 0.02) and MRI
measures of trabecular number, trabecular thickness, and whole bone stiffness were lower (all p < 0.01) in
ESRD, vs. controls. ALMI was positively associated with total hip, femoral neck, ultradistal radius and 1/3rd
radius aBMD and with tibia cortical thickness (R = 0.46 to 0.64). Adjustment for ALMI significantly attenuated
bone deficits at these sites: e.g. mean femoral neck aBMD was 0.79 SD lower in ESRD, compared with controls
and this was attenuated to 0.33 with adjustment for ALMI. In multivariate models within the dialysis partici-
pants, pQCT trabecular vBMD and cortical area Z-scores were significant and independently (all p < 0.02)
associated with DXA femoral neck, total hip, and ultradistal radius aBMD Z-scores. Cortical vBMD (p = 0.01) and
cortical area (p < 0.001) Z-scores were significantly and independently associated with 1/3rd radius areal
aBMD Z-scores (R? = 0.62). These data demonstrate that DXA aBMD captures deficits in trabecular and cortical
vBMD and cortical area. The strong associations with ALMI, as an index of skeletal muscle, highlight the im-
portance of considering the role of sarcopenia in skeletal fragility in patients with ESRD.

1. Introduction abnormal bone turnover, diabetes, malnutrition, inflammation, meta-
bolic acidosis, and poor physical function [1-6]. Patients with chronic

CKD is associated with multiple risk factors for fracture, including kidney disease (CKD) stages 3-5D (including dialysis patients) have
abnormal vitamin D metabolism, secondary hyperparathyroidism, markedly increased fracture rates, in association with greater
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morbidity, mortality and cost, compared with the general population
[3,7-14]. Furthermore, hip fracture incidence rates remain high despite
purported improvements in the management of CKD mineral and bone
disorder (CKD-MBD) and concurrent decreases in fracture rates in the
general population [10,15-19].

The measurement of areal bone mineral density (aBMD) by DXA is
the clinical standard to assess fracture risk in the general population.
However, early publications addressing the relations between DXA
aBMD and fracture risk in CKD were limited to cross-sectional studies in
patients with and without prevalent fractures, yielding inconsistent
results. Accordingly, the 2009 KDIGO Clinical Practice Guidelines for
CKD-MBD recommended that aBMD testing not be performed routinely
in patients with CKD stages 3-5D [20]. However, more recent pro-
spective studies across the spectrum from CKD stage 3 to 5D demon-
strated that DXA aBMD in the total hip, femoral neck, and ultradistal
and 1/3rd radius predicted incident fractures [21-24]. In 2017, the
Kidney Disease Improving Global Outcomes (KDIGO) leadership con-
vened a Controversies Conference and concluded that DXA aBMD is
reasonable to obtain if results may lead to additional interventions or
medical management [25].

Multiple studies using conventional peripheral quantitative CT
(pQCT) and high resolution pQCT (HR-pQCT) examined the structural
underpinnings of skeletal fragility in CKD [26-29]. Overall, lower
cortical area, thickness and volumetric BMD (vBMD), and abnormal
trabecular microarchitecture were associated with prevalent fractures
[27,28]. Although these studies provided important insights into frac-
ture risk in CKD, none included healthy controls.

Numerous studies in the general population have documented
strong correlations between bone and muscle mass in the context of
exercise, disuse and aging [30-34]. The functional muscle-bone unit
approach posits that bone adapts to the mechanical forces to which it is
subjected in order to keep bone strength at a set point. Despite the fact
that CKD is associated with sarcopenia [35] and impaired physical
function, and poor physical function is a leading risk factor for fractures
in CKD [36-38], no studies have examined associations among body
composition and bone density and structure in adults with CKD.

