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ARTICLE INFO ABSTRACT

Keywords: Osteocytes are mechanosensitive, bone-embedded cells which are connected via dendrites in a lacuno-canalicular
Osteocyte lacuna network and regulate bone resorption and formation balance. Alterations in osteocyte lacunar volume, shape and
Morphometry

density have been identified in conditions of aging, osteoporosis and osteolytic bone metastasis, indicating
patterns of impaired bone remodeling, osteolysis and disease progression. Osteolytic bone disease is a hallmark
Multiple myeloma (MM) of the hematologic malignancy multiple myeloma (MM), in which monoclonal plasma cells in the bone marrow
Monoclonal gammopathy of undetermined disrupt the bone homeostasis and induce excessive resorption at local and distant sites. Qualitative and quan-
significance (MGUS) titative changes in the 3D osteocyte lacunar morphometry have not yet been evaluated in MM, nor in the pre-
Smoldering multiple myeloma (SMM) cursor conditions monoclonal gammopathy of undetermined significance (MGUS) and smoldering multiple
myeloma (SMM). In this study, we characterized the osteocyte lacunar morphology in trabecular bone of the iliac
crest at the ultrastructural level using high resolution microCT in human bone biopsy samples of three MGUS,
two SMM and six newly diagnosed MM. In MGUS, SMM and MM we found a trend for lower lacunar density and
a shift towards larger lacunae with disease progression (higher 50 % cutoff of the lacunar volume cumulative
distribution) in the small osteocyte lacunae 20-900 um® range compared to control samples. In the larger lacunae
900-3000 pm® range, we detected significantly higher lacunar density and microporosity in the MM group
compared to the MGUS/SMM group. Regarding the shape distribution, the MGUS/SMM group showed a trend for
flatter, more elongated and anisotropic osteocyte lacunae compared to the control group. Altogether, our find-
ings suggest that osteocytes in human MM bone disease undergo changes in their lacunae density, volume and
shape, which could be an indicator for osteolysis and disease progression. Future studies are needed to under-
stand whether alterations of the lacunae architecture affect the mechanoresponsiveness of osteocytes, and ul-
timately bone adaptation and fracture resistance in MM and its precursors conditions.

High resolution microCT
Human bone biopsy
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1. Introduction

Osteocytes are bone-embedded cells, connected via dendrites in a
lacuno-canalicular network (LCN). They act as local sentinels in
response to external stimuli and regulate the balance between bone
resorption/formation [1]. In response to mechanical strain, osteocytes
orchestrate the remodeling of the perilacunar bone matrix and thereby
change shape and size of their lacunae [2]. Lacunar volume, shape and
density were influenced by changes of the surrounding environment,
either mechanically or chemically, and by aging or disease. Changes in
lacuna volume were observed after exposing mice to non-gravity [3] or
after treatment with glucocorticoid slowing down bone metabolism [4],
resulting in both cases in larger lacunae. In contrast, smaller lacunar size
and lacunar density were observed in rodent models of aging [5] and
osteoporosis, where the effect of different anti-resorptive drugs in
intracortical microporosities was evaluated [6]. In humans, a decline in
lacunar density was observed with aging, while a significantly higher
density was found in osteoporotic bone compared to controls [7]. A
recent study with human bone biopsy samples of healthy individuals
across the life span revealed decreasing osteocyte lacunae density and
porosity with aging, before the peak bone mass at 30 years, which then
stabilized or even increased after this age [8]. Furthermore, mineralized
osteocyte lacunae (micropetrosis) were found increased with aging and
osteoporosis, which was attributed to osteocyte apoptosis and improved
with bisphosphonates treatment [9]. Changes in lacunar shape, notably
becoming smaller and more spherical with age, were linked to aging,
resulting in diminished local bone tissue strains, impacting bone
mechanosensitivity and fracture resistance [2,10]. Noteworthy,
abnormal morphological features were also detected in a large-scale
assessment of adolescent idiopathic scoliosis, using high resolution
microCT [11].

In cancer, osteocytes, as well as osteoblasts and osteoclasts,
communicate with tumor cells and this generates a microenvironment
that supports cancer cell growth and stimulates bone destruction [12].
Interactions between breast and prostate cancer cells and osteocytes
influenced cancer cell migration and invasion potential and contributed
to the establishment and progression of bone metastasis [13,14]. Also,
breast cancer cells induced osteocyte apoptosis and altered osteocyte
function [15]. Recently, a study of osteotropic cancers in rodents
revealed that the spatial distribution of cortical bone microporosity,
osteocyte lacunae volume and the LCN characteristics were influenced
by the presence of tumor cells in osteolytic lesions [16]. Taken together,
changes in the volume and shape of osteocyte lacunae are an indicator of
osteolysis in bone metastasis of osteotropic cancers.

An example of an incurable malignancy of the bone marrow and
bone is multiple myeloma (MM), in which plasma cells producing
monoclonal immunoglobulins disrupt the bone homeostasis towards
excessive bone resorption [17]. MM cells alter the bone marrow envi-
ronment by releasing signals that promote osteoclast activity, while
inhibiting osteoblast function [18,19]. There is evidence that MM cells
also target osteocytes by enhancing apoptosis and expression of sclero-
stin, an inhibitor of bone formation [20]. Even though MM cells directly
interact with osteocytes and vice versa, the consequences of these in-
teractions on the local bone microstructure are largely unknown [20].

In the clinical setting, two pre-symptomatic stages precede MM: (i)
an initial phase named monoclonal gammopathy of underdetermined
significance (MGUS), which can progress in (ii) smoldering multiple
myeloma (SMM). Both MGUS and SMM patients do not present MM
clinical symptoms (CRAB symptoms of MM: hypercalcemia, renal
insufficiency, anemia and/or osteolytic bone lesions [21]). In patients
with MM, low-dose whole body computed tomography (CT) scans are
routinely used to detect osteolytic lesions and fractures [22]. It remains,
however, poorly understood whether bone microstructural changes
precede the osteolytic lesions.

