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Bone Quality Analysis оf Jaw Bones in Type 2 Diabetes and Alcoholic Liver Cirrhosis: 

Anatomical and Microstructural Evaluation 

Abstract: 

Increasing prevalence of type 2 diabetes mellitus (T2DM) in general population due to 

the aging society, sedentary lifestyle, and obesity results in growing numbers of T2DM 

patients in dental practice. Recent studies have suggested increased bone fragility in patients 

with T2DM; however, the mechanisms of T2DM-associated bone changes in jaw bones are 

still poorly understood. Indeed, patients with T2DM often present with a need for dental 

implant placement in the edentulous alveolar bone. Furthermore, titanium fixation screws, 

which need to be placed in the mandibular angle in case of a fracture located in that region 

are sometimes required in T2DM patients. T2DM-related alterations in jaw bone quality, 

which may have direct effects on osseointegration and implant survival in this patient 

population, have not yet been investigated. The question remains as to whether alterations in 

jaw bone quality in T2DM contribute to implant failure. 

Alcoholic liver cirrhosis (ALC) has a proven negative influence on bone quality at 

various skeletal sites, such as femur and spine. On the other hand, evidence about the 

influence of ALC on jaw bone quality is scarce. Dental patients with a history of alcohol 

abuse and possibly compromised liver function sometimes need surgical interventions on the 

jaw bone, in post-traumatic cases, tooth extractions etc. Information about the jaw bone 

quality in patients with ALC is needed to make an evidence-based decision about the 

possibilities for oral and maxillofacial surgery in these patients. 

 There is still poor understanding of bone quality in patients with T2DM and ALC; 

however, these patients, especially T2DM patients, are often met in the dental practice and 

decisions to treat or not to treat them are usually based on personal opinion of a physician. 

Therefore, there is a great need for evidence-based recommendations in clinical practice. In 

that context, we believe that understanding how T2DM and ALC affect bone quality on 

several hierarchical levels of observation could have significant clinical relevance in 

medicine and dentistry. Currently, patients treated with different antidiabetic medications are 

not distinguished clearly in clinical practice and the current clinical approach is not based on 

strong evidence. Therefore, the focus on the effects of T2DM treatment options (Insulin vs. 

OAD) on bone quality may also be of great practical value in oral and maxillofacial surgery. 

And it is important to clarify whether T2DM and ALC should be considered absolute or 

relative contraindications for oral interventions on bone, at least when it comes to the bone 

tissue status of these patients.  

The aim of this thesis was to explore bone quality of T2DM and ALC patients 

compared with healthy control group on several hierarchical levels in the edentulous region 

of the lower first molar and the mandibular angle, so as to provide structural evidence to 

estimate possibilities of for common treatments in oral and maxillofacial surgery. 

The following specific objectives were stated: 

i. to compare the jaw bone microstructural, compositional, and cellular properties 

between patients with T2DM and healthy controls;  

ii. to investigate the influence of OAD vs. insulin in T2DM individuals in a site-specific 

manner, and to 

iii. to compare the jaw bone microstructural, compositional, and cellular properties 

between individuals with ALC and healthy controls, in a site-specific manner. 



Mandible bone samples were collected during autopsy at the Faculty of Medicine, 

University of Belgrade, from male individuals aged over 65 years. The specimens were 

divided into three groups: T2DM group (n=10), ALC group (n=6), and age- and sex-matched 

healthy controls (n=11). Bone microstructure of the angulus and the molar regions was 

assessed using micro-computed tomography (Skyscan 1172 micro-CT, Bruker, Kontich, 

Belgium) at a spatial resolution of 10 µm. A separate analysis was performed for the cortical 

and trabecular compartments, providing 3D quantitative parameters of bone 

microarchitecture. Morphological analysis of osteons and osteocyte lacunae analysis was 

performed in ImageJ software. Next, evaluation of bone matrix mineralization using 

quantitative backscattered electron microscopy (qBEI) was performed. The composition of 

bone mineral and collagen phases, which indicate mechanical properties of bone matrix, was 

evaluated by Raman spectroscopy. Cellular and tissue characteristics of bone specimens were 

assessed using histomorphometry. Tissue sections were stained with toluidine blue and 

Masson-Goldner. Osseous cell and tissue indices, which indicate bone cell properties and 

ratios between active and inactive bone surfaces, were determined using OsteoMeasure 

histomorphometry system (Osteo Metrics, Atlanta, GA, USA).  