This study will leverage the baseline DXA, pQCT and MRI data
collected in 30 maintenance hemodialysis patients enrolled in a pilot
and feasibility study of low magnitude mechanical stimuli [LMMS
[39,40]] as an anabolic bone therapy. The study is strengthened by the
inclusion of concurrent healthy reference participants for DXA, pQCT,
and MRI outcomes. These unique reference data allow us to express the
study outcomes as sex- and race-specific standard deviation scores (Z-
scores) relative to age — facilitating the comparison of the magnitude of
deficits across skeletal sites and imagining modalities without con-
founding by age, sex and race. The objectives of this study were to (1)
characterize body composition and bone density, structure and micro-
architecture in hemodialysis participants compared with reference
participants, and (2) assess correlations among different imaging
modalities in order to inform the interpretation of DXA results across
sites, and (3) determine the impact of adjustment for muscle mass on
differences in bone outcomes between hemodialysis participants and
controls.

2. Methods
2.1. Study participants

Ambulatory maintenance hemodialysis patients, ages 21 to
65 years, treated at a single University of Pennsylvania (UPENN) dia-
lysis facility, were eligible for a pilot and feasibility randomized clinical
trial of daily exposure to 20 min of LMMS over a 6 month interval
(Clinicaltrials.gov identifier NCT00364234). This analysis is limited to
the baseline visit. Exclusion criteria included pregnancy, significant
comorbidity (active malignancy or a history of myocardial infarction,
congestive heart failure III-IV stage, cerebrovascular disease, liver
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failure, or neuropathy), a history of a fall within the prior 6 months, hip
fracture or hip replacement, anticipated living-donor transplantation or
relocation within the coming 6 months, and difficulty in ambulation,
defined as difficulty climbing two flights of stairs or walking three
blocks.

Healthy controls were enrolled in other studies using the same
equipment and methods as the hemodialysis participants: (1) pQCT and
DXA measurements were obtained in 502 adults, as previously de-
scribed [41] and (2) MRI bone measurements were obtained in 104
adults. Exclusion criteria for the healthy controls included a history of
chronic diseases or medications known to affect nutrition or bone
health, such as a reported history of diabetes, malabsorption syn-
dromes, CKD, liver disease, thyroid disease or malignancy. By design,
the sex and race distributions of the healthy controls were pre-specified
(approximately 50% male, and 50% black) for the purpose of gen-
erating sex- and race- specific reference data.

The protocols were approved by the Institutional Review Boards at
the Children's Hospital of Philadelphia and UPENN. Informed consent
was obtained from all participants.

2.2. Dialysis participant disease characteristics, medications and laboratory
tests

The medical records were reviewed for the cause of underlying
renal disease, date of onset of end stage renal disease (ESRD), medi-
cations and dialysis history. Renal disease was categorized as hy-
pertension, diabetes, focal segmental glomerulosclerosis or other.
Serum parathyroid hormone (PTH) levels were measured by Quest
Diagnostic (Nichols Institute) using a chemiluminescence assay (sensi-
tivity 3 pg/mL and with an interassay CV of 7%-9%).

2.3. Demographics and anthropometry

Weight and height were measured using a digital scale (Scaltronix,
White Plains, NY) and stadiometer (Holtain Ltd., Crymych, UK), re-
spectively. Participants self-identified their race according to the
National Institute of Health categories.

2.4. DXA

DXA scans were performed using a Delphi/Discovery (Hologic,
Bedford, MA, USA) densitometer. Whole body, posteroanterior (PA)
lumbar spine (L1-L4), lateral lumbar spine (L2—L3), left proximal
femur and radius (ultradistal and 1/3rd) scans were obtained in the
array mode using standard positioning techniques. Body composition
measures indexed to height included whole body fat mass index (FMI,
kg/m?), lean body mass index (LBMI, kg/m?), and appendicular lean
mass index (ALMI, kg/mz). The DXA instrument was calibrated using a
hydroxyapatite spine phantom daily and a whole body phantom 3 times
per week. The in vitro CV at our institution is < 1% for phantom scans
and the in vivo CV is < 1% for spine BMD.

