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Abstract

Objectives: Little is known about bone mineralization and osteocyte lacunae properties in chronic kidney disease mineral
bone disorder (CKD-MBD). Methods: In this retrospective study, we measured the bone mineralization density distribution
(BMDD) and osteocyte lacunar section (OLS) 2D-characteristics by quantitative backscatter electron imaging in Straumann
drill biopsy samples from n=58 patients with CKD-MBD. Outcomes were studied in relation to serum parathyroid hormone
(PTH), alkaline phosphatase (APH), histomorphometric bone turnover and treatment with cinacalcet or phosphate binders.
Results: Lower calcium concentrations in bone from high turnover (average degree of bone mineralization -6.2%, p<0.001)
versus low turnover patients were observed. OLS-characteristics were distinctly different (p<0.01 to p<0.05) in patients
with highest compared to those with lowest turnover. Patients with cinacalcet had different OLS-characteristics (p<0.05)
compared to those without cinacalcet. Furthermore, patients with phosphate binders had differences in BMDD and OLS-
characteristics (p<0.05) compared to patients without phosphate binders. Conclusions: Our findings suggest that in patients
with CKD-MBD secondary hyperparathyroidism and increased bone turnover decrease the average degree of bone matrix
mineralization. Conversely, density and lacunar size of the osteocytes are increased compared to adynamic bone disease
pointing at distinct patterns of bone mineralization and osteocyte lacunar properties in these two disease entities.

Keywords: Chronic Kidney Disease Mineral Bone Disorder (CKD-MBD), Bone Biopsy, Bone Mineralization, Osteocyte
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Introduction

Chronic kidney disease is commonly associated with
skeletal abnormalities which might persist up to several years
after successful kidney transplantation'2. Patients suffer
from fractures as well as from calcification of soft tissues and
blood vessels described by the term chronic kidney disease -
mineral bone disorder (CKD-MBD)379,

Non-invasive imaging has become successful for studying
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the microstructure/microarchitecture of cancellous and
cortical bone in patients®'. However, the in vivo imaging
techniques cannot provide information on mineralization
defects in patients with CKD-MBD, thus a bone biopsy sample
might be important for the diagnosis of bone abnormalities'?,
which have traditionally been termed renal osteodystrophy
(ROD)® and are usually defined by the standardized
TMV  (turnover, mineralization, volume) -system'*'s
Histomorphometrically characterized bone turnover in CKD-
MBD ranges from adynamic bone disease to osteitis fibrosa
with dramatically increased bone turnover. Additionally,
the biopsy sample offers information on bone volume and
mineralization defects (based on histomorphometric osteoid-
related parameters and/or mineralization lag time).

The aim of the present study was to use a large
collection of bone biopsy samples for the investigation of
material characteristics based on the analysis of the bone
mineralization density distribution (BMDD) and the osteocyte
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lacunae section (OLS) characteristics. The BMDD is not only
an important determinant of the mechanical performance
of the bone material but might also help to understand
pathophysiological mechanisms in diseased bone. The
OLS characteristics were of special interest, because
abnormalities in osteocyte number and function were
observed recently in CKD-MBD'®. The present measurements
were related to previously obtained histomorphometric and
biochemical characteristics as well as to treatment with
cinacalcet or phosphate binders.

