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remodeling; thus, osteocyte viability is crucial for maintaining bone homeostasis. In human cortical bone
specimens from individuals with T1DM, we found signs of accelerated osteocyte apoptosis and local min-
eralization of osteocyte lacunae (micropetrosis) compared with samples from age-matched controls. Such

Keywords: morphological changes were seen in the relatively young osteonal bone matrix on the periosteal side,

Type 1 diabetes mellitus and micropetrosis coincided with microdamage accumulation, implying that TIDM drives local skeletal
Micropetrosis aging and thereby impairs the biomechanical competence of the bone tissue. The consequent dysfunction
gsltle?icyii apoptosis of the osteocyte network hampers bone remodeling and decreases bone repair mechanisms, potentially
e ea

- . contributing to the enhanced fracture risk seen in individuals with T1DM.
Microdamage accumulation

Skeletal aging L.
Statement of significance

Type 1 diabetes mellitus (T1DM) is a chronic autoimmune disease that causes hyperglycemia. In-
creased bone fragility is one of the complications associated with TIDM. Our latest study on T1DM-
affected human cortical bone identified the viability of osteocytes, the primary bone cells, as a poten-
tially critical factor in TIDM-bone disease. We linked TIDM with increased osteocyte apoptosis and local
accumulation of mineralized lacunar spaces and microdamage. Such structural changes in bone tissue
suggest that TIDM speeds up the adverse effects of aging, leading to the premature death of osteocytes
and potentially contributing to diabetes-related bone fragility.
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with diabetes, and its global prevalence is rising [1]. DM is a
chronic metabolic disorder characterized by high blood glucose
levels. In type 1 DM (T1DM), accounting for 10% of all diabetes
cases worldwide, hyperglycemia is caused by a lack of insulin due
to autoimmune-induced damage to pancreatic beta cells [2,3]. The
long-term effects of TIDM are tissue and organ damage, including
impaired skeletal health involving a significant increase in fracture
risk; the relative risk of hip fracture is reported to be as high as
6.94 for individuals with TIDM [4-8]. Bone mineral density (BMD),
the general predictor of bone fragility, is reduced in TIDM [9-12].
However, the reported increase in fracture risk cannot be explained
solely by the reduction in BMD; thus, there is a need to identify
novel markers of reduced mechanical competence of bone.

It is thought that decreased bone turnover contributes to dia-
betic bone disease [13]. Bone turnover is accomplished through the
bone remodeling process, in which the central regulatory cells, os-
teocytes, orchestrate bone-resorbing osteoclasts and bone-forming
osteoblasts in response to mechanical loading. The cellular pro-
cesses of bone remodeling are coupled in a spatiotemporal se-
quence by a functional osteocyte network to maintain bone tissue
homeostasis or adapt to changing mechanical or hormonal envi-
ronments [14].

Osteocytes are the most abundant bone cells, forming a
mechanosensory and force-translating network within the miner-
alized bone matrix [15]. Each osteocyte forms approximately 90
dendrites [16], long cytoplasmic extensions that run through nano-
scale canals (canaliculi) and enable the connection of osteocytes to
each other and to other cells at the periosteum or in the bone mar-
row cavity, resulting in an extensive communication system called
a lacunar (harboring the cell body)-canalicular network (LCN). As
postmitotic cells, osteocyte viability [17] is crucial for the mainte-
nance of bone homeostasis. Through a functional fluid-filled LCN,
nutrients and waste products are transported to preserve osteocyte
viability and maintain their mechanosensory function.

The lifespan of osteocytes is thought to be between 1 and
50 years, starting from a subpopulation of osteoblasts that be-
come embedded into their newly formed bone matrix and dif-
ferentiate into dendritic osteocytes, ultimately ending in one
of the known cell death mechanisms. Osteocyte cell death be-
comes more prominent with aging [18] but is also associated
with multiple bone pathologies, i.e., postmenopausal osteoporo-
sis, glucocorticoid-induced osteoporosis [19,20], or immobilization
[21]" which are all characterized by elevated bone fragility and
therefore higher fracture risk. The fragility is likely caused by a
decreased ability to sense and repair microdamage in the bone
matriX. In a physiological state, osteocyte apoptosis induces local
bone resorption, resulting in the removal of damaged bone matrix,
and coupled bone formation ensures the renewal of the bone ma-
trix and the osteocyte cell pool [22,23]. The phenomenon of osteo-
cyte lacunar mineralization, also known as micropetrosis, reflects
the decreased number of osteocytes due to cell death and lack of
newly embedded osteocytes during bone formation seen with bone
pathologies [24]. Micropetrosis negatively affects the mechanical
properties of bone tissue, lowering energy absorption and dissi-
pation capacities and thereby causing the bone matrix to become
more susceptible to fragility fractures [17,25-27]. An impaired os-
teocyte network in the form of lower numbers of viable intercon-
nected osteocytes leads to a reduced recognition of microdamage
within the bone matrix [28].