2.5. Peripheral QCT

Left tibia scans were obtained by pQCT (Stratec XCT2000 12-de-
tector unit, Orthometrix) with a voxel size of 0.4 mm and slice thickness
of 2.3mm, and analyzed with Stratec software version 6.00, as pre-
viously described [41]. A scout view was obtained to place the re-
ference line at the medial distal endplate. Bone measures were obtained
at 3%, 38%, and 66% of tibia length proximal to the reference line. At
the 3% metaphyseal site, scans were analyzed for trabecular vBMD
(mg/cm®). At the 38% diaphyseal site, scans were analyzed for cortical
vBMD (mg/cmB), cortical cross-sectional area (mm?), cortical thickness
(mm), periosteal circumference (mm), and endosteal circumference
(mm). At the 66% site, scans were analyzed for calf muscle and fat
cross-sectional area (mm?). The PQCT measure of muscle density (mg/
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Table 1
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Participant demographics, BMI, and body composition in the hemodialysis participants and healthy controls.

Hemodialysis DXA and pQCT healthy controls ESRD vs. controls** p-value
Black Non-Black Black Non-Black
N=29 N=1 N=178 N =235
Age, years 48.4 = 10.3 48.8 44.6 = 11.8 41.9 = 135
Male sex, n (%) 16 (56%) 1 (100%) 90 (51%) 105 (45%)
Body mass index, kg/m>
Male 26.1 = 4.4 22.3 27.0 + 5.3 259 + 4.4 0.55
Female 235 = 4.8 - 29.9 *+ 6.9 24.3 + 4.8 < 0.01
Body composition Z-scores
DXA whole body fat mass index (FMI) —-0.61 = 0.90 -1.23 —-0.26 £ 0.91 —-0.60 = 0.96 < 0.05
DXA whole body lean body mass index (LBMI) —0.78 = 1.03 —1.53 —0.22 + 0.90 —0.26 = 0.90 < 0.01
DXA appendicular lean mass index (ALMI) —0.98 = 1.04 -1.96 —-0.25 = 0.87 —-0.23 = 0.87 < 0.001
PQCT calf subcutaneous fat area —-0.63 = 1.10 -0.15 0.03 = 1.02 0.08 = 1.00 < 0.01
pQCT calf muscle area —1.00 = 1.14 -1.93 —0.01 = 0.99 0.01 = 1.02 < 0.001
PpQCT calf muscle density —0.67 = 0.90 0.18 —0.08 = 1.10 0.00 = 1.00 < 0.01

* Controls limited to those < 65 years of age, consistent with the ESRD enrollment criteria.

* P value limited to comparisons in black participants.

cm®) was used as an index of intramuscular adipose tissue, as previously
described [41,42]. Quality control was monitored daily using a hy-
droxyapatite phantom. The in vivo CV ranged from 0.5 to 1.6% for
pQCT outcomes.

2.6. MRI acquisition and analysis

Distal tibia metaphysis of patients were scanned on a 1.5 Tesla
whole-body MRI scanner (Siemens Sonata, Erlangen, Germany) using a
surface coil and a fast large-angle spin echo (FLASE) pulse sequence
[43]. Sequence parameters were: flip angle of 140°, TR/TE 80 ms/
11.8 ms, 16.67-kHz bandwidth, and 137 x 137 x 410 pm? voxel size in
15min 23s. Tibia diaphysis was imaged at the 38% site using a com-
mercial extremity coil and fast spin-echo sequence. Sequence para-
meters were: TR/TE = 5s/16ms, echo train length =8, pixel
size = 0.479 mm, slice thickness = 2 mm, and number of slices = 30.

The cortical and trabecular compartments were extracted for ana-
lysis by delineating the endosteal and periosteal boundaries using an
operator guided segmentation program [44]. Integrity of the trabecular
bone compartment was assessed at the distal tibia by calculating bone-
volume fraction (BVF), trabecular spacing, trabecular number, and
trabecular thickness using a Fuzzy Distance Transform Algorithm [45],
and plate-to-rod ratio using local inertia anisotropy [46]. Whole cross-
section axial stiffness at the distal tibia was computed using linear finite
element analysis [47,48]. Cortical porosity was assessed at the tibial
diaphysis as (1 — BV/TV) x 100% at each voxel averaged over the
entire cortical bone region. The CVs were < 5% for MRI parameters
[49].

