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Microstructural basis of increased bone fragility in the femoral neck of individuals with
type 2 diabetes mellitus

Summary

Introduction: The number of individuals with type 2 diabetes (T2DM) has reached alarming
levels worldwide, with projections indicating that it will assume pandemic proportions in the
future. Physicians and scientists are becoming increasingly aware of the elevated fracture risk in
individuals with T2DM compared with non-diabetic individuals. However, the fracture
mechanisms associated with T2DM are not yet fully understood, and preventive programs
remain underdeveloped.

Aim: This thesis aimed to investigate the alterations in cortical and trabecular bone caused by the
presence of T2DM in the femoral neck, a common site of fracture in diabetic subjects. In parallel
with this investigation, we conducted a detailed analysis of the microarchitecture along the
superolateral femoral neck in elderly individuals for two reasons. First, it is a common site for
the initiation of fractures, and second, if the microarchitecture of the superolateral femoral neck
is non-uniform, the areas with weaker microarchitecture might experience additional
deterioration in the presence of diabetes.

Material and methods: We performed densitometric (DXA) measurements, microarchitectural
analyses, bone mineral density distribution, osteocyte lacunar density, and microhardness
measurements in the trabeculae of the femoral head (18 individuals with T2DM and fracture, and
25 non-T2DM individuals without fracture), as well as DXA measurements, microarchitectural
analyses, osteocyte lacunar density, and microhardness measurements in the regions of the
superolateral femoral neck (8 individuals with T2DM without fracture, and 8 non-T2DM
individuals without fracture). The surgical samples of the femoral heads from individuals who
had sustained fragility fractures and had been diagnosed with T2DM prior to the appearance of
the fracture were collected at surgery (Institute for Orthopedic Surgery Banjica), while their
appropriate control specimens and specimens of the superolateral femoral neck (both T2DM and
control) were collected during autopsies (Institute of Forensic Medicine, Belgrade).

Results: The femoral neck T-score was similar between T2DM individuals and controls without
fractures. However, we observed a lower femoral neck T-score in T2DM individuals who had
sustained fragility fractures compared with controls. The presence of T2DM was associated with
lower cortical porosity and thickness in the superolateral femoral neck, indicating weaker
cortical bone. Although the trabecular microarchitecture was similar between T2DM individuals
and controls at the examined sites, the presence of vascular complications in T2DM subjects
contributed to the deterioration of trabecular microarchitecture. The microhardness
measurements revealed lower values in both cortical and trabecular bone of the superolateral
femoral neck, as well as in the trabeculae of the femoral head, in individuals with T2DM. This
suggests a reduction in the overall hardness and mechanical strength of bone in T2DM. Bone
mineral density distribution analysis revealed decreased calcium heterogeneity in the trabeculae
of the femoral head in T2DM individuals. There were no significant differences in osteocyte
lacunar density parameters between T2DM individuals and controls for the trabeculae of the
femoral head and femoral neck, but the cortex of the superolateral femoral neck exhibited an
altered pattern of osteocyte distribution. Specifically, T2DM individuals showed a lower number
of non-mineralized lacunae per bone area in the endocortical and periosteal regions of the
superolateral femoral neck in the T2DM group compared with the corresponding regions in the



control group. Although the number of mineralized lacunae per bone area was similar between
the two groups, the ratio of mineralized to total lacunae tended to be higher in the T2DM group.
Cortical porosity varied significantly along the superolateral femoral neck, with highest percent
of critical areas (low cortical thickness and/or high cortical porosity) located in the subcapital
part of superolateral femoral neck. Among the three subregions of the superolateral femoral
neck, the basicervical part had better microarchitecture of both cortical and trabecular
compartments.

Conclusions: In summary, the results of this study demonstrate that T2DM is associated with
significant alterations in the bone structure and quality of the superolateral femoral neck and
trabeculae of the femoral head. The findings indicate that individuals with T2DM have weaker
cortical bone, impaired trabecular microarchitecture in the presence of vascular complications,
reduced microhardness, and altered patterns of osteocyte lacunar density in the superolateral
femoral neck. These findings highlight the negative impact of diabetes on bone health and
emphasize the need for further research and the development of preventive strategies and
interventions to mitigate the increased fracture risk in individuals with T2DM.

Key words: diabetes; bone quality; microarchitecture; DXA,; osteocyte lacunar density
Scientific field: Medicine

Scientific subfield: Skeletal biology



Promene u mikrostrukturi kao osnova povecane fragilnosti vrata butne kosti osoba sa tip 2
dijabetesom

Sazetak

Uvod: Broj obolelih od dijabetesa tipa 2 (T2DM) je dostigao alarmantne razmere Sirom sveta, sa
projekcijama koje ukazuju da ¢e ovo hroni¢no nezarazno oboljenje u buducnosti dostii
pandemijske razmere. Sa druge strane, lekari i naucnici sve viSe postaju svesni poveéanog rizika
od preloma kod osoba sa T2DM u poredenju sa osobama bez dijabetesa. Medutim, mehanizmi
koji dovode do povecane kosStane fragilnosti kod osoba sa T2DM jo§ uvek nisu potpuno
razjas$njeni, a preventivni programi su nedovoljno razvijeni.

Cilj: Stoga, cilj ovog istrazivanja je bio da se ispitaju promene koje T2DM izaziva kako u
kortikalnom tako 1 u trabekularnom delu vrata butne kosti, uobi¢ajenom mestu nastanka preloma.
Paralelno sa ovim istraZivanjem, detaljno smo analizirali mikroarhitekturne varijacije duz
superolateralnog dela vrata butne kosti iz dva razloga. Prvo, superolateralni deo vrata je
uobiCajeno mesto za inicijaciju frakture prilikom pada na bok, a drugo, ako mikroarhitektura
superolateralnog dela vrata nije uniformna, podrucja sa slabijom mikroarhitekturom mogu biti
dodatno oslabljena u prisustvu dijabetesa.

Materijal i metode: Za potrebe ovog rada, izvrSili smo denzitometrijska merenja, analizu
mikroarhitekture, stepena mineralizacije koStanog tkiva, gustine mineralizovanih 1
nemineralizovanih osteocitnih lakuna, kao i merenje mikrotvrdoc¢e na trabekulama glave femura
(18 osoba sa T2DM i frakturom, i 25 osoba bez T2DM i frakture); obavili smo i denzitometrijska
merenja, analizu mikroarhitekture, gustine mineralizovanih i nemineralizovanih osteocitnih
lakuna, kao 1 merenje mikrotvrdo¢e u regionima superolateralnog dela vrata femura (8 osoba sa
T2DM bez frakture i 8 osoba bez T2DM i frakture). Uzorci glave femura su dobijeni sa operacija
(na Institutu za ortopedskohirur§ke bolesti ,,Banjica*) osoba sa prelomom vrata butne kosti kod
kojih je pre pojave preloma postavljena dijagnoza T2DM, dok su adekvatni kontrolni uzorci i
uzorci superolateralnog dela vrata femura (i T2DM i kontrolna grupa) prikupljeni tokom
rutinskih obdukcija na Institutu za sudsku medicinu u Beogradu.

Rezultati: T-skor vrata femura je bio slican izmedu osoba sa T2DM i kontrolne grupe (obe grupe
bez preloma), dok smo uo¢ili nizi T-skor vrata femura kod osoba sa T2DM sa prelomom kuka u
poredenju sa kontrolnom grupom. Grupa sa T2DM je pokazala manju kortikalnu poroznost i
debljinu superolateralnog dela vrata butne kosti, S$to je ukazalo na smanjenu mehanicku otpornost
kosti. Iako je generalno trabekularna mikroarhitektura bila slicna kod osoba sa T2DM 1i kontrolne
grupe na oba ispitivana mesta, prisustvo vaskularninh komplikacija kod osoba sa T2DM je dovelo
1 do pogorsanja trabekularne mikroarhitekture glave butne kosti. Mikrotvrdoc¢a je bila niza i u
kortikalnoj i u trabekularnoj kosti superolateralnog dela butne kosti, kao i u trabekulama glave
butne kosti, Sto ukazuje na smanjenje ukupne tvrdoc¢e i mehanicke otpornosti kostiju kod T2DM.
Analiza mineralizacije koStanog matriksa je pokazala homogeniju raspodelu kalcijuma u
trabekulama glave butne kosti kod osoba sa T2DM. Gustina osteocitnih lakuna je bila sli¢na kod
osoba sa T2DM 1 kontrolne grupe u trabekulama glave butne kosti. Medutim, kortikalna kost
superolateralnog dela vrata butne kosti je pokazala promene u gustini osteocitnih lakuna.
Konkretno, pronaden je manji broj nemineralizovanih osteocitnih lakuna po kostanoj povrsini u
endokortikalnim i periostealnim regijama superolateralnog dela vrata butne kosti kod grupe sa
T2DM u poredenju sa odgovarajué¢im regijama u kontrolnoj grupi. Iako je broj mineralizovanih
osteocitnih lakuna po povrsini kosti bio slican izmedu dve grupe, procenat mineralizovanih



lakuna u odnosu na ukupan broj lakuna je bio viSi kod T2DM grupe. Kao i debljina korteksa,
kortikalna poroznost je znacajno varirala duz superolateralnog dela vrata butne kosti, sa
najve¢im procentom kriti¢nih podrucja (zona sa malom kortikalnom debljinom 1i/ili visokom
kortikalnom porozno$¢u) u subkapitalnom delu superolateralnog dela vrata butne kosti. Od tri
podregiona superolateralnog dela butne kosti, bazicervikalni deo je pokazao bolju
mikroarhitekturu kako u kortikalnom tako i u trabekularnom odeljku. Promene na vratu femura
nastale usled prisustva dijabetesa ustvari predstavljaju pogorsanje kvaliteta kostiju na razli¢itim
nivoima organizaje. Kortikalna poroznost je pokazala znacajnu varijaciju duz superolateralnog
dela butne kosti, sa najve¢im procentom kriticnih podrucja (karakterisanih niskom kortikalnom
debljinom 1/ili visokom kortikalnom poroznoS¢u) =zapaZzenim u subkapitalnom delu
superolateralnog dela butne kosti.

Zakljucci: Ukratko, rezultati ove studije pokazuju da T2DM dovodi do znacajnih promena u
kostanoj strukturi 1 kvalitetu superolateralnog dela vrata butne kosti i trabekulama glave butne
kosti. Nalazi ukazuju da osobe sa T2DM imaju slabiju kortikalnu kost, oste¢enu trabekularnu
mikroarhitekturu u prisustvu vaskularnih komplikacija, smanjenu mikrotvrdocu i izmenjen
obrazac gustine osteocitnih lakuna u superolateralnom delu vrata butne kosti. Ovi rezultati isticu
negativan uticaj dijabetesa na zdravlje kostiju i1 naglasavaju potrebu za daljim istraZivanjima i
razvojem preventivnih strategija 1 intervencija radi smanjenja povecanog rizika od preloma kod
osoba sa T2DM.

Kljuéne redi: dijabetes, kvalitet kosti, mikroarhitektura, osteodenzitometrija, osteocitne lakune
Nauéna oblast: Medicina
UZa naucna oblast: Biologija skeleta

UDK broj: ...........oooenea.
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SECTION 1

Introduction



Type 2 diabetes mellitus (T2DM) is a non-communicable disease characterized by chronically high
blood glucose levels. Projections for the number of new cases in the near future are discouraging; it is
expected that by the beginning of the next decade, more than 550 million individuals worldwide will be
affected by T2DM (Aschner et al., 2021). Hyperglycemia often causes damage to small blood vessels,
leading to tissue damage and numerous complications that can affect almost any organ, including
bones. Diabetic complications may appear more rapidly if the disease is not well controlled, and it is
estimated that more than 70% of subjects with T2DM have insufficiently controlled blood glucose
levels (Alzaheb and Altemani, 2018). In addition to well-known complications of diabetes, such as
diabetic nephropathy, neuropathy, and retinopathy, increased bone fracture risk has recently been
recognized as another complication of T2DM and has been attracting broad research attention.

Osteoporosis represents another significant public health problem. The World Health Organization
provides a clear distinction between osteoporosis and osteopenia. Specifically, according to the World
Health Organization's definition, osteoporosis is characterized by a bone mineral density (BMD) that
falls more than 2.5 standard deviations below the average BMD of young individuals. On the other
hand, osteopenia is identified as a BMD that ranges between 1 and 2.5 standard deviations below the
average BMD of young individuals. It is primarily a bone disease that, if unrecognized, inevitably leads
to fractures. In addition to spine and wrist fractures, hip fractures are common in individuals with
osteoporosis (Hanusch et al., 2017; Oyen et al., 2011; Warriner et al., 2011). Although the majority of
fractures occur in women (Alswat, 2017; Kim et al., 2010), osteoporosis is also a substantial health
problem for men. A number of factors could influence bone quality, such as the status of bone
microarchitecture, the amount and characteristics of collagen fibers and other extracellular proteins
(e.g., osteopontin, osteonectin, protein C), the degree of bone extracellular matrix mineralization, and
the total and mineralized osteocyte lacunar numbers. While bone microarchitecture can be roughly
examined with computed tomography (CT) (Poole et al., 2012), micro-CT and peripheral quantitative
computed tomography (pQCT) can provide much more accurate data about all trabecular and cortical
parameters. In the past two decades, microarchitecture of the proximal femur has been extensively
studied (Chen et al.,, 2010; Djuric et al., 2010; Milovanovic et al., 2012). It is known that the
superolateral femoral neck presents poorer bone microarchitecture than the inferomedial femoral neck,
especially in aged individuals (Milovanovic et al., 2012), which is why the superolateral femoral neck
is the most common starting site of an age-related hip fracture (de Bakker et al., 2009; Zani et al.,
2015). However, data regarding microarchitectural variability within the superolateral femoral neck are
still limited. Anatomical classification of the femoral neck fractures distinguishes between three main
types, namely, subcapital, transcervical, and basicervical fractures, depending on which subregion of
the superolateral femoral neck specifically is broken, but it is unknown whether there is microstructural
basis for the preferential fracture occurrence at a certain subregion of the femoral neck.

Although bone mineral density (BMD) is a surrogate marker of bone strength (Jiang et al. 2000), and
individuals with lower BMD are considered to have a higher risk of osteoporotic fractures, individuals
with T2DM often have higher BMD compared with controls (Nilsson et al., 2017). The Fracture Risk
Assessment Tool (FRAX), another method designed to predict general and hip fracture risk in subjects
between 40 and 90 years, is also not sufficiently reliable in subjects with T2DM, given that it partly
relies on BMD, which may be higher in T2DM subjects than in controls (Valentini et al., 2018).
Indeed, the results of densitometric studies alone cannot explain the epidemiological data showing a
substantially increased fracture risk among subjects with diabetes (Fan et al., 2016). Even after
stratifying the risk by the type of diabetes (TLDM and T2DM), the susceptibility to fractures remains
substantial in T2DM subjects (relative risk, RR=1.34) (Fan et al., 2016). Therefore, it is essential to
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comprehensively explore bone characteristics in individuals with T2DM at both the macroscopic and
the microscopic levels (Cirovic and Milovanovic, 2023).

In a recent study, Schousboe et al. (2022) analyzed incidence of fracture in 80,238 individuals,
including 8,676 with diagnosed T2DM, and showed that subjects with T2DM had an increased risk of
sustaining hip fracture and proximal humeral fractures, while the risk of forearm fractures was not
associated with T2DM. However, the majority of studies that assessed cortical and trabecular
microarchitecture of T2DM subjects have focused on the distal radius and distal tibia (Samakkarnthali
et al., 2020; Shanbhogue et al., 2016), which are not frequent fracture sites in individuals with T2D M.
For these regions, if subjects with T2DM have no history of vascular complications or fragility
fractures, bone microarchitecture does not seem to differ between T2DM and control groups
(Samakkarnthai et al., 2020). Evaluation of bone microarchitecture at the femoral neck—the typical
fracture location—in T2DM individuals has been rare, and even when examined, T2DM subjects have
shown equally good (Karim et al., 2018) or even better microarchitecture than controls (Osima et al.,
2017). However, microarchitectural examination of the femoral neck has usually been conducted at a
relatively poor resolution (over 600 pm) (Osima et al., 2017), which does not provide sufficient quality
for the quantitative assessment of bone microstructure. Consequently, data on the microstructural basis
of bone fragility at the femoral neck in T2DM remain scarce.

While other features that generally contribute to bone strength, such as the osteocyte lacunar number,
characteristics of collagen fibers, osteon density, or the degree of cortical and trabecular mineralization,
may be affected by T2DM, there are insufficient data in the literature to show whether they are
responsible for bone fragility in T2DM. Wolfel et al. (2020) demonstrated that individuals with T2DM
and high cortical porosity had lower osteon density at the subtrochanteric region of the femoral
diaphysis compared with T2DM subjects with normal cortical porosity and the control group. It is
known that bone matrix composition changes with aging, i.e., there are changes in the mineral and
organic components of the bone matrix (Zimmermann et al. 2011), which may be related to the
reduction in bone mechanical competence (Zimmermann et al. 2011). However, there are limited data
on the bone composition changes in individuals with T2DM and their association with the increased
fracture risk. For example, accumulation of advanced glycation end-products (AGES), often marked as
non-enzymatic cross-links, physiologically occurs during aging; when accumulated in abundance,
AGEs cause increased bone stiffness and consequently lower resistance to fracture (Zimmermann et al.,
2011). The existing studies present conflicting findings regarding the levels of advanced glycation end-
products (AGESs) in the bones of individuals with T2DM. Some studies, such as those by Karim et al.
(2018) and Wolfel et al. (2020), have reported similar levels of bone AGEs in T2DM subjects
compared with controls. On the other hand, Sihota et al. (2021) found increased AGEs levels in T2DM
subjects. Consequently, it remains uncertain whether the composition of the bone matrix in T2DM is
significantly altered.

In addition to AGEs, other aspects of bone quality may also be affected by T2DM. Milovanovic et al.
(2015) observed an increased number of hypermineralized osteocyte lacunae in individuals with
osteoporosis, but there are no data in individuals with T2DM. Wélfel et al. (2020) demonstrated an
altered pattern of mineralization in the cortical regions (endocortical and periosteal regions) of the
femur diaphysis in individuals with T2DM, but there are still no data at the regions of the femoral neck.

Considering the increased fracture risk in individuals with T2DM, it is apparent that analyzing only one
aspect of bone quality is largely insufficient. It is likely that T2DM affects bone quality in multiple
ways. Therefore, further examination of various aspects of the bone matrix at the femoral neck is
necessary to gain a comprehensive understanding of the origins of bone fragility in T2DM subjects.
Such knowledge can be valuable in developing strategies for preventing fractures in individuals
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SECTION 2

The objectives and outline of the research



Considering that the increased hip fracture risk in individuals with T2DM cannot be explained by
analyzing only one aspect of bone quality, it is necessary to profoundly examine bone tissue specimens
in T2DM subjects, so that the origins of bone fragility in these patients can be understood and
appropriate preventive and therapeutic measures can be designed.

In this context, the overall aim of this thesis was to investigate how T2DM alters various
microarchitectural, cellular, compositional, and micromechanical features of clinically and
biomechanically relevant bone regions of the femoral neck, and whether these changes could explain
the increased fracture risk at these sites in individuals with T2DM.

In Section 3, we examined the trabecular bone specimens from the femoral head in individuals with
T2DM who have sustained a fragility hip fracture and in a control, non-fracture group of non-T2DM
individuals of similar age and sex. Our aim was to investigate whether the fracture susceptibility in
individuals with T2DM-related hip fracture is reflected in trabecular bone microarchitecture of the
femoral head region. Considering that the specimens of T2DM individuals were obtained at surgery in
individuals who broke their femoral neck at variable subregions, in order to analyze consistent bone
specimens and ensure reliable comparisons with the control group (autopsy specimens), here we
explored the femoral head trabeculae that are directly adjacent and continuous with the inferomedial
femoral neck compartment. The main goal of this study was to determine whether T2DM influences
trabecular microarchitecture and whether there is a link between fracture appearance and
microarchitectural parameters. This study represents an important first step in understanding the
adverse effects of T2DM on bone quality. In view of the general expectation that T2DM may have
heterogenous effects in different individuals, given that clinical data were available for T2DM patients,
we also analyzed whether the bone microarchitecture in T2DM individuals was related to the various
clinical parameters, such as T score, FRAX, and presence of vascular complications, which could be
helpful in clinical practice.