The parameters of jaw bone microstructure, composition, and bone cells were 

compared between individuals with T2DM and healthy controls in a site-specific manner. In 

the mandibular angle, T2DM showed lower porosity of the lingual cortex (p=0.004). In the 

trabecular bone of the mandibular angle higher trabecular thickness (p=0.008), fewer 

mineralized osteocyte lacunae (p=0.049), and smaller lacunae (p=0.03) were found in the 

T2DM group. More highly mineralized bone packets were found in the buccal cortex of the 

mandibular angle in insulin-treated compared to OAD-treated T2DM group (p=0.034). In the 

molar region, we found higher heterogeneity of trabecular calcium content in T2DM insulin 

than in the Control (p=0.015) and T2DM OAD (p=0.019) groups. The trabecular bone of the 

molar region showed a lower fractal dimension (p=0.028) and higher osteoclast number per 

bone perimeter in T2DM vs. the Control group (p=0.042). The lingual cortex of the molar 

region showed no difference in T2DM. The buccal cortex of the molar region had a lower 

mineralized osteocyte lacunar bone number (p=0.04) and a higher carbonate-to-phosphate 

ratio in T2DM (p=0.009). Inter-site comparisons (angulus vs. molar region) in the T2DM 

group and T2DM subgroups showed higher cortical porosity in the molar region compared 

with the angulus region in T2DM (p=0.007). 

 Similar to T2DM jaw bone quality study, there was substantial variability in bone 

quality between ALC and healthy controls. The trabecular bone of the molar region showed 

smaller lacunae in ALC than in the Control group (p=0.002). The lingual cortex of the molar 

region showed higher closed porosity in ALC compared with the Control group (p=0.003). 

The buccal cortex of the molar region had higher closed porosity (p=0.02) and a higher 

carbonate-to-phosphate ratio in ALC (p=0.008). The trabecular bone of the angulus region 

had lower calcium content (p=0.042), fewer highly mineralized bone packets (p=0.036), 

fewer octeoclasts (p=0.032), and a tendency towards lower osteoblast number in ALC 

compared with the Control group (p=0.056). The lingual cortex of the angulus region showed 

a tendency towards higher open porosity (p=0.098) and pore diameter in ALC (p=0.002). The 

buccal cortex of the angulus region showed higher closed porosity (p=0.007) in ALC 

compared with the Control group. Inter-site comparisons (angulus region vs. molar region) in 

the ALC group showed microstructural differences in trabecular geometry, such as higher 

degree of anisotropy in the angulus region (p=0.001) and higher fractal dimension in the 

molar region (p=0.033). 

 



The results indicated that T2DM caused microarchitectural alterations of the jaw 

bone, manifested by simpler microarchitectural geometry of the trabecular molar region and 

higher trabecular thickness at the trabecular angulus. Both insulin and OAD therapy affected 

bone remodeling, with OADs causing more intense resorption in the trabecular molar region 

several years after tooth extraction, and Insulin therapy predominantly causing alterations in 

mineralization. OAD therapy caused a filling effect of cortical pores in the lingual cortex of 

the angulus region. Insulin therapy was associated with packets of highly mineralized bone 

and layers of bone tissue of different calcium content in both observed regions of the 

mandible. Bone tissue in cases receiving OAD therapy had altered carbonate content 

compared with the healthy bone. The lower number of mineralized lacunae in T2DM 

compared with controls might suggest even younger tissue age due to DM-related faster 

remodeling. Cortical thickness of the jaw remained unchanged in T2DM. Taken together, all 

alterations to bone quality must have developed under a combination of local and systemic 

factors specific for each bony site of the jaw. Further research is required to explain the 

mechanisms of such bone tissue alterations in patients with diabetes. Based on the current 

data, there is generally no contraindication for the implant placement in T2DM patients as far 

as bone microstructure and composition are concerned. Nevertheless, alterations to bone 

quality might affect implant’s long-term stability, which requires further studies.  

