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Although it is recognized that cortical bone contributes significantly to the mechanical strength of the skeleton,
little is known about this compartment from bone biopsy studies, particularly in CKD patients. In addition,
there is noprospective data on the effects of CKD-MBD therapy on cortical porosity (Ct.Po). This is a post hoc anal-
ysis ondata from a randomized controlled trial on the effects of different phosphate binders on bone remodelling.
Therapy was adjusted according to the first biopsy, and included sevelamer or calcium acetate, calcitriol and
changes in calcium dialysate concentration.Wemeasured Ct.Po at baseline and one year after. Fifty-two patients
(46 ± 13 years old, 67% women and 60% white) were enrolled. Ct.Po was already high at baseline in 85% of pa-
tients [30% (17, 46)] and correlated with PTH (p = 0.001). Low bone turnover was seen in 28 patients (54.9%).
After one-year treatment, PTH increased in patients with low turnover, as intended. However, increased Ct.Po
was seen in 49 patients (94%). This increase correlated with the delta of phosphate (p = 0.015) and the delta
of PTH (p = 0.03); it was also higher among non-white patients than in white patients (p = 0.039). The risk
of increase in Ct.Po was 4.5 higher among non-white patients. Adjusted multiple regression analysis showed
that the delta of Ct.Po was dependent on delta PTH and race (r2 = 0.193). We concluded that in an attempt to
increase bone turnover, the increase in PTH levels might be associated with higher cortical porosity, particularly
in non-white patients. Whether this finding leads to a high risk of fracture deserves further investigation.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

It is well recognized that chronic kidney disease (CKD) patients are
exposed to a high risk of fracture. Fractures are indeed associated with
significantly higher morbidity and mortality in these patients than in
the general population [1,2]. Compromised bone strength leading to
fracture may be associated to changes in both trabecular and cortical
bone compartments. Although it is well recognized that cortical bone
contributes significantly to the mechanical strength of the skeleton, lit-
tle is known about this compartment from bone biopsy studies.

Recently, it has been described that an increase in cortical porosity
(Ct.Po) is a common finding in CKD, especially in non-white patients
[3]. Moreover, a prospective study using high-resolution peripheral
quantitative computed tomography has shown that CKD patients may
experience deterioration in cortical bone over time [4].
(UNINOVE), Rua Iperoig, 690 ap

ses).
Mineral bone disease (MBD) therapy is usually applied to control
levels of phosphate, calcium and parathyroid hormone (PTH), including
phosphate binders, calcitriol aswell as adjustments in calcium dialysate
concentration. However, there is paucity of data regarding the effects of
such therapy on Ct.Po. Therefore, we have aimed to evaluate the effects
of one-year CKD-MBD therapy on Ct.Po in patients on conventional
hemodialysis.

2. Material and methods

2.1. Subjects and study design

This is a post-hoc analysis of a randomized clinical trial, the BRIC
study [5], that has compared two phosphate binders, sevelamer and cal-
ciumacetate, in hemodialysis patients. The studyprotocolwas reviewed
and approved by the local institutional ethics board and all patients
gave informed consent. Briefly, 101 subjects underwent a 1-year thera-
py with either sevelamer or calcium acetate. Baseline samples were
drawn and bone biopsies were performed after a 2-week washout peri-
od, in which all phosphate binders and calcitriol were withheld. The
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study target goals comprised serumphosphate between 3.5 and 5.5mg/
dl, ionized calcium between 1.11 and 1.40 mmol/l, and PTH between
150 and 300 pg/ml. The doses used to achieve the target goals of PTH,
calcium and phosphate were adjusted according to individual response
and label recommendations of each drug (up to 12,000 mg daily for
sevelamer, and up to 2028mgof elemental calcium daily for calcium ac-
etate). However, in patients that presented low bone turnover at base-
line, even when baseline PTH was higher than 300 pg/ml,
investigators were recommended to decrease the dialysate calcium
concentration (d[Ca]) from 3.5 to 2.5 mEq/l, which was done in 24
patients; calcitriol was also withdrawn in these patients. Patients
did not receive any vitamin D supplementation during the study.
For the current study, as shown in Fig. 1, data from 52 patients was
available for our analysis.