To identify associations between changes in the bone micro-
architecture and fractures, x-ray absorptiometry measuring bone density
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or low-dose CT scans were used in two clinical studies [23,24]. In one
study, low-dose CT scans showed reduced radiodensity, trabecular
thickening and vertebral fractures, demonstrating that focal skeletal
changes were significantly associated with further skeletal damages
[23]. Some earlier studies had attempted to study bone trabecular
thickness and separation in MM patients; however, the resolution limit
of clinical CT scans was an obstacle for this objective [25,26]. Our group
used advanced imaging techniques (high resolution microCT, synchro-
tron phase contrast-enhanced microCT, confocal laser scanning micro-
scopy) to evaluate the bone microstructure in an early MM mouse model
[27]. We showed irregular shaped osteocyte lacunae, altered osteocyte
LCN characteristics and local alterations of the extracellular matrix
(ECM) with active erosion sites [27]. Following on from this preclinical
study, here we investigate human bone biopsies of MGUS, SMM and
newly diagnosed MM patients with high resolution microCT for ultra-
structural characterization of osteocyte lacunar morphology, to identify
alterations that can be linked to osteolysis and disease progression.

2. Materials and methods
2.1. Patient sample collection and clinical evaluation

The purpose of this study was to determine whether changes in
osteocyte lacunae volume and shape distribution could be detected in
mineralized bone biopsy samples from patients with MGUS, SMM and
newly diagnosed MM. Patients with MGUS (n = 3), SMM (n = 2) and
symptomatic MM (n = 6) were diagnosed following the revised inter-
national staging system [22]. Clinical data from eleven patients
including reports of the low-dose CT scans are given in Tables 1-3.
Values in brackets show the normal range for the parameters. The in-
vestigators who performed the bench studies were blind to the patient
information. This study was approved by the Ethics Committee of the
University of Wiirzburg, Germany (76/13 and 82/20-am). Included
patients had an informed consent for the bone biopsy, with a known
history of MGUS, SMM, symptomatic MM, lymphoma, leukemia, mye-
lodysplastic syndrome, or myeloproliferative disorders. Patients
receiving a bone biopsy based on other diseases like a bone marrow
carcinosis were excluded from the study. As control bone biopsy sam-
ples, two different data sets were used (Table 4). One Jamshidi bone
biopsy sample (2 mm diameter) was obtained from a patient of the
University Hospital Wiirzburg with myelodysplastic syndrome and no
diagnosis of MGUS, SMM or MM. Three cylindrical transiliac samples (5
mm diameter) were obtained from an earlier study [8] on autopsy
samples at the Ludwig Boltzmann-Institute of Osteology Vienna. Oste-
ocyte lacunae characteristics were re-evaluated in the current study. For
all control and disease bone biopsy samples, the trabecular bone
compartment was analyzed and the cortical bone was excluded.
Trabecular bone is the first contact region with MM cells and comprises
the larger fraction of bone in Jamshidi biopsies. Cortical bone was not
present in some biopsies, as we received left over tissue from diagnostic
procedures. Only biopsy samples containing sufficient amount of
trabecular bone, which maintained sample integrity without loss of bone
structure (bone debris) caused by the extraction procedure, were
considered.

The patient clinical data (Tables 1-3) include: biopsy number, dis-
ease stage (MGUS, SMM or newly diagnosed MM), age, gender, immu-
noglobulin subtypes (heavy and light chains) secreted by malignant
plasma cells, revised International Staging System (r-ISS), cytogenetic
risk, M-protein secreted by plasma cells at time of diagnosis (g/L), heavy
chain (mg/dL), involved serum free light chain (sFLC) (mg/L), ratio
(involved/uninvolved sFLC), bone marrow infiltration (%) based on
immunohistochemistry Syndecan-1 (CD138) with >60 % corresponding
to newly diagnosed MM, computed tomography findings of osteolytic
lesions, hemoglobin (g/dL), creatinine (mg/dL) and cytogenetic alter-
ations by fluorescence in situ hybridization (FISH), which allows for
detection of genetic changes which are relevant for the ISS stage. In
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Table 1

Clinical data from MGUS patients.
Parameters
Biopsy number MGUS 1 MGUS 2 MGUS 3
Age (years) 71 60 68
Gender f m f
Immunoglobulin subtype IgG lambda 1gG kappa 1gG kappa
r-ISS not applicable not applicable not applicable

Cytogenetic risk

M-protein [g/L]

Heavy chain [mg/dL, normal range]

Involved serum free light chain (sFLC) [mg/L, normal range]
Ratio (involved / uninvolved sFLC) 0.86
Bone marrow infiltration of CD138™ cells [%] <10
CT findings of osteolytic lesion none
Hemoglobin [g/dL]

Creatinine [mg/dL]

Cytogenetics”

Calcium [mmol/L]

Alkaline phosphatase [U/L]

Inorganic phosphate [mmol/L]

Bone anti-resorption treatment (duration)

not applicable

not detectable
1382 (610-1616)"
23.89 (5.71-26.30)

12.9 (12-16)

0.63 (0-0.95)

no aberration

2.2 (2.0-2.7)

51 (35-105)

1.09 (0.87-1.45)
Denosumab (four months)

not applicable
not detectable
881 (610-1616)
10.75 (3.30-19.40)
1.02

<10

none

14.4 (13.5-16.9)
1.06 (0-1.17)
no aberration
2.5 (2.0-2.7)

72 (35-105)

1 (0.87-1.45)
no

not applicable
1.2

507 (610-1616)
215 (3.30-19.40)
5.44

<5

none

12.7 (12-16)
6.69 (0-0.95)
no aberration
2.3 (2.0-2.7)
not available
1.85 (0.87-1.45)
no

# Values in brackets show the normal range for the parameters, respectively.
b Cytogenetic alterations by fluorescence in situ hybridization (FISH).

Table 2
Clinical data from SMM patients.