Materials & methods
Patients and biopsy samples

The measured iliac crest Straumann drill biopsy samples
(4 mm diameter) were obtained from 58 patients with CKD-
MBD for the purpose of diagnosis and treatment of renal bone
disease. Samples from patients who received bisphosphonate
treatment were excluded from this study. Inclusion criteria for
this study were the presence of a high-quality bone biopsy
sample with sufficient bone volume eligible for the BMDD
and OLS analysis and a patients’ age >18 years. Patients
were treated for renal disease in several clinics in Germany.
Diagnosis of CKD-MBD was made according to Kidney Disease
Outcomes Quality Initiative (KDOQI) and Kidney Disease
Improving Global Outcomes (KDIGO) criteria'”. Our study group
comprised patients with hemodialysis (HD, n=38), peritoneal
dialysis (PD, n=4), patients after kidney transplantation (KTX,
n=15) and one patient without HD or KTX (CKD stage 3). In
the 15 patients with KTX, bone biopsy samples were obtained
between 2 and 198 months (median 39.0 months) after KTX.
The patients’ estimated glomerular filtration rates (eGFR)
ranged between 20 and 64 ml/min. Six of the patients had
returned to hemodialysis after KTX. All but one of the KTX
patients were treated with glucocorticoids (13 received 5mg
prednisolone per day, one patient 10 mg methylprednisolone
per day) at the time of biopsy. Additional immunosuppressive
therapy included cyclosporin A and mycophenolate in 8
patients, and tacrolimus and mycophenolate in 3 patients. For
4 patients no information was available. Fourteen patients of
the entire cohort experienced fractures. Vertebral fractures
were reported for 10 patients, peripheral fractures (ribs,
pelvis, femur) for 6 patients. Patients’ characteristics are
summarized in Table 1. In this retrospective study, biopsy
samples came from different medical centers in Germany
and tetracycline labelling (i.e. TMV classification) was not
available for the total cohort. All biopsy samples were studied
for cancellous bone structure (BV/TV), mineralization defects
(by 0S/BS) and static histomorphometric parameters using a
Merz ocular grid'® and Osteoplan Il image analysis system'®.
The cellular characteristics Ob.S/BS and Oc.S/BS were used
for the functional classification to high (either Ob.S/BS or
0c.S/BS had to be higher than 3.2 % or 2.1 %, respectively),
normal or low turnover (both Ob.S/BS and Oc.S/BS had to be
lower than 1 %)?°. Biochemical characteristics were measured
as described previously®°.
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Quantitative backscatter electron imaging (gBEI)

For the measurement of the BMDD, gBEl images were
acquired using the following settings on the microscope (DSM
962, Zeiss, Oberkochen, Germany, equipped with a four-
guadrant semi-conductor backscatter electron detector):
accelerating voltage 20 kV, probe current 110+0.4 pA,
working distance 15 mm, and a scan speed of 100 seconds
per frame. Entire available cancellous tissue areas (up to
4 mm x 10 mm) of the biopsy samples were recorded in a
series of images with each 50x nominal magnification (pixel
resolution of 3.52 um). After image calibration, the grey-
levels in the images could be transferred to Ca weight %
(wt %) values?' (Figure 1). Thus, the grey level-histograms
(denoted BMDD) provided information about the frequency
distribution of pixel sized-bone areas with a certain calcium
content (Figure 1). The histogram bin width was 0.17 wt % Ca.
Five parameters were obtained from the BMDD and compared
to adult reference data?'?2: CaMean= the weighted mean Ca-
concentration of the bone area; CaPeak= the histogram peak
position, indicating the most frequently measured calcium
concentration; CaWidth= the full width at half maximum of
the distribution, describing the variation in mineralization
density; CaLow= the percentage of low mineralized bone (<5t
percentile of our reference BMDD); CaHigh= the percentage
of highly mineralized bone areas (>95™ percentile of our
reference BMDD).

Osteocyte lacunae sections (OLS) characteristics

For OLS-analysis, gBEIl images of cancellous bone with a
nominal magnification 130x (0.88 um/pixel) were acquired
(Figure 2A), which were transformed to binary images using
a threshold based on a fixed grey level (5.2 wt% Ca) (Figure
2B). For details see previous work?3. The 2D-analyses of
OLS were performed based on a custom-made macro in
ImageJ software (version 1.50f; NIH, Bethesda, MD, USA)?*.
Subsequently, the OLS were extracted using a minimum and
maximum size threshold of 5 ym? and 80 um?, respectively. A
total bone area of 2.66 (2.01; 3.36) mm? and a total number
of 716 (488; 956) OLS (median, 25'; 75 percentiles) were
analyzed per each sample. Five parameters were obtained
(Figure 2C-F):

OLS-density ( ) number of OLS

= mm? mineralized bone area
OLS total area
mineralized bone area+OLS total area

nb.
mm?