3. Analysis plan

Statistical analyses were performed using Stata 13.0 (Stata Corp.,
College Station, TX). The bone and body composition outcomes varied
substantially with age, sex and race, and were therefore converted to
sex- and race-specific Z-scores relative to age in order to facilitate
comparisons across demographic groups. First, the DXA body compo-
sition Z-scores were generated using National Health and Nutrition
Examination Survey (NHANES) reference data in over 10,000 in-
dividuals [50]. The DXA aBMD and pQCT bone and body composition
Z-scores were generated based on reference data in the 502 healthy
controls. Cortical dimensions and calf muscle and fat area were highly
correlated with tibia length (all p < 0.001); therefore, Z-scores for
these outcomes were further adjusted for tibia length, as described
[51]. The MRI bone structure Z-scores were generated based on the
reference data in the 104 healthy controls.

Group differences between hemodialysis participants and controls

were assessed using Student's t-tests, with adjustment for unequal var-
iance, as needed, or with Wilcoxon rank-sum tests if not normally dis-
tributed. Because 29 of the 30 hemodialysis participants were black,
these comparisons were limited to the black hemodialysis participants
and black controls. PTH levels were natural log transformed and cor-
relations with bone Z-scores were examined using Pearson correlations.
Correlations among the DXA, pQCT and MRI bone Z-scores were as-
sessed using Pearson or Spearman correlations, as indicated.
Multivariate regression analyses were performed to identify pQCT and
MRI Z-scores that were independently associated with DXA BMD Z-
scores.

Correlations between ALMI and bone Z-scores were assessed using
Pearson correlations. Subsequent regression models were generated to
determine the impact of adjustment for ALMI Z-scores for those bone Z-
scores that were associated with ALMI Z-scores and were lower in he-
modialysis participants compared with controls.

Although multiple comparisons were performed across numerous
correlated bone measures, a Bonferroni correction is not appropriate
since it assumes that these measures are independent. Therefore, we
interpreted isolated findings with caution and examined the consistency
of the overall results.

4. Results
4.1. Participant characteristics

The participant demographic characteristics are summarized in
Table 1. All but one hemodialysis participants was black; therefore, the
data are presented stratified on race. Among black participants, body
mass index (BMI) was significantly lower in women with ESRD com-
pared with controls.

Among the hemodialysis participants, the underlying cause of CKD
was hypertension in 12, diabetes in 2, FSGS in 6, other in 5 and un-
known in 5. The median [interquartile range (IQR)] duration of ESRD
was 4.9 (1.4 to 11.1) years. At enrollment, 28 participants were treated
with phosphate binders: 18 were prescribed a single binder (8 calcium-
containing, 9 sevelamer, and 1 lanthanum) and 10 were prescribed both
a calcium-containing binder and either sevelamer or lanthanum. All but
two participants were treated with an active vitamin D sterol (3 calci-
triol and 25 paricalcitol) and 10 were prescribed cinacalcet. The
median (IQR) PTH level was 290 (184, 440) pg/mL.

4.2. Body composition

Table 1 summarizes the body composition Z-scores in the hemo-
dialysis participants and healthy controls. The mean DXA body
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DXA, pQCT, and MRI bone outcomes in hemodialysis participants and healthy controls.