2.2. Bone biopsy

Bone biopsies were obtained from the iliac crest, using an electrical
trephine, after pre-labeling with tetracycline (3 days) administered
over 2 separated periods 10 days apart. Bone fragments were submitted
to the usual processing and histologic studies [6]. Sections were stained
with toluidine blue. Bone histomorphometry was conducted using the
Osteomeasure software (Osteometrics Inc., Atlanta, Ga., USA). Static
and dynamic parameters were analyzed in accordance with the Stan-
dards of the American Society of Bone andMineral Research [7]. The ref-
erences range (RR) used for static parameters were obtained from our
normal laboratory controls [8], whereas the ranges for the dynamic pa-
rameterswere the same as those described elsewhere [9]. Patients were
classified into the following groups: (1) hyperparathyroid bone disease,
defined as the bone formation rate (BFR/BS), plus either an osteoblast or
osteoclast surface of N1 SD above the normal range, osteoid volume
Fig. 1. Flow of participants showing a subset of patients fro
(OV/BV) within or above the normal range, and marrow fibrosis
N0.5%; (2) adynamic bone disease (ABD), defined as BFR/BS and OV/
BV of N1 SD below the normal range andmarrow fibrosis b0.5%; (3) os-
teomalacia, defined as BFR/BS of N1 SD below thenormal range plus OV/
BV of N1 SD above the normal range, and (4) mixed renal
osteodystrophy, defined as BFR/BS of N1 SD below the normal range,
OV/BV and osteoblast surface of N1 SD above the normal range and nar-
row fibrosis ≧0.5%. Thereafter, bone histology was categorized accord-
ing to the TMV classification [10]. Osteitis fibrosa (OF) and mixed
uremic osteodystrophy were considered high-turnover diseases,
whereas osteomalacia and ABDwere considered low-turnover diseases.
Cortical bone was assessed under 200 x magnifications using the
Osteomeasure software by a histomorphometrist blinded to biochemi-
cal values. Cortical porosity between 1.9% and 10% was considered nor-
mal, as previously described [3].
2.3. Statistical analysis

Continuous data are presented as means ± SD unless indicated oth-
erwise, and categorical data are presented as percentage. Student's t-
test or Mann Whitney U tests were used to compare groups, according
to normal or abnormally distributed variables. Changes from baseline
to one-year follow-up, on biochemical and histomorphometric parame-
ters, were compared by paired t-test or Wilcoxon matched test, as ap-
propriate. Relationships between single variables were examined by
Spearman correlation coefficient. Multivariable relationships between
the delta of Ct.Po and independent variables (selected from univariate
analyses) were also examined. All p values were two sided and
values b 0.05 were considered significant. Analyses were performed
with the use of SPSS 20.0.1 (SPSS Inc., Chicago, Ill).
m BRIC study that were included in the current study.
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3. Results

3.1. Baseline data

The study sample was comprised of 52 patients, 67% women, and
60% white, with age 46 ± 13 years, on dialysis for 41 ± 26 months. Of
note, only 7 patients (13%)were diabetic. Their biochemical and cortical
bone parameters are shown in Table 1. Serumcalciumand 25-vitaminD
were within the normal range. As the patients were washed-out from
phosphate binders at the baseline, their median serum levels of phos-
phate, PTH and alkaline phosphatasewere above upper limit. As expect-
ed, bone turnover markers such as alkaline phosphatase and
deoxypyridinoline were also slightly elevated (Table 1).

3.2. Baseline bone histomorphometry

Bone biopsies were classified according to the TMV system. Overall,
28 patients (54.9%), 23 (45.1%) and only one patient (2%) exhibited low,
high, and normal bone turnover, respectively. Half of the patients had
low bone volume and mineralization was impaired in 28 patients
(53.8%). Ct.Po was above normal range in 44 patients (85%), with a dif-
fuse pattern, as exemplified in Fig. 2. At baseline, themeanCt.Powas not
different regarding race (p= 0.24), gender (p= 0.12) and TMV status.

Ct.Po at baseline correlatedwith PTH (r=0.432; p=0.001), cortical
thickness (r= 0.542, p b 0.0001, as shown in Fig. 3A and B, respectively.
Ct.Po had a tendency toward a correlation with bone alkaline phospha-
tase (r = 0.249; p = 0.078) and fibrosis (r = 0.243, p = 0.08).