Microdamage removal requires communication between apop-
totic osteocytes at the site of damage and adjacent nonapoptotic
osteocytes, which subsequently activate the osteoclastogenic sig-
naling response for local bone remodeling [29]. The accumula-
tion of microdamage, such as microcracks, creates morphologi-
cal changes in the LCN, which induce osteocyte apoptosis [30,31].
These effects induce osteoclast-dependent resorption of the dam-

255

Acta Biomaterialia 162 (2023) 254-265

aged bone matrix as a part of functional bone homeostasis. How-
ever, when the rate of osteocyte apoptosis exceeds osteocyte vi-
ability or when bone resorption is lowered or less targeted (i.e.,
due to reduced activation by osteocytes), bone resistance to frac-
ture decreases. In a streptozotocin-induced rat model of T1DM, the
accumulation of microdamage after ulnar loading led to a severe
disruption of the LCN and reduced osteoclast activation, causing
a reduction in bone resorption [32]. Because studies with human
bone specimens are rare, it is yet unknown whether and to what
extent there is microdamage accumulation in the bone matrix of
human individuals with TIDM and if it characterizes diabetic bone
pathology.

We investigated the effect of TIDM on human femoral cortical
bone using an interdisciplinary approach, applying clinical imaging
(e.g., microcomputed tomography) and standardized bone histolog-
ical methods (e.g., bone histomorphometry), material-based tech-
niques (e.g., quantitative backscattered electron microscopy), and
novel imaging approaches to detect and quantify microdamage ac-
cumulation. We hypothesized that TIDM would promote osteocyte
apoptosis, which would affect the integrity of the LCN and result
in the accumulation of microcracks in TIDM-induced bone disease.

2. Materials and methods
2.1. Study design

We evaluated the influence of TIDM on bone microarchitec-
ture, matrix quality, and cellular parameters of cortical bone. We
collected approximately 1.5-cm-thick bone specimens from the
femoral mid-diaphysis of 22 human donors of both sexes for cor-
tical bone quality analysis. The specimens were obtained in col-
laboration with the Institute of Legal Medicine at University Med-
ical Center Hamburg-Eppendorf (ethics approval: WT037/15). Ac-
cording to medical records, donors were divided into two study
groups, including a group of eight donors diagnosed with T1DM
(T1DM group: 55.0 &+ 10.6 years) during their lifetime and a group
of 14 age-matched healthy donors (control group: 53.1 £+ 9.5 years)
with normal sugar metabolism. For each donor, we collected dei-
dentified patient data (age, BMI) and BMD measured via ex vivo
DXA measurement of the 12th thoracic vertebra (Table 1). Donors
in this study did not suffer from any form of bone disease (i.e.,
trauma, osteogenesis imperfecta, Paget’s disease, fibrous dysplasia,
or malignancy).

Femoral bone specimens were fixed in 4% paraformaldehyde
(Sigma-Aldrich, Darmstadt, Germany) for 7 days. From the fixed
specimens, several 4-mm-thick sections were cut out using a di-
amond belt saw (EXAKT Advanced Technologies GmbH, Norderst-
edt, Germany) followed by imaging the whole cross-sections in a
cabinet X-ray system. The anterior quadrant was extracted from
each cross-section and additionally fixed in 4% paraformaldehyde
(Sigma-Aldrich, Darmstadt, Germany) overnight before embedding
in methyl methacrylate (MMA). The anterior quadrant from an-
other cross-section was cut and decalcified for six weeks in a 20%
ethylenediaminetetraacetic (EDTA) solution prior to paraffin em-
bedding for immunohistochemistry (IHC). The methodology of the
study is summarized in Supplemental Fig. 9. All analyses were per-
formed in a blinded manner.

2.2. Microcomputed tomography

The microstructure of the anterior quadrant was assessed using
microcomputed tomography (uCT 40, Scanco Medical AG, Switzer-
land) at a spatial resolution of 10 um. The X-ray settings were
standardized to 55 kV and 145 pA with an integration time of 200
ms. A threshold of 550 mg HA/cm3 was applied to assess cortical
porosity (Ct. Po) and tissue mineral density (TMD) using Scanco
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Table 1
Cohort characteristics.
Control T1DM p value
n=14 n=38
Age (years) 51 + 34 52 + 31 0.603
Sex (m/f) 12/2 6/2 0.602
BMI (kg/m?) 29 + 140 22 + 38b 0.127
Ex vivo BMD of 12t thoracic AP: 0.9 £+ 0.2° AP: 0.8 £+ 0.1° 0.191
vertebra (g/cm?) LAT: 0.7 + 0.1° LAT: 0.6 + 0.2° 0.390

Notes: The table summarizes the information on age, sex, BMI, and ex vivo BMD of the 12th thoracic vertebra (T12) for the control and T1IDM groups. Data are presented as the mean
+ standard deviation for normally distributed data (marked with a superscript “a”), and nonnormally distributed data are presented as the median + interquartile range (marked
with a superscript “b”). A t test was applied for normally distributed data to determine p values, and the Mann-Whitney test was used for nonnormally distributed data. Fisher’s
exact test was applied to determine the p value for sex distribution. BMI: body mass index, BMD: bone mineral density, AP: anterior-posterior, LAT: lateral.

image processing software. Cortical thickness (Ct. Th) was calcu-
lated from the contact radiography images within the whole cross-
section of the femoral diaphysis using Image]/Fiji software (NIH,
USA).