OLS-porosity (%)=100X

OLS-area (um?) = mean OLS area per sample
OLS-perimeter (um) = mean OLS perimeter per sample

major axis

OLS-aspect ratio = AR = mean — -
minor axis

of the fitted ellipse for each OLS

OLS-AR= 1 indicates a circle and increasing values indicate
increasingly elongated shape of the OLS. OLS-AR values >10
were excluded. The viability of the cells within the OLS cannot
be evaluated by this method.

For the analysis of potential differences in OLS
characteristics due to bone turnover, we compared the fourth
of the cohort with the most diverging bone turnover indices
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Figure 1. a) Backscatter electron overview image of the cross-sectional area of Straumann drill samples from patients with high and low
turnover (bar indicates 1 mm). Brighter pixel grey levels in the image indicate higher Ca content. The high turnover sample is from a 49
years old male patient who suffered from secondary hyperparathyroidism. Before his bone biopsy was obtained parathyroidectomy was
performed. At the time of bone biopsy, his PTH level was 318 pg/I, APH was 5.95 pmol/Ixs. Cellular surfaces Ob.S/BS and Oc.S/BS were
11.60% and 7.40% respectively (for reference levels see Table 1). The biopsy sample shows trabecular tunneling, a typical feature in PTH
excess. The low turnover sample is from a 53 years old female patient who had a PTH level of 36 pg/I, APH of 0.7 umol/Ixs and both Ob.S/
BS and 0c.S/BS of 0.0%. b) The corresponding BMDD curves derived from gBEIl images of higher magnification (see method section)
covering the total cancellous bone area. The solid line represents the BMDD from the high turnover patient, the dashed line that of the low
turnover patient. The white dashed line indicates the reference BMDD published previously?', the gray band the corresponding = 1SD values.
The high turnover BMDD is indicating a higher portion of lower mineralized areas as well as a larger heterogeneity in mineralization (larger
peak width) compared to low turnover BMDD. Both BMDDs are shifted towards lower mineral content compared to the reference BMDD.

d Aspect
Ratio

gBEIl image bone binary image OLS binary image

Figure 2. Measurement of the OLS characteristics. gBEI images of a magnification of 130x were acquired per sample (one of such
images is shown in A). These images were then transferred to binary images showing mineralized bone in white and non-mineralized area
in black (B). Finally, the contrast was converted and size thresholds (between 5 pm? and 80 pm?) applied, thus showing the OLS to be
analyzed in white (perimeter of mineralized bone area indicated by white solid line) (C). From such images, OLS-porosity and OLS-density
were deduced. Additionally, OLS-area (D), OLS-perimeter (E) and OLS-aspect ratio were calculated (F).
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Table 1. Clinical characteristics of the study cohort with CKD-MBD.

Subgroups by Turnover

5 v Reference (peak
ormatturnover | | ow turnover (n=15)|  bone mass)

Entire Study Cohort ah
(n=58) High turnover
(n=39)