ALC caused microstructural alterations of the jaw bone, manifested by higher closed 

porosity in cortical bone and lower lacunar size in the trabecular bone of the molar region. 

Trabecular bone of the angulus region had lower calcium content and lower resorptive 

activity in the ALC individuals than in the corresponding regions of the healthy individuals. 

Bone chemical composition was altered in buccal cortex of the molar region, with higher 

carbonate content in ALC compared with healthy individuals. Such bone tissue 

characteristics must have developed under a combination of systemic and local factors 

specific for each bony site of the jaw. Our findings suggest that jaw bone quality is altered in 

ALC, in terms of microstructure, mineralization, tissue composition, and cellular activity. It 

is possible that jaw bone in ALC has altered mechanical characteristics, but this needs further 

research. Oral and maxillofacial surgeons should approach patients with ALC with caution 

during surgical procedures involving bone, due to alterations in jaw bone quality. 

 This results from this thesis showed that T2DM and ALC alter bone quality of the 

mandible, and that alterations caused by T2DM and ALC differentially affect various bony 

sites and compartments of the mandible. Moreover, differences in bone quality between the 

angulus region of the mandible and the edentulous alveolar bone in the region of first lower 

molar are of interest to oral and maxillofacial surgeons. This thesis indirectly provides more 

possibilities for dental implant insertion and the titanium screw placement in patients with 

T2DM. In ALC patients, surgeons should bear in mind altered jaw bone tissue characteristics 

when performing interventions involving bone tissue. Taken together, this thesis provides the 

structural basis for consideration during making a treatment plan in oral and maxillofacial 

surgery of these patients. 

Key words: type 2 diabetes mellitus, alcoholic liver cirrhosis, jaw, bone, microstructure, 

mineralization, osteocytes 
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Анализа квалитета виличних костију код типа 2 дијабетеса и алкохолне цирозе 

јетре: анатомска и микроструктурна анализа 

 

Сажетак: 

 Повећана учесталост типа 2 дијабетес мелитуса (Т2ДМ) у општој популацији 

због старења друштва, неактивног стила живота и гојазности доводи до повећаног 

броја пацијената са Т2ДМ  у стоматолошкој пракси. Недавна истраживања указују на 

повећану ломљивост костију пацијената са Т2ДМ. Упркос томе, још увек се врло мало 

зна о механизмима промена на костима које се јављају у Т2ДМ. Код пацијената са 

Т2ДМ  често постоји потреба за уградњом зубних имплантата у безуби алвеоларни 

гребен. Осим тога, титанијумски шрафови за фиксацију, који се постављају у угао 

доње вилице у случају прелома локализованог у том региону, су некада потребни код 

пацијената са Т2ДМ. Промене у квалитету кости код Т2ДМ које могу имати директне 

ефекте на осеоинтеграцију и опстанак имплантата у овој популацији пацијената још 

увек нису истражени. Остаје питање да ли постоје промене у квалитету кости вилица у 

Т2ДМ које могу допринети губитку имплантата. 

Алкохолна цироза јетре (АЦЈ) има доказано негативан утицај на квалитет 

костију на различитим местима скелета, попут бутне кости и кичме. Међутим, докази о 

утицају АЦЈ на квалитет кости вилице су оскудни. Стоматолошким пацијентима који 

конзумирају алкохол и потенцијално имају оштећену функцију јетре понекад су 

потребне хируршке интервенције на костима вилица (нпр. у посттрауматским 

случајевима, вађење зуба итд.). У том смислу су неопходни подаци о квалитету кости 

вилице код пацијената са АЦЈ, пре свега да би се донела одлука заснована на доказима 

о могућностима оралне и максилофацијалне хирургије код ових пацијената.  