3.3. Follow-up data

Out of 52 patients, 21 received calcium acetate and 31 received
sevelamer hydrochloride. In an attempt to increase or decrease bone
turnover based on baseline bone biopsy, among the 23 patients with
high turnover, 14 remained high turnover and 9 turned into low. In ad-
dition, among the 28 patients with low turnover, 16 remained low and
12 turned into high turnover.

As shown in Table 1, after one-year treatment, the median of serum
phosphate and 25-vitamin D decreased, whereas ionized calcium in-
creased. Overall, PTH levels increased, although non-significantly. How-
ever, this result was seen only among those with low turnover status
[from 189.5 pg/ml (57–451) to 300 pg/ml (118–632); p = 0.03],
while non-significant change occurred among thosewith high turnover
[from 584 pg/ml (218–1002) to 433 pg/ml (278–842); p = 0.73]. The
delta of PTH correlated with the delta of bone formation rate (r =
0.28; p = 0.04).

3.4. Ct.Po analysis after one-year treatment

Ct.Po increased in 32 patients and decreased in 20 patients. Overall,
the median Ct.Po increased, reaching abnormally high values after one-
year treatment in 49 (94%) patients. The delta of Ct.Po correlated with
Table 1
Biochemical and cortical bone parameters at baseline and after one year.

Baseline One year

P (mg/dl) 6.7 (6.3, 7.7) 5.5 (4.7, 6.6)
iCa (mmol/l) 1.25 (1.20, 1.31) 1.29 (1.25, 1.38)
AP (U/l) 202 (160, 282) 190 (130, 289)

PTH (pg/ml) 265 (124, 633) 372 (178, 639)
DPD (nmol/l) 74 (47, 113) 89 (38, 190)
BAP (U/l) 24 (16, 31) 28 (16, 34)
25OHvitD (ng/ml) 33 (19, 42) 25 (18, 33)
Ct.Po, % 29.3 (17.9, 45.8) 35.5 (26.6, 53.4)

Data expressed as mean ± SD or median (25, 75).
P = phosphorus; iCa = ionized calcium; AP = alkaline phosphatase; PTH = parathormone;
vitaminD; Ct.Po = cortical porosity.
the delta of cortical thickness (r=0.65, p b 0.03), the delta of phosphate
(r = 0.337, p = 0.015; Fig. 3C), the delta of PTH, as absolute and per-
centage values (r = 0.295, p = 0.04; Fig. 3D and r = 0.297; p = 0.03,
respectively), and had a tendency to correlate with the delta of DPD
(r = 0.265, p = 0.06). The delta of Ct.Po did not correlate with the
delta of BV/TV or the mineralization parameters. After one-year treat-
ment Ct.Po was higher in non-white than in white patients (46 ± 19%
in vs. 35%± 17%, respectively; p= 0.039). The delta of Ct.Po from base-
line to one year after was significant only in non-white patients (p =
0.0037), as shown in Fig. 4. The risk of having an increase in delta of
Ct.Po was 4.5 times higher in non-white than in white patients. There
were no differences in the delta of Ct.Po regarding trabecular bone turn-
over (p = 0.82). Indeed, Ct.Po increased an average 8.0 patients who
went from high to low turnover against 9.1% in those who did not
change bone turnover (p = 0.906). Delta of Ct.Po was also not influ-
enced by gender (p=0.95), use of sevelamer vs. calciumas a phosphate
binder (p = 0.25), calcitriol use (p = 0.24) and dialysate calcium con-
centration (p = 0.23). Multiple regression analysis showed that the
delta of Ct.Po was dependent on delta of PTH (p = 0.006) and race
(p= 0.006), in amodel adjusted for age, gender, therapy, delta of phos-
phate, and delta of deoxypyridinoline (r2 = 0.215).