2.3. Geometric analysis

Biomechanical properties, such as diaphyseal strength and
rigidity, depend upon geometric indices of the femoral diaph-
ysis. To evaluate bone geometry indices, the whole cross-sectional
area of the midshaft femur was visualized by contact radiogra-
phy (Faxitron MX-20, Faxitron, Arizona, USA). The images were
analyzed using the EPJ macro [33] in Image]/Fiji. The EP] macro
derives periosteal and endosteal contours from images and com-
putes the following cross-sectional properties: total cross-sectional
area (TA, mm?), which reflects resistance to compression; corti-
cal area (CA, mm?), which indicates compressive/tensile strength;
medullary cavity area (MA, mm?); percent cortical area (%CA, %),
which is determined as (CA/TA) x 100; second moment of area,
which indicates bending rigidity in the medial-lateral axis (Ix,
mm*) and anterior-posterior axis (ly, mm*); maximum and min-
imum second moment of area, which indicate maximum bending
rigidity (Imax, mm#) and minimum bending rigidity (Imin, mm?),
respectively; section modulus, which indicates resistance to bend-
ing along the medial-lateral axis (Zx, mm?3) and anterior-posterior
axis (Zy, mm?3); and buckling ratio (BR), which indicates resistance
to buckling.

24. Cellular histomorphometry

For cellular histomorphometry, we cut 5 pum-thick sections
from MMA blocks on a microtome (Leica Microsystems, Wetzlar,
Germany) and stained the sections with toluidine blue. A total
bone area of 1.875 mm?2 in the endocortical region and a total
bone area of 0.625 mm? in the periosteal region were analyzed
using Osteomeasure software (OsteometriX, Atlanta, USA). Histo-
morphometric variables are derived from primary measurements
such as bone area or perimeter. These parameters are presented
as the source (the structure on which the measurement is made),
the measurement, and the referent (source-measurement/referent),
in accordance with the ASBMR nomenclature guidelines [34]. The
histomorphometric variables were as follows. Bone formation in-
dices: number of osteoblasts per unit bone perimeter (N.Ob/B.Pm;
#/mm); osteoblast surface (Ob.S/BS): percent of bone surface occu-
pied by osteoblasts; osteoid volume (OV/BV; %): percent of a given
volume of bone tissue that consists of unmineralized bone (os-
teoid); osteoid surface (OS/BS; %): percent of bone surface covered
in osteoid; osteoid thickness (0.Th): mean thickness, provided in
micrometers for osteoid bone. Bone resorption indices: number of
osteoclasts per unit bone perimeter (N.Oc/B.Pm; #/mm); osteoclast
surface (Oc.S/BS): percent of bone surface occupied by osteoclasts;
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eroded surface (ES/BS; %): percent of bone surface occupied by re-
sorption cavities with or without osteoclasts.

2.5. Bone mineral density distribution

To evaluate the bone mineral density distribution (BMDD) and
2D morphological analysis of the osteocyte lacunae, we performed
quantitative backscattered electron imaging. The PMMA-embedded
specimens were subjected to coplanar grinding and subsequently
polished and carbon-coated before imaging. A scanning electron
microscope (Crossbeam 340, GeminiSEM, Zeiss AG, Oberkochen,
Germany) in backscattered electron mode was operated at 20 keV
with a constant working distance of 20 mm. A Faraday cup was
used to control the current beam, and grayscale values were cal-
ibrated using an aluminum-carbon standard. All parameters were
monitored during imaging and kept at a constant level. The mag-
nification used for acquiring images was 250%, corresponding to
1 pm/pixel. Two images per region were taken for BMDD and os-
teocyte lacunae morphology analysis. The total mean calcium con-
tent of the BMDD (CaMean, wt%) was assessed from the backscat-
tered electron images using a custom-made MATLAB code (MAT-
LAB, Natick, Massachusetts). We evaluated BMDD in the endocor-
tical and periosteal regions separately. Additionally, we manually
created masks in Image]J/Fiji to separate the osteonal and intersti-
tial areas, and we assessed BMDD for these two areas separately.
For this purpose, osteonal bone was defined as a circular region of
bone matrix surrounding a Haversian canal; interstitial bone was
defined as bone matrix between the circular osteonal structures.
Cement lines were used as visual borders for the measurement of
bone matrix area.

2.6. Supervised deep learning to detect osteocyte lacunae

To analyze the occurrence of mineralized osteocyte lacunae
(Mn.Lc. N), we used images acquired for BMDD on a scan-
ning electron microscope (Crossbeam 340, GeminiSEM, Zeiss AG,
Oberkochen, Germany). We trained a deep convolutional neu-
ral network (CNN) to detect and classify lacunae as nonmineral-
ized, partially mineralized, or fully mineralized using a pretrained
YOLOv5 [35] model as a single-stage object detection algorithm.
The model was adapted for the detection of lacunae by training
in an end-to-end fashion on lacunae in 50 expert-labeled images.
Overall, 8716 nonmineralized, 314 partially mineralized, and 394
fully mineralized lacunae were labeled. We used 10-fold cross-
validation to train and validate the model’s performance. For each
iteration, we split our data into 40 images for training (80%), 5 im-
ages for validation (10%), and 5 excluded images (10%) for testing.
To leverage the data set, we performed random horizontal and ver-
tical flipping and rotation followed y random cropping into patches
of 256 x 256 pixels, which resulted in a total data set of 7500
patches. We trained the model using stochastic gradient descent
with a learning rate of 0.01, a batch size of 324, and 200 epochs;
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we report the mean average precision (mAP) metric for all 10 iter-
ations with an intersection over the union threshold of 50%. The
network performance was evaluated exclusively on the test set.
For further statistical evaluations, we used all available images.
Detected artifacts were cleared from the output image data, and
we distinguished the locations of micropetrotic lacunae within the
osteonal and interstitial areas in the endocortical and periosteal
regions. We normalized the number of partially mineralized and
fully mineralized lacunae and the total number of mineralized os-
teocyte lacunae to the mineralized bone area (B.Ar; #/mm2) for
evaluation.