Jош увек се мало зна о квалитету кости код особа са Т2ДМ и АЦЈ. Ипак, ови 

пацијенти, нарочито они са Т2ДМ, често се срећу у стоматолошкој пракси, где се 

одлуке о томе да ли да се они хируршки збрину или не често заснивају на субјективној 

процени лекара. Због тога у клиничкој пракси постоји потреба за препорукама 

заснованим на доказима. У том смислу, разумевање како Т2ДМ и АЦЈ утичу на 

квалитет кости на неколико хијерархијских нивоа посматрања би могло имати велики 

клинички значај у медицини и стоматологији. Данас се не прави јасна разлика између 

пацијената третираних различитим антидијабетицима, и савремени клинички приступ 

није базиран на чврстим доказима. Због тога би истраживање ефекта различитих 

терапијских опција код Т2ДМ (инсулин и орални антидијбетици (ОАД)) на квалитет 

кости такође могло бити од великог практичног значаја у оралној и максилофацијалној 

хирургији. Важно је и разјаснити да ли би Т2ДМ и АЛЦ требало посматрати као 

апсолутну или као релативну контраиндикација за оралнохируршке интервенције на 

кости, бар када је у питању коштани статус ових пацијената. Штавише, 

микроархитектурне и микроструктурне карактеристике виличних костију особа са 

Т2ДМ које узимају инсулин или ОАД су такође од клиничког значаја. 

Општи циљ ове тезе је био да се на неколико хијерархијских нивоа посматрања 

истражи квалитет кости у безубој регији доњег првог молара и угла доње вилице код 

особа са Т2ДМ и АЦЈ у поређењу са здравом контролном групом, како би се поставила 

основа за унапређење процеса клиничког одлучивања у оралној хирургији, 

имплантологији и максилофацијалној хирургији код ових пацијената. 

Специфични циљеви ове тезе су били: 



(и) да се упореде микроструктура, састав и ћелијска својства кости доње вилице 

између особа са Т2ДМ-ом и здравих особа контролне групе; 

(ии) да се испита да ли се коштане карактеристике пацијената са Т2ДМ 

разликују у зависности од начина лечења (орални антидијабетици (ОАД) или инсулин) 

и да ли зависе од посматраног региона доње вилице; и 

(иии) да се упореде микроструктура, састав и ћелијска својства кости доње 

вилице између појединаца са АЦЈ-е и здравих особа контролне групе, као и да се 

испита да ли се коштане карактеристике разликују зависно од посматраног региона 

доње вилице. 

У овој тези, узорци кости доње вилице сакупљени су од мушкараца старијих од 

65 година током обдукција на Медицинском факултету Универзитета у Београду. 

Узорци су подељени у три групе: Т2ДМ група (n=10), АЦJ група (n=6) и здрава 

контролна група одговарајућег узраста и пола (n=10).  

Микроструктура кости региона ангулуса и безубог алвеоларног гребена доњег 

првог молара процењена је помоћу микрокомпјутеризоване томографије (Skyscan 1172 

micro-CТ, Bruker, Kontich, Белгија) при резолуцији од 10 µм. Одвојено су анализирани 

кортикални и трабекуларни одељак кости, чиме су утврђени 3Д квантитативни 

параметри микроархитектуре кости. Морфологија остеона (број остеона и дебљина 

њиховог зида) су анализирани у софтверу за обраду слика (ImageJ, Fiji). Процена 

коштане минерализације је извршена квантитативним имиџингом повратним 

распршењем електрона (qBEI). Састав минералне и органске фазе кости, који указује 

на механичка својства коштаног матрикса, одређен је Раман спектроскопијом (inVia, 

WiRE 5.1., Renishaw). Карактеристике ћелија и узорака коштаног ткива су испитане 

применом хистоморфометрије. Исечци ткива су обојени толуидин плавим и Масон-

Голднер трихромним бојењем. Индекси коштаних ћелија и ткива, који указују на 

својства коштаних ћелија и односе између активних и неактивних површина костију, 

утврђени су коришћењем система за хистоморфометрију OsteoMeasure (Osteo Metrics, 

Atlanta, GA, USA). 

Упоредили смо параметре коштане микроструктуре, хемијског састава и ћелија 

између особа са Т2ДМ и здравих контрола нижу порозност лингвалног кортекса 

(p=0,004). У трабекуларној кости ангулуса доње вилице, већа дебљина трабекула 

(p=0,008), мањи број минерализованих остеоцитних лакуна (p=0,049) и мање лакуне 

(p=0,03) су нађени у Т2ДМ групи. Више пакета хиперминерализоване кости је нађено у 

букалном кортексу ангулуса доње вилице (p=0,034) у подгрупи Т2ДМ леченој 

инсулином у поређењу са подгрупом Т2ДМ леченој ОАД-има. У региону молара, 

нашли смо већу хетерогеност садржаја калцијума у трабекуларној кости особа лечених 