(n=4)*
Age (yrs) 56 (45; 67) 55 (40; 64) 63(52;71) 62 * (53; 75)
Male/female (nb.) 27/31 17/22 0/4 10/5 -
HD or PD (nb.) 42 31 2 9 -
duration of dialysis 56 (21; 81) 55 (27; 83) 70 (16; 123) 57 (21; 78)
(months)
Cinacalcet (nb.) 25 23 1 1 .
Phosphatebinder (nb.) 29 26 1 2 .
Patients with fx (nb.) 14 4 4 6 ---
Patients with PTX (nb.) 9 5 (o] 4 ---
Biochemical'
PTH (pg/ml) 264 (75; 826) 475 (156; 1047) 64 (62; 345) 90 ** (40; 189) 10-65
APH (umol/Ixs) 1.9(1.6; 2.8) 2.1(1.6;2.9) 1.2(1.2; 2.6) 1.9 (1.1; 2.9) 0.6-2.20
Ca (mmol/1) 2.34(2.24; 2.52) 2.35(2.26; 2.52) 2.24(1.84; 2.32) 2.38(2.23; 2.63) 2.2-2.65
250HD3 (nmol/1) 64 (36;90) 63 (37;90) 119 (63; 175) 65 (22; 83) 75-375
Phosphate (mmol/1) 1.58 (1.12; 1.92) 1.63 (1.21; 2.00) 1.14 (1.06; 1.43) 1.44 (0.97; 2.00) 0.76-1.37
Histomorphometric?
BV/TV (%) 16.6 (10.3; 21.8) 17.4 (11.0; 21.7) 14.5 (5.7; 21.1) 16.10 (9.60; 22.70) 20.4°(4.0)
0S/BS (%) 3.7(0.6; 11.9) 6.1 (3.4; 17.5) 1.0(0.2; 6.4) 0.00 (0.00; 0.40) 14.3 (3.0)
0b.S/BS (%) 3.4(0.3;8.3) 5.1 (3.3; 14.2) 1.4 (0.8; 1.9) 0.00 (0.00; 0.00) 4.5 (3.2)
ES/BS (%) 15.1 (10.0; 26.3) 21.8(13.3; 30.3) 12.4 (10.6; 32.8) 7.20 (4.20; 10.40) 6.1(1.9)
0c.S/BS (%) 3.3(0.2;9.2) 6.8(3.2; 13.3) 1.4(0.3; 2.0) 0.0 (0.0; 0.0) 2.5(1.5)
Data shown are median (25™; 75 percentiles) or mean (SD).
Abbreviations: nb.= number of patients; HD = hemodialysis; PD = peritoneal dialysis; PTX = parathyroidectomy; PTH = parathyroid hormone,
APH = alkaline phosphatase, Ca = calcium, 250HD, = 25-hydroxyvitamin D_; BV/TV = bone volume per tissue volume, OS/BS = osteoid
surface per bone surface, Ob.S/BS = osteoblast surface per bone surface; ES/BS = eroded surface per bone surface; Oc.S/BS osteoclast
surface per bone surface; nomenclature according to Parfitt et al*.
S no statistical comparison due to small sample size
**p<0.01, *p<0.05 low versus high turnover (adjusted for age if appropriate)
' Biochemical information was not available from all patients;
2 No statistical comparison between bone turnover groups as histomorphometry was used to define bone turnover status.
3 Reference data are from a previous work by Delling'®.

Table 2. BMDD obtained from cancellous bone.

High turnover (n=39)

Normal turnover(n=4)s

Low turnover (n=15)

Adult Reference

CaMean (wt%) 19.82°°° (19.09; 20.70) 21.04 (20.67; 21.64) 21.32 *** °°° (20.66; 21.80) 22.24(21.84; 22.50)
CaPeak (Wt%) 21.14°°° (20.45; 22.01) 22.18(21.92; 22.57) 22.36 *** °°° (21.66; 22.88) 22.96 (22.70; 23.14)
CaWidth (Awt%) 4.33°°° (4.16; 4.51) 3.81(3.64; 4.51) 3.81 ***°°(3.29;3.99) 3.29(3.12; 3.47)

CaLow (%md.B.Ar)

14.11°°° (10.24; 19.86)

9.28 (7.80; 10.51)

9.04 *** °°° (5,96; 9.85)

4.52(3.87;5.79)

CaHigh (%md.B.Ar)

0.96°°° (0.35; 2.94)

4.61(2.94;7.74)

3.34(1.97; 6.41)

4.62(3.52; 6.48)

Data are median (25%, 75 percentiles).
5 No statistical comparison due to small sample size.
***p<0.001, **p<0.01 versus high turnover (p-values for CaMean and CaHigh adjusted for age).
°°°p<0.001, °°p<0.01 versus previously published reference®°?'.
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Table 3. Spearman correlation analysis of cancellous BMDD versus serum parameters or versus static histomorphometric parameters.