2.7. Osteocyte apoptosis

For osteocyte apoptosis detection, a TUNEL assay, allowing visu-
alization of DNA breaks, was used. The plastic embedding medium
was washed out from the undecalcified MMA sections using xy-
lene, and the sections were rehydrated by a descending ethanol
series (absolute, 90%, 80%, and distilled water). Following 20 min-
utes at room temperature (RT) of incubation with proteinase K, the
sections were treated with 20% EDTA for 30 minutes at 37 °C. The
pretreated sections were then stained using fluorescein from an In
Situ Cell Death Detection Kit (Roche, Basel, Switzerland) overnight
at 37 °C. After staining, the sections were washed with phosphate-
buffered saline (PBS) solution and treated with a permeabiliza-
tion solution with 0.1% Triton X-100 and 0.1% sodium citrate for
8 minutes at RT. The samples were then mounted using mount-
ing medium with DAPI stain. The excitation wavelength for visu-
alization was between 450 nm and 500 nm, while detection was
between 515 nm and 568 nm. We acquired five images in the pe-
riosteal and endosteal regions in the blue and green channels. For
evaluation, Image] software was used to merge both fluorescent
images, and only cells where the signal from both channels was
firmly overlapping were counted as apoptotic. We counted viable
and apoptotic osteocytes per bone area (B.Ar; #/mm?2) in the en-
docortical and periosteal regions.

Caspase-3 is one of the main “executioners” in cell apoptosis.
Therefore, IHC staining for caspase-3 is recommended to detect
and quantify apoptosis in tissue sections [36,37]. Decalcified sec-
tions were deparaffinized using xylene and rehydrated by a de-
scending ethanol series (absolute, 90%, 80%, and distilled water).
We performed enzymatic antigen unmasking by 20 min of incuba-
tion at RT with Proteinase K and subsequent treatment with 20%
EDTA for 30 min at 37 °C. For staining, we used a SignalStain®
Apoptosis Cleaved Caspase-3 Detection Kit (Cell Signaling Tech-
nology, Danvers, MA, United States). The pretreated sections were
then stained in accordance with the manufacturer’s recommenda-
tion overnight at 4°C. After incubation, the sections were washed,
and apoptotic cells were detected by the 3,3-diaminobenzidine
(DAB) chromogen (DAKO, Carpinteria, CA, USA) for approximately
8 min. Finally, the slides were counterstained in hematoxylin for
1 s, washed in distilled water, dehydrated, and mounted. The slides
were imaged using a PANNORAMIC MIDI Digital Slide Scanner
(Sysmex Corporation, Kobe, Hyogo, Japan) at a 60 x objective mag-
nification. We analyzed a total bone area of 1 mm? for the en-
dosteal region and 2 mm? for the periosteal region. The apop-
totic cells were counted manually using an object-counting tool in
Olympus cellSens software (Shinjuku City, Tokyo, Japan). We quan-
tified the total number of apoptotic osteocytes per bone area (B.Ar;
#/mm?) in the endocortical and periosteal regions.

2.8. Microcrack accumulation
To investigate microcrack accumulation, we used infiltration

with rhodamine-6G and confocal laser scanning microscopy [38].
The advantage of this approach is infiltration with rhodamine-6G
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before embedding, meaning that only the existing cracks are la-
beled, and no artifacts created during the embedding process are
stained. From the fixed femoral cross-sections, we cut out the re-
gion next to the anterior quadrant in a lateral direction using a
diamond belt saw (EXAKT Advanced Technologies GmbH, Norder-
stedt, Germany) to obtain a 10 mm bone piece. The specimens
were dehydrated by an ascending ethanol series and infiltrated for
10 days with 0.002% WT rhodamine-6G before being embedded in
MMA. The embedded specimens were then ground to 1 cm to fit
into the imaging chamber with a glass bottom. Using a confocal
laser scanning microscope (Leica SP5, Leica Microsystems, Wetzlar,
Germany), we imaged microcracks with a 561 nm laser excitation
wavelength at a 20 x objective magnification. For each periosteal
and endosteal region, two Z-stacks of fifty images were acquired
with a 1 um distance between images. We quantified the follow-
ing parameters in Image]/Fiji to assess linear microdamage accu-
mulation: total number of linear microcracks per mineralized bone
area (B.Ar; #/mm?2) and total length of linear microcracks per min-
eralized bone area (B.Ar; um/mm?). Microcracks derived from the
main branch were counted as microcrack branching.