Parameters

Biopsy number

Age (years)

Gender

Immunoglobulin subtype

r-ISS

Cytogenetic risk

M-protein [g/L]

Heavy chain [mg/dL, normal range]

Involved serum free light chain (sFLC) [mg/L, normal range]
Ratio (involved / uninvolved sFLC)

Bone marrow infiltration of CD138" cells [%)]
CT findings of osteolytic lesion

Hemoglobin [g/dL]

Creatinine [mg/dL]

Cytogenetics

Calcium [mmol/L]

Alkaline phosphatase [U/L]

Inorganic phosphate [mmol/L]

Bone anti-resorption treatment (duration)

SMM 1

46

f

IgA kappa

II

high risk

not detectable
1826 (88-410)
11.82 (3.30-19.40)
1.33

10-15

none

12 (12-16)

0.78 (0-0.95)
t4;14, gain of 1q21
2.2 (2.0-2.7)

59 (35-105)

1.08 (0.87-1.45)
not known

SMM 2

70

m

IgA lambda

1

standard risk
13.42

2826 (88-410)
54.99 (5.71-26.3)
12.03

20-30

none
13.2(13.5-16.9)
0.91 (0-1.17)
del13ql4

2.4 (2.0-2.7)

40 (35-105)
1.23 (0.87-1.45)
no

addition, parameters describing the bone metabolism include: calcium
(mmol/L), alkaline phosphatase (U/L), phosphate (mmol/L) and finally,
bone anti-resorption treatment ongoing at the time of biopsy.

2.2. Immunohistochemical detection of CD138 on decalcified bone
paraffin sections

Paraffin embedded human specimens were retrospectively collected
from formalin-fixed paraffin-embedded tissue of anonymized samples,
archived at the Institute of Pathology, University of Wiirzburg. Shortly,
Jamshidi bone biopsy samples that were derived from the clinical
department of the University of Wiirzburg were fixed for 24 h in
formalin, decalcified for 24 h at 37 °C using an EDTA-based approach,
dehydrated with alcohol and xylene and then embedded in paraffin.

For the immunohistochemical detection of CD138/Syndecan-1
expression, sections were deparaffinized. The tissue was hybridized
with an antibody against CD138/Syndecan-1 (clone MI15, mouse,
#M7228, Agilent, Santa Clara, CA, USA), following standard procedures
by automated processing using the Tecan Evo Freedom stainer and the
Dako Advance system according to the manufacturer’s protocol.

2.3. Microcomputed tomography (microCT): image acquisition

Specimens were scanned using an EasyTom micro/nano tomograph
(RX solutions, France). Low resolution scanning parameters were: 107
kV, 93 pA, 7 pm voxel size, frame rate of 3, average frame of 5. High
resolution scanning parameters were: 60 kV, 124 pA, 1-2 pm voxel size,
frame rate of 1, average frame of 5. Reconstruction of the 1120 pro-
jections/scan were performed using RX Solutions X-Act software.

2.4. Low resolution microCT: image analysis

The overall bone biopsy morphology with particular focus on
trabecular bone thickness was analyzed with Dragonfly software,
Version 2022.1 for [Windows], Comet Technologies Canada Inc., Mon-
treal, Canada; software available at https://www.theobjects.com/
dragonfly. Low resolution microCT stack images (voxel size of 7 pm)
were segmented using Otsu thresholding (noise removal of these
microCT images and objects was not necessary). A mesh was then
created from each individual region of interest (ROI) of the trabecular
bone.

The trabecular bone strut thickness was automatically generated and
measured from each mesh by Dragonfly software. For this, we calculated
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Table 3

Clinical data from newly diagnosed MM patients.
Parameters
Biopsy number MM 1 MM 2 MM 3
Age (years) 58 57 72
Gender m m f
Immunoglobulin subtype 1gG kappa kappa IgG lambda
r-ISS 111 I 111
Cytogenetic risk high risk standard risk high risk
M-protein [g/L] 35.3 not detectable 20.6

Heavy chain [mg/dL,
normal range]

Involved serum free light
chain (sFLC) [mg/L,
normal range]

Ratio (involved /
uninvolved sFLC)

Bone marrow infiltration of
CD138" cells [%]

CT findings of osteolytic
lesion

Hemoglobin [g/dL]
Creatinine [mg/dL]
Cytogenetics

Calcium [mmol/L]

Alkaline phosphatase [U/
L]

Inorganic phosphate
[mmol/L]

4765 (610-1616)

71.12 (3.30-19.40)

40.41
70

osteolytic lesion with extraosseous soft tissue mass in
spine (T12), lytic lesion in pelvis, rib series fractures,
medullary lesions in femora and humeri, reduced
bone mineral density

10.8 (13.5-16.9)
0.83 (0-1.17)
t14;16, gain of 121

2.3 (2.0-2.7)
97 (35-105)

1.25 (0.87-1.45)

not available

8260 (3.30-19.40)

890.09
60-70

disseminated osteolysis in spine, one large lesion in
T9 with increased fracture risk, old vertebral body
collapse in T7 and fracture of the fourth left rib,
multiple small osteolyses in scapulae, ribs, sternum
reduced bone mineral density

10.7 (13.5-16.9)

2.3 (0-1.17)

t11;14

2.9 (2.0-2.7)
80 (35-105)

1.33 (0.87-1.45)

3074 (610-1616)

1376 (5.71-26.3)

355.56
90

no osteolytic lesions medullary
lesions in upper and lower limbs,
spine, sternum; reduced bone
mineral density

10.2 (12-16)

0.72 (0-0.95)

del 17p, 1q gain, dell4q, del 4p, del
16q, del 5p

2.5 (2.0-2.7)

49 (35-105)

0.99 (0.87-1.45)

Bone anti-resorption bisphosphonate (zoledronic acid) for one month no no
treatment (duration)

Parameters

Biopsy number MM 4 MM 5 MM 6

Age (years) 60 68 64

Gender m f f

Immunoglobulin subtype IgA lambda 1gG kappa 1gG kappa

r-ISS

Cytogenetic risk

M-protein [g/L]

Heavy chain (mg/dL,
normal range)

Involved serum free light
chain (sFLC) [mg/L,
normal range]

Ratio (involved /
uninvolved sFLC)

Bone marrow infiltration of
CD138™ cells [%]

CT findings of osteolytic
lesion

Hemoglobin [g/dL]

Creatinine [mg/dL]

Cytogenetics

Calcium [mmol/L]

Alkaline phosphatase [U/
L]

Inorganic phosphate
[mmol/L]

Bone anti-resorption
treatment (duration)

II

standard risk
32.6

4000 (88-410)

33.8 (5.71-26.3)