4. Discussion

The BRIC study, which led to the current analysis, randomized CKD
patients to receive either sevelamer or calcium acetate as a phosphate
binder. The one-year treatment was based on bone biopsy findings
and has focused on trabecular bone turnover improvement, despite
serum PTH changes. We analyzed cortical compartment in a subset of
these patients, demonstrating the following: first, Ct.Po was already
high at baseline in the majority of patients and correlated with PTH
levels, despite turnover status. Second, PTH rose in patients with low
bone turnover, as intended, which correlated with bone formation
rate. Third, neither gender nor any choice of clinical treatment has af-
fected Ct.Po increase. Finally, Ct.Po increased after one-year treatment
in the majority of patients, although this increase was striking only in
non-white patients.

The association between cortical architecture impairment and frac-
tures is well documented in osteoporosis, mainly in postmenopausal
women [11,12]. There are ex-vivo studies on iliac crest bone biopsies
that showed alterations of both trabecular and cortical
microarchitecture in subjects with fractures [13]. Qiu et al. have showed
that a deficit in cortical bone had similar effects as a deficit in cancellous
bone concerning an increase in the risk of fracture. In addition, the au-
thors demonstrated that in individualswith both cortical and cancellous
bone deficit, the likelihood of fracture wasmuch higher than in patients
with deficits in either cortical or cancellous bone alone [14]. In respect to
CKD patients, descriptions of the cortical compartment are scarce,
showing high prevalence of cortical abnormalities, with elevated Ct.Po
in N50% of patients on hemodialysis [15]. Furthermore, in agreement
with our data, Malluche et al. have demonstrated that Ct.Po was higher
Delta p Reference values

−1.4 (−2.1, −0.7) b0.0001 2.7–4.5
0.07 (0, 0.12) b0.0001 4.6–5.3
−19 (−73, 66) 0.314 40–129 (men)

35–104 (women)
48 (−56, 194) 0.183 15–65
7 (−11, 85) 0.142 3.25 ± 0.66
3 (−7, 14) 0.437 11.6–42.7
−4 (−14, 2) 0.003 18–62
6.5 (−1, 23.5) 0.030 1.9–10

DPD = deoxypyridinoline; BAP = bone alkaline phosphatase; 25OHvitD = 25-hidroxi-



Fig. 2.Comparison of cortical compartments in bonebiopsies. A. Bonebiopsywith normal cortical thickness and cortical porosity fromanon-CKDpatient. B. Bonebiopsywith highporosity
and low cortical thickness from a dialysis patient. Toluidine blue staining (×16).
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in non-white CKD patients as compared to white CKD patients [3].
Moreover, bone trabecular compartment is usually evaluated through
the TMV classification and used to guide treatment [10]. However,
changes in this compartment do not reflect changes in the cortical com-
partment.We demonstrated that an increase in Ct.Powas not accompa-
nied by a decrease in bone trabecular volume. Therefore, our data
Fig. 3.Correlations between Cortical Porosity at Baseline and after one-year treatment. A. Relatio
baseline. B. Relationship between cortical porosity (Ct.Po) and cortical thickness, both measure
phosphate (P). D. Relationship between the delta of cortical porosity (Ct.Po) and the delta of p
suggests that cortical compartment should be included in the volume
criteria of the TMV classification.

Cortical bone is more adversely affected than trabecular bone in hy-
perparathyroidism [16]. Elevated PTH levels are catabolic for cortical
bone and this biochemical alteration could cause deterioration in corti-
cal architecture, leading to reduced cortical density and increased Ct.Po.
nship between cortical porosity (Ct.Po) andparathyroid hormone (PTH), bothmeasured at
d at baseline. C. Relationship between the delta of cortical porosity (Ct.Po) and the delta of
arathyroid hormone (PTH). Delta: change from baseline to one year later.