инсулином у поређењу са контролом (p=0,015) и подгрупом леченом ОАД-има 

(p=0,019). Такође, трабекуларна кост у региону молара је показала нижу фракталну 

димензију (p=0,028) и већи број остеокласта у Т2ДМ у поређењу са контролном групом 

(p=0,042). Лингвални кортекс у региону молара није показао промене у Т2ДМ у 

поређењу са контролом. Букални кортекс у региону молара је имао нижи број 

минерализованих лакуна остеоцита (p=0,04) и виши однос карбоната према фосфатима 

у Т2ДМ групи у поређењу са контролном групом (p=0,009). Унутаргрупна поређења 

између различитих региона (регион ангулуса у поређењу са регионом молара) у групи 

и подгрупама Т2ДМ су показала већу кортикалну порозност у региону молара у односу 

на регион ангулуса у Т2ДМ групи (p=0,007). 



Слично као у делу студије о квалитету виличне кости у Т2ДМ, уочили смо 

значајну варијабилност у квалитету виличне кости између АЦЈ и здравих контрола. 

Трабекуларна кост региона молара је показала мање лакуне у АЦЈ у поређењу са 

контролном групом (p=0,002). Лингвални кортекс региона молара је показао мању 

затворену порозност у АЦЈ у поређењу са контролном групом (p=0,003). Букални 

кортекс региона молара је имао већу кортикалну порозност (p=0,02) и нижи однос 

карбоната према фосфатима у АЦЈ групи (p=0,008). Трабекуларна кост региона 

ангулуса је имала нижи садржај калцијума (p=0,042), мањи број пакета 

хиперминерализоване кости (p=0,036), мањи број остеокласта (p=0,032) и тенденцију 

ка нижем броју остеобласта (p=0.056) у АЦЈ групи у поређењу са контролном групом. 

Лингвални кортекс у региону ангулуса је показао тенденцију према већој отвореној 

порозности (p=0,098) и дијаметру пора у АЦЈ (p=0,002). Букални кортекс региона 

ангулуса је показао већу затворену порозност (p=0,007) у АЦЈ групи у поређењу са 

контролном групом. Унутаргрупна поређења између различитих региона (регион 

ангулуса у поређењу са регионом молара) у АЦЈ групи су показала микроструктурне 

разлике у трабекуларној геометрији, као што су виши степен анизотропије у региону 

ангулуса (p=0,001) и виша фрактална димензија у региону молара (p=0,033). 

Добијени резултати сугеришу да Т2ДМ изазива микроструктурне промене 

виличне кости, што се испољава једноставнијом микроструктурном геометријом 

трабекуларне кости региона молара и већом дебљином трабекула у региону ангулуса. 

И инсулином и ОАД утичу на ремоделовање трабекуларне кости. ОАД су изазвали 

повећану ресорпцију у региону молара неколико година након вађења зуба, док је 

терапија инсулином доминантно изазвала поремећаје у минерализацији. ОАД терапија 

је изазвала ефекат попуњавања пора у лингвалном кортексу региона ангулуса. Терапија 

инсулином је изазвала стварање пакета хиперминерализоване кости и слојеве коштаног 

ткива различитог садржаја кацијума у свим посматраним регионима доње вилице. 

Коштано ткиво пацијената лечених ОАД-има је имало поремећен садржај карбоната у 

односу на кост здравих особа. Смањен број минерализованих лакуна у Т2ДМ у 

поређењу са здравим особама сугерише још млађу коштану старост због бржег 

ремоделовања изазваног Т2ДМ-ом. Дебљина виличног кортекса остаје непромењена у 

Т2ДМ.  

Ове промене у квалитету кости су се морале развити под утицајем локалних и 

системских фактора специфичних за сваки регион виличне кости. Даља истраживања 

су потребна да би се објаснио механизам наведених промена квалитета кости код особа 

са Т2ДМ. На основу садашњих информација, генерално нема контраиндикација за 

уградњу зубних имплантата код особа са Т2ДМ, бар када су у питању микроструктура 

и састав кости. Ипак, промене у саставу кости би могле утицати на дугорочну 

стабилност имплантата, што захтева додатна истраживања. 