4.26
30

osteolytic lesion in pelvis; mild reduction in bone
mineral density

14 (13.5-16.9)

0.96 (0-1.17)

del 1p32, del13q14, gain of 1q21
2.4 (2.0-2.7)

41 (35-105)

1.19 (0.87-1.45)

no

II

standard risk

4.5

1180 (610-1616)

16.59 (3.30-19.40)

1.49
50

disseminated osteolysis in skull, spine, fracture series
in spine (T7, 8, 11; L1, 2, 4), reduced bone mineral
density in spine

10.1 (12-16)

1.02 (0-0.95)

trisomy 11

2.5 (2.0-2.7)

95 (35-105)

0.94 (0.87-1.45)

no

II

standard risk

7.4

1625 (610-1616)

309.8 (3.30-19.40)

8.41

60

none

12.8 (12-16)
0.91 (0-0.95)
gain of 1921

2.4 (2.0-2.7)
92 (35-105)

0.74 (0.87-1.45)

no

the median, first and third quartile, minimum and maximum values of
about 3-5.5 10° local vertices created between boundary points of each
overall mesh. The software calculated these vertices as diameters of
hypothetical spheres that fit within each boundary point of the mesh.
The trabecular bone strut thickness distribution is depicted with a colour

code for each biopsy and as a box plot.

2.5. High resolution microCT: image analysis

The volume of interest (VOI) within the high resolution scans were
selected in such a way so that the bone volume to be analyzed was
maximized. The empty cavities within mineralized tissue corresponding
to osteocyte lacunae were segmented. Based on previous studies with
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Table 4

Control samples: Jamshidi bone biopsy and samples from autopsies.
Parameters
Biopsy number  control 1 control 2 control 3 control 4
Type of biopsy ~ jamshidi autopsy” autopsy” autopsy”
Age (years) 69 64 57 63
Gender f f f f
Previous myelodysplastic not not not

disease syndrome known known known

@ Subset of an earlier cohort presented previously [8] and re-evaluated here.

healthy trabecular bone [8,28-30], cavities smaller than 20 me and
larger than 3000 pm® were considered cracks or artifacts and excluded
from the analysis.

2.5.1. Segmentation of osteocyte lacunae

The stack of high resolution microCT images (1-2 pm voxel size) was
segmented using Otsu thresholding in Dragonfly. For these images, noise
removal was performed using 3D smoothing (kernel of 3) as morpho-
logical operation. Next, the binary mask was used to extract the pores.
Osteocyte lacunae were filled in a copy of the binary mask using a filling
morphological operation. Next, the multi-ROI conversion tool of Drag-
onfly was used to select each lacuna individually. This tool allowed to
define each osteocyte lacuna as an individual ROI, hence enabling the
calculation of each lacunae volume and shape. The generated binary
images were then used for the quantitative analysis of lacunae volume
and shape with Python software (version 3.5). The script used was
written in a Jupyter notebook with Python software (version 3.7).
External libraries not contained in the Anaconda environment were
installed from their repository. Micropores smaller than 20 pm® and
larger than 3000 pm® were considered cracks or artifacts and excluded
from the analysis. For the purpose of this study, two separate lacunar
volume ranges were investigated: small lacunae 20-900 pm? (osteocyte
lacunar microporosity characteristic of healthy bone [28,31]), and
larger lacunae 900-3000 pm? (microporosity potentially associated to
bone disease).

2.5.2. Osteocyte lacunar volume analysis

For the osteocyte lacunar volume analysis, each segmented lacunar
volume was calculated as the total number of voxels times the volume of
a single voxel. Based on this, we could define the number of lacunae (Lc.
N) of a given lacunar volume (Lc.V). We could also define the total

Table 5
Nomenclature for osteocyte lacunar volume analysis.
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number of osteocyte lacunae (Lc.TN), total lacunar volume (Lc.TV) and
trabecular bone total volume (Tb.TV). This nomenclature and units are
summarized in Table 5.

2.5.3. Normalized lacunar volume frequency distribution and lacunar
density

To plot the lacunar volume frequency distribution, all lacunae within
one sample were stratified according to lacunar volume intervals. For a
discrete lacunar volume interval of 20 pm®, we quantified the number of
osteocyte lacunae (Lc.N.) for that given size. For a given lacunar volume
(Lc.V), we quantified the lacunar number (Lc.N), normalized to the
trabecular bone total volume (Tb.TV) and excluding the total lacunar
volume (Tb.TV-Lc.TV), to account for size differences between samples,
since larger samples have more lacunae than smaller ones, as well as for
potential differences in the trabecular bone microporosity. The data is
presented as the frequency in a histogram with a bin size of 20 pm?®.
Furthermore, the lacunar density was calculated as the total number of
osteocyte lacunae (Lc.TN) normalized to the trabecular bone total vol-
ume and excluding lacunar total volume (Tb.TV-Lc.TV), in other words,
the summation of the osteocyte lacunar volume frequency distribution.
This was done for both ranges separately, small lacunae 20-900 pm® and
larger lacunae 900-3000 pm?>.

2.5.4. Lacunar volume cumulative distribution

The cumulative distribution is calculated by sorting all osteocyte
lacunae by volume, from smallest to largest, and increasing the count of
the fraction 1/N at each point, with N = length of array. The cumulative
lacunae volume distribution was plotted with respect to the lacunae
volume (Lc.V), with the x axis showing a given lacunae volume and the y
axis showing the cumulative volume. The 50 % cutoff illustrating the
specific volume below which half of all osteocyte lacunae are contained,
was marked with a dashed line.

2.5.5. Osteocyte lacunar microporosity analysis

The microporosity was calculated as the lacunar total volume (Lc.
TV) divided by trabecular bone total volume (Tb.TV) for each group.
This was done for both ranges separately, small lacunae 20-900 pm? and
larger lacunae 900-3000 pm?.