In Section 4, we analyzed the microarchitectural parameters and micromechanical characteristics
(microhardness) of the cortical and trabecular compartments at the superolateral femoral neck in
individuals with T2DM (without fracture) and control group of similar age, sex, and body mass index
(BMI). With this study, we have taken a step further in examining the potential influence of T2DM on
bone quality, given that the superolateral femoral neck is the typical site where hip fractures initiate.
Moreover, although the individuals with T2DM included in this study hadnot yet sustained a hip
fracture, the biomechanical relevance of the investigated T2DM-related microarchitectural
deterioration was possible to evaluate considering that we measured the micromechanical properties of
the examined bony regions as a surrogate for bone strength. Therefore, clarifying whether T2DM
causes any changes in the microarchitecture and microhardness of the bone at the superolateral femoral
neck is beneficial for a better understanding of the fracture mechanism in individuals with T2DM.

We next focused on the superolateral femoral neck in non-T2DM individuals and investigated whether
there were any cortical and trabecular microarchitectural differences (variations) within this region,
which could make some parts of the superolateral femoral neck more vulnerable and prone to fracture.
Our starting point for this study was the assumption that the superolateral femoral neck
microarchitecture is nonuniform, although previous studies have insufficiently considered this
important question. In general, anatomical classification distinguishes three types of femoral neck
fractures, depending on the exact site of the fracture line: subcapital, transcervical (midcervical), and
basicervical. Most previous studies examined the midcervical part of the femoral neck only, where as
subcapital and basicervical regions remained largely unexplored. Therefore, in Section 5, we compared
the bone microarchitecture of the subcapital and basicervical parts of the superolateral femoral neck.



After revealing the variations in bone microarchitecture between the subregions of the superolateral
femoral neck and considering that hip fractures may originate at any subregion of the femoral neck
(though with different likelihood and frequency), in Section 6 we further mapped cortical porosity and
cortical thickness along the superolateral femoral neck, hypothesizing that areas with a particularly low
thickness and high porosity of the cortex may be the “weak spots” where the fracture may initiate. This
analysis was conducted preferentially in women because two-thirds of osteoporotic fractures occur in
older females.

With the results obtained in Sections 5 and 6, we concluded that the division of the superolateral
femoral neck to the subcapital, midcervical, and basicervical subregions is meaningful for fracture risk
stratification. Therefore, in Section 7, we divided the superolateral femoral neck to the subcapital,
midcervical, and basicervical subregions both in T2DM and in control specimens. Specifically, to
further understand the origins of bone fragility in T2DM, our aim was to investigate the effects of
T2DM on other relevant bone quality indexes, such as the density of osteocyte lacunae (total,
mineralized, and non-mineralized) in cortical and trabecular compartments of the superolateral femoral
neck and its subregions. Furthermore, in trabecular bone specimens adjacent to the femoral neck, we
analyzed parameters related to matrix mineralization to determine whether T2DM could change the
mineralization patterns. Such a multiscale assessment of the specimens with T2DM and non-T2DM
provided deeper insights into the fundamental origins of bone fragility related to T2DM.



SECTION 3

Vascular complications in individuals with type 2 diabetes mellitus additionally increase the risk
of femoral neck fractures due to deteriorated trabecular microarchitecture

The results presented in this Section were first published in: Cirovic A, Vujacic M, Petrovic B, Cirovic
A, Zivkovic V, Nikolic S, Djonic D, Bascarevic Z, Djuric M, Milovanovic P. Vascular Complications
in Individuals with Type 2 Diabetes Mellitus Additionally Increase the Risk of Femoral Neck Fractures
Due to Deteriorated Trabecular Microarchitecture. Calcif Tissue Int. 2022 Jan;110(1):65-73. doi:
10.1007/s00223-021-00894-5, and are reproduced with permission from Springer.



3.1. Abstract

Individuals with diabetes mellitus type 2 (T2DM) have an increased risk of hip fracture, especially if
vascular complications are present. However, microstructural origins of increased bone fragility in
T2DM are still controversial. DXA measurement of the contralateral hip and three-dimensional
microCT analyses of femoral neck trabecular microarchitecture were performed in 32 individuals (26
women and 6 men, 78+7 years). The specimens were divided to two groups: T2DM individuals with
hip fracture (DMFx, n=18) and healthy controls (CTL, n=14). DMFx group consisted of individuals
with vascular complications (DMFx_VD, n=8) and those without vascular complications
(DMFx_NVD, n=10).T score was significantly lower in DMFx_VD and DMFx_NVD than in controls
(p<0.001). BV/TV, Th.N, Th.Sp, SMI, and FD varied among DMFx_NVD, DMFx_VD, and CTL
groups (p=0.023, p=0.004, p=0.008, p=0.001, p=0.007, respectively). Specifically, BV/TV of
DMFx_VD was significantly lower than that of DMFx_NVD group (p=0.020); DMFx_NVD group had
higher Tb.N and lower Th.Sp compared with DMFx_VD (p=0.006, p=0.012, respectively) and CTL
(p=0.026, p=0.035, respectively). DMFx group and healthy controls showed similar BV/TV, Th.Th,
Th.N, Th.Sp, Conn.D, DA, and FD (p=0.771, p=0.503, p=0.285, p=0.266, p=0.208, p=0.235, p=0.688,
respectively), while SMI was significantly higher in controls (p=0.005). Two distinct phenotypes of
bone fragility were identified in T2DM patients: patients with vascular complications showed impaired
trabecular microarchitecture, whereas bone fragility in the group without vascular complications was
independent on trabecular microarchitecture pattern. Such heterogeneity among T2DM patients may
explain contradicting literature data, and may set a basis for further studies to evaluate fracture risk
related to T2DM.

Keywords: T2DM,; fracture; femoral neck; microarchitecture; trabeculae

3.2. Introduction

Diabetes mellitus (DM) is one of the fastest expanding, public health problems of the 21st century.
According to World Health Organization (WHO), DM occurs in every twelfth non-pediatric individual,
and it is estimated that in 2045 there will be 700 million individuals with DM worldwide (Saeedi et al.
2019). Poorly controlled glucose levels accelerate the development of diabetic complications, such as
diabetic neuropathy, diabetic retinopathy, etc. Moreover, patients with DM complications are at an
increased risk of falls and higher risk of bone fracture (Napoli et al. 2017; Vestergaard et al. 2009;
Yokomoto-Umakoshi et al. 2017). Despite frequently having normal or even a higher bone mineral
density (BMD) (Bonds et al. 2006; Lipscombe et al. 2007; Nilsson et al. 2017a; Schwartz et al. 2002),
patients with type 2 DM (T2DM) are at an increased risk of sustaining hip fracture (Bonds et al. 2006;
Dede et al. 2014; Fan et al. 2016; Janghorbani et al. 2007; Schwartz et al. 2002; Tebe et al. 2019;
Vestergaard et al. 2009). Almost a third of patients with hip fracture die within the first year after
fracture (Panula et al. 2011), while mortality after hip fracture in patients with coexisting DM is
approximately two times higher (Dubey et al. 2000; Gulcelik et al. 2011; Tebe et al. 2019).

Studies of bone microarchitecture were conducted to try to unravel the reasons for higher bone
fragility in spite of BMD out of osteoporotic range. According to studies which used high-resolution
peripheral quantitative computed tomography (HR-pQCT), cortical and trabecular microarchitecture of
distal tibia and radius is at least equally good or even slightly improved in T2DM individuals with no
vascular complications or history of hip fracture compared with healthy controls (Nilsson et al. 2017b;
Patsch et al. 2013; Shanbhogue et al. 2016). In contrast, some studies suggested deteriorated
microarchitecture of distal radius and tibia in T2DM individuals with microvascular complications such
as diabetic retinopathy, neuropathy or nephropathy (Shanbhogue et al. 2016) or who had previously
sustained hip fracture (Patsch et al. 2013) compared with controls.



Although hip fractures are more common in T2DM patients (Janghorbani et al. 2007;
Lipscombe et al. 2007), data on femoral microarchitecture in those patients are still limited. Wolfel et
al. recently identified a subgroup of T2DM individuals with increased subtrochanteric cortical porosity
and a subgroup with normal cortical porosity (Wolfel et al. 2020). Osima et al. (Osima et al. 2017) also
examined subtrochanteric region of the femoral diaphysis using low-resolution computed tomography
(CT), and showed lower cortical porosity in postmenopausal women with T2DM compared with those
without DM. In contrast, Karim et al. did not find any significant differences in cortical or trabecular
bone microarchitecture of the femoral neck and head between T2DM and non-diabetic patients
undergoing total hip replacement surgery for osteoarthritis (Karim et al. 2018). Hunt et al. (Hunt et al.
2019) reported that in men undergoing total hip arthroplasty for osteoarthritis, a lower trabecular
separation and a trend to higher trabecular number were observed at the femoral neck of T2DM
patients compared with non-DM controls. However, those studies of femoral microarchitecture did not
include T2DM patients who sustained a hip fracture, and most of them analyzed specimens with
osteoarthritis. Considering an overall trend of improved microarchitecture of the femoral neck in
individuals with hip osteoarthritis (Djuric et al. 2013) and likely reduced hip fracture risk (Chudyk et
al. 2012; Franklin et al. 2010), assessment of patients with severe osteoarthritis has a limited value for
understanding the real fracture risk. Therefore, it is important to assess femoral bone microarchitecture
in DM patients who sustained a hip fracture. Moreover, considering that it was suggested that DM
patients with cardiovascular complications have a greater fracture risk (Napoli et al. 2017; Vestergaard
et al. 2009), it should be analyzed whether the presence of vascular complications influence bone
microarchitecture in T2DM patients. Considering lack of microarchitectural assessments of the femoral
neck in T2DM patients with hip fracture as well as contradicting results obtained in previous
HR-pQCT and micro-CT studies, the aims of our study were to examine whether there is
microarchitectural basis for bone fragility in patients with T2DM and to determine whether trabecular
microarchitecture in T2DM patients is affected by the presence of vascular complications. Therefore,
here we compared trabecular microarchitecture of the femoral neck between T2DM patients who
sustained a hip fracture and had confirmed vascular complications, T2DM patients with hip fracture
and no positive history of vascular complications, and age-matched healthy controls; moreover, we
pooled all individuals with T2DM to compare trabecular microarchitecture of the femoral neck
between T2DM subjects with fracture and healthy controls.

3.3. Material and methods

3.3.1. Groups of individuals

For this study we obtained the femoral neck specimens of 32 individuals (age 78 + 7 years; 26 women
and 6 men). The specimens were divided to two groups: T2DM individuals with hip fracture (DMFX,
n=18) and healthy controls (CTL, n=14). In DMFx group, we identified two subgroups: individuals
with vascular complications (DMFx_VD, n=8) and individuals without vascular complications
(DMFx_NVD, n=10) (Table 1).

The DMFx group encompassed patients with T2DM who were undergoing total hip arthroplasty
due to hip fracture at a tertiary-level, orthopedic university hospital (Institute for Orthopedic Surgery
“Banjica“, Belgrade). This was a consecutive group of patients treated during 2019, until the Institute
was turned to a COVID-19 hospital as a governmental measure in securing enough beds for COVID-19
patients with moderately severe disease. The inclusion criteria were as follows: i) T2DM treated with
oral antidiabetic medications (documented in clinical records and medical history); ii) unilateral
fracture of the femoral neck caused by fall at the same level; iii) clinical decision to treat the fracture
surgically using hip arthroplasty; iv) patient’s consent to surgery; v) patient’s informed consent to be
included in the study. The exclusion criteria encompassed the presence of other diseases or treatments
with significant effects on bone metabolism or structure, as follows: i) rheumatoid arthritis; ii) inborn
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skeletal anomalies; iii) chronic liver disease; iv) any type of malignancy; v) endocrine diseases such as
acromegaly, hypo- or hyperparathyroidism; vi) treatment with bisphosphonates, glucocorticoids,
estrogen, anticonvulsants, or antipsychotics; vii) hip osteoarthritis. All included patients had
intracapsular fracture of the femoral neck, whereas patients with trochanteric fracture were not included
in the study. Before arthroplasty, DXA of the spine and contralateral hip was conducted, and HbAlc
level was measured. Data about patients’ health status, including vascular complications and
medications used, were collected from anamnesis, clinical records, and medical history. All the
individuals with vascular complications had mainly macrovascular complications such as peripheral
artery disease, stroke, ischemic heart disease including myocardial infarction, or carotid artery (Table
2). We calculated the FRAX score for each patient who underwent total hip arthroplasty.
Characteristics of patients with T2DM and non-diabetic controls are summarized in Table 1.

Table 1. Characteristics of T2DM individuals with fracture and no known vascular complications
(DMFx_NVD), T2DM individuals with fracture and known vascular complications (DMFx_VD), and
nondiabetic controls (CTL).

Characteristics | DMFx_NVD | DMFx_ VD | CTL p Post-hoc analyses
(N=10) (N=8) (N=14)

Demographic

Age (years)* 75.1+6.7 80.87+5.1 | 77.93+6.8 |0.179 | NA

Sex (women)* 9 (90%) 6 (75%) 11 (78.6%) | 0.729 | NA

Duration of | 6.4£7.3 13.8+10.5 NA 0.158 | NA

T2DM (years)*

Duration of

menopause 24.2+6.1 29.2+1.3 NA 0.08 NA

(years)*

Anthropometry

Body mass index | 26.3+£3.5 24.7+2 25.545.7 0.814 | NA

(kg/m?)*

Biochemical

Hemoglobin Alc | 6+1.4 6.2+1.6 NA 0.801 | NA

(HbAlc, %)*

Creatinine* 93.5+£19.5 107.6£47.7 | NA 0.437 | NA

Diabetes

medications

Metformin® 9/10 (90%) | 5/8 (62.5%) | NA 0.274 | NA

Sulfonylureas® 4/10 (40%) 4/8 (50%) NA 1 NA

FRAX score* 2.5+1.7 2.5+1.1 3.9+3.2 0.536 | NA
<0.001 (DMFx_NVD

T-score -2.1+0.7 -2.210.6 1.6+£0.5 <0.001 | vs CTL)

femoral neck* <0.001 (DMFx_VD
vs CTL)

T-score -1.33+1.1 -1.4+0.6 NA 0.886 | NA

lumbar spine*

*T test for independent samples
¥ One-way ANOVA
# Fisher’s exact test
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Table 2. List of vascular complications in T2DM patients (DMFx_VD).

DMFx_VD subjects Age Sex Vascular complication
Subject 1 81 Male Coronary artery disease
Subject 2 75 Female Stroke

Subject 3 87 Female Carotid artery disease
Subject 4 74 Male Myocardial infarction
Subject 5 80 Female Coronary artery disease
Subject 6 78 Female Neuropathy

Subject 7 86 Female Coronary artery disease
Subject 8 86 Female Coronary artery disease

T2DM was relatively well-controlled at the time before fracture, considering that HbAlc values were
on average 6.07% = 1.42% [range 4.3%-8.4%]. The patients signed informed consent and the
procedures were approved by the institutional review board of the Institute for Orthopedic Surgery
“Banjica”.

To ensure having the same and consistent bony part available for the micro-CT analysis, control
group (CTL) included individuals who were admitted to the Institute of Forensic Medicine in Belgrade
for autopsy. Their main causes of death were natural or sudden deaths, such as cardiac arrest,
respiratory failure, car accidents with preserved hip region, and violent death. Inclusion criteria were as
follows: i) no T1IDM and T2DM; ii) no history of hip fracture. Exclusion criteria were based on
medical history and autopsy reports, and they encompassed the following: i) rheumatoid arthritis; ii)
inborn skeletal anomalies; iii) chronic kidney disease; iv) chronic liver disease; v) any type of
malignancy in the moment of death; vi) acromegaly, and hypo- or hyperparathyroidism; vii) known
treatment with bisphosphonates, glucocorticoids, estrogen, anticonvulsants, or antipsychotics; viii) hip
osteoarthritis; ix) manifest vascular complications. For each individual in the control group,
postmortem DXA measurement was performed and FRAX score was calculated. All the procedures
were approved by the Ethics Committee of the Faculty of Medicine, University of Belgrade.

3.3.2. Collection and preparation of bone specimens

Immediately after removal at surgery or autopsy, the femoral neck samples were stored in 4%
formaldehyde solution at 4°C. From each of the 32 samples, an approximately 10 mm x 10 mm
trabecular bone cube was cut directly inferior to the epiphyseal line of the femoral head/neck interface
in the direction of the femoral head fovea, as suggested in a previous study (Ciarelli et al. 2000), by
using a water-cooled low-speed diamond saw. The excised trabecular region was chosen due to
following reasons: (i) it represents the continuation of the inferomedial femoral neck compartment at
the base of the femoral head, and (ii) the examined bone cube was not affected by the fracture line, so
the samples could be harvested and analyzed in a consistent manner.

3.3.3. Microcomputed tomography

Each specimen was placed on a sample holder in a consistent orientation and scanned using Skyscan
1172 micro-computed tomography system (Bruker microCT, Skyscan, Belgium) with the following
scanning conditions and parameters: 80 kV, 124 pA, 1200 ms exposure time. A combined aluminum
and copper filter was used. 2K camera binning was used, leading to 10 um isotropic resolution.
Rotation step of 0.40° and triple frame averaging were chosen. We reconstructed the obtained
projection images using NRecon software (Bruker microCT, Belgium) on InstaRecon platform
(InstaRecon, USA) with Gaussian smoothing of 3, thermal drift correction, misalignment
compensation, ring artifact and beam hardening corrections as needed. A global gray-level threshold of
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95/255 was selected to distinguish between the mineralized and non-mineralized tissue. We manually
marked the region of interest (ROI) for each slice to obtain the volume of interest (VOI). We analyzed
at least 1000 slices per sample, meaning that the sample thickness of at least 1 cm per subject was
evaluated. After importing all 32 VOIs to CT.An software (ver. 1.16.4.1: Skyscan, Belgium), we
analyzed the following trabecular bone parameters: trabecular bone volume fraction (BV/TV, %),
trabecular number (Th.N, 1/mm), trabecular thickness (Tb.Th, mm), trabecular separation (Tb.Sp, mm),
connectivity density (1/mm?d), structure model index (SMI, dimensionless), fractal dimension (FD,
dimensionless), degree of anisotropy (DA, dimensionless).

3.3.4. Statistical analysis

The Kolmogorov-Smirnov test was used to verify that all measured parameters complied with the
normal distribution. One-way ANOVA was performed to check for overall differences in age, BMI,
femoral neck and lumbar spine T-scores, FRAX scores, and microarchitectural bone parameters
between DMFx_VD, DMFx_NVD, and CTL groups; when overall ANOVA showed p value <0.05,
pairwise comparisons (post-hoc tests) under Bonferroni correction for multiple testing were conducted.
T tests for independent samples were used to compare microarchitectural bone parameters between
DMFx and CTL, as well as quantitative parameters between the two DMFx subgroups (disease
duration, menopause duration, hemoglobin Alc level, creatinine level). Fisher’s exact probability test
was used to evaluate the difference in sex distribution and medications between the groups. All
analyses were performed two-tailed in SPSS software ver. 15 at the significance level of 0.05.

3.4. Results
We compared femoral trabecular microarchitecture among individuals with T2DM who experienced
hip fracture and had confirmed vascular complications (DMFx_VD, n=8), individuals with T2DM who
sustained hip fracture and had no vascular complications (DMFx_NVD, n=10), and healthy controls
(CTL, n=14).

DMFx_NVD, DMFx_VD, and CTL groups did not differ in age (p=0.179), sex (p=0.701), and
BMI (p=0.814). FRAX score for hip fracture was similar between the groups (p=0.536); nevertheless,
we found a significantly reduced femoral neck T-score in DMFx VD and DMFx_NVD groups
compared with CTL group (p<0.001). DMFx_VD and DMFx_NVD groups did not differ in HbAlc
(p=0.801), duration of disease (p=0.158), or creatinine level (p=0.437). Moreover, T-score of the
femoral neck and lumbar spine did not vary significantly between the DMFx subgroups (p=0.906,
p=0.886, respectively).

3.4.1. Microarchitectural analyses of DMFx and CTL groups

Comparison between DMFx and CTL groups revealed no significant differences in BV/TV, Th.Th,
Th.N, Th.Sp, Conn.D, DA, and FD (p=0.771, p=0.503, p=0.285, p=0.266, p=0.208, p=0.235, p=0.688,
respectively), whereas SMI was slightly but significantly higher in controls (p=0.005) (Table 3).
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Table 3. Trabecular microarchitectural parameters of T2DM individuals with fracture (DMFx) and
nondiabetic control group (CTL).