PTH n=48 APH n=49 Phosphate (n=47) 0S/BS n=58 | Ob.S/BS n=58 | ES/BS n=58 | 0c.S/BS n=58

CaMean -0.46*** -0.46*** -0.57*** -0.61%** -0.41%** -0.49***
CaPeak -0.44** -0.34* -0.29* -0.49*** -0.54*** -0.40** -0.47%**
CaWidth 0.35* 0.44** ns 0.54*** 0.54*** 0.31* 0.37***
CalLow 0.46*** 0.55%** ns 0.64*** 0.67*** 0.44*** 0.52***
CaHigh -0.37** -0.31* -0.30* -0.42%** -0.49*** -0.30* -0.42**

Data show Spearman correlation coefficient:

. ***p<0.001, **p<0.01, *p<0.05. Positive correlation coefficients indicate that one parameter
is increasing with the increasing other, while negative correlation coefficients indicate that one parameter is decreasing with the other

parameter increasing.
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Figure 3. Comparison of OLS outcomes for n=7 with highest bone turnover versus those from the n=7 with lowest bone turnover. Bars
indicate mean and SD (p-values after adjustment for age, n.s. not significant).
N

J

(7 samples with highest turnover versus 7 samples with
lowest turnover). Turnover was defined primarily by Ob.S/
BS and additionally by Oc.S/BS and PTH. Those 7 patients
classified to highest turnover had Ob.S/BS from 14.9% to
29.4%, 0c.S/BS from 6.6% to 24.2%, and PTH levels from
502 pg/Ito 1874 pg/I. Those 7 classified to lowest turnover
had Ob.S/BS=0% and 0c.S/BS=0%, and PTH levels from
33.5 pg/Ito 127 pg/I.

Statistical analysis
SigmaStat Version 4.0 (Systat Software Inc., San

Jose, CA, USA) was used for statistical analysis. For the
comparison of two groups t-tests (for normally distributed

http://www.ismni.org

data) or Mann-Whitney rank sum tests (for non-normally
distributed data) were used, if there was no evidence
that a covariate affected the values of the dependent
variable. Additionally, analysis of covariance (i.e. age
or bone turnover) was performed if there was evidence
that one of these parameters might have a significant
effect on the comparison of the subgroups (in these
cases p-values for adjusted means are presented). The
sample size of the group with normal turnover (n=4) was
too small for statistical comparisons, but the data were
included in the correlation analysis. Spearman rank order
correlation was used to test the association of BMDD or
OLS- characteristics with clinical or histomorphometric
outcomes within the total study cohort (n=58 patients).
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Table 4. Spearman correlation analysis of OLS-characteristics versus serum parameters.

] PTHn=14 L APHn=l4 |

OLS-porosity 0.66** n.s. (p=0.195)
OLS-density 0.68** n.s. (p=0.225)
OLS-area 0.71** 0.58*
OLS-perimeter 0.64* n.s. (0.087)
OLS-aspect ratio n.s. (p=0.750) n.s. (p=0.510)
Data show Spearman correlation coefficients. **p<0.01, *p<0.05, n.s. not significant
Positive correlation coefficients indicate that one parameter is increasing with the increasing other parameter.
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Figure 4. Relationships between OLS parameters and PTH. Grey indicates high turnover, white low turnover patients (for correlation
coefficient and p-values see Table 4).
- J
Results Histomorphometric parameters were used to define

Comparison high vs. low bone turnover patients

Clinical Characteristics and biochemical outcomes

(Table 1): The patients with high turnover were significantly
younger thanthose with low turnover (p=0.011). No significant
differences between biochemical characteristics were
observed (APH p=0.348, Ca p=0.657, 250HD, p=0.370,
phosphate p=0.461), except for PTH, which was significantly
higher in the high turnover group (5.3-fold, p=0.001; after
adjustment for age p=0.006). Duration of hemodialysis was
not significantly different between high versus low turnover
patients (p=0.846).

http://www.ismni.org

the bone turnover groups and therefore not statistically
compared between the high versus low turnover patients.
BMDD outcomes: Two examples of biopsy sample sections
with corresponding BMDD from high and low turnover
patients are shown in Figure 1. As both patient groups
comprised patients with HD or PD and patients after KTX,
we first compared these subgroups and found no statistically
significant differences for BMDD after adjustment for bone
turnover (i.e. 0b.S/BS) (all p>0.05). Consequently, these
subgroups were not distinguished for further analysis.
Comparison of BMDD-parameters between high and low
turnover patients revealed significant differences (Table 2):