2.9. Statistical analysis

All analyses were performed using Prism 9 software (GraphPad,
San Diego, California). The Shapiro—Wilk test assessed the normal-
ity of the data. To analyze whether the studied bone parameters
differed between the two groups (control and T1IDM), we used an
unpaired two-tailed t test for normally distributed data or a non-
parametric Mann-Whitney test for nonnormally distributed data,
and we analyzed the endocortical and periosteal regions separately.
For the evaluation of BMDD parameters, we used ANOVA for re-
peated measures to evaluate the effect of the group (between-
subject factor: control vs. TIDM) and area (within-subject fac-
tor: osteonal vs. interstitial bone), as well as their interaction. To
compare endocortical and periosteal regions, we used a two-sided
paired t test for normally distributed data and a Wilcoxon test for
nonnormally distributed data, followed by a Bonferroni correction.
Data from the comparison between the endocortical and periosteal
regions are shown in the supplemental material. Simple linear re-
gression was used to evaluate the relationship between calcium
content and the number of mineralized lacunae per bone area. We
used the ROUT method to identify potential outliers with Q = 1%.
A two-tailed alpha level below 0.05 was set to identify statistically
significant results (*p < 0.05).

3. Results

3.1. Caspase-3 immunostaining reveals an elevated number of
apoptotic osteocytes in cortical bone from individuals with T1IDM

Within our T1IDM cohort (Table 1), we did not observe any ef-
fect of TIDM on the geometric properties of the midshaft femoral
cortical bone compared to the control, including neither elevated
cortical porosity nor cortical thickness (Supplemental Table 1 and
Supplemental Fig. 1). In addition, bone histomorphometry reflected
the low bone remodeling rate that is generally seen in cortical
bone and did not show any group-specific differences (Supplemen-
tal Table 2 and Supplemental Fig. 2). Histomorphometric analysis
of osteocytes (Supplemental Fig. 2H) and empty lacunae (Supple-
mental Fig. 2I) showed similar results for both groups in both re-
gions (Supplemental Table 2). We noted that 40%-50% of the os-
teocyte lacunae were already empty in both study groups and both
of the analyzed bone regions, possibly decreasing the detection of
apoptotic osteocytes.

We assessed signs of osteocyte apoptosis as a means of deter-
mining osteocyte viability (Fig. 1A, B). With the terminal deoxynu-
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Fig. 1. TIDM promotes osteocyte apoptosis in cortical bone of the femoral mid-diaphysis. Representative images of apoptotic osteocytes stained with TUNEL (A) endocortical
and (B) periosteal regions of the control and TIDM groups. Representative images of caspase-3 IHC showing apoptotic osteocytes highlighted by black circles in (C) endo-
cortical and (D) periosteal regions of the control and TIDM groups. (E, G) The results from osteocyte apoptosis detection using TUNEL labeling (endocortical: p = 0.322 and
periosteal: p = 0.239). (F, H) Caspase-3 IHC staining results show a significantly higher number of apoptotic osteocytes in TIDM (endocortical: p = 0.035 and periosteal:
p = 0.013). Boxplots represent the minimum, 25th percentile, median, 75th percentile, and maximum. A t test was applied for normally distributed data to determine p
values, and the Mann-Whitney test was used for nonnormally distributed data. *p < 0.05.

cleotidyl transferase dUTP nick-end labeling (TUNEL) assay, DNA
fragmentation (one hallmark of apoptosis) was labeled, thereby
identifying apoptotic osteocytes in human cortical bone. The num-
ber of apoptotic osteocytes was normalized to the analyzed corti-
cal bone area for the evaluation. The results showed a comparable
number of TUNEL-positive lacunae per bone area between the con-
trol and TIDM groups in the endocortical (p = 0.322; Fig. 1C) and
periosteal regions (p = 0.239; Fig. 1E). However, we also employed
caspase-3 staining—a more sensitive technique that also detects
earlier stages of apoptosis [37]. Caspase-3 IHC staining showed a
higher occurrence of apoptotic osteocytes per bone area in then
T1DM group than for the control group for both the endocortical
region (p = 0.035; Fig. 1D) and the periosteal region (p = 0.013;
Fig. 1F).
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3.2. Increased abundance of fully mineralized osteocyte lacunae in
the periosteal cortex of TIDM individuals