2.5.6. Osteocyte lacunar morphological analysis

To perform the lacunar morphological analysis, the resulting shape
of a lacuna and model representation consists of a 3 x 3 matrix of the
positions of the voxels in a lacuna. For a diagonal symmetric matrix
defining an ellipsoid, this is converted into the eigenvectors of the ma-
trix, which correspond to the major and minor axes of the ellipsoid.
From the eigenvectors, the corresponding eigenvalues (EV) were

Nomenclature Abbreviation Unit derived (EV1 > EV2 > EV3) where EV1 is the largest eigenvalue and
Number of osteocyte lacunae LeN _ EV3 the smallest [32,33]. Three parameters were assessed to examine
Total number osteocyte lacunae Le.TN - lacunae morphology, based on the eigenvalues of each individual la-
Lacunar volume LeV sz cuna: the lacuna elongation, flatness and anisotropy [34]. This nomen-
Total lacunar volume LeTv b clature and units are summarized in Table 6. In short, lacuna elongation
Trabecular bone total volume Tb.TV pm . . .
(EV2/EV1, ratio of medium to largest eigenvalue) ranged from lower
Table 6
Nomenclature for osteocyte lacunar analysis.
Parameter Definition Unit Formula
Normalized lacunar volume frequency Number of lacunae volume divided by the trabecular bone total volume minus the lacuna total #/um® XLc.N
distribution volume Tb.TV — Le.TV

Lacunar volume cumulative distribution Sorted sum of volume divided by total volume -
Microporosity Total lacunar volume with respect to the trabecular bone total volume - Le.TV

Tb.TV
Lacuna elongation 0 for elongated 1 for spherical - EV2

EV1
Lacuna flatness 0 for flat 1 for spherical - EV3

EV2
Lacuna anisotropy 0 for isotropic, spherical 1 for highly anisotropic - EV3

1-—2=
EV1
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values for elongated and 1 for spherical; lacuna flatness (EV3/EV2, ratio 2.6. Statistical analysis
of smallest to medium eigenvalue) ranged from O for flat to 1 for

spherical; and lacuna anisotropy (1-EV3/EV1, one minus the ratio of A total of n = 15 bone biopsy samples were analyzed, including
smallest to largest eigenvalue) ranged from O for isotropic/spherical to 1 MGUS n = 3, SMM n = 2, newly diagnosed MM n = 6 and control biopsy
for highest anisotropy. samples n = 4 (Jamshidi n = 1 and from autopsies n = 3). Additional

250 500 um
E
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sMM{  f— |

Bone sample

mm{ —— |

0 63 125 188 250 313 375 438 500
Strut Thickness (um)

Fig. 1. Immunohistochemical (IHC) CD138 staining and low resolution microCT overview of the bone biopsies from patients with: (a, d, g) monoclonal gammopathy
of undetermined significance (MGUS), (b, e, h) smoldering myeloma (SMM), and (c, f, i) newly diagnosed multiple myeloma (MM). (a-c) Representative light
microscopy images of the bone marrow compartment from the biopsy samples: CD138 positive staining in brown, cell nuclei counterstain in blue. MGUS bone biopsy
#MGUS 2 with <10 % bone marrow infiltration, SMM bone biopsy #SMM 1 with 10-15 % bone marrow infiltration, MM bone biopsy #MM 1 with 70 % bone
marrow infiltration. (d-f) 3D reconstructions of low resolution (7 pm voxel) microCT scans of representative bone biopsies. (g-i) Quantitative analysis of trabecular
bone strut thickness distribution and colour code visualization with Dragonfly software. (j) Distribution of trabecular thickness shown with median, first and third
quartile. Scale bars equal to 100 pm (a-c), 1 mm (d-f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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bone biopsy samples (n > 15) were collected but excluded from the
analysis due to lack of sample integrity (e.g. loss of bone structure (bone
debris) during the extraction procedure) or insufficient amount of
trabecular bone. To analyze the differences in bone microporosity and
lacunar morphological analysis, a one-way analysis of variance
(ANOVA) with Tukey’s multiple comparisons test (*p < 0.05) was used
(GraphPad Prism 8.0 software).

3. Results
3.1. Clinical data and patient history

Clinical data from patients of the University Hospital Wiirzburg and
parameters describing bone metabolism are compiled in Tables 1-3. The
cohort included patient-derived bone biopsy samples with the precursor
condition MGUS (Table 1), SMM (Table 2), and newly diagnosed MM
(Table 3). MGUS is diagnosed when monoclonal immunoglobulins (< 3
g/dL) are detected in the serum of patients and <10 % abnormal plasma
cells are found in the bone marrow. When MGUS continuously pro-
gresses, the condition is named SMM, when between 10 and 60 %
plasma cells are detected and monoclonal immunoglobulin levels are
higher than 3 g/dL. SMM differs from symptomatic MM, a stage in which
CRAB symptoms of hypercalcemia, renal insufficiency, anemia and
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osteolytic bone lesions occur [35]. The revised International Staging
System for Multiple myeloma (r-ISS) was used to stratify patients with
respect to the relative risk to their survival (Tables 1-3) [36]. Control
samples obtained from the University Hospital Wiirzburg and from the
Ludwig Boltzmann-Institute of Osteology Vienna are compiled in
Table 4.

Patients with MGUS showed no detectable osteolytic bone lesions by
low-dose CT scans (Table 1). One patient with MGUS received denosu-
mab for four months (#MGUS 1, Table 1). In this case, we cannot
exclude that the anti-resorptive treatment interfered with the bone ul-
trastructure. Similarly, the two patients classified as SMM exhibited no
signs of osteolytic lesions by low-dose CT scans at the time of biopsy
(Table 2). Disease staging for SMM was determined based on the percent
of bone marrow infiltration of CD138" plasma cells, above 10 %. Pa-
tients classified as MM had a bone marrow infiltration of CD138"
plasma cells between 60 and 90 % (4 out of 6), a ratio of the involved to
the uninvolved free light chain in the serum (sFLC) of >100 (2 out of 6),
and/or local or disseminated lytic lesions, as well as reduced bone
mineral density (4 out of 6 patients) based on CT findings (Table 3). All
bone turnover markers (phosphate, calcium, alkaline phosphatase) were
within normal ranges (Tables 1-3). Anti-resorptive therapy with the
bisphosphonate zoledronic acid had been administered to one MM pa-
tient for one month before the biopsy was taken (#¥MM 1, Table 3). We

Fig. 2. Bone biopsy macroscopic structure and osteocyte lacunar microporosity visualized with high resolution microCT in MGUS, SMM and MM samples. (a-c) 3D
reconstructions of local scans (high resolution microCT; voxel size 1-2 pm) and (d-i) the corresponding segmented osteocyte lacunar microporosity of representative
samples: (a, d, g) MGUS bone biopsy #MGUS 2, (b, e, h) SMM bone biopsy #SMM 1, (c, f, i) MM bone biopsy #MM 1. Scale bars equal to 250 pm (a, d), 350 pm (b, e),

400 pm (c, f) and 20 pm (g-i).
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Fig. 3. Lacunar volume frequency distribution of osteocytes in control, MGUS, SMM and MM samples. Frequency distribution normalized to trabecular bone total
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lesion in red, MM samples without lytic lesions in orange. Please note the different scale in the y-axis of subplot c. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

assume that the single dose of the bisphosphonate did not affect bone
ultrastructure in such short timeframe.