201



B.M. Misof et al.: Bone mineralization and osteocyte lacunae in CKD-MBD

High turnover patients had lower CaMean (-6.2 %, p<0.001),
lower CaPeak (-4.8 %, p<0.05), higher CaWidth (+13.6 %,
p<0.001), higher CaLow (+56 %, p<0.001) and lower CaHigh
(-71 %, p=0.003) compared to those with low turnover.
As CaMean and CaHigh showed a significant dependency
on age (Spearman rank order correlation R=0.28 and
R=0.29, respectively, both p<0.05), comparison for these
two parameters was adjusted for age: CaMean remained
significantly different (p<0.001) while CaHigh was not
significantly different between high and low turnover patients
after adjustment for age.

The comparison to reference BMDD data revealed in
both high and low turnover groups a shift to lower calcium
concentrations: CaMean was lower (-10.9 % and -4.1 %,
both p<0.001), CaPeak was lower (-7.9 % and -3.1 %, both
p<0.001), CaWidth was higher (+32 %, p<0.001 and +16 %,
p<0.004), and CaLow was higher (+212 % and +100 %, both
p<0.001) in high and low turnover patients, respectively,
compared to reference. CaHigh was lower (-79 %, p<0.001)
in the high turnover patients compared to reference (for low
turnover patients p=0.220). Furthermore, strong correlations
between BMDD-parameters with serum PTH, APH as well as
with histomorphometric indices were observed (Table 3). No
significant relationship of the BMDD outcomes with other
serum parameters including phosphate, OHVitD3 or calcium
were observed.

OLS characteristics: Among the 14 patients studied for
OLS-characteristics, OLS-area and OLS-AR were significantly
related to patients’ age (therefore comparison for these
parameters was adjusted for age). Bone from the patients
with the highest turnover had significantly higher OLS-
porosity (+38%, p=0.009), OLS-density (+21 %, p=0.031),
and OLS-perimeter (+7 %, p=0.013) compared to bone from
the patients with lowest turnover. OLS-area and OLS-AR
were not significantly different between these patient groups
after adjustment for age (Figure 3).

OLS outcomes were significantly correlated with PTH and
APH (Figure 4, Table 4). Correlations of OLS-characteristics
with histomorphometric indices of bone turnover were not
performed as bone turnover indices (Ob.S/BS, 0c.S/BS, 0S/
BS) were zero for all patients in the lowest turnover group.

BMDD and OLS-characteristics subcohort analysis by
treatment

We studied our biopsy cohort for cinacalcet effects.
Cinacalcet acts as a calcimimetic by allosteric activation
of the calcium-sensing receptor. Previously we observed
lowered bone matrix mineralization in patients with an
activating mutation of the calcium sensing receptor (causing
a primary form of hypoparathyroidism) independent of bone
turnover?s-2é, therefore cinacalcet effects were of specific
interest. From the total cohort n=25 patients received
cinacalcet and n=31 never received cinacalcet (for 2 patients
no information was available). The majority of patients who
received cinacalcet had high bone turnover (n=23 had high,
n=1 had normal, and n=1 had low turnover). After adjustment
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for bone turnover (i.e. Ob.S/BS), no differences in BMDD were
observed (all p>0.05). Among the subgroup studied for OLS-
characteristics after adjustment for Ob.S/BS no differences
in OLS-porosity, OLS-density or OLS-AR were observed
(all p>0.05), while OLS-area and OLS-perimeter were both
significantly higher (+4.6% and +1.5%, p<0.05) in those
(n=7) with cinacalcet compared to those without (n=6).

From the total cohort n=29 patients received phosphate
binders (of different types) and n=22 never received
phosphate binders (for the remaining patients no information
was available). After adjustment for bone turnover (Ob.S/
BS), CaPeak (-3.2 %, p<0.05) was significantly lower in those
with phosphate-binders, while all other BMDD parameters
were not different compared to those without phosphate
binders (all p>0.05). Furthermore, OLS-characteristics were
not significantly different, except OLS-density which was
25% higher (p<0.05) in patients with phosphate binders
(n=5) compared to those without phosphate binders (n=8)
(all comparisons for OLS-characteristics were adjusted for
Ob.S/BS).