Parameter Groups n Mean SD p-value

BV/TV DMFx 18 25.52 3.45 p=0.771

[%0] CTL 14 25.04 5.79

Tb.Th DMFx 18 0.20 0.02 p=0.503

[mm] CTL 14 0.21 0.03

Th.N DMFx 18 1.27 0.15 p=0.285

[1/mm] CTL 14 1.20 0.19

Th.Sp DMFx 18 0.66 0.07 p=0.266

[mm] CTL 14 0.70 0.10

Conn.D DMFx 18 12.57 4.39 p=0.208

[1/mm?3] CTL 14 14.47 3.80

DA DMFx 18 1.96 0.18 p=0.235
CTL 14 2.05 0.24

FD DMFx 18 2.55 0.05 p=0.688
CTL 14 2.54 0.06

SMI DMFx 18 0.85 0.42 p=0.005*
CTL 14 1.35 0.51

T test for independent samples, * p<0.05

3.4.2. Microarchitectural analyses of DMFx_VD, DMF_NVD, and CTL groups

We found that BV/TV, Th.N, Tb.Sp, SMI, and FD (p=0.023, p=0.004, p=0.008, p=0.001, p=0.007,
respectively) varied between the examined groups (Table 4). Th.Th, Conn.D, and DA were similar
between the groups (p=0.586, p=0.106, p=0.286, respectively). Furthermore, post-hoc analyses showed
significantly lower BV/TV in DMFx_VD group compared with DMFx_NVD group (p=0.020),
whereas no significant differences in BV/TV were found between CTL and any of the T2DM groups
(DMFx_VD, p=0.450; DMF_NVD, p=0.260). We found significantly higher Tbh.N in DMFx_NVD
compared with CTL (p=0.026) and DMFx_VD (p=0.006) groups. DMFx_NVD showed the lowest
Th.Sp (vs. CTL: p=0.035; vs. DMFx_VD, p=0.012). Although SMI was significantly lower in
DMFx_NVD compared with CTL (p<0.001) and DMFx VD (p=0.046) groups, it reflected
predominance of trabecular plates over rods in all groups. FD was lower in DMFx_NVD compared
with DMFx_VD group (p=0.006) (Table 4).

Figure 1. Representative 3D reconstructions of femoral neck trabecular bone in T2DM individuals
with hip fracture and with vascular complications (DMFx_VD), T2DM individuals with hip fracture
and without vascular complications (DMFx_NVD), and healthy controls (CTL).
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Table 4. Trabecular microarchitectural parameters of T2DM individuals with fracture and no known
vascular complications (DMFx_NVD), T2DM individuals with fracture and known vascular
complications (DMFx_VD), and nondiabetic controls (CTL).

Parameter | Groups n Mean SD p-value | Post-hoc analyses
(Bonferroni)
BVI/TV DMFx NVD | 10 28.07 1.90 p=0.020
[%0] DMFx VD |8 22.34 1.85 p=0.023* | (DMFx_NVD Vs
CTL 14 25.04 5.79 DMFx_VD)
Th.Th DMFx _NVD | 10 0.20 0.02
[mm] DMFx VD |8 0.20 0.01 p=0.586 | NA
CTL 14 0.21 0.03
Th.N DMFx_NVD | 10 1.37 0.08 p=0.006 (DMFx_NVD vs
[1/mm] DMFx VD |8 1.14 0.10 p=0.004* | DMFx_VD);
CTL 14 1.20 0.19 p=0.030 (DMFX_NVD vs
CTL)
Th.Sp DMFx_NVD | 10 0.61 0.05 p=0.012 (DMFx_NVD vs
[mm] DMFx VD |8 0.73 0.04 p=0.008* | DMFx_VD);
CTL 14 0.70 0.10 p=0.035 (DMFX_NVD vs
CTL)
Conn.D DMFx_NVD | 10 14.05 5.14
[1/mm?3] DMFx VD |8 10.71 2.43 p=0.106 | NA
CTL 14 14.47 3.80
DA DMFx_NVD | 10 1.91 0.19
DMFx VD |8 2.01 0.14 p=0.286 | NA
CTL 14 2.05 0.24
FD DMFx_NVD | 10 2.58 0.03 p=0.006
DMFx VD |8 2.51 0.02 p=0.007* | (DMFx_NVD S
CTL 14 2.54 0.06 DMFx_VD)
SMI DMFx_NVD | 10 0.62 0.34 p=0.046 (DMFx_NVD vs
DMFx VD |8 1.14 0.34 p=0.001* | DMFx_VD);
CTL 14 1.35 0.51 p<0.001 (DMFx_NVD vs
CTL)

One-way ANOVA, * p<0.05

3.5. Discussion
Our analysis showed the poorest femoral trabecular microarchitecture in T2DM patients with vascular
complications. In particular, these patients clearly showed worse microarchitectural parameters than
T2DM patients without vascular complications, although these subgroups of T2DM individuals did not
differ in any of the relevant demographic factors (sex, age, BMI), disease-related factors (duration of
the disease, HbAlc level, creatinine level), and type of therapy. Hence, clear variability in the femoral
trabecular microarchitecture that is related to the presence or absence of vascular complications
indicates that patients with T2DM should not be considered a single and uniform group in studies of
the fracture risk.

Some of the microarchitectural parameters in T2DM patients who experienced fracture and did
not have vascular complications were even better than those in the control group. However, after
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pooling both DMFx subgroups, there were no differences in trabecular microarchitecture of the femoral
neck compared with CTL group. Considering that DMFx_NVD group experienced hip fracture despite
having similar femoral BV/TV and even higher Th.N compared with the CTL group, it is apparent that
the reasons for increased fragility in T2DM patients may also lie beyond trabecular microarchitecture.
Of note, by examining cortical microarchitecture of subtrochanteric region, Osima et al. (Osima et al.
2017) assumed that the reason for increased fragility in T2DM individuals is probably beyond cortical
microarchitecture. Since trabecular compartment also significantly contributes to femoral neck strength
(Manske et al. 2009), we examined trabecular bone microarchitecture; clearly, although both
DMFx_ VD and DMFx_NVD groups experienced fracture, they displayed quite different
microarchitecture patterns, also highlighting that the risk of fracture does not correlate fully with
microarchitecture in all patients, and other determinants of bone fragility should be considered.

Although DXA was able to identify an increased fracture risk in both DMFx subgroups
(DMFx_VD, DMFx_NVD) compared with controls, we showed that DXA measurement was “blind”
for the additional risk observed in individuals with vascular complications. A previous study suggested
that diabetic complications such as diabetic nephropathy and vascular diseases may increase the risk of
fracture in DM individuals (Vestergaard et al. 2009). A large, retrospective study on more than 600,000
men (Lee et al. 2019) showed a higher prevalence of vascular and cerebrovascular diseases in DM
patients who sustained hip fracture than in DM patients without a fracture. Leanza and colleagues
(Leanza et al. 2019) suggested that among T1DM patients, those with vascular diseases more often
sustained two or more non-vertebral fractures than those without cardiovascular diseases. Likewise,
Miao et al. (Miao et al. 2005) reported that TIDM patients hospitalized due to microvascular
complications (diabetic retinopathy and neuropathy) or cardiovascular diseases had a much greater
relative risk of fracture than individuals without cardiovascular disease or diabetic complications.
However, there is limited evidence for the microarchitectural origins of such trends. So far, only an
HR-pQCT based study showed that, compared with T2DM patients without microvascular
complications (retinopathy, nephropathy, or neuropathy), T2DM patients with complications showed a
higher cortical porosity of distal radius (Shanbhogue et al. 2016), but no data are available for the
femoral neck, the frequent fracture site. Here, we showed notable differences in femoral trabecular
bone microarchitecture between the group of T2DM patients with and without vascular complications.
Considering that both groups of T2DM patients sustained a low-energy hip fracture, it is obvious that
they had a reduction in femoral bone mechanical competence. In T2DM patients without vascular
complications, the fracture occurred despite good trabecular bone microarchitecture reflected in higher
Th.N and similar BV/TV to controls. In contrast, the fracture occurrence in T2DM patients with
vascular complications likely stems from deterioration in trabecular bone microarchitecture, probably
in addition to other bone changes that occur in patients without complications as well, but further
studies are needed to unravel those changes.

Wolfel et al. analyzed subtrochanteric region of T2DM patients; beside deteriorated
microarchitecture, they found additional weaknesses, such as impaired mineralization profile and
reduced osteon density of endocortical region, mirroring impaired bone quality in T2DM individuals
with high cortical porosity. Oren et al. obtained a 32% higher content of pentosidine in tibial plateau of
10 T2DM patients compared with controls (Oren et al. 2011). In vivo studies in T2DM patients
confirmed excessive skin accumulation of advanced glycation end products (AGESs) (Furst et al. 2016),
and content of AGEs in the skin positively correlated with quantum of AGEs accumulated in bone
(Kida et al. 2019; Sell and Monnier 1989). AGEs tend to accumulate more severely in cortical bone
(Odetti et al. 2005), and cortical AGEs content is a solid marker of normal bone aging. AGEs could be
one of the reasons for bone fragility in DM individuals since accumulation of AGEs is more
pronounced in T2DM patients and excessive AGEs tend to deteriorate bone quality directly via
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interference with osteoblast function (Sanguineti et al. 2008) and indirectly via non-enzymatic
glycosylation of collagen fibers (Katayama et al. 1996).

In our sample, based on the mean HbAlc value among the included T2DM patients, mid-term
glucoregulation was relatively good. However, all the patients sustained the fracture, indicating that
bone strength was suboptimal despite having almost desirable levels of HbAlc (<6.5%). Our
microstructural phenotyping of T2DM patients with “favorable” HbAlc levels supports the findings
from a large prospective study on the relationship between glycemic control and fracture risk, which
showed that persons with diabetes and HbAlc values below 6.5% had similar risk to individuals with
HbALc levels between 7% and 7.9% (Conway et al. 2016).

This study had several limitations. First, it was limited by investigating only trabecular bone,
which was chosen as it could be consistently obtained from surgical specimens of hip fracture cases,
whereas cortical bone of the femoral neck is rarely and inconsistently obtained at the surgery. Further
studies are needed to elucidate other determinants of bone fragility beyond bone microarchitecture,
such as bone matrix characteristics and bone cell phenotypes. Next, our sample size was limited,
suggesting that the study may be underpowered to detect all intergroup differences, especially in
ANOVA with Bonferroni correction; nevertheless, it is of the same order of magnitude like many
micro-CT studies. With larger sample size, some of the insignificant differences may become
significant. Third, the values of HbAlc in our sample may not be representative of the entire population
of T2DM patients because the value of HbAlc indicated that the disease was relatively well-controlled.
However, it should be noted that we included only those patients in whom the medical team estimated
that surgical treatment of the fracture is possible, with reasonable level of risk, which may have caused
such a distribution of HbAlc values. Nevertheless, our data are valuable as this is the first study
documenting microstructure of the femoral neck in individuals with “favorable” HbAlc levels and a
fracture. Finally, there may be differences in the level of details and accuracy in diagnosing
comorbidities between clinical patients and autopsy individuals. Moreover, complete medical history
for cadaver donors is often difficult to obtain, especially the data regarding medications used.
Nevertheless, control group was selected at autopsies to ensure consistent harvesting of the same bony
region for the analyses and to avoid osteoarthritis as a potential factor influencing femoral neck
microarchitecture.

Our study suggested that trabecular bone microarchitecture of the femoral neck in T2DM
patients without vascular complications does not explain the fracture risk. Considering that both T2DM
groups of patients sustained hip fracture, our data may suggest two distinct mechanisms of bone
fragility in T2DM patients, depending on the presence of vascular complications. Namely, despite
having experienced a fracture, patients without manifest diabetic complications did not show
significant differences in microarchitecture compared with the control group; however, deterioration of
trabecular microarchitecture was evident in patients with vascular complications compared with those
without. Our data further highlight that consideration of diabetic complications is needed for proper
understanding of the mechanisms of bone fragility in T2DM patients, and they may partly explain some
of the inconsistencies observed in previous studies. Physicians should be aware of the higher fracture
risk in T2DM individuals with vascular complications, even if HbAlc values are below 6.5%. Here, we
observed bone microarchitecture at the common location for fragility fractures, and therefore, our
findings may contribute to better understanding of the fracture risk in diabetic patients.
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SECTION 4

Increased cortical porosity, reduced cortical thickness, and reduced trabecular and cortical
microhardness of the superolateral femoral neck confer the increased hip fracture risk in
individuals with type 2 diabetes

The results presented in this Section were first published in: Cirovic A, Jadzic J, Djukic D, Djonic D,
Zivkovic V, Nikolic S, Djuric M, Milovanovic P. Increased Cortical Porosity, Reduced Cortical
Thickness, and Reduced Trabecular and Cortical Microhardness of the Superolateral Femoral Neck
Confer the Increased Hip Fracture Risk in Individuals with Type 2 Diabetes. Calcif Tissue Int. 2022
Nov;111(5):457-465. doi: 10.1007/s00223-022-01007-6, and are reproduced with permission from
Springer.
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4.1. Abstract

Individuals with diabetes mellitus type 2 (T2DM) have approximately 30% increased risk of hip
fracture; however, the main cause of the elevated fracture risk in those subjects remains unclear.
Moreover, micromechanical and microarchitectural properties of the superolateral femoral neck—the
common fracture-initiating site—are still unknown. We collected proximal femora of 16 men (eight
with T2DM and eight controls; age: 61+10 years) at autopsy. After performing post-mortem bone
densitometry (DXA), the superolateral neck was excised and scanned with microcomputed tomography
(microCT). We also conducted Vickers microindentation testing. T2DM and control subjects did not
differ in age (p=0.605), body mass index (p=0.114), and femoral neck bone mineral density (BMD)
(p=0.841). Cortical porosity (Ct.Po) was higher and cortical thickness (Ct.Th) was lower in T2DM
(p=0.044, p=0.007, respectively). Of trabecular microarchitectural parameters, only structure model
index (p=0.022) was significantly different between T2DM subjects and controls. Control group
showed higher cortical (p=0.002) and trabecular bone microhardness (p=0.005). Increased Ct.Po and
decreased Ct.Th in T2DM subjects increase the propensity to femoral neck fracture. Apart from the
deteriorated cortical microarchitecture, decreased cortical and trabecular microhardness suggests
altered bone composition of the superolateral femoral neck cortex and trabeculae in T2DM.
Significantly deteriorated cortical microarchitecture of the superolateral femoral neck is not recognized
by standard DXA measurement of the femoral neck.

Key words: T2DM; microarchitecture; microhardness; DXA,; femoral neck; cortical porosity

4.2. Introduction

In 2017, it was estimated that 6.28% of the world population had diabetes mellitus (DM), and over one
million deaths were associated with DM (Khan et al. 2020). If the current trends remain, it is expected
that more than 10% of the global population will have DM by 2030 (Saeedi et al. 2019). Individuals
with type 2 diabetes mellitus (T2DM) have a 1.34-fold higher risk of hip fracture (Fan et al. 2016);
however, it remains unknown how T2DM increases the fracture risk.

Bone microarchitecture of individuals with T2DM was broadly studied in previous two
decades. When scientific community has become aware of the increased fracture risk in T2DM
individuals, one more challenge appeared. Namely, it has been shown that dual-energy X-ray
absorptiometry (DXA) is not a sufficiently reliable tool to predict the fracture risk in T2DM since bone
mineral density (BMD) has often been reported to be equally good (Holloway-Kew et al. 2021) as in
controls or even higher (Samakkarnthai et al. 2020). Since BMD does not reliably predict the fracture
risk, examination of bone microarchitecture was a natural approach to further understand the origins of
the increased fracture risk in T2DM. High-resolution peripheral quantitative computed tomography
(HR-pQCT) has frequently been used for the assessment of bone microarchitecture at distal tibia and
radius (Burghardt et al. 2010; Nilsson et al. 2017; Patsch et al. 2013; Samakkarnthai et al. 2020;
Shanbhogue et al. 2016). While increased cortical porosity in T2DM is often found in these clinical
studies of bone microarchitecture, this is not a consistent finding, particularly in T2DM subjects
without microvascular disease (Samakkarnthai et al. 2020; Shanbhogue et al. 2016). Another issue is
that tibia, which is highly accessible for examination by HR-pQCT, is not a typical fracture site in
T2DM subjects (Schousboe et al. 2022). As the femoral neck microarchitecture can only be crudely
examined by conventional computed tomography (Osima et al. 2017), the majority of studies used bone
samples for microcomputed tomography (microCT) assessment (Cirovic et al. 2022; Karim et al. 2018;
Piccoli et al. 2020; Sihota et al. 2021). However, the available microCT studies that examined the
femoral neck have evaluated trabecular (Karim et al. 2018; Piccoli et al. 2020; Sihota et al. 2021) or
cortical bone of the inferomedial femoral neck (Karim et al. 2018). The femoral head trabecular core
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(Cirovic et al. 2022; Karim et al. 2018), which has also been often examined, represents a distal
continuation of the inferomedial neck trabeculae. However, trabeculae of the inferomedial femoral
neck have different aging-related changes (Djuric et al. 2010) and fracture patterns (Milovanovic et al.
2012) compared with trabeculae of the superolateral neck. Therefore, it is crucial to investigate cortex
and trabeculae of the superolateral femoral neck, particularly considering that the superolateral femoral
neck is a site where a hip fracture usually starts.

Mechanical testing techniques such as and OsteoProbe indentation and Vickers
microindentation may offer information about bone micromechanical properties, which are largely
related to bone matrix composition. Bone matrix is a highly complex environment, which is mainly
composed of collagen fibers; however, many other proteins are also present, such as protein S
(Maillard et al. 1992), osteocalcin, osteopontin, bone sialoprotein, and others (Bellows et al. 1999).
Even a subtle imbalance in any of the components, which could be induced by DM, may lead to
deteriorated matrix composition, resulting in reduced bone capability to resist fracture. If DM is able to
induce changes in bone matrix, it is expected that they would be possible to detect by microindentation
measurements, which may evaluate some aspects of bone quality. According to Khosla et al., results of
clinical studies have revealed that two most consistent impairments of bone quality in patients with
T2DM are altered bone material properties and increased cortical porosity (Farr et al. 2014; Khosla et
al. 2021). By using OsteoProbe, Holloway-Kew et al. have recently shown that individuals with T2DM
have a lower BMSi compared with non-DM subjects (individuals with normoglycemia and those with
impaired fasting glucose), but femoral neck BMD did not differ between the groups (Holloway-Kew et
al. 2021). Equal or higher femoral BMD in T2DM individuals is a common finding in BMD studies
(Burghardt et al. 2010; Holloway-Kew et al. 2021). The reduced BMSi in individuals with T2DM has
been confirmed by other studies (Nilsson et al. 2017), definitely linking the increased bone fragility in
T2DM individuals with the impaired bone material properties. In contrast, Samakkarnthai et al. did not
find differences in BMSi between T2DM and controls (Samakkarnthai et al. 2020). However, all of the
studies that examined BMSi in T2DM individuals have used a clinical microindentation testing device
and have focused exclusively on the mid-shaft of tibia (Holloway-Kew et al. 2021; Samakkarnthai et
al. 2020). As a laboratory method, Vickers microindentation can be applied on bone specimens, which
allows for the examination of clinically more relevant skeletal sites that would otherwise be
inaccessible to OsteoProbe-based indentation in a clinical context. While Vickers microindentation has
not yet been applied in bone specimens of individuals with diabetes, the technique has been
successfully used to probe iliac bone biopsies, showing reduced microhardness in osteoporosis
compared with control subjects (Boivin et al. 2008).

Nevertheless, typical fractures in T2DM individuals are actually fractures of the hip and
proximal humerus (Schousboe et al. 2022). To date, one study has reported lower hardness of the
femoral neck trabeculae in T2DM (Sihota et al. 2021); however, it remains uninvestigated whether
hardness of the superolateral femoral neck—a common fracture-originating site (Zani et al. 2015)—is
lower in T2DM subjects than in non-DM subjects.

The aim of this study was to determine the origins of the increased fracture risk in older
individuals with T2DM by analyzing bone microarchitecture and microhardness of the superolateral
femoral neck trabecular and cortical compartments in T2DM subjects and age- and sex-matched
controls.