3.2. Immunohistochemical (IHC) and microcomputed tomography
(microCT) overview analysis

As part of the standard clinical practice, and to detect the clonal bone
marrow plasma cells and quantify the percent of bone marrow infiltra-
tion of CD138™ cells, bone biopsies were processed for immunohisto-
chemical (IHC) analysis for CD138 staining. Fig. la-c shows
representative samples of MGUS, SMM and newly diagnosed MM pa-
tients with <10 % for MGUS and >10 % for SMM and MM patients.
Biopsies collected from patients were selected after applying exclusion
criteria (see Section 2.6 for details). 3D reconstructions of representative
images are shown in Fig. 1d-f. Quantification of trabecular thickness

distribution is shown in Fig. 1g-j and Supplementary Fig. S1. No clear
differences between MGUS, SMM and newly diagnosed MM were
observed in the macroscopic trabecular bone architecture, which moti-
vated the further analysis of bone ultrastructure with high resolution
microCT.

3.3. Bone ultrastructure and segmentation of osteocyte lacunar
microporosity

We next investigated the bone ultrastructure with a focus on the
osteocyte lacunar microporosity. High resolution microCT scans (voxel
size 1-2 pm) were performed on smaller VOI (Supplementary Fig. S2).
Fig. 2 illustrates an example of VOI of representative samples and the
segmented osteocyte lacunar microporosity for MGUS, SMM and newly
diagnosed MM, and Supplementary Fig. S3 for a control sample. This
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bone lytic lesion in red, MM samples without lytic lesions in orange. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

segmented osteocyte lacunar microporosity was then quantitatively
analyzed for lacunar volume distribution (Figs. 3-4), lacunar density
and microporosity (Fig. 5), and lacunar morphological analysis (Fig. 6).

3.4. Analysis of osteocyte lacunar volume distribution and microporosity

First, we characterized the osteocyte lacunar volume distribution,
both as a frequency distribution (Fig. 3) and then as a cumulative dis-
tribution (Fig. 4). To plot the lacunar volume frequency distribution, all
lacunae within one sample were stratified according to volume intervals
of 20 um®. Two separate lacunar volume ranges were investigated: small
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lacunae 20-900 pm? (Fig. 3a-c) (osteocyte lacunar microporosity char-
acteristic of healthy bone [28,31]), and larger lacunae 900-3000 pm3
(Fig. 3d-f) (microporosity potentially associated to bone disease). Con-
trol samples (Fig. 3a, d) were compared with MGUS, SMM (Fig. 3b, e),
and newly diagnosed MM (Fig. 3c, f). In the small lacunae range 20-900
pm®, we observed a distribution within a comparable range (y-axis from
0 to 4000 pm®) in the different groups, with the exception of sample
#MM 3, which had a much higher number of osteocyte lacunae
compared to the other samples within the MM group (Fig. 3c, note the
extended y-axis). In contrast, in the larger lacunae range 900-3000 pm?,
we observe a clearly higher number of lacunae for the MM group
(Fig. 3f) compared with MGUS (Fig. 3d) and SMM (Fig. 3e) groups.

When comparing both ranges, we observed a larger number of small
osteocyte lacunae (Fig. 3a-c) compared to larger lacunae (Fig. 3d-f). This
motivated a more detailed lacunar volume cumulative distribution
analysis (Fig. 4), where the lacunar number (Lc.N) was plotted as a
cumulative curve. The 50 % cutoff indicates that half of all osteocyte
lacunae within one sample are below that specific volume interval (x-
axis). In the control group (Fig. 4a), the 50 % cutoff is heterogeneous:
samples #control 1, #control 3 and #control 4 have 50 % of the lacunae
with volumes around 140-170 pm®, while sample #control 2 has the
highest volume with 270 pm®. In the MGUS/SMM group (Fig. 4b), the
50 % cutoff ranges from 170 to 210 pm?, except sample #SMM 2 with
the smallest cutoff at 140 um?. In the MM group (Fig. 4c), the 50 % cutoff
varies from 150 to 220 pm?, with clearly lower values for the biopsies of
patients without bone osteolytic lesions (#MM 3 and #MM 6). In
conclusion, we observe a trend for increasing 50 % cutoff for more
advanced disease, indicating that the sum volume of the smallest 50 %
lacunae account for a larger volume as the disease progresses (Fig. 4c).
In other words, we observe a shift towards larger lacunae with disease
progression.

Next, we calculated the lacunar density as the total number of
osteocyte lacunae (Lc.TN) normalized to the trabecular bone total vol-
ume and excluding lacunar total volume (Tb.TV-Lc.TV), in other words,
the sum of the osteocyte lacunar volume frequency distribution (Fig. 3).
This was done for both ranges separately, small lacunae 20-900 pm®
(Fig. 5a) and larger lacunae 900-3000 pm3 (Fig. 5b). In the small
lacunae range, the mean for the control samples was 29,809 +/— 11,314
lacunae/mm?, for MGUS/SMM 18165 +/— 3278 lacunae/mm? and for
MM 20502 +/— 13,827 lacunae/mm?. No significant differences were
observed in the small lacunae range, although there was a clear trend for
lower lacunar density for diseased samples (MGUS/SMM and MM)
compared to the controls. However, in the larger lacunae range
900-3000 pm?® (Fig. 5b), significantly higher lacunar density was found
in the newly diagnosed MM group compared to the MGUS/SMM group.