Показали смо да АЦЈ изазива промену микроструктуре виличне кости, што се 

огледа у већој затвореној порозности у кортикалној кости, као и у мањој величини 

лакуна у трабелукарној кости у региону молара. Трабекуларна кост региона ангулуса 

има мањи садржај калцијума и мању ресорптивну активност код особа са АЦЈ него код 

здравих особа. Хемијска структура кости је промењена у букалном кортексу региона 

молара, са већим садржајем карбоната у АЦЈ у поређењу са здравим особама. Овакве 

карактеристике коштаног ткива су се морале развити под утицајем системских и 

локалних фактора за сваки коштани регион вилице. Наши резулттаи указују на то да је 

квалитет виличне кости промењен у АЦЈ у смислу микроструктуре, минерализације, 

састава коштаног ткива и ћелијске активности. Могуће је да коштано ткиво у АЦЈ има 



промењене механичке карактеристике, али ова претпоставка захтева додатна 

истраживања. Орални и максилофацијални хирурзи би требало да пацијентима са АЦЈ 

приступе са опрезом током хируршких процедура које укључују коштано ткиво, због 

промењеног квалитета кости у односу на здраве особе. 

Резултати овог истраживања су показали да Т2ДМ и АЦЈ мењају квалитет кости 

доње вилице, као и да промене изазване Т2ДМ-ом и АЦЈ-ом различито утичу на 

поједине коштане регионе и одељке доње вилице. Осим тога, регионалне 

специфичности у квалитету кости региона ангулуса и безубог региона доњег првог 

молара су од значаја за оралне и максилофацијалне хирурге. Ова теза индиректно 

пружа више могућности за уградњу зубних имплантата и постављање титанијумских 

шрафова код пацијената са Т2ДМ. Код пацијената са АЦЈ, хирурзи би требало да имају 

на уму промењене карактеристике коштаног ткива када изводе интервенције које 

укључују кост. Резултати ове докторске тезе чине струкктурну основу за разматрање 

током израде плана терапије у ораланој и максилофацијалној хирургији пацијената са 

Т2ДМ и АЦЈ. 
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1. Introduction 
 

1.1 Bone hierarchical organization 

 

 Bone is a complex nanocomposite material that can be observed on several 

hierarchical levels. At microscale bone is composed of osteons, osteonal lamellae and 

trabecular packets. At nanoscale bone is composed of bone cells and bone matrix (Figure 1). 

Osteons, cylindrical formations of bone tissue, are a basic unit of cortical bone structure. 

Osteons consist of several lamellae with collagen fibers oriented in opposite directions in 

every next lamella. One lamella consists of many collagen fibers oriented in a uniform 

direction. One collagen fiber consists of many collagen fibrils. Bone cells, osteocytes, are 

immersed in bone matrix. Bone matrix is made of organic component, mostly type I collagen, 

and inorganic component, mostly hydroxyapatite. 
  

 
 

 

 

 

 

 

 

 

 

 

 

 

1.2 Bone quality 

 

 Bone tissue is often observed as a material, since it also has mechanical function. 

Bone strength is the ability of bone tissue to resist force: it is determined by bone mineral 

density (BMD) and bone quality (Figure 2). BMD is measured by dual X-ray absorptiometry 

(DXA). BMD is a main clinical indicator for the assessment of the quantity of mineralized 

Figure 1: Hierarchical organization of bone structure. a) Three cross-sectioned osteons with 

interstitial lamellae between them (blue arrowhead). b) Osteon consists of several lamellae with 

collagen fibers oriented in opposite directions. c) One lamella consists of many collagen fibers 

oriented in a uniform direction. Red circles represent endings of collagen fibers. d) One collagen 

fiber (red tube) consists of many collagen fibrils (green lines). a-c) Microscale bone composition. e-

g) Bone cells. d-g) Bone collagen and bone cells belong to nanoscale bone composition. e) 

Osteocytes, mutually connected via their processes inside bone canaliculi, form a network that 

orchestrates bone remodeling. f) Osteoblasts are bone-forming cells found on bone surfaces. g) 

Osteoclasts are multinucleated cells that resorb bone tissue. 
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substance per bone surface or volume. Bone quality is a complex term that encompasses bone 

microarchitecture, bone tissue material properties and microdamage. [Saito 2014]. Bone 

microarchitecture refers to microstructural organization of bone tissue which is described by 

bone porosity, tissue volume, trabecular connectivity etc. Bone microdamage in form of 

microcracks is usually seen in aged bone tissue. Altered bone tissue material properties can 

lead to increased bone fragility [Palermo 2017]. 