4.3. Materials and methods

4.3.1. Sample selection and preparation

Sixteen proximal femora were obtained postmortem from male donors at the Institute of Forensic
Medicine in Belgrade. Eight samples belonged to individuals who had received diagnosis of T2DM
prior to death, and eight belonged to control subjects without DM. The sample contained the proximal
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femora of 16 male individuals (age range, 47 to 83 years; mean age, 61+10.41 years). The principal
causes of death, as obtained from autopsy reports, included diabetic ketoacidosis, acute cardiac failure,
stroke or cerebral hemorrhage, motor vehicle accidents, other sudden traumatic injuries, or natural
death. None of the individuals had a history of a bone fracture, metabolic bone disease, chronic liver
disease, or cancer.

The inclusion criteria for the T2DM group were as follows: (1) T2DM diagnosed prior to death;
(2) no positive history of hip fracture. The exclusion criteria were based on the autopsy reports, and
they included the presence of the following: (1) rheumatoid arthritis; (2) inborn skeletal anomalies; (3)
chronic kidney or liver disease; (4) any type of malignancy in the moment of death; (5) acromegaly,
hypo- or hyperparathyroidism; (6) known treatment with bisphosphonates, glucocorticoids,
anticonvulsants, or antipsychotics; (7) hip osteoarthritis; (8) alcoholism. The inclusion criteria for the
control group were as follows: (1) absence of TIDM or T2DM,; ii) no history of a hip fracture. The
exclusion criteria were the same as those for the T2DM group.
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Figure 1. Methodological approach in our study. The blue portion of femoral neck cross-section
indicates the area evaluated in this study.

Using a water-cooled low-speed diamond saw, we separated the superolateral neck from the rest
of the specimen with several precise cuts, as described previously (Cirovic et al. 2020). The approval
for the collection of the sample was granted by the institutional Ethics Committee.
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4.3.2. DXA measurement

We conducted ex vivo DXA scanning on 14 out of 16 partially excised proximal femora (Figure
1) using Hologic QDR 1000/W DXA apparatus (Hologic, USA). Following previous recommendations
(Jadzic et al. 2021), these bony samples were water-immersed during scanning to simulate the effects
of surrounding soft tissues. The assessment of areal bone mineral density (BMD, g/cm2) of the femoral
neck was done using built-in APEX software (version 2.0, Hologic, USA). In addition, we used hip
structure analysis (HSA) plug-in to estimate cross-sectional area (CSA; cm2), cross-sectional moment
of inertia (CSMI; cmd4), buckling ratio (BR, dimensionless), cortical thickness (CTh.n, mm), and
section modulus (Zn, cm3) in the standardized region of interest (narrow neck—Ilocated at the thinnest
part of the femoral neck).

4.3.3. MicroCT
We scanned all of the specimens using a Skyscan 1172 micro-computed tomography system (Bruker
microCT, Skyscan, Belgium) under the scanning conditions and parameters previously established: 80
kV, 124 pA, 1200 ms exposure time, aluminum and copper filter, 2 K camera binning, 10 um voxel
size (isotropic), rotation step of 0.40 degrees, and triple frame averaging (Cirovic et al. 2020). The
reconstruction of the projection images obtained during the scanning was performed in NRecon
software (Bruker microCT, Belgium) on InstaRecon platform (InstaRecon, USA) with suitable thermal
drift correction, misalignment compensation, Gaussian smoothing of 3, and appropriate ring artifact
and beam hardening corrections. To ensure representativeness of the evaluated bone volume, analyze
consistent bone region, and avoid inter-site differences along the superolateral femoral neck (Cirovic et
al. 2020), we analyzed the middle 60% of the superolateral femoral neck. Namely, if the length of the
superolateral femoral neck parallel to longitudinal axis was about 3 cm, in this study we evaluated
trabecular and cortical microarchitecture of about 1.8 cm. Volumes of interest (VOIs) were manually
marked for cortex and trabeculae separately (Figure 1). Each VOI included about 1800 slices per
sample (middle 60% of the superolateral neck).

The following cortical and trabecular parameters were evaluated using automatic 3D analysis in
Ct.An (Skyscan, ver. 1.16.4.1): cortical thickness (Ct.Th, mm), cortical porosity (Ct.Po); trabecular
bone volume fraction (BV/TV, %), trabecular number (Th.N, 1/mm), trabecular thickness (Tb.Th,
mm), trabecular separation (Tbh.Sp, mm), structure model index (SMI, dimensionless), connectivity
density(Conn.D, 1/mma3), fractal dimension (FD), and degree of anisotropy (DA, dimensionless).
Microindentation testing

To assess tissue-level micromechanical properties of cortical and trabecular bone, we used
Vickers microhardness tester (HMV-G version, Schimadzu, Japan). Measurements were conducted
under the previously established conditions for microhardness measurement (Jadzic et al. 2021) with
the load of 50 g and 12 s of indentation time for both the cortical and trabecular regions (Figure 1). In
order to prepare specimens for microindentation testing, all of the samples were embedded in resin and
polished. In each specimen, using a 40x magnifying lens, we made five separate and valid
measurements of the cortical compartment and five measurements of the trabecular compartment, and
average values were used for intergroup comparisons. For both the cortical and the trabecular
compartments, we ensured that the indentations were at least 2.5 diagonals from the margins to avoid
boundary effects and that there were at least 2.5 diagonals between adjacent indentations to avoid
overlapping of artificial depressions from one indentation to another (Yin et al. 2019). The
measurements were performed by two researchers independently of each other, and the average value
was taken for the analysis.

21



4.3.4. Statistical analysis

The Kolmogorov—Smirnov test was used to verify that all of the measured parameters complied with
normal distribution. The t test for independent samples was used to check for differences in age, BMI,
femoral neck BMD, CSAn, microarchitectural bone parameters, and microhardness between the
investigated groups (T2DM and controls). To account for possible effects of age and BMI, we
conducted analysis of covariance (ANCOVA) for the examined cortical parameters. Linear regression
analysis was used to examine the associations between cortical microhardness and cortical porosity. All
analyses were performed two-tailed in SPSS software ver. 15 at the significance level of 0.05. The
effect size was calculated for each of the microCT parameters in accordance with the guidelines
provided by Joseph A. Durlak (Durlak 2009); we used the Effect Size Calculator for T-Test
(https://www.socscistatistics.com/effectsize/default3.aspx).

4.4. Results

T2DM and control subjects did not differ in age (p=0.605) or BMI (p=0.114). Femoral neck BMD did
not differ between the examined groups either (p=0.841). CSAn, BR, CSMI, CTh.n, and Zn also did
not differ between the investigated groups (p=0.357, p=0.465, p=0.140, p=0.722, and p=0.274,
respectively) (Table 1).

Table 1. Characteristics and DXA results of individuals with T2DM and non-diabetic controls.

Characteristics T2DM (N=8) Controls (N=8) p
Demographic

Age (years) 60+8.93 62+12.25 0.605
Sex (men) 8(100%) 8(100%) NA
Anthropometry

Body mass index (kg/m?) | 26.83+2.81 23.42+4.6 0.114
Densitometry

Femoral neck  BMD | 0.74+0.07 0.73+0.13 0.841
(glcm?)

CSAn (cm?) 3.1+0.27 2.85+0.6 0.357
BR (dimensionless) 12.4+1.75 11.59+ 2.15 0.465
CSMI (cm*) 3.84+0.31 3.17+1.0 0.140
CTh.n (cm) 0.17+0.02 0.16+0.03 0.722
Zn (cmd) 1.86+0.14 1.64+0.44 0.274

4.4.1. Cortical microarchitecture and microindentation
We found that Ct.Po was significantly increased in T2DM subjects compared with controls (p=0.044).
Moreover, Ct.Th was significantly lower in T2DM than in control individuals (p=0.007) (Table 2).
After adjusting for BMI and age, the significant intergroup difference in Ct.Po was lost, but P-values
were still close to significance (p=0.090). Even after adjusting for age and BMI, Ct.Th remained
significantly lower in T2DM (p=0.032). Microindentation testing revealed that control specimens had
higher cortical bone microhardness compared with T2DM specimens (p=0.002) (Figure 2).

We next used linear regression analysis to examine the associations of cortical microhardness
and cortical porosity, and showed that cortical microhardness negatively correlated with Co.Po (r=-0.6,
p=0.039).
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4.4.2. Trabecular microarchitecture and microindentation

Majority of trabecular microarchitectural parameters were not significantly different between T2DM
and control groups. Specifically, BV/TV, Tb.N, Th.Th, Th.Sp, DA, FD, and Conn.D did not vary
between the groups (p=0.695, p=0.581, p=0.930, p=0.234, p=0.355, p=0.516, and p=0.124,
respectively) (Table 2). Only SMI was significantly lower in T2DM than in control group (p=0.022).
Control specimens had higher trabecular bone microhardness than T2DM specimens (p=0.005) (Figure
2).

Table 2. Trabecular and cortical microarchitectural parameters of T2DM and control groups.

Parameter Groups n Mean SD p-value Effect
size
(Cohen
d)

BVITV T2DM 8 13.32 3.02 p=0.695

[90] Control 8 13.99 3.61 -0.20132

Tb.Th T2DM 8 0.15 0.03 p=0.930

[mm] Control 8 0.15 0.03 0

Tb.N T2DM 8 0.90 0.19 p=0.581

[1/mm] Control 8 0.87 0.14 0.179766

Tb.Sp T2DM 8 0.97 0.10 p=0.234

[mm] Control 8 0.89 0.15 0.627572

Conn.D T2DM 8 5.45 2.37 p=0.124

[1/mm?3] Control 8 8.56 4.82 -0.81886

DA T2DM 8 2.68 0.33 p=0.355

[dimensionless] | Control 8 2.50 0.41 0.483668

FD T2DM 8 2.35 0.07 p=0.516

[dimensionless] | Control 8 2.37 0.07 -0.28571

SMI T2DM 8 0.93 0.22 p=0.022*

[dimensionless] | Control 8 1.46 0.54 -1.28544

Ct.Po T2DM 8 31.48 8.88 p=0.044*

[%0] Control 8 22.87 6.47 1.108248

Ct.Th T2DM 8 0.24 0.03 p=0.007*

[mm] Control 8 0.33 0.07 -1.67126

T test for independent samples, * p<0.05

23



74 4 - 75
w
2721 A e R
v ke 4
5 70 L (;u y PR
fu) 1 *
5 68 . g
g 2 1
£ 667 - = R
— © +
© 64 3 o
£ " 8 60 -
g 62- ] € .
[

- 5
& 60 - 255 l
£ 58 [ S
= s

56 - 50

54 T T T T

T2DM Control T2DM Control

Figure 2. Micromechanical evaluation of bone specimens. A) Vickers cortical microhardness of T2DM
and control groups; B) Vickers trabecular microhardness of T2DM and control groups.
*

p<0.05

4.5. Discussion

To the best of our knowledge, this is the first evaluation of bone micromechanical properties and
microarchitecture of cortical and trabecular compartments of the superolateral femoral neck in
individuals with T2DM. Investigations of the superolateral femoral neck are particularly relevant
considering that simulations of a sideways fall in fresh frozen human cadaveric femora unequivocally
confirmed that a fracture most often initiated at the superolateral femoral neck (de Bakker et al. 2009).
Therefore, it is essential to evaluate T2DM effects at this region of the skeleton so as to better
understand the basis for the increased hip fracture risk in T2DM. We found that individuals with
T2DM have impaired bone micromechanical properties of cortical and trabecular compartments of the
superolateral neck, coupled with deteriorated cortical microarchitecture, indicating the microstructural
origins of an increased fracture risk in subjects with T2DM. However, none of the DXA and HSA
parameters differed between the examined groups. Indeed, bone fractures occur when the applied force
exceeds bone strength. Therefore, apart from the magnitude and direction of a force, bone intrinsic
characteristics are essential to understand the individual’s bone fracture risk. Two fundamental
components of cortical bone strength are cortical thickness and cortical porosity (Kral et al. 2017;
McCalden et al. 1993). For example, in a CT-based finite element study based on 44 right femora from
female individuals, Endo et al. showed that the reduced cortical bone thickness caused powerful
stresses and strains, finally resulting in an increased risk of hip fracture (Endo et al. 2020). Also, two
HR-pQCT studies conducted by Sundh et al. emphasized that increased cortical porosity was associated
with a higher prevalence of multiple osteoporotic fractures in men (Sundh et al. 2015) and women
(Sundh et al. 2017). Hence, our findings reflect an increased fracture risk in individuals with T2DM.
Recently, Wolfel et al. have analyzed hardness of the femoral mid-shaft cortex in T2DM, high-porosity
T2DM, and control groups (Wolfel et al. 2020). Those subjects were older than our subjects and
included both sexes; however, nanoindentation analyses did not reveal any variations in hardness
between the groups. Even the group consisting of T2DM subjects with high Ct.Po did not differ in
nanohardness from the other two groups (Wolfel et al. 2020), which may indicate that the deterioration
of bone microarchitecture is independent of changes in nanostructure. Recently, Holloway-Kew et al.
have speculated that the assessment of bone material properties is better than DXA for bone quality
evaluation in T2DM individuals; their hypothesis was based on the fact that in their study on 340 men,
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no differences in femoral neck BMD were found, while distal tibia BMSi was lower in T2DM
individuals than in non-DM group (Holloway-Kew et al. 2021). Similar to Holloway-Kew et al., we
also analyzed only male subjects, and found that femoral neck BMD was similar between the
investigated groups; in our study, microhardness was reduced in T2DM, but we examined the femoral
neck of individuals with T2DM, whereas Holloway-Kew et al. investigated the distal tibia (Holloway-
Kew et al. 2021). Samakkarnthai et al. conducted a series of analyses, including measuring BMSi
(using microindentation of the distal tibia), measurement of skin advanced glycation end-products
(AGEs) (using autofluorescence), and HR-pQCT of the distal radius and tibia, in 171 T2DM patients
and 108 age-matched non-DM subjects (Samakkarnthai et al. 2020). However, they showed that BMSi
of the distal tibia did not vary between the investigated groups. Samakkarnthai et al. also showed that
T2DM subjects with vascular complications had a significantly more porous cortex of the distal tibia
compared with controls, whereas the presence of vascular complications did not affect BMSi
(Samakkarnthai et al. 2020). Farr et al. conducted a study on BMSi and microarchitecture of the distal
tibia and radius in 60 postmenopausal women; they found that T2DM patients had a significantly lower
BMSi than controls, which was coupled with a higher cortical thickness of the distal radius and tibia.
Farr et al. also found improved trabecular microarchitecture of the distal radius in T2DM individuals,
before adjusting for BMI. However, after adjusting the data for BMI, Th.N was no longer higher and
Th.Sp was not lower in T2DM subjects (Farr et al. 2014). Nilsson et al. performed a cross-sectional
study that assessed microarchitecture of the distal tibia and radius in 99 women with T2DM and 954
control subjects (Nilsson et al. 2017). They reported a significantly higher trabecular BV/TV in T2DM
group at both skeletal sites. While Ct.Po in the tibia did not differ between the groups, Ct.Po of the
radius was either better (at a more proximal site) or worse (at a standard site) in T2DM compared with
controls (Nilsson et al. 2017). Finite element analysis revealed significantly higher failure loads in
T2DM than in control group (Nilsson et al. 2017), and BMSi by reference point indentation was lower
in T2DM (Nilsson et al. 2017). By using microCT, Karim et al. analyzed trabecular microarchitecture
of the femoral core of the head in 20 T2DM subjects undergoing elective total hip replacement surgery
and 33 non-DM controls (Karim et al. 2018). Trabecular microarchitecture did not differ between the
groups for any of the examined parameters (Karim et al. 2018). The authors also found that T2DM
group demonstrated impaired cortical bone biomechanical properties, as evidenced by some cyclic
reference point indentation properties (Karim et al. 2018). Our findings regarding the femoral neck
trabecular microarchitecture in T2DM subjects are mostly in agreement with previous studies (Cirovic
et al. 2022). Namely, previous studies that examined trabecular microarchitecture of the femoral head
(trabecular cores that are actually derived from inferomedial trabeculae of the femoral neck) did not
find significant intergroup differences for any of the investigated parameters (Cirovic et al. 2022;
Karim et al. 2018; Piccoli et al. 2020). However, Sihota et al. reported deteriorated trabecular
microarchitecture of the femoral head (lower BV/TV, Th.N, and Th.Th; higher SMI and Th.Sp) as well
as lower modulus and hardness obtained by nanoindentation testing (Sihota et al. 2021). This could be
partly explained by the choice of the examination site given that Sihota et al. examined trabeculae from
subchondral compartment of the femoral head—the compartment located on the opposite part of the
femoral head than the trabecular cores examined by the previously mentioned studies (Cirovic et al.
2022; Karim et al. 2018; Piccoli et al. 2020). To summarize, regardless of the used methodology
(microCT or pQCT), the results of the previous studies that examined bone microarchitecture (T2DM
vs controls) are not uniform, but the majority of the studies agree that bone microstructure and
mechanical properties are altered in T2DM individuals.

To the best of our knowledge, our study was the first to examine micromechanical and
microarchitectural properties of the superolateral femoral neck trabeculae, and examination of the
cortical compartment of the superolateral femoral neck may be considered the main strength of our
study. Particularly, our assessment of cortical bone is important because its deterioration was not
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detectable by clinical tools, considering that we found similar BMD and hip geometry parameters
between the groups with the current sample size.

Here, we showed that 36% of the variability in cortical microhardness was explainable by the
variability in cortical porosity. As for the remaining portion of the variability in mechanical properties
in T2DM, it could be dependent on other aspects of bone quality that could be affected by the disease.
On iliac crest biopsies of osteoporosis and control subjects, Boivin et al. showed that Vickers
microhardness positively correlated with the degree of bone mineralization (DMB); nevertheless, the
lower microhardness in individuals with osteoporosis cannot be fully explained by DMB alone (Boivin
et al. 2008). In this context, organic matrix was also shown to partly determine microhardness values
(about 30%) (Boivin et al. 2008). The reduced Vickers microhardness in individuals with T2DM in our
study may reflect the higher fracture risk in these individuals, particularly having in mind that the
reduced microhardness is determined by the alterations to both inorganic and organic components of
the bone matrix and that Vickers microhardness correlates with tissue-level Young’s modulus (Boivin
et al. 2008). Of note, there are also other potential contributors to the increased fracture risk in T2DM
that may or may not be captured by microindentation. For example, in addition to the altered
mineralization pattern, T2DM individuals may present lower osteon density compared with control
subjects (Wolfel et al. 2020), as well as low bone turnover coupled with a decreased number of
osteoblast precursors and increased number of osteoclast precursors (Sassi et al. 2018). Indeed,
additional research is warranted to comprehensively study the effects of T2DM on other aspects of
bone quality and further clarify the mechanisms of the increased fracture risk.

However, there are few limitations, such as missing data regarding the duration of disease and
HbA1c, and a relatively small number of samples. The sample size was conditioned by the COVID-19
outbreak and avoidance of autopsies in COVID-19—positive individuals; nevertheless, our study was
sensitive enough to demonstrate that cortical microarchitecture and cortical and trabecular
microhardness are significantly reduced in older individuals with T2DM. While clinical studies have
used OsteoProbe for microindentation, here we used Vickers microhardness testing as a traditional and
standardized method that has been broadly used for material testing and has been also used for the
evaluation of bone specimens (Boivin et al. 2008; Jadzic et al. 2021; Yin et al. 2019). We used
standardized forces as suggested in previous studies on bones, which were able to measure the tissue-
level hardness of the examined bone specimens. Although different, both of these methods are
obviously able to distinguish between diabetes and controls specimens. Moreover, it has recently been
shown that the BMSi, as measured by OsteoProbe indentation, is a valid measurement of hardness (Ly
et al. 2020), and correlates strongly and significantly with Vickers and Rockwell microhardness values
(r=0.94, r=0.93, respectively) (Ly et al. 2020). However, it should be noted that OsteoProbe assesses
the outer cortical surface only, as this is the only possible testing direction in a clinical setting; in
contrast, Vickers microindentation on the excised bone specimens allowed us to examine the cross-
section material properties of the superolateral femoral neck, which allowed us to separately evaluate
its cortical and trabecular bony compartments. The superolateral femoral neck—the typical fracture-
initiating site—is nonaccessible to the clinical indentation methods, so gaining direct knowledge on the
superolateral femoral neck micromechanical properties is only possible on excised bone specimens
obtained from surgery or autopsy.