Hemodialysis DXA and pQCT controls MRI controls Dialysis vs. controls
Black Non-Black Black Non-Black Black Non-Black p-Value
N =29 N=1 N=178 N = 235 N =53 N=51
DXA BMD Z-scores
PA spine BMD -0.35 = 1.35 —0.68 0.00 = 1.00 -0.01 = 1.02 0.20
Lateral spine BMD -0.17 = 1.57 1.00 —0.01 = 1.03 0.01 + 0.98 0.61
Total hip BMD —-0.81 = 1.52 —-0.74 —-0.01 = 0.99 0.02 = 1.01 < 0.01
Femoral neck BMD —0.81 + 1.45 —-1.20 0.00 = 1.01 0.02 = 1.01 < 0.01
1/3rd radius BMD -0.93 = 1.16 -0.74 0.01 = 0.99 0.00 = 0.99 < 0.001
Ultradistal radius BMD —-1.13 = 1.23 -1.31 0.01 = 1.01 0.01 = 0.98 < 0.001
PpQCT Z-scores
Trabecular BMD —-0.92 = 1.45 0.09 —0.03 = 1.01 0.01 = 1.00 < 0.01
Cortical BMD -1.21 = 1.13 —0.69 —0.02 = 1.00 —0.01 + 1.00 < 0.001
Cortical area —-0.19 = 1.26 0.20 0.03 = 0.92 0.00 = 0.96 0.26
Cortical thickness —0.45 = 1.22 0.74 -0.07 = 0.99 0.01 = 0.99 < 0.05
Periosteal circumference 0.29 = 1.02 —-0.36 0.11 = 0.85 —0.01 = 0.89 0.33
Endosteal circumference 0.58 = 1.08 -0.73 0.11 = 0.97 0.06 += 0.89 < 0.02
Micro-MRI Z-score
Trabecular bone volume fraction —-1.53 = 1.49 0.24 0.00 = 0.99 0.00 = 0.99 < 0.001
Trabecular thickness -0.71 = 2.36 0.16 0.00 = 0.99 0.00 = 0.99 < 0.01
Median (IQR) —1.40 (-2.07, 0.14)
Trabecular number —1.58 = 1.01 0.25 0.00 = 0.99 0.00 = 0.99 < 0.001
Trabecular spacing 1.94 = 1.51 -0.31 0.00 = 0.99 0.00 = 0.99 < 0.001
Median (IQR) 1.89 (0.97, 2.79)
Plates to rod -0.27 = 1.15 —-0.36 0.00 + 0.99 0.00 = 0.99 0.15
Median (IQR) —0.24 (-1.22, 0.04)
Cortical porosity 0.75 = 0.91 -0.13 0.00 += 0.99 0.00 = 0.99 < 0.01
Median (IQR) 0.75 (0.27, 1.06)
Stiffness —1.98 = 1.08 -1.67 0.00 + 0.99 0.00 = 0.99 < 0.001

Data presented as mean *+ SD, and as median (interquartile range) if skewed.
** p value limited to comparisons in black participants.

composition Z-scores in our local healthy controls were less than zero,
consistent with the fact that their mean BMI was lower than the mean in
the NHANES participants [52] who were the source of the DXA body
composition reference data; this may be due to our exclusion criteria for
healthy controls (e.g. no diabetes). The mean + SD pQCT muscle and
fat Z-scores were approximately 0.0 = 1.0 in the healthy controls, as
expected, given that these individuals were the reference data source
for these outcomes.

ESRD was associated with significantly lower FMI, LBMI, ALMI, calf
muscle area, calf fat area, and muscle density Z-scores, compared with
healthy controls. The lower muscle density is consistent with greater
intramuscular adipose tissue [53].

4.3. Bone density, structure and microarchitecture

Table 2 and Fig. 1 summarizes the DXA, pQCT and MRI bone results.
ESRD was associated with lower DXA total hip, femoral neck, 1/3rd
radius and ultradistal radius aBMD Z-scores, and lower pQCT trabecular
and cortical vBMD and cortical thickness Z-scores. The lower cortical
thickness was due to endocortical thinning with significantly greater
endosteal circumference Z-scores, compared with controls. The MRI
results further characterized the trabecular deficits with a markedly
lower bone volume fraction, trabecular thickness, trabecular number
and whole bone stiffness, compared with controls. The plate-to-rod
ratio was not different than controls. Cortical porosity was greater,
compared with controls. PTH levels were not associated with any of the
bone outcome Z-scores.

Table 3 summarizes the univariate correlations among the bone Z-
scores within the hemodialysis participants, with shading indicating
significant correlations. It is noteworthy that the total hip and femoral
neck (mixed cortical and trabecular bone) Z-scores were significantly
associated with pQCT measures of trabecular vBMD and cortical
structure, while the 1/3rd radius (an almost entirely cortical site) was

significantly associated with pQCT measures of cortical vBMD and
cortical structure. The MRI measure of tibia trabecular bone volume
fraction and whole bone stiffness were associated with pQCT trabecular
vBMD.