Mineralization of the osteocyte lacunae (micropetrosis) is the
final morphological state of osteocytes undergoing cell death. We
visualized osteocyte lacunae undergoing mineralization with high-
resolution quantitative backscattered electron imaging (Fig. 2A, B)
and determined the number of partially and fully mineralized lacu-
nae per bone area to demonstrate the longitudinal process of mi-
cropetrosis (Fig. 2C-F). To evaluate lacunar mineralization, a deep
learning model specifically trained on this data set was used to dis-
tinguish and count empty, partially mineralized, and fully mineral-
ized lacunae. The custom-made deep learning algorithm achieved
mAP = 0.77 £+ 0.07. Empty lacunae, partially mineralized lacunae
and fully mineralized lacunae were correctly classified in 95.7%,
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Fig. 2. Osteocyte viability is altered in the periosteal region in the TIDM group. High-resolution backscattered scanning electron microscopy allows the detection of osteocyte
lacunae undergoing the mineralization process (micropetrosis), which reflects the viability of osteocytes in cortical bone. Representative images of typical osteocyte lacunae
in the (A) endocortical and (B) periosteal regions of the control and TIDM groups. After osteocyte cell death, the lacuna gradually fills with mineral occlusions. Partially
filled lacunae are identified by clearly visible calcified nanospherites or by a white halo on the lacunar edges and reflect an intermediate step toward fully mineralized
lacunae. Partially filled lacunae are visible in images from the (C) endocortical and (D) periosteal regions for the control and TIDM groups. The last stage of micropetrosis
is complete filling of lacunae with calcified nanospherites. Fully mineralized lacunae are shown from the (E) endocortical and (F) periosteal regions for the control and
T1DM groups. (G) The analysis of mineralized lacunae in the endocortical region showed comparable values between control and TIDM group in following parameters: total
number of mineralized lacunae per bone area (Total Mn.Lc.N/B.At; partially and fully mineralized lacunae; p = 0.570); number of fully mineralized lacunae per bone area
(Fully Mn.Lc.N/B.At; p = 0.868); number of mineralized lacunae per interstitial bone area (Mn.Lc.N/B.At in interstitial area; p = 0.920); number of mineralized lacunae per
osteonal bone area (Mn.Lc.N/B.At in osteonal area; p = 0.145). (H) The analysis of mineralized lacunae in the periosteal region revealed a significantly higher number of Fully
Mn.Lc.N/B.At (p = 0.046) and Mn.Lc.N/B.At in osteonal area (p = 0.041) in TIDM group compared to control specimens. Total Mn.Lc.N/B.At (p = 0.212) and Mn.Lc.N/B.At in
interstitial area (p = 0.297) was unchanged in control and T1DM groups. For abbreviations see G. Boxplots represent the minimum, 25th percentile, median, 75th percentile,
and maximum. Red circles denote identified potential outliers using the ROUT method with Q = 1%. A t test was applied for normally distributed data to determine p values,
and the Mann-Whitney test was used for nonnormally distributed data. *p < 0.05.

70.2%, and 78.2% of cases, respectively. The confusion matrix and ident in the interstitial area in either the endocortical (p = 0.920,
example predictions with the confidence score for the endocortical Fig. 2G) or the periosteal region (p = 0.297; Fig. 2H).
region and periosteal region are shown in Supplemental Fig. 3.

The total number of micropetrotic lacunae per bone area did  3.3. Cortical bone calcium density distinguishes younger osteonal

not differ significantly between the control and TIDM groups in  bone and older interstitial bone in both the TIDM and control groups
either the endocortical (p = 0.570, Fig. 2G) or the periosteal region

(p = 0.212, Fig. 2H). The number of fully mineralized lacunae, how- Calcium is the most abundant inorganic element in the miner-
ever, was significantly higher in the TIDM group than in the con-  alized bone matrix. Its amount and distribution affect tissue hard-
trol group in the periosteal region (p = 0.046; Fig. 2G), while no  ness and therefore the local mechanical properties of the bone tis-
such difference was evident in the endocortical region (p = 0.868,  sue. The mean calcium weight percentage did not differ between
Fig. 2H). Furthermore, only in the osteonal area did the number  the control and TIDM groups in either the endocortical region
of micropetrotic osteocytes per bone area show intergroup differ- (p = 0.412) or the periosteal region (p = 0.551). Subdivision into
ences in the periosteal region, with more micropetrotic osteocytes the osteonal and interstitial areas did not reveal differences in cal-
in TIDM than in the control group (p= 0.041; Fig. 2G); the num- cium content between the control and T1DM groups in either the

bers were similar in the endocortical region (P = 0.145; Fig. 2H). endocortical (F (1,13) = 0.494; p = 0.495, Fig. 3C) or the periosteal
This difference between the control and T1DM groups was not ev- region (F (1,13) = 0.099; p = 0.757, Fig. 3D). However, in both study
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Comparison of bone areas (osteonal vs. interstitial) by repeated-measures ANOVA. ****p < 0.001.

groups, we observed a consistently lower degree of mineralization
in the osteonal bone area than in the interstitial area for both the
endocortical (F (1,13) = 159.3; p = <0.0001, Fig. 3E) and periosteal
(F (1,13) = 65,24; p = <0.0001, Fig. 3F) regions, indicating that the
tissue age of the osteonal area was younger than that of the inter-
stitial area in both groups.
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3.4. Greater microcrack accumulation and microcrack length in the
periosteal femoral cortex in the TIDM group

Rhodamine-6G-infiltrated bone specimens were visualized us-
ing confocal microscopy to determine microcrack occurrence in the
endocortical (Fig. 4A) and periosteal regions (Fig. 4B). To evalu-
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Fig. 4. Microcrack accumulation and total microcrack length in the periosteal region are higher in the TIDM group than in the control group. Rhodamine-6G-infiltrated
bone specimens were visualized using confocal laser scanning microscopy. Representative images of linear microcracking in (A) endocortical and (B) periosteal regions of the
control and T1DM groups. Confocal imaging results, including the (C, F) number of linear microcracks per bone area (endocortical: p = 0.365 and periosteal: p = 0.048),
(D, G) microcrack length per bone area (endocortical: p = 0.165 and periosteal: 0.015), and (E, H) microcrack branching as microcracks derived from the main branch
(endocortical: p = 0.720 and periosteal: p = 0.059). Boxplots represent the minimum, 25th percentile, median, 75th percentile, and maximum. Red circles denote identified
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nonnormally distributed data. *p < 0.05.