4.6. Conclusions

T2DM individuals have deteriorated cortical microarchitecture of the superolateral femoral neck, and
cortical and trabecular micromechanical properties are impaired in T2DM subjects as well. These
findings offer explanation for the increased hip fracture risk in T2DM subjects. Considering that the
significantly deteriorated cortical microarchitecture of the superolateral femoral neck is not recognized
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by DXA measurement, analyses of bone microarchitecture and bone material properties offer better
understanding of the reduced bone strength in T2DM subjects.
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SECTION 5

Three-dimensional microstructural basis for differential occurrence of subcapital vs. basicervical
hip fractures in men

The results presented in this Section were first published in: Cirovic A, Cirovic A, Djonic D, Zivkovic
V, Nikolic S, Djuric M, Milovanovic P. Three-Dimensional Microstructural Basis for Differential
Occurrence of Subcapital versus Basicervical Hip Fractures in Men. Calcif Tissue Int. 2020
Sep;107(3):240-248. doi: 10.1007/s00223-020-00717-z, and are reproduced here with permission from
Springer.
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5.1. Abstract

We analyzed the bone microarchitecture of the subcapital and basicervical subregions of the femoral
neck in men, to determine whether microarchitectural differences of cortical or trabecular bone can
explain differential frequency of subcapital vs. basicervical fractures, especially in aged persons. The
study sample encompassed twenty male proximal femora obtained during autopsy. They were divided
in two age groups: young (<40 years, n=10) and aged (>60 years, n=10). Microcomputed tomography
was used to evaluate cortical and trabecular microarchitecture of the subcapital and basicervical regions
of the superolateral femoral neck-typical fracture initiation site. Basicervical region showed
significantly thicker and less porous cortex than subcapital region (p=0.02, p<0.001, respectively),
along with increased distance between cortical pores (p=0.004) and smaller pore diameters (p=0.069).
Higher trabecular number (Th.N: p=0.042), lower trabecular thickness (Tb.Th: p<0.001), and lower
trabecular separation (p=0.003) were also hallmarks of the basicervical compared to subcapital region,
although BV/TV was similar in both regions (p=0.133). Age-related deterioration was mostly visible in
trabecular bone (for BV/TV, Th.Th, Th.N and fractal dimension: p=0.026, p=0.049, p=0.059, p=0.009,
respectively). Moreover, there were tendencies to age-specific patterns of trabecular separation (more
pronounced inter-site differences in aged) and cortical thickness (more pronounced inter-site
differences in young). Trabecular microarchitecture corresponded to cortical characteristics of each
region. Our study revealed the microarchitectural basis for higher incidence of subcapital than
basicervical fractures of the femoral neck. This is essential for better understanding of the fracture risk,
as well as for future strategies to prevent hip fractures and their complications.

Keywords: hip fracture, basicervical, subcapital, microarchitecture, men

5.2. Introduction

Osteoporosis is a chronic progressive condition accompanied with increased risk of bone fractures
(Alswat 2017; Svedbom et al. 2013; Wright et al. 2012). Although more frequent in women, hip
fractures are also an important and growing problem in men (Wright et al. 2012). After the age of 65
years, the risk of mortality after hip fracture increases threefold, especially in men (Panula et al. 2011),
and men sustain hip fracture generally in more advanced age than women (Tanner et al. 2010). Among
the typical osteoporotic fractures (vertebral, distal radius, and fractures of the proximal femur) (Vogt et
al. 2002; Warriner et al. 2011), the fractures of the femoral neck are particularly frequent and
associated with a notably high morbidity and mortality rates (Wright et al. 2012).

In orthopedic practice, hip fractures can be classified in several ways. However, often neglected
is anatomical classification, which highlights the subregions of the superolateral and/or inferomedial
neck where the fracture line passes. In this context, the anatomical classification of hip fractures
distinguishes between subcapital, transcervical, and basicervical types. Subcapital and transcervical are
intracapsular fractures, while basicervical are usually extracapsular and are typically treated like
intertrochanteric fractures (Chen et al. 2008; Saarenpéé et al. 2002). The fracture typically linked with
nonunion and avascular necrosis is the subcapital fracture of the femoral neck (Dedrick et al. 1986;
Mayhew et al. 2005), whereas the occurrence of these complications is much less frequent in
transcervical and basicervical fractures (Jo et al. 2016). Although empirical data shows that subcapital
fractures are more common than other two types (Jo et al. 2016; Magu et al. 2014), there have been no
studies on the origins of such distribution of femoral neck fractures.

Disruption of the superolateral cortex is typically the beginning component of a femoral neck
fracture (de Bakker et al. 2009). This is also reflected in Garden’s classification, one of the most
frequently used in orthopedic practice, where the first type is defined as an incomplete fracture where
only the superolateral neck is broken (Kazley et al. 2018). Among microstructural studies, Djuric et al.
(Djuric et al. 2010) showed an age-related reduction in trabecular bone volume fraction (BV/TV) and
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connectivity density (Conn.D) in the superolateral neck region in both men and women, suggesting the
microstructural reasons for its particular fragility; however, that study investigated the mid-portion of
the superolateral neck. Likewise, Chen et al. (Chen et al. 2010) and Lochmdiller et al. (Lochmiiller et al.
2008) analyzed the mid-portion of the femoral neck, demonstrating trabecular deterioration in aged
individuals. Impaired trabecular microarchitecture in advanced age is accompanied by age-related
thinning of the superolateral cortex in females, but not in males (Johannesdottir et al. 2011; Mayhew et
al. 2005). Hence, previous studies explored the mid-portion of the femoral neck, and there were no
reports on bone microarchitecture in subcapital and basicervical regions of the femoral neck.
Nevertheless, age-related changes in proximal femur’s microarchitecture in so far investigated regions
are not uniform (Cui et al. 2008; Djuric et al. 2010). Therefore, considering also that distribution of
fractures is not uniform among the regions of the femoral neck, we hypothesized that differential
occurrence of subcapital vs. basicervical fractures may have origins in different bone microarchitecture
in those two subregions. Given that the superolateral neck is particularly affected by aging in men
(Djuric et al. 2010) and that it is the initiating region of hip fracture (de Bakker et al. 2009), it would be
of great importance to investigate spatial heterogeneity of its microarchitecture.

Therefore, the aims of this study were: 1) to analyze microarchitecture of the subcapital and
basicervical subregions of the superolateral femoral neck trabecular compartment in men, 2) to analyze
bone microarchitecture of the subcapital and basicervical subregions of the superolateral femoral neck
cortical bone in men, and 3) to determine whether microarchitectual differences in these femoral neck
subregions can explain differential frequency of subcapital vs. basicervical fractures, especially in aged
persons.

5.3. Material and methods

5.3.1. Sample selection and preparation

Twenty right proximal femora were collected during autopsies from male postmortem human subjects
at the Institute of Forensic Medicine. The approval for collection of the sample was granted by the
institutional Ethics Committee. The sample contained the proximal femora of 20 male individuals (age
range from 19 to 84 years; mean, 52.25 + 25.42 years) whose principal causes of death, as obtained
from autopsy reports included acute cardiac failure, stroke or cerebral hemorrhage, motor vehicle
accidents, and other sudden, traumatic injuries or natural death. Any individuals with a history of
musculoskeletal diseases, metabolic bone disease or cancer were automatically ineligible for this study.
The obtained samples we divided into two age categories: young (age <40 years, n=10) and aged group
(age >60 years, n=10).

The full circumference of the femoral neck could be divided into the following four regions:
superolateral, inferomedial, anterior, and posterior neck. Further division per longitudinal axis of the
femoral neck divides each of these regions to three subregions: basicervical region (the third of the
neck closer to the trochanter, midcervical region (middle third), and subcapital subregion (the third
closer to the femoral head). The full length of the superolateral femoral neck was obtained by cutting at
the base of the femoral head and at the base of femoral neck (Figure 1A), using a water-cooled low-
speed diamond saw. In further preparation, we cut the samples in coronal planes parallel to the
longitudinal axis of femoral neck (Figure 1B), removing the anterior and posterior cortex with adjacent
trabecular bone. The remaining part of the neck (approximately 10 mm wide) consisted of the
superolateral and inferomedial cortex and the trabecular bone between them (Figure 1B, 1C). We
separated the superolateral neck from the rest of the specimen by another cut (Figure 1C).
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Figure 1. Regions of the proximal femur. (A) Anterior view: dashed lines denote the borders of the
femoral neck (BC=basicervical region, SC=subcapital region); (B) Medial view on the femoral neck
after removing the femoral head: L — superolateral neck, A - anterior neck, P- posterior neck, M -
inferomedial neck, Mi - mid- portion of femoral neck (dashed lines indicate the cutting lines to remove
anterior and posterior neck regions); (C) Division of the superolateral neck: 1- subcapital part of
superolateral neck, 2 - mid-portion of superolateral neck, 3 - basicervical part of superolateral neck.

5.3.2. Micro-computed tomography

Fixed on a sample holder, the specimens were scanned using Skyscan 1172 micro-computed
tomography system (Bruker microCT, Skyscan, Belgium) under the following scanning conditions and
parameters: 80 kV, 124 pA, 1200 ms exposure time, aluminum and copper filter, 2K camera binning,
10 pm voxel size (isotropic), rotation step of 0.40 degrees, and triple frame averaging. The
reconstruction of the projection images was performed in NRecon software (Bruker microCT,
Belgium) on InstaRecon platform (InstaRecon, USA) with suitable thermal drift correction,
misalignment compensation, Gaussian smoothing of 3, and appropriate ring artifact and beam
hardening corrections.

During the scanning, all samples were vertically positioned with subcapital region oriented
upward. Each superolateral neck specimen was approximately 25 mm in length. Considering the
isotropic voxel size of 10 um, a total of approximately 2,500 slices were obtained and divided to three
equal stacks of slices (basicervical, midcervical, and subcapital). For this study, basicervical and
subcapital regions were further analyzed (Figure 1C). We manually segmented the cortical and
trabecular volumes of interest (VOI) of each region, yielding a total of 80 VVOIs for the entire sample of
20 femora. Each of the 80 VOlIs consisted of at least 500 slices, resulting in analysis of at least 5 mm-
thick VOIs of each subregion. The global threshold of 95/255 was chosen to discriminate between the
mineralized bone and marrow spaces. The same threshold was applied for all VOIs to allow inter-
individual and inter-site comparisons of microarchitectual parameters.

The following trabecular parameters were evaluated using automatic 3D analysis in Ct.An
(Skyscan, ver. 1.16.4.1): trabecular bone volume fraction (BV/TV, %), trabecular number (Th.N,
1/mm), trabecular thickness (Th.Th, mm), trabecular separation (Th.Sp, mm), structure model index
(SMI, dimensionless), connectivity density (Conn.D, 1/mm?), fractal dimension (FD) and degree of
anisotropy (DA, dimensionless). In cortical bone, we determined the bone volume fraction (BV/TV,
%), pore diameter (Po.Dm, mm), pore spacing (Po.Sp, mm), closed pores’ number per bone volume
(Po.N/BV, 1/mm?3), cortical thickness (Ct.Th, mm), open porosity (Po.op, %), total porosity (Po.tot, %),
closed porosity (Po.cl, %), standard deviation of pore separation (SD_Po.Sp, mm), and standard
deviation of pore diameter (SD_Po.Dm, mm).
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5.3.3. Statistical analysis

The Kolmogorov-Smirnov test was used to verify that all measured parameters complied with the
normal distribution. Analysis of variance for repeated measurements was performed to check for
differences in microarchitectual bone parameters between the investigated regions (basicervical and
subcapital) and groups (young and aged) as well as their interaction (region * group). All analyses were
performed two-tailed in SPSS software ver. 15 at the significance level of 0.05.

Figure 2. Representative 3D reconstructions of cortical and trabecular bone. (A) Subcapital region in
an aged individual, (B) Basicervical region in an aged individual, (C) Subcapital region in a young
individual, (D) Basicervical region in a young individual.

5.4. Results

We have investigated bone microarchitecture of subcapital and basicervical subregions of the
superolateral region of the human femoral neck in young and aged men (Figure 2).
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Table 1. Trabecular microarchitectural parameters of subcapital and basicervical regions in young and

aged group.
Parameter Location n Mean | SD p-value
Trabecular | Subcapital young 10 | 21.44 |6.25 Site*Group p=0.629
bone volume | Subcapital aged 10 | 15.44 | 2.88
fraction Basicervical young 10 |20.06 |7.85 Site p=0.133
[%0] Basicervical aged 10 | 14.72 | 2.92 Group p=0.026*
Trabecular | Subcapital young 10 | 1.02 |0.19 Site*Group p=0.273
number Subcapital aged 10 [ 0.84 |0.12
[1/mm] Basicervical young 10 |1.05 |0.20 Site p=0.042*
Basicervical aged 10 1094 |0.16 Group p=0.059
Trabecular | Subcapital young 10 | 0.21 ]0.03 Site*Group p=0.616
thickness | Subcapital aged 10 | 0.18 |0.02
[mm] Basicervical young 10 [ 0.19 |0.04 Site p <0.01*
Basicervical aged 10 | 0.16 |0.03 Group p=0.049*
Trabecular | Subcapital young 10 | 0.86 |[0.14 Site*Group p=0.077*
separation | Subcapital aged 10 | 0.95 |0.13
[mm] Basicervical young 10 | 0.81 |[0.15 Site P=0.003*
Basicervical aged 10 | 0.81 |0.12 Group p=0.455
Structure | Subcapital young 10 091 |0.78 Site*Group p=0.915
model Subcapital aged 10 | 1.06 |[0.26
Index Basicervical young 10 | 1.00 |0.53 Site p=0.278
Basicervical aged 10 |1.13 ]0.30 Group p=0.523
Connectivity | Subcapital young 10 | 6.44 | 222 Site*Group p=0.425
density Subcapital aged 10 |5.38 |1.93
[1/mm?] Basicervical young 10 | 6.29 |2.28 Site p=0.639
Basicervical aged 10 | 594 |235 Group p=0.437
Degree of | Subcapital young 10 | 2.20 |0.29 Site*Group p=0.319
anisotropy | Subcapital aged 10 | 2.48 |0.24
Basicervical young 10 | 2.48 |0.51 Site p=0.072
Basicervical aged 10 | 256 |0.49 Group p=0.247
Fractal Subcapital young 10 | 2.40 |0.05 Site*Group p=0.138
dimension | Subcapital aged 10 | 2.32 |0.04
Basicervical young 10 | 2.38 |0.05 Site p=0.826
Basicervical aged 10 | 2.34 |0.06 Group p=0.009*

Repeated-measures ANOVA: * p< 0.05

5.4.1. Trabecular bone microarchitecture

We found significantly lower BV/TV in aged than in young men (p=0.026), but no significant variation
was evident between the sites (p=0.133). Structure model index (SMI) did not show any differences
either between the sites (p=0.278) or age groups (p=0.523). Further, trabeculae were thicker in
subcapital compared to basicervical subregion (p<0.001) (Figure 2 and 3), and the values of trabecular
thickness significantly declined with advanced age (p=0.049) (Table 1). In contrast to trabecular
thickness, trabeculae were more numerous in basicervical region (p=0.042) and trabecular number
decreased in both regions with almost significant age-trend (p=0.059). We found significantly lower
values of distance between adjacent trabeculae in basicervical compared to subcapital region (p=0.003),
although no clear age trend was observed (p=0.455). However, interaction of age and region for

33



trabecular separation showed a trend (p=0.077) reflecting pronounced inter-site differences in the aged
group (lower values in basicervical region) in contrast to the young group where both regions showed
quite uniform Th.Sp. Significantly lower values of fractal dimension values we observed in the aged
group compared to the young (p=0.009), while no differences were observed between the sites. No
statistical inter-group and inter-site difference was observed in connectivity density and degree of
anisotropy (p>0.05).
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Figure 3. Trabecular microarchitecture: percentage of difference between subcapital and basicervical
regions of the superolateral neck in young and aged groups (* p<0.05 between the regions)

5.4.2. Cortical bone microarchitecture

Basicervical region showed significantly higher values in cortical BV/TV (p<0.001) and pore spacing
(p=0.004), while the values of open porosity and total porosity were significantly reduced compared to
the subcapital region (p<0.001). We did not observe any differences in Po.N/BV (p=0.545), closed
porosity (p=0.921), SD of pore separation (p=0.425) and SD of pore diameter (p=0.308) (Table 2,
Figure 2, 4). Cortical BV/TV showed the highest values in basicervical region in the young group
compared to the same region in aged group and subcapital regions of both age groups, but the
differences did not reach significance (p=0.142). Interaction of age and region for Po.Sp (p=0.008)
revealed inter-site heterogeneity in young individuals (higher Po.Sp in basicervical than in subcapital),
in contrast to Po.Sp homogeneity between two subregions in the aged group. Po.Sp was significantly
lower in the subcapital region, but statistical significance was not reached between age groups
(p=0.068). Pore diameter did not reach significant difference between the regions, although pores
tended to be larger in the subcapital region (p=0.069); likewise, increase in pore size with advanced age
approached statistical significance (p=0.074). Basicervical cortex was significantly thicker compared to
the subcapital region (p=0.02), whereas the difference between young and aged groups was not
significant (p=0.099). However, there was a tendency to age-specific pattern of cortical thickness
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distribution between the subregions, since subcapital cortex did not undergo major changes in cortical
thickness during aging, while basicervical cortical thickness tended to decline in aged men but without
reaching significance level (p=0.073); nevertheless, basicervical cortex maintains higher thickness than
subcapital in aged individuals.

Table 2. Cortical microarchitectural parameters of subcapital and basicervical regions in young and

aged group.

Parameter Location n Mean | SD p-value
Total Subcap!tal young 10 19.48 5.40 Site*Group p=0.142
porasity Subf:apltgl aged 10 21.45 5.11 _
[%] Bas!cerv!cal young | 10 13.60 |4.05 Site p<0.001*
Basicervical aged | 10 18.49 5.68 Group p=0.115
Bone surface | Subcapital young | 10 80.52 |5.40 Site*Group p=0.142
to Subcapital aged 10 78.55 5.11
volume ratio | Basicervical young | 10 86.40 4.05 Site p<0.001*
[1/mm] Basicervical aged | 10 81.51 5.68 Group p=0.115
Pore Subcap!tal young 10 0.20 0.04 Site*Group p=0.953
diameter Sub_capltgl aged 10 0.24 0.06 _
[mm] Bas!cerv!cal young | 10 0.17 0.05 Site p=0.069
Basicervical aged | 10 0.20 0.07 Group p=0.074
Subcapital young 10 0.29 0.04 Site*Group p=0.008*
Pore spacing | Subcapital aged 10 0.27 0.03
[mm] Basicervical young | 10 0.32 0.04 Site p=0.004*
Basicervical aged | 10 0.27 0.03 Group p=0.068
Pore Subcapital young 10 41.46 50.64 Site*Group p=0.426
number per | Subcapital aged 10 25.66 11.65
bone volume | Basicervical young | 10 31.36 9.96 Site p=0.545
[1/mm?] Basicervical aged | 10 27.04 10.87 Group p=0.318
Open Subcapital young 10 19.30 5.51 Site*Group p=0.147
porosity Subcapital aged 10 21.27 5.20
[%6] Basicervical young | 10 13.41 411 Site p<0.001*
Basicervical aged | 10 18.30 5.76 Group p=0.121
Closed Subcapital young 10 0.22 0.16 Site*Group p=0.967
porosity Subcapital aged 10 0.22 0.14
[%6] Basicervical young | 10 0.21 0.08 Site p=0.921
Basicervical aged | 10 0.22 0.11 Group p=0.870
Cortical Subcapital young 10 0.30 0.08 Site*Group p=0.073
thickness | Subcapital aged 10 0.27 0.08
[mm] Basicervical young | 10 0.36 0.08 Site p=0.02*
Basicervical aged | 10 0.28 0.07 Group p=0.099

Repeated-measures ANOVA: * p< 0.05

35




50

__|Young

40 4

30

20

10

R | -

-10 * *

-20 *

% of difference subcapital vs basicervical

| | | ! I
Ct.Po BVITV Po.Dm Po.Sp Ct.Th
Cortical parameters

Figure 4. Cortical microarchitecture: percentage of difference between subcapital and basicervical
regions of the superolateral neck in young and aged groups (* p<0.05 between the regions)

5.5. Discussion

Our microarchitectural assessment revealed that the femoral neck microarchitecture is not uniform,
which may be one of the main reasons for observed differential rates of fracture occurrence between
the basicervical and subcapital regions of the superolateral neck.