 

 
 

 

 

 

 

 

1.3 Type 2 diabetes mellitus and bone quality 

 

 Diabetes mellitus (DM) is a metabolic disease characterized by absence of insulin 

production or resistance to insulin.  DM affected 463 million adults worldwide (9% of the 

global population) in 2019. Around 90% of patients with DM have type 2 DM (T2DM) 

[WHO, Lancet 2016].  

 Pathophysiological mechanisms underlying bone fragility in diabetes mellitus are 

complex, and can include:  

 Advanced glycation endproducts (AGEs) formation, 
 Microvascular complications, 
 Mineralization alteration, 
 Microarchitectural alterations, 
 Changes to bone marrow adiposity, 
 Osteocytes’ apoptosis, 

 Lower bone formation, 
 Higher bone resorption [Napoli 2017, Palermo 2017] (Figure 3). 

 

Figure 2: Bone strength is determined by bone mineral density (BMD) and bone quality. Bone quality 

is a complex term that encompasses: bone microarchitecture, bone tissue material properties and 

microdamage. Altered bone strength can lead to increased bone fragility. 
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 General features of T2DM that cause bone quality alterations are; hyperglycemia, 

hyperinsulinemia, insulin resistance of cells, oxidative stress and generalized proinflammatory state. 

(Napoli 2017) [5]. 

 

 One major mechanism of bone quality impairment in T2DM is the formation of 

advanced glycation endproducts (AGEs). AGEs are non-enzymatic crosslinks formed inside 

collagen fibrils in pathological conditions and in aged bone tissue. AGEs are post-

translational modifications of collagen resulting from a spontaneous reaction between 

extracellular sugars and amino acid residues on collagen fibers. In contrast, in healthy 

conditions enzymatic crosslinks are formed between collagen chains. Organic bone matrix in 

which enzymatic collagen crosslinks dominate over non-enzymatic crosslinks (AGEs) has 

been proven to have superior mechanical features compared with bone matrix with dominant 

non-enzymatic collagen crosslinks (AGEs). In other words, the more AGEs bone matrix has, 

the more inferior bone quality is. [Woelfel 2020, Karim 2018 Bone] 

 Microvascular complications are another mechanism of bone quality alterations in 

T2DM. Small blood vessels in various organs such as kidneys, retina and heart, deteriorate in 

T2DM, causing low perfusion of these organs. Cirovic et al. (2022) found lower bone volume 

ratio (BV/TV) in femoral neck region of T2DM persons with microvascular complications 

compared to T2DM persons without microvascular complications, by using micro-

computerized tomography (micro-CT).    

Next, studies that used densitometry analysis (DXA) revealed normal or increased 

BMD in T2DM subjects compared to controls [Fan 2016]. Since fractures may occur in 

diabetic population regardless of BMD values, BMD cannot be observed as a sole indicator 

of bone mechanical competence in T2DM [Napoli 2016]. 

 Importantly, most papers have reported microstructural alterations of several skeletal 

regions in T2DM, although some inconsistencies may be recognized. For example, 

Shanbhogue et al. (2016) performed high-resolution peripheral quantitative computed 

tomography (HR-pQCT) in T2DM and healthy patients and found lower cortical thickness 

and higher cortical porosity in distal radius of T2DM patients compared to healthy controls. 