ate microdamage accumulation, the number of microcracks and
microcrack length were normalized to the mineralized bone area.
Confocal imaging results showed no effect of TIDM on the num-
ber, length or branching of microcracks in the endocortical region
(Fig. 4C-E). In contrast, a higher number of linear microcracks per
unit bone area in the TIDM group than in the control group was
seen in the periosteal region (p = 0.048; Fig. 4F). Additionally,
the difference in total microcrack length between the T1DM and
control groups in the periosteal region was statistically significant
(p = 0.015; Fig. 4G). Microcracks derived from the main branch
were counted as branching. We noted prominent branching in the
periosteal region; the degree of branching tended to be greater in
the TIDM group than in the control group, but this difference was
not statistically significant (p = 0.059; Fig. 4H).

4. Discussion

Patients with TIDM have a six-fold higher risk of hip frac-
ture [39] than patients without T1DM; this difference cannot be
explained solely by the lower BMD of the former group, as cur-
rent fracture predictors based on BMD underestimate the burden
of fractures in individuals with TIDM. We have utilized multiscale
imaging approaches in our previous studies and determined a co-
hort of elevated cortical porosity as well as higher advanced gly-
cation endproducts to contribute to bone disease with type two
diabetes mellitus (T2DM) [40,41]. Here, combining high-resolution
microcomputed tomography, quantitative backscattered electron
imaging, confocal laser scanning microscopy with immunohisto-
chemistry (IHC) and static bone histomorphometry, we evaluated
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cortical bone quality in TIDM with a focus on osteocyte viabil-
ity, mineralization, and microdamage accumulation in human sam-
ples from the midshaft femur. We analyzed bone samples from
eight individuals diagnosed with TIDM and 14 age-matched con-
trol individuals. Using this multiscale characterization approach,
we found signs of an elevated level of osteocyte apoptosis asso-
ciated with T1IDM. In the periosteal region of the TIDM group, we
found a higher accumulation of linear microcracks accompanied by
a greater occurrence of fully mineralized osteocyte lacunae. Fur-
thermore, lacunar mineralization was more prominent within the
younger osteonal bone of the periosteal region (Fig. 5).

Although low bone turnover is expected in TIDM [14], the rate
of bone turnover and the number of bone cells are already low
in the cortical bone compared with the trabecular bone compart-
ment [42], which hinders the identification of intergroup differ-
ences between the TIDM and control groups. Moreover, clinical
studies have pointed to reduced BMD in T1DM; however, we did
not find differences in vertebral BMD on ex vivo DXA scans or in
the femoral cortical geometric indices, which is consistent with a
previous study [43]. Microarchitectural changes in TIDM bone are
more apparent in individuals with diabetic complications, as sug-
gested by Shanbhogue and colleagues, which might explain these
discrepancies [44].

To better capture remodeling activity, we investigated osteocyte
viability parameters in the cortical bone rather than the metabol-
ically active trabecular bone. Osteocyte apoptosis with fatigue mi-
crocracking induces targeted activation of new resorption centers
in bone tissue, as first demonstrated by Cordoso et al. [45]. In vitro
studies and animal studies [46,47] have shown that high glucose
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or diabetes can increase osteocyte apoptosis. Although the TUNEL
data did not reveal statistically significant intergroup differences,
they indicated a potential trend of elevated osteocyte apoptosis in
the T1IDM group. Therefore, it was necessary to pair the TUNEL as-
say with a more sensitive approach to quantify apoptosis. The DNA
fragmentation detected by the TUNEL assay might also be found
in nonapoptotic cells, i.e., cells undergoing DNA repair [48]; the
caspase-3 assay has superior sensitivity [37]. The sensitivity ad-
vantage of the caspase-3 assay might also be due to DAB detec-
tion, which provides signal amplification. With caspase-3 IHC, we
showed that apoptosis of osteocytes in human cortical bone was
significantly higher in TIDM patients than in healthy controls.

In our previous work, we showed that occlusion of osteocyte
lacunae with mineral aggregates, a phenomenon termed micropet-
rosis, is pronounced in aged human bone and could therefore be
associated with increased fracture risk [17,25]. In the current study,
we distinguished between partially and fully mineralized osteocyte
lacunae, as partially mineralized lacunae are considered a prelim-
inary step toward fully mineralized lacunae. In addition, partially
mineralized lacunae may not necessarily reach the complete min-
eralization stage (full mineralization of the lacunae) because they
can still be removed during remodeling. In contrast, fully min-
eralized osteocyte lacunes are recognized as the endpoint of mi-
cropetrotic events. With aging, the accumulation of mineralized la-
cunae preferentially occurs in the endocortical region compared
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with the periosteal region, as we showed in our previous study
[17]. The younger tissue age of the entire periosteal region is due
to the apposition of new bone matrix in this region during ag-
ing [49]. Geometric cross-section indices were not lower in the
T1DM group than in the age-matched control group, meaning that
the process of periosteal apposition appears not to be affected by
T1DM. In the current study, we observed an elevated number of
micropetrotic lacunae in the osteonal bone at the periosteal re-
gion of the TIDM group compared with the healthy control group,
which is counterintuitive in light of the younger bone tissue. In-
creased osteocyte apoptosis, leading to reduced numbers of viable
osteocytes and increased micropetrosis, negatively affects the me-
chanical properties of bone. Specifically, a higher number of mi-
cropetrotic lacunae leads to a more brittle bone matrix [50,51],
which is more prone to microcracking. Our results indeed show an
increased number and length of linear microcracks per bone area
in the periosteal region in the TIDM group compared to the con-
trol group. Therefore, we hypothesize that T1IDM induces early os-
teocyte cell death, causing dysfunction of the osteocyte network,
which may impair targeted bone remodeling and result in lower
microcrack removal and therefore elevated microcrack accumula-
tion in the cortical bone of TIDM.