Discussion

In this retrospective study, we assigned patients to high,
normal or low bone turnover based on histomorphometric
bone formation and resorption and found significant
differences for biochemical characteristics, BMDD and OLS
parameters.

Among the biochemical factors only PTH was significantly
different in the high versus low turnover patients. Although
its measurement and interpretation in patients with CKD-
MBD might have some limitations342728, Jower PTH levels
were found in our patients with reduced bone turnover. The
PTH of such low turnover patients was clearly different from
those with high turnover renal bone disease also in other
works2%2%3° The duration of hemodialysis was not found to
be a predicting factor for the high and low turnover status of
the patients. However, our patients with low bone turnover
were older. Older age is one of the known factors associated
with adynamic bone disease®'32.

The analysis of BMDD revealed significant differences
between high and low turnover patients. The BMDD
measured by gBEI has to be distinguished from the analysis
of mineralization by histology. While the latter shows the
presence of abnormally thick osteoid and/or unmineralized
areas within the bone matrix (mineralization defects), the
BMDD represents the distribution of calcium concentrations
in the mineralized bone matrix. The BMDD has only minor
variation with age and other biological factors in healthy
adult individuals?'3, Abnormal BMDD is contributing to
altered mechanical properties of the bone material and
is frequently observed in pathological conditions with
increased fragility>43>. Deviation from normal BMDD usually
indicates abnormal bone turnover and/or mineralization
processes??. While bone turnover determines the average
tissue age (younger in high turnover, older tissue age in low
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turnover condition), the mineralization processes describe
the time course of mineral accumulation in the newly
formed osteoid and the final level of mineralization within
each bone structural unit (BSU or bone packet). If the latter
mineralization processes are delayed or the final level of
mineralization is decreased this will lead to an overall lower
bone matrix mineralization?2.

The observed differences in the BMDD, i.e. the lower
degree of bone matrix mineralization and the higher
percentage of low mineralized bone areas in high versus low
turnover patients were not surprising. The higher the bone
turnover, the higher is the percentage of newly formed, lower
mineralized bone matrix leading to an overall lower degree
and higher heterogeneity of mineralization. The noticed
differences in BMDD due to the level of bone turnover are
well known for other patient groups without CKD-MBD?? and
were also observed between renal osteodystrophy (ROD)
Ill versus ROD Il patients of another cohort®*¢ and between
patients with adynamic bone disease and those with osteitis
fibrosa®’. Furthermore, our BMDD findings are in line with
previously observed differences by Fourier transform
infrared spectroscopy and nanoindentation measurements
between high and low turnover CKD-MBD patients?°.

A surprising result was that the low turnover patients had
a decreased degree of mineralization compared to reference
BMDD obtained from healthy individuals. As described
above deviations from normal BMDD in pathologic cases
are mainly due to abnormalities in bone turnover and/or the
mineralization processes. Typically, in abnormally low bone
turnover situations (with in average much older tissue age
than that in normal bone turnover condition) bone matrix
mineralizationis increased?2. Thus, inthis context our findings
of abnormally low degree of bone matrix mineralization in the
low turnover patients was surprising. However, our findings
are in line with the results for another cohort of adult patients
with CKD-MBD which has previously been published®®. The
latter and the data of the present study suggest abnormal
mineralization processes (i.e. slower mineral accrual and
lower final level of mineralization within each BSU) in patients
with CKD-MBD. However, no indication for such abnormalities
in mineralization processes were observed in children with
CKD-MBD?°,

In the current work, we compared osteocyte lacunae
section (OLS) characteristics between highest and lowest bone
turnover patients based on a recently established method?3.
Strikingly, we found significantly higher OLS-porosity in the
high turnover group. This higher porosity was due to both
higher OLS-density and OLS-area. The latter is suggesting a
morphologic change of the osteocyte lacunae in high turnover
CKD-MBD. Recently, Yajima et al. described morphologic
differences in osteocyte lacunae depending on patients’ PTH
levels'®. Moreover, parathyroidectomy decreased osteocyte
lacunar porosity and number in CKD-MBD patients with
secondary hyperparathyroidism“. It might be assumed that
under conditions of high PTH and consequently high bone
formation/turnover osteolysis (i.e. the release of mineral) by
osteocytes provides a contributing mechanism for the disposal
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of calcium. In fact, there is evidence for osteocytic osteolysis
associated with high PTH levels#'43,