Specifically, our results showed that the trabecular bone of the basicervical region presented
with an overall greater number of trabeculae that were more densely packed compared to fewer
trabeculae with higher trabecular separation in the subcapital region; yet, trabecular bone fraction did
not differ between two regions, and showed an age-related decline in both regions. Ciarelli et al.
(Ciarelli et al. 2000) used micro-CT to analyze cubes from the region immediately below the
epiphyseal line in the proximal femora and showed significantly higher trabecular number in the group
without fractures, whereas hip fracture group was characterized by less numerous and thicker
trabeculae. Other authors also gave advantage to trabecular number over trabecular thickness for bone
strength and mechanical resistance, highlighting that once critical number of trabeculae is lost any
subsequent thickening of trabeculae with drugs cannot restore full bone strength even if BT/TV is fully
recovered (Guo and Kim 2002). Therefore, considering similar BV/TV in both regions in our study, it
is likely mechanically advantageous to have more trabeculae than thicker trabeculae, suggesting higher
trabecular bone strength at the basicervical region. We did not observe any changes in shape of
trabeculae (SMI) between the sites or during aging, although other studies showed significant increases
in SMI values at the mid-region of the femoral neck in males (Djuric et al. 2010). Yet, trabecular bone
of those two regions of the superolateral neck was not previously analyzed.

Our study showed that the cortical bone of the basicervical region was thicker and less porous
compared to the subcapital region in both age groups. Previous studies using high-resolution peripheral
quantitative computed tomography (HR-pQCT) of the subtrochanteric femur or distal tibia recognized
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high cortical porosity and low cortical thickness as independent strong predictors of osteoporotic
fracture (Kral et al. 2017; Sundh et al. 2015; Sundh et al. 2017; Zebaze and Seeman 2015). Therefore,
our results indicated that, in addition to likely mechanically weaker trabecular bone, subcapital region
also features a weaker cortex. Based on previous finite element analysis studies, the sideways fall loads
all three anatomical parts of the superolateral neck (basicervical, mid-cervical and subcapital) with the
force of the same intensity (Rolvien et al. 2018); hence, the preference to subcapital fracture must be
largely driven by its weaker microarchitecture as revealed in our study.

We are not aware of any study that analyzed 3D microarchitecture of the superolateral neck
cortex in men. In contrast, the inferomedial neck received some attention by Chen et al. (Chen et al.
2010), who demonstrated that its porosity increased with aging in men. It has been shown recently that
the inferomedial neck has a significantly thicker cortex compared with the superolateral neck (Rolvien
et al. 2018). Moreover, the inferomedial cortex and superolateral cortex do not "behave" identically
during aging or between sexes. Namely, while the superolateral neck gets thinner with aging in
females, the inferomedial cortical thickness increases (Mayhew et al. 2005) or decreases (Chen et al.
2010), depending on the study. In men, cortical thickness of both regions is reportedly not subject to
significant changes during aging (Johannesdottir et al. 2011; Mayhew et al. 2005), while in Japanese
population an age-related decrease in cortical thickness was noted in the inferomedial neck (Chen et al.
2010). Our findings of unchanged cortical thickness with aging in males are in agreement with previous
studies (Johannesdottir et al. 2011; Mayhew et al. 2005), although it should be noted that those studies
measured the thickness of mid-portion of the neck (including the mid-portion of the superolateral neck)
while here we evaluated the subcapital and basicervical regions. Despite lack of significant change in
overall cortical thickness with aging, our results showed that the difference in cortical thickness
between young and aged group was higher in basicervical than in subcapital region.

During the sideways fall, major part of the load is carried by the cortical bone, which is even
more pronounced in the superolateral neck in the osteoporotic femur (Verhulp et al. 2008). Considering
that we also found mechanically less resistant trabeculae in the subcapital region, mechanically weaker
cortex of subcapital region would be more stricken by the force produced by the fall than the
basicervical region. A previous study on the relative contribution of cortical and trabecular bone to the
femoral strength pointed out the minor contribution of trabecular bone (Holzer et al. 2009);
nevertheless, Manske et al. (Manske et al. 2009) examined relative contribution to bone strength of
both cortical and trabecular bone among all four quadrants (inferomedial, superolateral, anterior, and
posterior) and found that in the superolateral femoral neck of individuals between 36-92 years both
compartments significantly contribute to failure load during mechanical testing. Johannesdottir et al.
(Johannesdottir et al. 2017) reported that in young adults both compartments contribute significantly,
while in aged people due to trabecular deterioration much more force has to be accommodated by the
cortical bone. Indeed, our study showed more pronounced trabecular bone deterioration in aged
individuals, suggesting that the condition of the cortical bone is essential for fracture resistance.

Rolvien et al. (Rolvien et al. 2018) showed that besides microarchitecture, other parameters
such as lower osteocyte lacunar density and higher mineralization heterogeneity also contribute to
particularly high fracture susceptibility of the superolateral neck. As osteocytes are crucial
orchestrators of bone remodeling (Rolvien et al. 2018), variations in bone microarchitecture between
basicervical and subcapital regions may reflect differences in osteocyte network characteristics.
However, here we did not examine the differences in mineralization distribution and osteocyte lacunar
density among the superolateral neck subregions, and their contribution to subcapital fractures.

In conclusion, as microarchitectural profile of basicervical region showed better performances
by most cortical and trabecular parameters, our study highlights the following relationships between the
microarchitecture and fracture risk in the proximal femur of men:
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e If hip fracture is to occur in a young adult after strong impact force, it is more likely that
subcapital region will break first.

e In aged individuals, deterioration of both regions is significant during aging, but because of
better "starting" position of the basicervical region, the subcapital fractures are also more likely
in advanced age.

e Trabecular microarchitecture seems to follow the cortical characteristics of the corresponding
region (high-quality cortex in basicervical region is supported with microarchitectualy more
resistant trabecular bone, whereas beneath poorer quality cortex of the subcapital region less
resistant trabeculae are situated).

Our study reveals the microarchitectural basis for empirical observations of subcapital fractures in
males occurring much more commonly than basicervical and also for rarity of basicervical fractures in
general. Here, we examined physiological inter-site variations and microarchitectural changes between
young and aged individuals in a fundamentally important region of the skeleton (superolateral femoral
neck). It should be borne in mind that here we examined individuals who did not sustain a hip fracture;
it is possible that individuals with hip fracture have different patterns of age-related changes, as
previously shown for cortical bone (Bell et al. 1999; Power et al. 2018) and trabecular bone
(Milovanovic et al. 2012) of the femur. Nevertheless, unraveling physiological inter-site variations in
bone microarchitecture as well as differences between young and aged individuals can help us better
understand the risk of fracture at specific locations within the femoral neck.
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SECTION 6

Three-dimensional mapping of cortical porosity and thickness along the superolateral femoral
neck in older women

The results presented in this Section were first published in Open Access in: Cirovic A, Cirovic A,
Djukic D, Djonic D, Zivkovic V, Nikolic S, Djuric M, Milovanovic P. Three-dimensional mapping of
cortical porosity and thickness along the superolateral femoral neck in older women. Sci Rep. 2022 Sep
15;12(1):15544. doi: 10.1038/s41598-022-19866-2, so no permission is needed from the original
publisher.
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6.1. Abstract

Although several studies have analyzed inter-individual differences in the femoral neck cortical
microstructure, intra-individual variations have not been comprehensively evaluated. By using
microCT, we mapped cortical pore volume fraction (Ct.Po) and thickness (Ct.Th) along the
superolateral femoral neck in 14 older women (age: 77.1+9.8 years) to identify subregions and
segments with high porosity and/or low thickness—potential “critical” spots where a fracture could
start. We showed that Ct.Po and Ct.Th significantly differed between basicervical, midcervical, and
subcapital subregions of the femoral neck (p<0.001), where the subcapital subregion showed the lowest
mean Ct.Th and the highest mean Ct.Po. These cortical parameters also varied substantially with age
and with the location of the analyzed microsegments along the individual’s neck (p<0.001), showing
multiple microsegments with high porosity and/or low thickness. Although the highest ratio of these
microsegmentswas found in the subcapital subregion, they were also present at other examined
subregions, which may provide an anatomical basis for explaining the fracture initiation at various sites
of the superolateral neck. Given that fractures likely start at structurally and mechanically weaker spots,
intra-individual variability in Ct.Po and Ct.Th should be considered and the average values for the
entire femoral neck should be interpreted with caution.

Keywords: bone, microarchitecture, hip fractures, cortical pore volume fraction, variability

6.2. Introduction

Hip fracture is one of the main age-related health concerns, of which about 70% occurs in women
(Cooper et al. 1992; Williamson et al. 2017). Specifically, it is estimated that about 3.7 times more
women above 50 years will sustain hip fracture in 2050 compared with 1990, reaching approximately
4.5 million fractures worldwide (Cooper et al. 1992). The already high costs for hip fracture treatment
are also expected to rise in the next years (Svedbom et al. 2013). Approximately one quarter of women
with hip fracture dies within the first year, while survivors face the consequences in both physical and
psychosocial dimensions of life (Gjertsen et al. 2016; Peeters et al. 2016). Therefore, it is of great
importance to understand the basis for hip fractures, so that fracture risk can be detected early and
appropriate preventive and therapeutic measures can be undertaken.

Bone microarchitecture deteriorates with aging, and numerous studies have demonstrated
negative effects of age on cortical and trabecular structure at the femoral neck (Chen et al. 2010; Djuric
et al. 2010; Milovanovic et al. 2012; Rolvien et al. 2018a; Thomas et al. 2009). If unrecognized and
untreated, these age-related changes may result in hip fracture. The superolateral neck of the femur is a
known fracture-initiating location in older individuals when a sudden impact from a sideways fall
exceeds inherent fracture resistance of this bony region (de Bakker et al. 2009; Milovanovic et al. 2012;
Milovanovic et al. 2014; Tang et al. 2018; Zani et al. 2015a). During a sideways fall, force produced by
the impact is generated at the greater trochanter and afterwards transmitted to the femoral neck. Fleps
et el. found that soft tissue, including muscles, absorbed most of the force, and protected the greater
trochanter to a certain degree (Fleps et al. 2018). Nevertheless, the femoral neck is devoid of muscles
and only relies on its bone structural properties (e.g., cortical pore volume fraction and thickness) to
resist compressive stress produced by the fall.

In anatomical terms, there are three main types of hip fractures: basicervical, transcervical
(midcervical), and subcapital fractures of the femoral neck (Koval and Zuckerman 2000; Sheehan et al.
2015). Among these types, subcapital type is considered the most common (Jo et al. 2016a; Shoda et al.
2017), while basicervical type occurs more rarely (Saarenpéé et al. 2002; Shoda et al. 2017). However,
it is still not sufficiently understood why different anatomical types of the neck fractures occur even
with similar fracture mechanism. It is possible that various regions of the superolateral neck cortex
deteriorate differently with aging, which makes some parts more prone to initiating fracture than others.
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While previous studies examined the microstructural basis for hip fractures, either at the level of
trabecular or cortical bone (Bell et al. 2000; Bell et al. 1999a; Bell et al. 1999b; Fratzl-Zelman et al.
2009; Milovanovic et al. 2012; Milovanovic et al. 2014; Tang et al. 2018), they either ignored
variations within the femoral neck (Fratzl-Zelman et al. 2009; Gauthier et al. 2018; Lochmiiller et al.
2008), or focused on structural variation within the neck’s cross-section, usually identifying the
superolateral quadrant as a critical area, but disregarding any potential variations along the
superolateral neck (Bell et al. 1999b; Djuric et al. 2010; Malo et al. 2013; Rolvien et al. 2018a; Thomas
et al. 2009).

Since cortical pore volume fraction and cortical thickness are main determinants of bone
strength (Sundh et al. 2015; Sundh et al. 2017; Zebaze and Seeman 2015), we hypothesized that these
two microstructural parameters are not uniform along the superolateral femoral neck and that there
must be multiple “critical” spots—spots with high porosity and/or low cortical thickness. Therefore, the
aim of our study was to map cortical pore volume fraction and cortical thickness along the superolateral
femoral neck of older female individuals to identify the micro-locations in which microstructure
suggests higher susceptibility to fracture.

6.3. Materials and methods

The entire femoral neck was obtained at autopsy from 14 older women (age: 77.1+9.8 years) without
history of hip fracture. Neither of the included individuals had malignant diseases, or local neoplastic
or degenerative diseases of the femoral neck. Neither of them used medications known to significantly
deteriorate bone structure. The collection of the sample was approved by the Ethics Committee of the
Faculty of Medicine, University of Belgrade (No. 29/1X-10). All methods were performed following
the relevant guidelines and regulations.

By using a water-cooled, low-speed, diamond saw, the superolateral region—the region where a
typical osteoporotic fracture starts—was removed from the rest of the neck. Subsequently, the entire
superolateral neck was scanned using Skyscan 1172 micro-computed tomography system (Bruker
microCT, Skyscan, Belgium). For scanning we used the following system parameters: 80 kV, 124 pA,
exposure time of 1200 ms, aluminum and copper filter, 2K camera binning with isotropic voxel size of
10 um, rotation step of 0.40°, and triple frame averaging. The reconstruction of the projection images
was performed in NRecon software (Bruker microCT, Belgium) on InstaRecon platform (InstaRecon,
USA) with suitable thermal drift correction, misalignment compensation, Gaussian smoothing of 3, and
appropriate ring artifact and beam hardening corrections.

To allow mapping of cortical pore volume fraction and thickness, we divided the entire
superolateral neck length (average length 19.75£2.03 mm) to a number of smaller segments. The
thickness of the cortical segments was 500 pum to ensure that they are small enough to allow capturing
gradients along the femoral neck, but large enough to capture a meaningfully large volume. Such a
thickness was arbitrarily selected, keeping in mind to have segments that are formed by an integer
number of slices (50 slices, resolution 10 um), and provided a compromise between convenience,
computer hours, and representative volumes.

In each of the segments, the cortical region of interest (ROI) was marked manually, and global
threshold of 95/255 was used to distinguish between mineralized bone and marrow spaces. Cortical
bone was manually and rigorously separated from trabecular bone, and transitional zone was excluded
from the ROI (Figure 2). Cortical pore volume fraction (Ct.Po, %) and cortical thickness (Ct.Th, mm)
were evaluated using CT Analyzer version 1.16.4.1 Bruker, Belgium. As for cortical thickness, all
cortical pores were removed based on a custom-made algorithm with Boolean operators so that cortical
thickness could be evaluated automatically. Since the determination of structure thickness in 3D is
based on fitting a sphere in the VOI, the thickness of the VOI lower than the actual cortical thickness
would result in Ct.Th values that actually reflect the thickness of the VOI rather than the thickness of
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the cortex. To avoid this error, we performed 2D assessment of all slices and determined the mean
Ct.Th by fitting circles in the ROI.

Figure 1. Manual segmentation of the cortical bone: Delineating a region of interest (ROI)

Based on the idea to look for “critical” spots among the segments along the neck in each
individual separately, color-coded schemes of the cortical pore volume fraction and thickness values
were created to visualize the distribution of “critical” points along the femoral neck (intra-individual
differences). We also generated color-coded images based on the range of porosity or thickness values
pooled for all individuals (inter-individual differences). Considering that the femoral neck length
differed between the individuals, the data were standardized to the unit length to allow inter-individual
comparisons.

SPSS version 15 was used for descriptive statistics, repeated-measures ANOVA, multiple
regression analysis, and linear mixed-model analysis. Normality of data distribution was assessed by
the Kolmogorov—Smirnov test. Repeated-measures ANOV A was applied to assess differences in Ct.Th
or Ct.Po between the basicervical, midcervical, and subcapital regions, with post-hoc tests with
Bonferroni correction for multiple testing. Multiple linear regression (method: Enter) was conducted to
analyze the relationship between segmental cortical pore volume fraction or thickness values with
segments’ locations and individual age, where arbitrary numbering of the segment locations started
from the base of the neck. Linear mixed model was applied, where Ct.Po or Ct.Th was selected as a
dependent variable, site (location of the cortical segment, i.e., segment number) and age group (<80
years and >80 years) as fixed factors, and individual as a random factor. Results were considered
significant if p values were lower than 0.05.

Microsoft Excel, version 2007, was used to prepare color-coded maps of cortical pore volume
fraction and cortical thickness among the segments along the femoral neck (Figure 2). Specifically,
cortical pore volume fraction and cortical thickness values of each segment were color-coded based on
their numerical values. To this end, we used the Conditional formatting option and selected Color
scales; 3-Color scale was chosen, and three colors were set based on the three cutoff points of the
numerical values of Ct.Po and Ct.Th as follows: red = maximum porosity, minimum thickness; yellow
= 50% percentile porosity, 50% percentile thickness; green = minimum porosity, maximum thickness.
Segments with porosity or thickness values between these three cutoff values were automatically
assigned an appropriate color code proportionate to their value by the software. In color-coded maps
(Figure 1), each column represents the length of the femoral neck of one individual (P1-P14).
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Considering that the lengths of the femoral neck were not equal in each individual, they were
normalized to the unit length to facilitate comparisons. Two types of color-coded maps were prepared.
One type was based on the range of porosities and thicknesses of each individual, meaning that e.g. red
segments mark the positions of each individual’s potentially most critical spots (high porosity; low
cortical thickness) (Figure 2A, C); nevertheless, such maps do not take into consideration the
individual’s porosity or thickness values in relation to other individuals. Therefore, we also prepared
color-coded maps based on the pooled range of porosities and thicknesses of all of the individuals
(Figure 2B, D), illustrating the distributions of porosity and thicknesses within individual and inter-
individual differences in these parameters. Horizontal lines in the maps denote arbitrary boundaries
between basicervical, mid-cervical, and subcapital subregions of the femoral neck (20%:60%:20%).

6.4. Results

Our microarchitectural assessment of the segments of the superolateral femoral neck showed within
and between-individual variability in cortical pore volume fraction and cortical thickness along the
femoral neck of older females, even within the subregions usually considered uniform (basicervical,
mid-cervical, and subcapital) (Tables 1 and 2).

Repeated-measures ANOVA between the basicervical, midcervical, and subcapital subregions
showed that Ct.Po and Ct.Th significantly depended on the subregion (both p<0.001). Specifically,
post-hoc tests showed that the subcapital subregion had significantly higher Ct.Po than the midcervical
subregion (p=0.001) and the basicervical subregion (p=0.001); and significantly lower Ct.Th than the
midcervical subregion (p<0.001) and the basicervical subregion (p<0.001). Moreover, the basicervical
subregion showed significantly higher Ct.Th than the midcervical subregion (p=0.001).

Multiple linear regression analysis showed that segmental Ct.Po was associated with segments’
location (p<0.001) and individual age (p=0.03) (R?=0.174). Specifically, Ct.Po values increased from
the base of the neck towards the femoral head, and increased with the increasing age. Segmental Ct.Th
was associated with segments’ location (p<0.001) and individual age (p<0.001) (R?=0.426).
Specifically, Ct.Th values decreased from the base of the neck towards the femoral head, and decreased
with the increasing age.

To verify the effects of the segment’s location along the femoral neck on its Ct.Po or Ct.Th
values, we also applied linear mixed-model analysis, where Ct.Po or Ct.Th was selected as a dependent
variable, site (location of the cortical segment, i.e., segment number) and age group (<80 years and >80
years) as fixed factors, and individual as a random factor. The results confirmed that site was
significantly associated both with Ct.Po and Ct.Th (p<0.001 for both).
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Table 1. Descriptive statistics of cortical pore volume fraction among 500-pum-thick cortical segments
of the superolateral femoral neck. Data are presented for the entire neck and for each subregion of the
entire sample (basicervical, midcervical, and subcapital) (N=14).