Finally, we used high-resolution imaging of the cortical bone to
compare the osteonal and interstitial areas of both the periosteal
and endosteal regions. Osteonal areas consist of ‘younger’ bone,



S. Dragoun Kolibovd, E.M. Wolfel, H. Hemmatian et al.

whereas interstitial areas consist of ‘older’ bone. Older interstitial
bone tends to have a more mineralized matrix than younger os-
teonal bone [52,53]. A novel finding from our BMDD analysis was
that TIDM patients and controls had similar differences in miner-
alization levels between younger osteonal bone and older intersti-
tial bone. Furthermore, we found differences between TIDM pa-
tients and healthy controls in these osteonal and interstitial ar-
eas within the periosteal region: the number of micropetrotic la-
cunae in the osteonal bone area was higher in T1IDM patients than
in controls. With aging, the older interstitial bone areas show a
higher degree of bone mineralization, and these highly mineral-
ized bone packets are characterized by a limited supply of nu-
trients, which allows increased accumulation of micropetrotic la-
cunae compared with younger bone within osteons [17,18]. Inter-
estingly, we observed an increased number of micropetrotic lacu-
nae within the osteonal, younger areas in the periosteal region of
T1DM group. Therefore, we hypothesize that TIDM might accel-
erate the cellular aging processes and lead to the premature death
of osteocytes, thereby causing prominent lacunar mineralization, as
shown in the osteonal bone of the periosteal region in the T1DM
group.

Our study has a few limitations. As human bone material was
collected during autopsy, the bone was not labeled with fluores-
cent markers to enable the assessment of dynamic bone formation
indices. However, all specimens were obtained during autopsy ex-
clusively for the purpose of multiscale bone quality assessment.
Therefore, anatomical orientation and positioning of the regions
of interest could be controlled, facilitating normalizing procedures
and high data reproducibility. Deidentified data of the donors did
not contain information about diabetes disease onset or duration
because of the postmortem origin of the specimens. However, due
to the known course of TIDM, we assume an early onset of the
disease in childhood or young adulthood with insulin supplemen-
tation in donors with TIDM. We collected rare femoral cross-
sections during autopsy, allowing us to use an exceptionally large
region of interest for the quantitative bone quality assessment.
Here, we focused on the anterior quadrant to provide data at a
high spatial resolution. Additionally, the anterior quadrant ensures
no influence of muscle and tendon attachments on the bone mi-
crostructure. The alterations in LCN were deduced based on di-
rect morphological changes in the bone matrix caused by min-
eralization of lacunae, apoptosis of osteocytes, and linear microc-
racks. While the predictions of our deep learning model for min-
eralized lacunae detection are not perfect, the results are gener-
ally promising and have practical value within the context of the
work. The difficulty in clearly identifying partially mineralized la-
cunae is reflected in the relatively low accuracy for this class. How-
ever, it must be noted that the same difficulty affects human ex-
perts, i.e., the labels may be less reliable than those of fully miner-
alized or nonmineralized lacunae. In fact, the deterministic nature
of the learned model presents an advantage in our setting, where
the distinction between the three classes is made in the same way
for all lacunae. Despite these potential limitations, our study pro-
vides new and critical insight into how T1DM affects bone quality
and offers evidence for the underlying mechanism of diabetic bone
disease in human cortical bone.

5. Conclusion

In summary, the current study highlights osteocyte apoptosis
as a potential determinant of cortical TIDM pathology. Osteocyte
apoptosis was more frequent in both endocortical and periosteal
regions in our TIDM cohort. In addition, we found increased min-
eralized lacunae in the osteonal area of the periosteal region, sig-
nifying that the osteocyte network was disrupted by hypermineral-
ized calcified matter. The accompanying elevated microcrack accu-
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mulation in the periosteal region further highlights impaired bone
quality in T1DM. Although the periosteal region is considered to
consist of younger bone than the endocortical region, we deter-
mined that the periosteal region in TIDM is the preferential site
for fully mineralized lacunar spaces and microdamage accumula-
tion, which would be more expected in the endocortical region of
older bone. In addition, TIDM led to preferential micropetrosis in
osteonal areas of the periosteal region, pointing toward osteocyte
pathology within newly formed bone. These findings suggest that
T1DM accelerates the aging effects in the bone matrix and leads to
the premature death of osteocytes.
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