Additional multivariate models within the dialysis participants de-
monstrated that trabecular vBMD and cortical area Z-scores were sig-
nificant and independently (allp < 0.02) associated with femoral neck
(R? = 0.42), total hip (R*> = 0.48), and ultradistal radius (R® = 0.63)
aBMD Z-scores. Cortical vBMD (p =0.01) and cortical area
(p < 0.001) Z-scores were significantly and independently associated
with 1/3rd radius aBMD Z-scores (R? = 0.62).

4.4. Correlations among muscle and bone outcomes

Table 4 demonstrates that ALMI Z-scores were significantly and
positively correlated (R = 0.46 to 0.64) with Z-scores for aBMD in the
total hip, femoral neck, ultradistal radius, and 1/3rd radius by DXA,
and cortical structure in the tibia by pQCT in the individuals with
ESRD. Table 5 summarizes the results of multivariable models used to
determine the impact of adjustment for ALMI Z-scores on the bone
outcomes that were lower in ESRD, compared with controls, and were
associated with ALMI Z-score. Adjustment for the lower ALMI Z-scores
in the ESRD participants attenuated the group differences. For example,
the mean femoral neck aBMD Z-score was 0.79 lower in ESRD, com-
pared with controls and this difference was attenuated to 0.33 with
adjustment for the lower ALMI Z-scores in the ESRD patients. Cortical
thickness was only marginally lower in ESRD compared with controls
and this difference was no longer significant after adjustment for ALMI
Z-scores.

5. Discussion

This study demonstrated significant sarcopenia and reductions in
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Fig. 1. Bone and body composition Z-scores in hemodialysis participants.
(FMI: fat mass index; ALMI: appendicular lean mass index.)

tibia trabecular and cortical vBMD and cortical thickness (due to en-
docortical bone loss) in adults on maintenance hemodialysis, compared
with healthy controls. The MRI analyses revealed that the lower tra-
becular vBMD was due to reductions in both trabecular number and
thickness, resulting in decreased stiffness. DXA aBMD was significantly
lower in the radius and proximal femur but not in the spine in the ESRD
participants. ALMI was highly correlated with cortical structure, and
adjustment for the muscle deficits attenuated the deficits in the total hip
BMD, femoral neck BMD, ultradistal radius BMD, 1/3rd radius BMD,
and tibia diaphysis cortical area in the ESRD participants. The lower
muscle density is consistent with increased intramuscular adipose
tissue, suggesting poor muscle quality as well as low muscle mass [54].
This study is strengthened by the inclusion of a large number of con-
trols. The use of standard deviation scores provided insights into the
magnitude of musculoskeletal deficits across anatomical sites and
across imaging modalities.

Early cross-sectional studies suggested that DXA did not dis-
criminate between CKD patients with and without fractures. This was
attributed to the fact that the metabolic abnormalities that accompany
CKD may have opposing effects on trabecular and cortical bone mass;
DXA is a two dimension projection technique that does not distinguish
between superimposed trabecular and cortical bone [55]. While it is
well-established that secondary hyperparathyroidism in CKD is asso-
ciated with decreases in cortical vBMD and loss of endocortical bone
[56-60], reports that elevated PTH levels preserved or increased tra-
becular bone were based on studies in patients with primary hy-
perparathyroidism [61,62]. A recent study in 33 adults on dialysis and
33 controls reported that ESRD was associated with decreased trabe-
cular number and abnormal trabecular microarchitecture, similar to
our results. Therefore, the fact that ESRD is associated with decreases in
both trabecular and cortical bone mass may explain the fact that recent
longitudinal studies showed that DXA aBMD predicted fractures in CKD
stages 3 to 5D and in transplant recipients [21-23,63].