In order to evaluate the microporosity in relation to the total bone
volume, we divided the lacunar total volume (Lc.TV) by trabecular bone
total volume (Tb.TV) for each group. This was done for both ranges
separately, small lacunae 20-900 pm?® (Fig. 5c) and larger lacunae
900-3000 pm3 (Fig. 5d). No significant differences were observed in the
small lacunae range. However, in the larger lacunae range, significantly
higher microporosity was found in the newly diagnosed MM group
compared to the MGUS/SMM group. This is consistent with the obser-
vations of lacunar volume frequency distribution (Fig. 3f) and lacunar
density (Fig. 5b).

3.5. Analysis of osteocyte lacunar morphology

Next, we aimed to assess whether disease progression could be
associated with lacunar morphological changes. To do so, we performed
alacunar morphological analysis in the small lacunae 20-900 pm? range
in all groups (control, MGUS/SMM and newly diagnosed MM). Based on
previous analogous analysis [34], we investigated the distribution of
lacunar flatness, elongation and anisotropy. Towards that end, the
principal eigenvalues for each osteocyte lacunae were obtained: EV1,
EV2 and EV3. The morphological parameters were calculated as
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Fig. 5. Lacunar density and microporosity analysis for the small lacunae 20-900 pm?® range and for the larger lacunae 900-3000 um? range of osteocytes in control,
MGUS, SMM and MM samples. Lacunar density calculated as the total number of osteocyte lacunae (Lc.TN) normalized to the trabecular bone total volume and
excluding lacunar total volume (Tb.TV-Lc.TV), for each control group, MGUS/SMM and newly diagnosed MM (samples with bone lytic lesion in red, samples without
lytic lesions in orange). Microporosity calculated as lacunar total volume (Lc.TV) divided by trabecular bone total volume (Tb.TV) for each group. Error bars indicate
mean + SD. One way ANOVA with Tukey’s multiple comparison test *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

described in Table 6. The lacuna elongation (EV2/EV1, ratio of medium
to largest eigenvalue) is shown in Fig. 6a-d; lacuna flatness (EV3/EV2,
ratio of smallest to medium eigenvalue) in Fig. 6e-h; and lacuna
anisotropy (1-EV3/EV1, one minus the ratio of smallest to largest
eigenvalue) in Fig. 6i-1. The fraction of lacunar number (Lc.N) normal-
ized against lacunae total number (Lc.TN) in each sample is shown for
each group: control (Fig. 6a, e, i), MGUS/SMM (Fig. 6b, f, j) and MM
(Fig. 6¢, g, k). The median of all lacuna elongation values for each
sample are shown in Fig. 6d; similarly, for flatness in Fig. 6h and
anisotropy in Fig. 61.

Lacuna flatness in MGUS/SMM and newly diagnosed MM groups
exhibit a broader spread of the distribution compared to the control
group, with a shift towards lower values (flatter shapes). Regarding la-
cuna elongation and anisotropy, the spread of the distribution for the
three groups is comparable. A trend for lower values for lacuna elon-
gation (more elongated) and higher values for lacuna anisotropy (more
anisotropic) is observed in the MGUS/SMM group compared to the
control group, as shown by the curves and the by the median values.
However, the differences of the median values are not significant.

4. Discussion

Changes in the volume and shape of osteocytes were identified in
previous studies of bone metastasis from breast and prostate cancer and
were indicators of osteolysis [13-16]. However, high resolution
microCT characterization of osteocyte lacunae in human bone biopsies
of MGUS, SMM and newly diagnosed MM has not yet been performed,
nor have changes in morphology of osteocytes been linked to patterns of

10

osteolysis and disease progression. In this context, quantitative analyses
of microCT demonstrate altered lacunae volume and shape distribution
between MGUS, SMM and newly diagnosed MM. Specifically, we found
a significantly higher number of larger lacunae in the 900-3000 pm?®
range, in the MM group compared to the MGUS/SMM group, as reflected
in higher lacunar volume frequency distribution (Fig. 3f) and signifi-
cantly higher lacunar density (Fig. 5b). Consistent with the observation
of an increase in lacunar volume frequency distribution, we also found
significantly higher microporosity for the larger lacunae range in the
MM group compared to the MGUS/SMM group (Fig. 5d).

In the small lacunae 20-900 pm® range, the lacunar density for
control samples with 29,809 +/— 11,314 lacunae/mm? (Fig. 5a) is in
the range previously reported in the literature for 3D analysis of osteo-
cyte morphometry in healthy transiliac bone biopsies [28], which con-
firms the validity of our analysis. Interestingly, there was a trend for
lower lacunar density for diseased samples (MGUS/SMM and MM)
compared to the controls, though the differences were not significant
(Fig. 5a). This could be indicative of micropetrosis, i.e. osteocyte
lacunae mineralization following osteocyte apoptosis [37,38]. Since a
lower lacunar density can distinguish healthy, osteoporotic and
bisphosphonate-treated osteoporotic patients, it is currently being
considered as a novel bone microstructural marker of impaired bone
quality [37]. In addition, we observed a trend for increasing values of
the 50 % cutoff in the lacunar volume cumulative distribution for more
advanced disease, showing that the sum volume of the smallest 50 %
lacunae account for a larger volume as the disease progresses (Fig. 4). In
terms of shape distribution, the MGUS/SMM group showed a trend for
lower lacuna flatness (flatter), lower lacuna elongation (more
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Fig. 6. Lacunar morphological analysis for the small lacunae 20-900 pm? range of osteocytes in control, MGUS, SMM and MM samples. Lacunae elongation, flatness
and anisotropy analysis for (a, e, i) control, (b, f, j) MGUS/SMM and (c, g, k) MM groups. Individual lacunae were assigned with eigenvalues (EV1, EV2 and EV3) to
then calculate lacuna elongation as EV2/EV1 (with lower values for elongated and 1 for spherical) as (a-c) lacunar fraction (Lc.N/Lc.TN) and as (d) median of all
lacuna elongation values for each sample; lacuna flatness as EV3/EV2 (ranging from O for flat to 1 for spherical) as (e-g) lacunar fraction (Lc.N/Lc.TN) and as (h)
median of all lacuna flatness values for each sample; and lacuna anisotropy as 1-EV3/EV1 (with smaller values for isotropic/spherical and 1 for highest anisotropy) as
(i-k) lacunar fraction (Lc.N/Lc.TN) and as (1) median of all lacuna anisotropy values for each sample. Sample from the Jamshidi biopsy in black, all other control
samples in grey. MGUS in blue, SMM in green, MM samples with bone lytic lesion in red, MM samples without lytic lesions in orange. Error bars indicate mean + SD.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