The association of serum measures such as PTH or APH
e.g. with histomorphometric bone turnover indices have
already been reported*4, however, the present work shows
for the first time the strong negative correlation of PTH and
APH with bone matrix mineralization in adult patients with
CKD-MBD. Noteworthy, if we exclude the patients with PTH at
the extreme ends (which are greater than 600 ng/L and lower
than 100 ng/L) for the correlation analysis, the significant
relationship with bone matrix mineralization disappears (all
Spearman rank correlations p>0.05, data not shown). This
is in line with the lack of correlations of histomorphometric
bone formation rate with PTH within these limits as reported
by others?”.

Regarding the cinacalcet effects, it has to be mentioned
that we found lowered bone matrix mineralization densities in
a previous analysis of patients with hypoparathyroidism due
to an activating mutation of the calcium sensing receptor?s.
This previous unexpected finding led to the hypothesis of a
direct and bone turnover independent action of the calcium
sensing receptor on bone mineralization and motivated our
interest in potential cinacalcet treatment effects on the
BMDD. As cinacalcet is primarily given to patients with high
turnover and known to reduce histomorphometric indices
of bone turnover in CKD-MBD*54¢, we performed the BMDD
comparison after adjustment for Ob.S/BS and found no
significant differences between the patients with compared
to those without cinacalcet. This might suggest that
activation of the calcium sensing receptor did not affect bone
matrix mineralization in our study cohort, however definite
conclusions are not possible as we have no information on
the bone mineralization from paired biopsy samples. It is also
noteworthy that bone from patients treated with cinacalcet
had larger OLS area and perimeter compared to those
without. This was not expected when considering the results
from a recent case report*’. However, as already mentioned
above, we have no information on the bone tissue and material
before treatment in patients who received cinacalcet, thus
our analysis cannot contribute to the clarification of open
qguestions about the clinical usefulness of treatment with
calcimimetics in view of potential safety aspects and costs.

Furthermore, BMDD comparison after adjustment for
Ob.S/BS, revealed lower CaPeak and higher OLS-density
in the patients with phosphate binders compared to those
without. Whether, this has any clinical relevance is unknown.
The phosphate binders used in this retrospective study
were of different types (aluminum-, calcium carbonate- or
lanthanum based). Apart from bone histology findings in
patients and animals treated with lanthanum based phosphate
binders*#4°, no information on effects of phosphate binders
on bone matrix mineralization is available so far.

Limitations of our study are its retrospective design and
the heterogeneity of the study population, which is primarily
due to the nature of the CKD course. The biopsy samples
were obtained from a cohort with CKD-MBD of different
etiology at different clinical centers at a time when FGF23
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measurements were not routinely provided. We have also
no information on dual energy X-ray absorptiometry scans
of the patients. This might be considered as a limitation.
However, it has to be noted that in patients with end-stage
renal disease osteoporosis definition according to the WHO
(by bone mineral density and presence of fractures) fails®.
An additional limitation of our study is, that no information
on vascular calcification or tetracycline labelling (thus no
TMV-classification) was available. This did not allow for full
clinical and histomorphometric analysis for correlation with
bone matrix mineralization. On the other hand, the strength
of the study is the large number of biopsy samples fully
characterized by static bone formation and resorption, which
could be measured for BMDD and for OLS characteristics by
a novel tool first applied here in CKD-MBD.

We conclude that especially PTH and histomorphometric
bone turnover/formation parameters were predictors of the
relative level of bone matrix mineralization among our adult
patients with CKD-MBD. However, the absolute level of bone
matrix mineralization was generally decreased compared
to normal suggesting additionally altered mineralization
processes. Moreover, our OLS data indicate that in conditions
of secondary hyperparathyroidism and increased bone
turnover, the density and lacunar size of the osteocytes is
distinctly higher than in adynamic bone disease in this cohort
with CKD-MBD.
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