Cortical pore volume fraction [%0] Cortical thickness [mm]
Name of
examined Mean SD  Minimum Maximum Mean SD  Minimum Maximum
region
Entire
superolateral 24.1 96 7.4 72.2 0.24  0.06 0.09 0.36
neck
Basicervical?®
subregions 194 67 74 36.9 028 0.03 0.2 0.36
Midcervical®
subregions 226 76 84 61.1 025 05 0.09 0.35
Subcapital®
subregions 324 123 126 72.2 0.17  0.04 0.09 0.26
Dependence
on the P <0.001*Y P <0.001*¥?
subregion

Note. N, total number of included individuals;

a, basicervical subregion encompassed 20% of segments close to the base of the neck, subcapital
subregion encompassed 20% of cortical segments close to the femoral head, and midcervical subregion
encompassed the middle 60% of cortical segments;x, subcapital vs midcervical p<0.05; y, subcapital
vs basicervical P<0.05; z, midcervical vs basicervical p<0.05.

Figure 2 illustrates considerable individual variability in cortical pore volume fraction (Figure 2A, B)
and cortical thickness (Figure 1C, D) between the subregions, but also within the subregions
(basicervical, midcervical, and subcapital). Figure 1A displays the segments of the superolateral
femoral neck color-coded per value of cortical pore volume fraction and illustrates such variability
along the neck. It was observed that there were potentially “critical” points (segments) in various
cortical subregions within an individual, but majority of these points were located closer to the femoral
head, and less often in the mid-neck, or at the base of the neck (Figure 2A). It was also notable that
there were inter-individual differences in the distribution of “critical” regions. Specifically, Figure 2B
shows color-coded distribution of cortical pore volume fraction in relation to the pooled values from all
of the individuals, further illustrating inter-individual differences in cortical microstructure. Of note,
although P9 and P14 have red spots in panels A and C, panels B and D show that most segments in P9
and P14 were in green to yellow range and there were no red segments, suggesting that these
individuals have lower Ct.Po and Ct.Th than other individuals and possibly a lower fracture risk.

Along the length of the superolateral neck, cortical thickness varied substantially within each
individual, but majority of thinner segments were located closer to the femoral head (Figure 2C).
Within the whole sample (all 500-pm-thick segments in all 14 specimens), cortical thickness varied
considerably (Figure 2D) (Table 2).
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Table 2. Cortical pore volume fraction and cortical thickness per individual.

Case Age Femoral Cortl_cal pore  volume Cortical thickness [mm]
fraction [%0]
number [years] length [mm]
Mean SD Min  Max Mean SD Min Max
P1 80 19.5 25.83 845 12.15 50.80 0.25 0.05 0.16 0.33
19.5
P2 62 1738 9.11 7.36 49.62 0.26 0.03 0.16 0.30
P3 89 19.5 1950 758 942 4510 0.26 0.04 0.17 0.33
P4 87 19.5 30.13 16.89 9.07 72.17 0.18 0.06 0.09 0.29
P5 89 18 29.03 5.63 17.05 38.22 0.18 0.04 0.12 0.24
22.5
P6 82 28.70 7.21 1531 47.71 022 0.05 0.14 0.30
22.5
P7 80 21.75 9.07 1054 60.34 024 0.06 0.12 0.31
P8 85 21 22.74 556 1213 37.68 0.22 0.04 0.15 0.28
21
P9 68 16.46 4.24 885 26.67 029 0.05 0.17 0.36
18
P10 68 27.03 6.27 1058 40.51 0.25 0.05 0.13 0.31
18
P11 64 2497 893 1415 4510 0.27 0.06 0.13 0.36
15.5
P12 64 29.30 9.80 16.22 49.76 0.19 0.04 0.13 0.29
P13 80 22.5 26.53 8.83 1357 5250 0.21 0.06 0.09 0.32
19.5
P14 82 17.71 515 1021 3525 0.29 0.04 0.19 0.35

6.5. Discussion

In this study, we demonstrated increased cortical pore volume fraction and lower cortical thickness in
the subcapital subregion compared with the midcervical and basicervical subregions of the
superolateral femoral neck. The midcervical subregion had lower thickness than the basicervical
subregion. The subcapital and midcervical subregions particularly showed heterogeneous spatial
distribution of cortical pore volume fraction. As shown by Granke et al. (Granke et al. 2016),
heterogeneous spatial distribution of cortical porosities is associated with a decrease in fracture
toughness properties. Increased intra-cortical pore volume fraction is considered an essential indicator
of increased risk of bone fracture (Bell et al. 1999a; McCalden et al. 1993a; Sundh et al. 2015; Sundh et
al. 2017; Ural and Vashishth 2007). Previous studies showed regional differences in cortical pore
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volume fraction within the cross-section of the femoral neck (Bell et al. 1999a; Rolvien et al. 2018a).
Specifically, Bell et al. divided the full circumference of the femoral neck in four regions: anterior,
posterior, medial, and lateral, and showed that the lateral neck was the most porous region in women
(Bell et al. 1999a). Together with other indicators of bone fragility (Milovanovic et al. 2014; Tang et al.
2018)and biomechanical reasons, this observation may explain why the lateral (superolateral) neck is
the most common place for start of a fracture during the sideways fall (de Bakker et al. 2009;
Kheirollahi and Luo 2015; Zani et al. 2015a).Indeed, considering that cortical bone is the first to resist
force caused by the impact during the fall, and is the principal contributor to the femoral neck strength
(Holzer et al. 2009a), increased pore volume fraction likely reduces bone strength (Sundh et al. 2017),
and it was shown by mechanical testing that three quarters of the entire cortical bone strength were
attributable to its porosity (McCalden et al. 1993b). Therefore, the particularly increased cortical pore
volume fraction in the subcapital subregion may explain why fractures are most common there;
moreover, its heterogeneous spatial distribution of cortical porosities is associated with a decrease in
fracture toughness properties, as shown by Granke et al. (Granke et al. 2016).
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Figure 2. Color-coded maps of distribution of cortical pore volume fraction and thickness along the
superolateral femoral neck in all individuals. Each column represents the femoral neck of one
individual (P1-P14) normalized to the same length to facilitate comparisons. Color codes of cortical
segments along the superolateral femoral neck range from green (the lowest porosity or highest
thickness) via yellow (middle range values for both parameters) to red (highest porosity or lowest
thickness). (A and C) Color codes based on the range of Ct.Po (A) and Ct.Th (C) of each individual
separately. (B and D) Color codes based on the pooled range of Ct.Po (B) and Ct.Th (D) of all
individuals, illustrating the distributions of Ct.Po (B) and Ct.Th (D) within individual and inter-
individual differences in these parameters. Horizontal black lines are arbitrary boundaries between
basicervical, midcervical, and subcapital subregions of the femoral neck.

Recently, Cirovic et al. analyzed microarchitectural parameters of two subregions of the
superolateral neck in young and aged men, and reported that the basicervical subregion was
significantly less porous than the subcapital region (Cirovic et al. 2020). Bousson et al. investigated
porosity of the medial neck in women aged between 72 and 103 years, and showed that cortical pore
volume fraction varied considerably between subjects, from 4.96% to 38.87% (Bousson et al. 2004).
Our study showed inter-individual differences in porosity, but also highlighted substantial variation in
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porosity along the entire superolateral neck of women (between 7.4% and 72.4%) (Table 1). Moreover,
our results showed that average values of porosity were two- to three times lower than maximum
values (depending on the region); the spots with maximum porosity (or close to maximum) are more
likely the “critical” spots for fracture initiation. However, in all previous studies, the clinical
implications for fracture risk were based on the assumption that the examined regions were structurally
uniform (Bell et al. 1999c; Bousson et al. 2004; Cirovic et al. 2020; Rolvien et al. 2018b). Studies that
applied uFE modeling provided some insights into the distributions of maximal principal and average
tissue-level principal strain magnitudes at the entire femoral neck; however, they were based on poorer
resolution and did not distinguish between the subregions of the superolateral femoral neck (lori et al.
2020; Van Rietbergen et al. 2003a; Verhulp et al. 2008).

Although subregions of the femoral neck (inferomedial, superolateral; basicervical, midcervical,
and subcapital) are taken as homogenous, the results of our study highlighted substantial variability in
cortical pore volume fraction and thickness along the superolateral femoral neck of an individual.
There were critical points in various cortical regions within an individual, majority of which were
located closer to the femoral head, and less often in the mid-neck, or at the base of the neck, especially
for cortical pore volume fraction. Inter-individual variability in the distribution of “critical” segments
might explain fracture initiation at different sites of the superolateral femoral neck among different
individuals, assuming that the strains and stresses are similar along the femoral neck. These findings
may corroborate previous observations that strain magnitudes in osteoporotic bone are less uniformly
distributed (Van Rietbergen et al. 2003b). Nevertheless, it was evident that the highest concentration of
“weak” spots was in the subcapital region. This corresponds to the literature data about higher
occurrence of subcapital fractures compared with transcervical and basicervical (Jo et al. 2016b; Magu
et al. 2014). Our findings suggest that consideration of the average porosity and thickness of the entire
neck or even its main subregions may not reliably reflect the actual microarchitecture of the cortical
bone, partly masking the real critical spots of the femoral neck. Our study had a great advantage to
analyze a number of smaller segments (each 500-um-thick) in a representative set of individuals (older
females).

Our study was limited by a cross-sectional study design. Another issue is that we did not
perform any mechanical testing; in this context, to make a significant step towards quantitative
prediction of failure load and location based on imaging data alone, it may be beneficial to conduct
such tests and finite element studies in the future. In addition, in this study we focused only on cortical
bone; nevertheless, cortical bone is the first one to accept the mechanical load and is considered crucial
for the mechanical integrity of the proximal femur (Holzer et al. 2009b). The location of a fracture
depends also on the mechanism of fracture (Faisal and Luo 2016), but it is generally believed that this
is more or less similar in individuals who fall onto the greater trochanter, which puts the superolateral
neck at a sudden high stress (Zani et al. 2015b). Although there are still scarce data, some FE studies
showed high stress concentration at the subcapital subregion during sideways fall, and confirmed high
frequency of subcapital fractures among femoral neck fractures (Jia et al. 2014; Keyak 2001;
Koivumaki et al. 2010). Moreover, FE simulation of sideway fall showed that soft tissue absorbed
some impact and reduced the force transferred through the neck (Fleps et al. 2018); nevertheless, the
force is obviously sufficiently high to cause the fracture of the neck at the least resistant region.
Moreover, further FE studies will have to account for the here-reported, evident, segmental variability
in the femoral neck, and examine more closely whether differences in characteristics of a fall put
particular strain on specific segments along the femoral neck. However, presence of structurally weak
spots is a prerequisite for a fracture in any given segment area, and our study provides important clues
for further evaluations of the fracture risk. Nevertheless, it should be acknowledged that cortical
porosity and thickness are not the only parameters relevant for bone strength, so further studies should
also examine other microarchitectural parameters (such as orientation of cortical pores) and matrix
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mineralization; however, as for degree of anisotropy of the cortical pores, if the selected VOI is too thin
(narrow), which was the case with our 500-pm-thick segments, the value of degree of anisotropy would
probably reflect the choice of the thin VOI rather than the actual spatial arrangement of the cortical
pores as suggested by Tassani and Perilli for trabecular bone (Tassani and Perilli 2013).

Although our study provides clinically relevant data, it may be useful to perform an HR-pQCT
study in a similar way to further verify clinical relevance of our findings. However, the resolution of
HR-pQCT is approximately 40-80 pum, and that resolution is blind for many of the cortical pores,
which is a major weakness of clinical bone microarchitecture assessment by HR-pQCT.

In conclusion, our results revealed tremendous diversity of cortical pore volume fraction as well
as cortical thickness values among the segments in each examined region of the superolateral femoral
neck. While the highest ratio of critical to non-critical spots was observed in the subcapital subregion,
we observed a number of critical spots in other subregions as well, which offers the explanation for the
microstructural basis of hip fractures in various regions of the femoral neck. Our results also emphasize
that the assessments of large femoral regions that give the average values of cortical pore volume
fraction or thickness may not be fully representative of the actual microarchitecture and fracture risk, as
they may mask some critical spots with other “better” spots in the neighborhood. Moreover, our results
suggest that more attention should be directed to heterogeneity of bone structure and heterogeneous
skeletal effects of aging and diseases; considering that fracture follows the path of least resistance, the
presence of particularly weak spots is more important for bone fragility than the average values.
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SECTION 7

Altered osteocyte lacunar density pattern, trabecular mineralization imbalance in the femoral
neck, and decreased trabecular microhardness in the trabeculae of the femoral head as
microstructural indicators of higher fracture risk in individuals with type 2 diabetes mellitus

The results presented in this Section are being prepared for publication. The list of authors involved in
the work presented is as follows: Cirovic A, Schmidt FN, Jadzic J, Vujacic M, Sihota P, Petrovic B,
Djukic D, Zivkovic V, Bascarevic Z, Nikolic S, Djonic D, Djuric M, Busse B, Milovanovic P.
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7.1. Abstract

Despite previous efforts, our understanding of why individuals with type 2 diabetes mellitus (T2DM)
are more susceptible to fractures remains limited. In this study, we examined bone mineral density
distribution, osteocyte lacunar density, and microhardness in the femoral head trabeculae (18 T2DM
and 25 controls; 30 women and 5 men, mean age: 77 years) and osteocyte lacunar density in the
regions of superolateral femoral neck (8 T2DM and 8 controls; 16 men, mean age: 61years).
Individuals with T2DM had a lower femoral head trabecular Ca width, while none of the osteocyte
lacunar density parameters did not vary between examined groups (Lc.N/B.Ar, Mn.Lc.N/B.Ar and
total- Lc.N/B.Ar). We found lower nonmineralized lacunar number per bone area (Lc.N/B.Ar) in the
endocortical and periosteal regions of the superolateral femoral neck of T2DM subjects compared with
controls (p=0.006, p=0.004), while mineralized lacunar number per bone area (Mn.Lc.N/B.Ar) was
similar between the investigated groups (p=0.172, p=0.262). Mn.Lc.N/B.Ar was the highest in the
periosteal and endocortical compartments of the transcervical region (p=0.015, p=0.069, respectively)
compared with other regions of the superolateral femoral neck. Total-Lc.N/B.Ar in the periosteal
region did not significantly vary between the examined groups (p=0.078). A higher percent of
mineralized lacunae was found in the endocortical (p<0.05) and periosteal subregions (p=0.062) of
T2DM subjects compared with controls. The control group had higher trabecular bone microhardness
than the T2DM group (p=0.038). The observed changes in osteocyte lacunar density, mineralization,
and hardness might explain the increased hip fracture susceptibility in individuals with T2DM.

Key words: Type 2 diabetes mellitus; backscattered electron imaging, Ca width, microhardness,
osteocyte lacunar density.

7.2. Introduction

In 2017, it was estimated that 6.28% of the world's population had diabetes mellitus (DM), and over
one million deaths were associated with diabetes mellitus (DM) (Khan et al. 2020). If current trends
continue, it is expected that more than 10% of the world's population will have DM by 2030 (Saeedi et
al. 2019). Poor glycemic control is associated with accelerated development of diabetic complications
(Fasil et al. 2018), which further reduces quality of life (Huang et al. 2007; Quah et al. 2011) and
increases treatment expenses. More than half of the costs for medical treatment are spent on managing
diabetic complications (von Ferber et al. 2007). Osteoporosis is another rapidly expanding public
health problem worldwide. According to current estimates, over 27 million individuals in the European
Union have osteoporosis (Hernlund et al. 2013). The mortality rate in patients with hip fracture is
higher in those with coexisting DM compared with non-DM subjects (Gulcelik et al. 2011; Martinez-
Laguna et al. 2017; Tebe et al. 2019).

In the absence of a better tool, dual-energy X-ray absorptiometry (DXA) is mostly used in
clinical setting to assess individual risk of fracture. However, many studies have emphasized that
individuals with type 2 DM (T2DM) frequently have higher bone mineral density (BMD) (Nilsson et
al. 2017; Rakic et al. 2006; Schwartz et al. 2002; van Daele et al. 1995) than controls; however, T2DM
patients are still at an increased risk for sustaining a hip fracture (Dede et al. 2014; Fan et al. 2016;
Forsén et al. 1999; Janghorbani et al. 2007; Rathmann and Kostev 2015; Tebe et al. 2019; Vestergaard
et al. 2009). Many studies have confirmed an increased risk of fracture in individuals with DM (Bonds
et al. 2006; Melton et al. 2008; Valderrabano and Linares 2018), especially of the hip, foot, and spine
(Bonds et al. 2006). A study conducted on 5285 women with T2DM and 88120 postmenopausal
women without DM showed a 20% higher risk for sustaining any fracture in women with T2DM
(Bonds et al. 2006). Although the basis of the increased fracture risk in DM individuals has frequently
been evaluated, the reported results are often conflicting and there is not yet a firm conclusion. For
example, it has been reported that bone microarchitecture in DM subjects may be worse, equally good,
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or even better compared with that in non-DM subjects (Burghardt et al. 2010; Samakkarnthai et al.
2020). Based on the results of microindentation testing (microhardness)/bone material strength index
(BMSI), bone material properties may be deteriorated in T2DM individuals compared with controls
(Cirovic et al. 2022a), but it is now always the case (Samakkarnthai et al. 2020). Higher levels of
advanced glycation end products (AGEs) are associated with the increased fracture risk in DM
subjects, but AGEs levels could also be similar between DM subjects and controls. Recently, we have
shown lower femoral neck cortical and trabecular microhardness in T2DM subjects in both
compartments (cortical and trabecular)(Cirovic et al. 2022a); however, this study was conducted on a
limited sample size (T2DM, n=8).

Aside from bone microarchitecture, microindentation testing, and examination of AGEs, other
relevant bone characteristics have not yet been well evaluated in subjects with DM subjects. These
include bone mineral density distribution, i.e., the degree of mineralization, and osteocyte lacunar
density. As individuals age, osteocyte lacunar density decreases, while the number of highly
mineralized osteocyte lacunae increases(Busse et al. 2010). Since elderly men and women, in
particular, are prone to fractures, alterations in osteocyte lacunar density due to T2DM may be a factor
contributing to the fracture risk (Busse et al. 2010). Kolibova et al. have recently found an increased
number of mineralized osteocyte lacunae in the cortex of the femoral diaphysis in subjects with type 1
DM compared with controls (Kolibova et al. 2023). Lower mean matrix mineralization and higher
mineralization heterogeneity have been found in individuals who sustained a fracture in a quantitative
backscattered electron Imaging (gBEI) study (Hofstaetter et al. 2012). Wolfel et al. analyzed the mid-
shaft of the femur in T2DM subjects post-mortem and found lower osteon density, lower peak
frequency, and broader calcium width in the endocortical and periosteal regions in a fraction of T2DM
subjects (those with high cortical porosity) (Wolfel et al. 2020b).

In this study, we analyzed several indicators of bone quality in cortical and trabecular
compartments of the superolateral femoral neck and trabecular compartment of the femoral head.
Specifically, osteocyte lacunar density, bone mineral density distribution (i.e., the degree of
mineralization), and bone material properties were examined in individuals with T2DM and controls.
We hypothesized that the superolateral femoral neck’s cortical bone in T2DM may display impaired
osteocyte lacunar density and lower osteon density. We also hypothesized that the femoral head
trabeculae in subjects with T2DM have altered trabecular mineralization pattern, impaired trabecular
osteocyte lacunar density, and reduced bone material properties.

7.3. Materials and methods
7.3.1 Study design
For the purpose of this study, femoral neck samples were collected from a tertiary-level orthopedic
university hospital (Institute for Orthopedic Surgery “Banjica,” Belgrade), while post-mortem samples
of proximal femora were obtained from autopsy in collaboration with the Institute of Forensic
Medicine, Faculty of Medicine, University of Belgrade. Specifically, femoral head samples were
obtained at the Institute for Orthopedic Surgery “Banjica” from 18 T2DM subjects who sustained
unilateral low-energy femoral neck fracture. At the Institute of Forensic Medicine, we collected
superolateral femoral neck samples from individuals with T2DM; superolateral femoral neck samples
from non-DM subjects, which served as controls; and femoral head samples from non-DM individuals,
which served as controls for the specimens obtained at the Institute for Orthopedic Surgery “Banjica.”
Detailed inclusion and exclusion criteria were listed in our previous publications (Cirovic et al. 2022a;
Cirovic et al. 2022b).

Specifically, for the first part of the study, we collected eight femoral neck specimens from
individuals with T2DM diagnosed prior to death and eight proximal femora from non-DM individuals
at the Institute of Forensic Medicine. For the second part of the study, we obtained 18 specimens (15
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women and 3 men) of the femoral head from individuals with T2DM at the Institute for Orthopedic

Surgery “Banjica” and 25 femoral head specimens (20 women and 5 men) from individuals without
T2DM at the Institute of Forensic Medicine (Table 1).