Fig. 4. A before and after plot of the cortical porosity (Ct.Po) according to race, in non-
white (panel A) and white patients (panel B). Pre and post Ct.Po refereed to baseline
and one-year after measurement.
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This happens in the course of CKDmuch earlier than previously thought
[1]. In our patients, we have observed higher levels of PTH among those
with higher Ct.Po. Moreover, the increase in PTH levels over time en-
hanced the progression of Ct.Po. Of note, chronic excess of PTH secretion
is catabolic for cortical bone, causing marked subperiosteal and
intracortical erosion. In contrast, chronic excess of PTH may also cause
increased osteoblastic bone formation benefiting the periosteum,
which in turn may compensate for the loss of cortical bone to some ex-
tent, as well as increased trabecular thickness and number [17].
Confirming those preclinicalfindings, a histomorphometric study in pri-
mary hyperparathyroidism demonstrated that PTH preferentially af-
fects cortical bone, resulting in periosteal resorption and intracortical
porosity [18]. As hyperphosphatemia is a common finding among pa-
tients with secondary hyperparathyroidism, one can argue that phos-
phate instead of PTH has an effect on cortical porosity. Indeed, our
group has shown in a previous experimental study that phosphate
had a PTH-independent effect on bone trabecular volume [19]. Although
we found a correlation between delta of phosphate and the delta of
Ct.Po, it was a weak correlation, which did not remain significant in
the multivariate analysis. As in a clinical scenario it is virtually impossi-
ble to evaluate the isolated effect of either PTH or phosphate, further
studies are necessary to clarify this mechanism.

Studies applying high-resolution peripheral quantitative computed
tomography in CKD patients have shown a selective decrease in cortical
measures caused by elevated levels of PTH,whichwas demonstrated by
Jamal et al. in patients older than 50 years, on hemodialysis. Itwas found
that cortical thickness was strongly associated with fractures and in-
versely correlatedwith PTH [20]. Studies on CKDpatients not on dialysis
also demonstrated that a decrease in cortical area and thickness were
associated with an increase fracture risk [21,22], and the cortical mea-
sures were even more associated with fractures as compared with tra-
becular measures [21].

There are few studies on the effects of CKD-MBD clinical treatment
on the cortical compartment. Moe et al., using a rat model of CKD with
secondary hyperparathyroidism, have compared the efficacy of treat-
ment with zoledronic acid and calcium used as a phosphate binder.
Ct.Po increased in CKD animals when compared to normal animals,
with significant reduction in those treated with calcium plus zoledronic
acid. Lowering PTH was more effective in improving Ct.Po and biome-
chanical integrity. They concluded that based on the strong correlation
between PTH, but not calcium, with Ct.Po, the efficacy of calcium on
bone was more likely PTH-mediated [16]. A Japanese group reported a
case of a patient with ABD treated with lanthanum carbonate for
10 months, and had a bone biopsy showing a decrease in Ct.Po from
12,6% to 2,1%, while PTH decreased from 42 to 31 pg/ml [23]. Last,
Ishimura et al. [24] showed that cortical bone, rather than cancellous
bone, was particularly affected by cinacalcet treatment, a therapy to
suppress PTH. Taken together, the above-described data suggest that
decrease in PTH could be helpful for improving cortical integrity. Cor-
roborating with this belief, our data shows that with an increase of
PTH, the Ct.Po increases over time. Of note, even patients that were re-
ceiving calcium carbonate had a reduction in dialysate calcium concen-
tration, as well as in calcitriol dose. However, as none of the previous
studies included CKDpatients on hemodialysis, our findings have signif-
icant clinical implications, while demonstrating that Ct.Po should be
considered while treating these patients.

Our study has some limitations. First, it is a post-hoc analysis of a
study in which cortical evaluation was not a primary end-point. Of
note, we have evaluated nearly 50% of this initial population, based on
the CtPo measurement availability. Secondly, doses of phosphate
binders and analogs of vitamin D were not assessed. Finally, while
it demonstrates significant increase in Ct.Po in association with an
increase of PTH levels, it does not demonstrate a cause-effect rela-
tionship with fracture because there was no long-term follow-up.
In addition, the clinical relevance of higher Ct.Po is not well
established. Cortical compartment is implicated in a higher risk of
fracture and is overlooked in patients on hemodialysis. The clinical
treatment of CKD-MBD does not focus on this compartment and
bone biopsy is not always available for these patients. In this respect,
our findings have significant clinical implications: converting low to
high bone turnover may be associated with an increase of cortical
porosity. Whether this finding leads to a high risk of fracture de-
serves further investigation.

In summary, we have reported novel data demonstrating that CKD
patients on hemodialysis, regardless of clinical therapy choice, have a
high Ct.Po. In an attempt to increase bone turnover, the increase in
PTH levels might be associated with higher cortical porosity, mainly in
non-white patients.
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