In these recent studies, proximal femur (total hip and/or femoral
neck) aBMD consistently predicted fractures [21-23]. However, the two
studies that included spine aBMD reported no association [22] or a
weak association [21] with incident fractures. ESRD patients may de-
velop endplate osteosclerosis (“rugger jersey spine”) and aortic calci-
fication which falsely elevate aBMD. This may explain the poor ability

275
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of spine aBMD to predict fracture in prior studies and the lack of dif-
ferences in spine aBMD Z-scores between our ESRD and control parti-
cipants. In the study that compared the ability of DXA sites to predict an
incident fracture, the ultradistal radius was the site with the greatest
area under the curve (0.74, 95% CI 0.65 to 0.83). A cross-sectional
study also identified the ultradistal site as the DXA site with greatest
ability to discriminate between CKD patients with and without pre-
valent fractures [28].

Although prior studies have compared QCT and DXA in the spine
and total hip in dialysis patients [64-66], this is the first study to cor-
relate DXA aBMD results with trabecular vBMD, cortical vBMD and
cortical structure. The use of Z-scores eliminated the confounding ef-
fects of age, sex, and race in these comparisons. The multivariate
models demonstrated that a substantial proportion of the variability in
the DXA measures of aBMD in the total hip, femoral neck and ultradistal
radius were explained by tibia trabecular vBMD and cortical area, but
not cortical vBMD. In contrast, the DXA aBMD in the 1/3rd radius (a
cortical site) reflected both cortical vBMD and area; these two cortical
measures explained 63% of the variability in DXA aBMD despite dif-
ferences in skeletal site. This supports the 2013 International Society of
Clinical Densitometry recommendations that forearm DXA is the pre-
ferred site in patients with hyperparathyroidism [67].

To our knowledge, this is the first study to explore the relations of
muscle mass with bone density and structure in adults with ESRD. The
pattern of correlations summarized in Table 4 indicates that the un-
derlying association is between ALMI and cortical structure. The po-
tential mechanisms for this association are two-fold. First, biomecha-
nical forces generated by muscle stimulate the addition of new bone
onto bone surfaces experiencing high strains [68]. This is pre-
dominantly mediated by suppression of osteocyte production of scler-
ostin, an inhibitor of bone formation that increases in states of un-
loading [69]. For example, Armamento-Villareal, et al., reported that
obese adults randomized to progressive resistance training exhibited
significant increases in thigh muscle volume and total hip aBMD.
Greater gains in muscle volume were significantly associated with
greater decreases in sclerostin concentrations [33]. In multiple stepwise
regression analyses, changes in thigh muscle volume were an in-
dependent predictor of change in total hip BMD. Studies of athletes, e.g.
baseball pitchers and racquet sport players, consistently demonstrated
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Table 4
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Correlations among appendicular lean mass index and bone outcomes within the hemodialysis participants.

R DXA areal BMD Z-scores PQCT volumetric BMD and Cortical Structure Z-scores Micro-MRI Bone ZZ-scores
(p value)
PA Lat Total Fem 1/3rd UD Trab vBMD Cortical  Cortical Area Cortical  Peri Circ Endo Circ BVF Cortical  Stiffness
Spine  Spine Hip Neck  Radius Radius vBMD Thick Porosity
BMD BMD BMD BMD BMD BMD
Appendicular 0.39 0.37 0.48 0.46 0.57 0.57 -0.03 0.19 0.64 0.53 0.57 —0.56 0.10 —-0.03 0.12
lean mass  (0.06) (0.08) (0.02) (0.03) (< 0.01) (< 0.01) (0.91) (0.37) (<0.001) (<0.01) (<0.01) (0.78) (0.65) (0.87) (0.61)
index Z-

score

Correlations are presented as R (p-value).

The bold indicates those correlations that were statistically significant, defined as p < 0.05.

Table 5
Impact of adjustment of bone outcomes for appendicular lean mass index.