Table 1. Demographic data and BMI.

Region of interest Number of specimen Mean age BMI
and sex distribution
Superolateral 16 men (8 T2DM and 61+10 years T2DM:
femoral neck controls) 26.83+2.81 CTL:
23.42+4.6
Femoral head 38 (30 women and 5 77.18years T2DM: 25.77 £ 3
trabeculae men); 14 T2DM and CTL: 27546
19 controls

7.3.2. Microindentation testing

To evaluate the micromechanical properties of the femoral head trabecular bone, we utilized a Vickers
microhardness tester (HMV-G version, Schimadzu, Japan). The measurements were carried out in line
with the previously established conditions for microhardness measurements (Cirovic et al. 2022a). A
load of 50 g and an indentation time of 12 s were applied to various trabecular regions. Prior to the
microindentation testing, all samples were embedded in resin and polished. Using a 40x magnifying
lens, we conducted five separate and valid measurements of the trabecular compartment in each
specimen, and the average values were utilized for intergroup comparisons. In order to avoid boundary
effects, we ensured that the indentations were at least 2.5 diagonals from the margins, and there were at
least 2.5 diagonals between adjacent indentations to prevent overlapping of artificial depressions from
one indentation to another (Yin et al. 2019). The measurements were carried out independently by two
researchers, and the average value was used for the analysis.

7.3.3. Bone mineral density distribution and osteocyte lacunar density

To examine the bone mineral density distribution (BMDD) and perform a 2D morphological analysis
of osteocyte lacunae, quantitative backscattered electron imaging was utilized. The resin-embedded
specimens underwent coplanar grinding and were subsequently polished and carbon-coated before
imaging. A scanning electron microscope (Crossbeam 340, GeminiSEM, Zeiss AG, Oberkochen,
Germany) was operated in backscattered electron mode at 20 keV with a constant working distance of
20 mm. To control the current beam, a Faraday cup was utilized, and grayscale values were calibrated
using an aluminum-—carbon standard. Cortical specimens were evaluated using scanning electron
microscope (LEO435 VP; LEO Electron Microscopy Ltd., Cambridge, UK) operated at 20 kV and 680
pA using a constant working distance of 20 mm (BSE Detector, Type 202; K.E. Developments Ltd.,
Cambridge, UK). During imaging, all parameters were monitored and kept at a constant level. Images
were acquired at a magnification of 100x. Four to five images per specimen were captured for the
assessment of BMDD (mean calcium weight percentage (mean Ca, wt %); most frequent calcium
weight percentage (peak Ca, wt %); standard deviation of the calcium content curve, displaying the
heterogeneity of mineralization content (width Ca, wt %); percentage of bone area mineralized below
the 5th percentile of the reference range of the control group (Ca low, % bone area); percentage of bone
area containing calcium concentration above the 95th percentile of the control group (Ca high, % bone
area)) and osteocyte lacunar morphology analysis. All examined regions (trabecular and cortical
compartments) were evaluated for the following parameters: number of mineralized lacunae per bone
area (Mn.Lc.N/B.Ar), number of non-mineralized lacunae per bone area (Lc.N/B.Ar), and total
number of lacunae per bone area (total-Lc.N/B.Ar) using Imagel/Fiji (1.53t). We also calculated
percent of mineralized and non-mineralized lacunae by dividing the total number of lacunae per bone
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area with the percent of mineralized lacunae per bone area (%Mn.Lc; [%]) and the number of non-
mineralized lacunae per bone area (Lc.N; [%]) separately. All the parameters of the BMDD (Ca Mean,
wt%) were evaluated from the backscattered electron images using a custom-made MATLAB code
(MATLAB, Natick, Massachusetts).

In the part of our study in which we examined the superolateral neck of the femur, we analyzed
the density of osteocyte lacunae along the entire length of the bone, from the junction of the head and
neck to the greater trochanter. To perform more detailed analyses, we divided the full length of the
superolateral neck into three subdivisions as follows: subcapital, transcervical, and basicervical regions.
We have previously discussed this subdivision in greater depth in our previous paper (Cirovic et al.
2020). By doing so, we were able to distinguish all three subregions along the longitudinal axis of the
superolateral femoral neck. Moreover, on the transverse section of each subregion (subcapital,
transcervical, and basicervical), the two parts, endocortical and periosteal, were clearly distinguishable.
Therefore, in the final analysis of osteocyte lacunae in the superolateral femoral neck cortex, we
included the endocortical and periosteal parts of the subcapital region, the endocortical and periosteal
parts of the transcervical region, and the endocortical and periosteal parts of the basicervical region.

7.3.4. Statistical analysis

The Kolmogorov—Smirnov test was used to verify that all of the measured parameters complied with
normal distribution. The t test for independent samples was used to check for differences in age, BMI,
the parameters of BMDD, Lc.N/B.Ar, Mn.Lc.N/B.Ar, Total-Lc.N/B.Ar, and microhardness between
the investigated groups (T2DM and controls). Analysis of variance (ANOVA) for repeated
measurements, with Bonferroni post-hoc correction, was performed to check for the effects of the
group, region (three regions of the superolateral femoral neck), and their interaction on osteocyte
lacunar density parameters. All analyses were performed two-tailed in SPSS software ver. 15 at the
significance level of 0.05.

7.4. Results

7.4.1. Femoral head trabeculae

T2DM and control subjects did not differ in age (p>0.5) or BMI (p=0.8). There were no significant
differences in Ca low, mean Ca, and peak Ca between T2DM and controls (p=0.115, p=0.352, p=0.236,
respectively). Ca width was significantly higher in the controls, while Ca high was lower in T2DM
subjects, but the significance level was not reached (p=0.074) (Figure 1). Mn.Lc.N/B.Ar, Lc.N/B.Ar
and total-Lc.N/B.Ar did not differ between T2DM subjects and controls (p>0.05).

7.4.2. Microindentation testing
Control specimens had higher trabecular bone microhardness than T2DM specimens (p=0.0381).

7.4.3. Osteocyte lacunae density

As for the trabeculae of the femoral head,Lc.N/B.Ar, Mn.Lc.N/B.Ar did not vary between the
examined groups (p=0.169, p=0.183). Osteon density did not vary between the examined groups
(p>0.05).
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Figure 1. Mineralization parameters of the femoral head trabeculae in T2DM and controls.

7.4.4. Superolateral femoral neck

T2DM and control subjects were similar in age (p=0.605) and BMI (p=0.114). We found lower
Lc.N/B.Ar in the endocortical and periosteal regions of the superolateral femoral neck in the T2DM
group compared with the corresponding regions in the control group (p=0.006, p=0.004, respectively),
while Mn.Lc.N/B.Ar was similar between the investigated groups (p=0.172, p=0.262 respectively).
Mn.Lc.N/B.Ar tended to be higher in the endocortical compartment of transcervical region (p=0.069)
compared with subcapital and basicervical regions. The periosteal compartment of the transcervical
region had significantly higher Mn.Lc.N/B.Ar than other regions of the superolateral femoral neck
(p=0.015). Total-N.Lc/B.Ar did not vary significantly among the examined groups (T2DM and
controls) in the periosteal region (p=0.078). Higher %Mn.Lc was found in the endocortical (p<0.05)
and periosteal subregions (p=0.062) of T2DM subjects compared with the controls. As for the
trabecular bone, all of the examined parameters were similar in the two groups (p>0.05). An interaction
of site and group remained insignificant for all of the examined parameters (Lc.N/B.Ar, Mn.Lc.N/B.Ar,

and Total- Lc.N/B.Ar) both endocortically and periosteally (all p>0.05). A summary of the results in
shown in Figure 2.
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Control

Figure 2. Osteocyte lacunar parameters in T2DM and controls at the superolateral femoral neck.
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7.5. Discussion

In this study, we analyzed the density of osteocyte lacunae, microhardness, and degree of
mineralization of the trabeculae of the femoral head. In the superolateral femoral neck, we evaluated
the density of osteocyte lacunae and osteonal density. We obtained lower microhardness and a lower
Ca width in the femoral head trabeculae, indicating that T2DM may induce changes in the bone matrix
mineralization, leading to a decreased mechanical bone resistance. On the other hand, fracture initiation
is associated with unfavorable properties of the cortex of the superolateral femoral neck, and we found
an altered pattern of the osteocyte lacunae density within it.

Wolfel et al. examined the mineralization profile of the cortex of the femoral diaphysis in three

groups of individuals postmortem: subjects with T2DM, T2DM subjects with pronounced cortical
porosity, and controls. They found higher calcium width in the endocortical region of T2DM
individuals with pronounced cortical porosity (Wolfel et al. 2020a). Although the results reported by
Wolfel et al. are in contrast with ours, there are two main differences. Firstly, Wolfel et al. analyzed
femora diaphysis, and secondly, the focus of the study was cortical bone. So, this could explain why
the results from Wolfel et al. are somewhat opposite to ours. Pritchard et al. (Pritchard et al. 2013) also
evaluated the degree of mineralization in T2DM individuals. They collected femoral neck specimens
obtained after surgery due to osteoarthritis and analyzed the trabecular compartment. The authors found
higher mean calcium and lower calcium width in individuals and suggested that this could be explained
by altered bone remodeling (Pritchard et al. 2013). Misof et al. analyzed bone mineralization in
transiliac bone biopsy specimens obtained from 26 young (premenopausal) women. In that study,
neither cancellous nor cortical BMDD parameters from these individuals were significantly different
from reference BMDD (Misof et al. 2022). However, the study had several limitations, such as
including only premenopausal women and utilizing specimens from the iliac bone. Rolvien et al.
analyzed various aspects of BMDD in femoral diaphysis of 51 female donors post-mortem. They found
similar values of calcium width between young and osteoporosis groups, while aged individuals had
lower calcium width compared with both groups (Rolvien et al. 2020). Moreover, apart from BMDD
parameters, Rolvien et al. performed an osteocyte lacunar density evaluation based on the qBEI images
and found that aged subjects had significantly lower Lc.N/B.Ar and higher Mn.Lc.N/B.Ar compared
with young subjects. In contrast, individuals with osteoporosis did not differ from controls for either of
these parameters. Taking BMDD and osteocyte lacunar density evaluation into consideration, it is
reasonable to speculate that T2DM and osteoporosis have adverse effects on bone quality but in a
different manner. T2DM subjects more commonly experience hip and humerus fractures, while wrist
fractures are common among individuals with osteoporosis, however it is not always the case
(Schousboe et al. 2022; Viggers et al. 2023). It is possible that T2DM accelerates bone aging, as
evidenced by advanced glycation end products (AGEs) accumulation in bone tissue [39]. Lower
calcium width indicates more homogeneous mineralization, which ensures relatively uniform
mechanical properties and facilitates crack propagation in the shortest trajectory. In cases where
regions with higher calcium quantities are present in the bone, they are avoided by the trajectory of the
fracture, leading to gradual loss of fracture energy and the appearance of incomplete fractures.
Recently, we have measured the microhardness of the superolateral femoral neck's cortical and
trabecular compartments in eight subjects with diabetes and eight controls and obtained lower
microhardness (Cirovic et al. 2022a) of both compartments in T2DM subjects. This study represents a
significant step forward in better understanding the mechanisms involved in the increased hip fracture
risk in T2DM individuals.

Farr et al. reported a lower BMSi at the tibia mid-shaft in 30 T2DM women compared with
non-DM controls. Nonetheless, Samakkarnthai et al. found no difference in BMSi at the same site in a
larger cohort that included 171 T2DM patients and 108 age-matched non-DM subjects of both sexes
(Samakkarnthai et al. 2020). Holloway-Kew also determined a BMSi using OsteoProbe in 340 men
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(234 controls, 59 subjects with impaired fasting glucose, and 47 T2DM subjects). When all three
groups were statistically analyzed with ANCOVA, no differences were observed (Holloway-Kew et al.
2021); however, when the authors fused controls with subjects with impaired fasting glucose as a non-
DM group and compared them with T2DM individuals, significance appeared. More precisely, T2DM
subjects had a lower BMSi. The main advantage of this and our previous study (Cirovic et al. 2022a) is
that we examined the microhardness of the typical fracture site in T2DM, while all three studies were
focused on the tibia, which is not frequently fractured in T2DM patients (Viggers et al. 2023).

7.6. Conclusion

Our study yielded two significant findings. Firstly, individuals with T2DM exhibit an altered pattern of
osteocyte lacunar density in the cortex of the superolateral femoral neck. This alteration has the
potential to reduce cortical bone strength and increase the likelihood of fractures. Secondly, a decreased
femoral head trabecular calcium width results in a more uniform trabecular bone structure. This
uniformity may contribute to the propagation of fractures over shorter distances.
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Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder that affects millions of individuals
worldwide. One of the major complications of T2DM is the increased risk of bone fractures, which can
lead to significant morbidity and mortality. In this study, we aimed to investigate how T2DM affects
the trabecular bone quality at the femoral head and the trabecular and cortical bone characteristics at
the superolateral femoral neck.

In summary, this thesis highlights the complex relationship between T2DM and femoral neck
bone propertie (Summary figure). In the cortical compartment, we found that individuals with T2DM
had lower cortical porosity and thickness, as well as lower cortical microhardness and reduced number
of osteocyte lacunae per bone area, compared with controls. Interestingly, the endocortical region of
the superolateral femoral neck showed a higher percent of mineralized lacunae in T2DM individuals
than in controls. These findings suggest that diabetes alters cortical bone quality in different ways,
which may lead to a gradual deterioration in bone fracture resistance and increase the risk of fractures.
It is important to note that cortical bone is the first line of defense against opposing forces produced by
a same-level fall.

The results of our analysis regarding the trabecular bone are comparable with previous relevant
research. Trabecular microarchitecture was very similar between T2DM and control groups, although
control cases had a higher structure model index (SMI) (the only microarchitectural parameter that
varied among the groups) than T2DM subjects. However, it is noteworthy that the trabeculae in both
groups were predominantly plate-shaped, which indicates that they may not be more susceptible to
fractures. Although T2DM did not influence trabecular microarchitecture, T2DM-related vascular
complications such as carotid artery disease were linked to particular alterations in some trabecular
microarchitectural parameters, such as Th.N and Th.Sp; namely, T2DM individuals with vascular
complications had a lower trabecular number and higher trabecular separation than other T2DM
individuals (without vascular complications). A previous, large prospective study, conducted over a
follow-up period of almost 5 years, investigated the potential association between high-resolution
peripheral quantitative CT (HR-pQCT) findings and the appearance of major osteoporotic fractures;
authors revealed that trabecular number at the distal radius was among the best predictors of wrist
fracture occurrence (Samelson et al. 2019). Therefore, our results may indicate that the higher fracture
risk in T2DM is particularly related to vascular complications. Considering that T-score and FRAX did
not differ between these two groups of T2DM individuals, it seems plausible that the presence of
vascular complications in individuals with T2DM could be a helpful indicator of a particularly high
fracture risk; however, although this may be a very promising indicator for the evaluation of fracture
risk in clinical practice, further studies in clinical setting are necessary to demonstrate the usefulness of
the presence of vascular complications as an independent predictor of fracture risk and also its
usefulness for the decisions regarding the anti-osteoporosis therapy.

In contrast to the cortical compartment, where we obtained lower number of non-mineralized
lacunae per bone area in the endocortical and periosteal regions of the superolateral femoral neck in the
T2DM group compared with the corresponding regions in the control group, trabecular osteocyte
lacunar density parameters such as the number of non-mineralized lacunae per bone area, total number
of osteocyte lacunae per bone area, and number of mineralized lacunae per bone area remained
unchanged under the influence of T2DM. Nevertheless, both our studies and previous research
(Samakkarnthai et al. 2020) showed lower microhardness in trabecular bone specimens obtained from
T2DM subjects compared with controls. Additionally, in individuals with T2DM, the calcium width
was lower in trabeculae, suggesting that less hypermineralized zones may be linked with a straighter
projection of the fracture line.

In summary, our study suggests that T2DM affects bone quality in different ways, depending on
whether we consider the cortical or trabecular compartment. The deterioration of cortical bone

59



mechanical resistance may increase the risk of fractures, and our findings highlight the importance of
treatment and prevention strategies for individuals with T2DM.

Our results also demonstrated high diversity of cortical thickness and porosity along the cortex
of the superolateral femoral neck. Loundagin et al. analyzed association between various aspects of
bone quality (microarchitecture and mineralization parameters) and mechanical testing outcome
(Instron Electropuls E3000 test frame) in 36 cortical bone specimens from five donors. Their findings
implied that stressed volume (the volume of material above yield stress) strongly correlated with
cortical bone porosity (Loundagin et al. 2021). Since cortical porosity may vary manifold without the
presence of diabetes and we showed that diabetes may increase cortical porosity and decease cortical
thickness, a detailed mapping of the superolateral femoral neck was necessary for further evaluation of
the increased fracture risk in T2DM individuals. Based on our results in control specimens, we
concluded that the division of the superolateral femoral neck to the subcapital, midcervical, and
basicervical subregions is meaningful for fracture risk stratification; and interaction between diabetes
and superolateral neck subregions at various levels bone quality (e.g. bone mineral density distribution)
remains to be examined in the future.

Yadav et al. conducted a series of analyses, including micro-CT, finite element analyses,

nanoindentation and compression tests, in three groups of femoral head trabecular core specimens,
namely, T2DM, osteoporosis, and osteopenia. They demonstrated lower toughness in the T2DM group
compared with the osteoporosis group (Yadav et al. 2021). In CT-based finite element analysis,
Rotman et al. obtained lower bone strength parameters in T2DM subjects who sustained fragility
fracture compared with those without fracture (Rotman et al. 2021).
Exploring the adverse effects of diabetes on bone health is crucial for understanding the clinical
implications of diabetes and developing targeted interventions to prevent or treat diabetes-induced bone
quality impairment. By addressing bone health in individuals with diabetes, healthcare professionals
can help improve the quality of life, reduce healthcare costs, and ultimately improve overall health
outcomes.
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Summary figure: Summary of the methodological approach and main results. The methods employed
for bone sample analysis included micro-computed tomography, backscattered electron imaging,
examination of bone mineral density distribution, and microhardness evaluation at two distinct sites
within the femoral head and neck. We evaluated the trabeculae and cortex of the superolateral femoral
neck and the trabeculae at the femoral head region. Our findings revealed the following: A) We
observed a deteriorated cortical microarchitecture in the superolateral femoral neck, while no
significant variation was detected in trabecular microarchitecture in any of the examined sites. B)
Additionally, we found a lower density of non-mineralized osteocyte lacunae in the endocortical and
subperiosteal compartments of the superolateral femoral neck cortex, accompanied by an increased
percentage of mineralized osteocyte lacunae. C) Furthermore, we identified an altered pattern of
trabecular mineralization in individuals with type 2 diabetes mellitus (T2DM), along with D) lower
trabecular and cortical microhardness.

Figure legend:

gi%f\ Nonmineralized osteocyte lacunae
% Mineralized osteocyte lacunae
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SECTION 9

Conclusions



Our study revealed the following key findings regarding the femoral neck quality in individuals with
T2DM compared with controls:

The microarchitecture of the trabecular bone in the femoral neck was found to be similar
between individuals with T2DM and the control group; the presence of vascular complications
led to the deterioration of trabecular microarchitecture.

Compared with the control group, the individuals with T2DM exhibited lower cortical thickness
and higher cortical porosity in the superolateral femoral neck region. This suggests potential
weakening of the cortical bone in T2DM individuals.

T2DM subjects had lower osteocyte lacunar number per bone area in the endocortical and
periosteal regions of the superolateral femoral neck compared with the corresponding regions in
the control group. However, osteonal density was similar between the two groups. This
indicates a difference in osteocyte lacunar distribution without a significant change in osteonal
density.

T2DM individuals had lower trabecular calcium width in the femoral neck compared with
controls. However, other trabecular mineralization parameters were similar between the
individuals with T2DM and the control group.

Significant variations were observed in the cortical and trabecular microarchitecture along the
superolateral femoral neck in the controls.

Overall, these findings provide insights into the specific alterations in the femoral neck bone quality
associated with T2DM, including changes in cortical thickness, cortical porosity, osteocyte lacunar
density, and mineralization pattern. Understanding these variations can contribute to a better
understanding of bone health and fracture risk in individuals with T2DM.
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