elongated), and higher lacuna anisotropy (more anisotropic) compared
to the control group (Fig. 6). Altogether, the findings of a trend for lower
lacunar density and a shift towards larger lacunae (increasing 50 %
cutoff of the lacunar volume cumulative distribution) for diseased
samples (MGUS/SMM and MM) compared to control, in the small
lacunae 20-900 pm? range; together with significantly higher lacunar
density and microporosity for the newly diagnosed MM group, in the
larger lacunae 900-3000 pm?® range, suggest that the osteocytes in MM
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bone disease and the precursor conditions MGUS/SMM are undergoing
changes in their lacunae morphology during disease progression.

In relation to previous work, currently this is the first study evalu-
ating human bone biopsies at the microstructural level, and so we can
only refer to similar work in preclinical setting. Indeed, our established
mouse model of MM bone disease was assessed for ultrastructural
characterization of the mineralized and nonmineralized ECM, particu-
larly of the osteocyte LCN in early stages of the disease [27,39-41].
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Skeletally mature mice were injected with MM cells and the osteocyte
LCN architecture was analyzed using advanced imaging techniques,
such as high resolution microCT, synchrotron phase contrast-enhanced
microCT and confocal laser scanning microscopy (CLSM) [27]. Similar
as in human samples, we identified alterations in the osteocyte
morphology in the early MM lesions and showed larger, irregular-
shaped osteocyte lacunae within a disorganized canaliculi network,
compared to flat osteocyte lacunae organized in a lamellar structure in
healthy bone [27]. MM affected regions revealed that the lacunae vol-
ume was greater and the density was sparser compared to control bones
[27]. These data are in concordance with the human MM samples in
which a higher number of larger lacunae and a lower lacunar density
were detected in the MM group compared to the precursor conditions
and control samples. Overall, the MM preclinical model served to pre-
dict the changes in the osteocyte lacunae, which in human bone biopsies
occurred as a result of progression from MGUS to MM, and thus aligning
the preclinical observations with the human findings.

In a recent study in immunocompetent mice, breast and prostate
cancer cells were intratibially injected and the changes in the osteocyte
LCN induced by tumor cells were analyzed by histology, microCT im-
aging and CLSM [20]. Interestingly, large lacunae and vascular canals
were not observed in the proximity of osteolytic lesions, whereas these
changes occurred in osteosclerotic lesions adjacent to prostate cancer
cells [20], indicating that changes of osteocyte lacunae characteristics
are tumor type-specific. In our study of human biopsy samples with
newly diagnosed MM and the precursor conditions, we observed a
significantly higher lacunar density in the MM group compared to the
MGUS/SMM groups. These observed changes may be related to the
presence of osteocytic osteolysis [42], a process that involves osteocytes
mobilizing calcium and phosphate, using carbonic anhydrase and
vacuolar ATPase to demineralize the bone matrix, and digest protein
using matrix metalloproteases and tartrate-resistant acid phosphatase
(TRAP) [20,43-45]. In the above-mentioned mouse model [20], TRAP-
positive osteocytes in combination with large lacunae were detected in
osteosclerotic regions of breast and prostate infiltrated bones, indicating
that this mechanism could contribute to the observed increase in
lacunae volume [20,43-45]. Whether osteocytic osteolysis plays a role
in the progression from healthy to MGUS/SMM to MM bone is not
known and warrants further studies. Moreover, since the osteocyte
remodeling function affects the lacunae morphology and the LCN ar-
chitecture, it is likely that changes in the latter are indicators for
impaired bone remodeling activity and mechanoresponsiveness.

In order to understand the implications of altered lacunae volume
and shape distribution in MM, future studies should consider several
factors. First, there is a need for more bone biopsies in i) each of the
groups and ii) with sufficient quality to obtain a larger sample size and
validate the findings of this study, iii) at other sites of the skeleton where
imaging, for example via PET-CT, has shown infiltration of the bone, and
iv) from males and females at the ratio of the occurrence of the disease.
Second, it is important that the bone biopsies are obtained from com-
parable anatomical sites to minimize the natural osteocyte volume and
shape variation within healthy bone [8,28,46]. Third, although previous
studies have used a comparable voxel size of 1.2 pm for lacunar imaging
in human bone biopsies [11,28], to further investigate the relationship
between osteocyte lacunae and MM, researchers could increase the
volume of interest scanned at high resolution (1 pm voxel size or lower)
using synchrotron phase-contrast microCT. Fourth, there is a lack of
detailed information whether the biopsies were extracted from bone
regions affected or unaffected by the disease. Therefore, it remains un-
certain whether the evaluated osteocytes accurately reflect the disease
stage. For ethical and practical considerations, the bone samples used in
the present study were extracted through a standardized approach from
the posterior superior iliac crest. Finally, the use of mouse models of MM
may provide a valuable tool for investigating the mechanisms underly-
ing the observed alterations in osteocyte lacunae morphology and other
aspects of bone ultrastructure, such as LCN architecture, bone
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composition, and micro- and nanoscale organization of the organic and
inorganic matrix. Furthermore, these models can be used to study how
alterations of the osteocyte lacunar morphology affect the response of
osteocytes to local tissue strains, their remodeling capacity of mineral-
ized bone matrix and the associated resistance to fractures.

Taken together, these findings suggest that altered lacunae volume
and shape distribution are indicative for osteolysis and disease pro-
gression from MGUS, SMM to newly diagnosed MM. Future studies are
needed to explore whether such changes cause lower local tissue strains
and an impaired bone mechanoresponse in MM patients with osteolytic
bone lesions and an associated high fracture risk.
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