ESRD vs. control ESRD vs. control, adjusted for
appendicular lean mass index Z-

score

B p B P
(95% CI) (95% CI)
Total hip BMD Z- -0.79 < 0.001 -0.33 0.10
score (—1.22, (—0.72, 0.06)
—0.35)
Femoral neck BMD —0.84 < 0.001 —0.43 0.03
Z-score (—1.27, (—0.82,
—0.41) —0.03)
1/3rd radius BMD —0.98 < 0.001 -0.79 < 0.001
Z-score (—1.39, (—-1.20,
—0.56) —0.37)
Ultradistal radius -1.15 < 0.001 -0.81 < 0.001
BMD Z-score (—-1.57, (—-1.20,
-0.74) —0.41)
Cortical thickness Z- -0.39 0.04 —0.03 0.91
score (—0.80, (—0.43, 0.36)
0.03)

greater cortical thickness and area in the loaded, compared with un-
loaded arm [70]. Therefore, the patterns we observed in our study are
consistent with the effects of biomechanical loading. Second, the as-
sociation may not be causal in nature, rather reflecting the adverse
effect of ESRD on both bone and muscle metabolism through alterna-
tions in sex steroids, growth hormone, and insulin-like growth factors.
However, a recent small randomized controlled trial of intradialytic
cycling exercise demonstrated a beneficial effect on DXA aBMD in the
femoral neck (and not the lumbar spine) [71]. These data highlight the
need for further studies of the effects of exercise and muscle mass on
bone density, structure and strength in dialysis patients.

The cross-sectional design, small sample size, and limited measures
of mineral metabolism are the primary limitations of this study. The
pattern of cortical bone deficits was consistent with secondary hy-
perparathyroidism; however, PTH levels were not associated with any
bone outcomes. This is likely due to the fact that the PTH levels were
only available at the time of the study, while the imaging results re-
flected the cumulative effects of CKD-MBD. Prior longitudinal studies
did document that higher PTH levels were associated with rapid cor-
tical bone loss in children [58,72], and adults [60] with CKD. Vitamin D
concentrations were not available. The strong association of ALMI with
cortical structure and aBMD may not be causal in nature; rather ESRD is
associated with many threats to both bone and muscle metabolism.
Physical activity interventions are needed to determine if gains in
muscle mass and strength are associated with increases in bone density
and structure in dialysis patients. Additional limitations include the
lack of measures of physical activity and tests of physical function;
however, lack of these data does not hamper the comparison of imaging
results. Finally, 29 of 30 ESRD participants were black. In the absence

277

of CKD, it is well established that black individuals have higher BMD
compared with white individuals [73-75]. For this reason, all of our
study results are expressed as race-specific Z-scores. Studies in dialysis
patients also demonstrated higher BMD of the spine and total hip in
black compared to white individuals [64,76]. It is not known if the
impact of ESRD on bone density and structure varies according to race;
therefore, the bone deficits observed in the ESRD participants here may
not be generalizable.

The study is uniquely strengthened by the large number of control
participants and the use of standard deviation scores. This represents an
important advance compared with reports of percent differences in
bone outcomes between CKD participants and controls because dif-
ferent components of bone strength normally demonstrate different
degrees of variability. For example, among our young adult pQCT
controls, 1 SD was 12% of the mean for trabecular vBMD, but only 2%
of the mean for cortical vBMD. Therefore, cortical vBMD varies to a
smaller degree and small percentage reductions in cortical vBMD re-
present substantial group differences. When vBMD is expressed as mg/
cm?® (as opposed to Z-scores) in this study, trabecular and cortical vBMD
were, on average, 14% and 3% lower in the ESRD participants, com-
pared with controls, respectively, adjusted for age, sex and race (data
not shown). These seemingly large difference in the magnitude of bone
deficits at trabecular versus cortical sites are a function of differences in
normal variability, as the Z-scores were approximately —1 for both
outcomes.

In summary, these data suggest that DXA aBMD measures in the
proximal femur and radius capture CKD effects on trabecular and cor-
tical vBMD and cortical structure. The strong associations with ALMI, as
an index of skeletal muscle, highlight the importance of considering the
role of sarcopenia in the skeletal fragility in patients with CKD.
Longitudinal studies are needed to establish correlations among
changes in these bone measures, to examine associations with falls and
fractures, and to determine the impact of pharmacologic or exercise
interventions.
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