Figure 3: Pathophysiological mechanisms of bone quality alterations in T2DM. a) Non-enzymatic 

crosslinks or advanced glycation endproducts (AGEs) are formed inside collagen fibrils. Green lines 

inside red tube represent collagen fibrils inside one collagen fiber. b) General features of T2DM that 

cause bone quality alterations include: hyperglycemia, hyperinsulinemia, insulin resistance of cells, 

oxidative stress and generalized proinflammatory state. c) Microvascular complications, such as 

occlusion and deterioration of small blood vessels, occur in latter stages of T2DM. d) Mineralization in 

T2DM might be altered. e) Bone marrow stem cell (green cell) differentiates towards adipocytes 

(yellow cells) in T2DM, causing bone marrow adiposity. f) T2DM causes bone microarchitectural 

alterations, such as: higher cortical porosity, higher trabecular thickness and lower cortical thickness. g) 

Hyperglycemia has direct toxic effect on osteocytes, as it causes their apoptosis. h) Osteoblasts produce 

less new bone tissue in T2DM, i.e. bone formation is lower in T2DM. i) Osteoclastic bone resorption is 

either higher or unchanged in T2DM.  
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Burghardt et al. (2010) reported higher trabecular thickness and higher cortical porosity in 

T2DM patients’ tibia compared to controls by using HR-pQCT. Next, Wölfel et al. (2020) 

found high cortical porosity in mid-diaphyseal region of individuals with T2DM by using 

micro-computed tomography (micro-CT). In contrast, Osima et al. (2017) reported lower 

cortical porosity of proximal femoral shaft in T2DM women compared to controls by using 

computerized tomography (CT). Finally, Karim et al. (2018) found that microarchitecture did 

not differ between T2DM and control group in trabecular cores from medial femoral neck. 

Variable results may be explained by the differences in skeletal site investigated, gender, 

presence of microvascular complications and other factors.  

Furthermore, bone marrow adiposity has been proven to alter bone quality in T2DM 

patients [Andrade 2021]. Adipocytes and osteoblasts both originate from bone marrow stem 

cells. In diabetic conditions bone marrow stem cells differentiate towards adipocytes rather 

than towards osteoblasts, increasing bone marrow adiposity and reducing bone formation.  

Next, osteocytes’ apoptosis may be an issue in T2DM. Lacunae of apoptotic 

osteocytes may mineralize, which can be seen in aged bone tissue [Milovanovic 2015], 

usually in elderly persons. T2DM is also associated with negative effects on the 

mechanosensing properties of osteocytes [Picke 2019]. 

 Pathophysiological mechanism that acts on osteoblasts and osteoclasts in T2DM 

includes oxidative stress and hyperglycemia. Oxidative stress found in T2DM promotes a 

generalized state of inflammation which causes inefficient bone tissue repair. Moreover, 

hyperglycemia has direct toxic effect on bone cells, osteoblasts and osteocytes. In 

hyperglycemic conditions osteoblasts produce less new bone tissue which might have 

qualitative irregularities in mineral or organic substance.  

 Regarding bone remodeling during DM, there is osteoblast insufficiency and 

enhanced bone resorption [Pietschmann 2010]. There is also evidence of low bone formation, 

although evidence of increased bone resorption in T2DM is not consistent [Picke 2019] 

[Palermo 2017, Murray 2019]. Gennari 2012 and Pacicca 2019 found elevated circulating 

sclerostin levels in persons with T2DM and in aged persons. Sclerostin is an inhibitor of bone 

formation and is produced by osteocytes. In vitro and animal studies report an unaltered rate 

of bone resorption [Cunha 2014, El Maghraoui 2015], whereas some studies have suggested 

increased osteoclastic activity in DM under certain conditions, such as in periodontal disease 

[Wu 2015, Pacios 2013] and osteoporosis [Yamagishi 2012]. DM affects periodontal bone 

tissue adjacent to teeth by increasing osteoclast number and activity and by increasing the 

osteoclast number and activity and by inducing osteoblasts apoptosis [Wu 2015].  Other 

studies have even reported inhibited osteoclast function and differentiation in a diabetic 

environment [Kasahara 2010, Wittrant 2008, He 2015].  

 Due to the conflicting evidence and generally negligent effect that has been observed 

in osteoclasts, it seems likely that the impaired bone remodeling in T2DM is primarily due to 

inhibited osteoblastic and progenitor cell activity rather than due to an alteration in bone 

resorption. However, further research is needed to clarify the effect of diabetes mellitus on 

osteoclastic function and differentiation. Bone cells’ activity in an edentulous alveolar ridge 

after a tooth socket has been remodeled is still unknown. 
 

1.4 Jaw bone quality in T2DM 

 

 Alveolar region has tremendous clinical significance as it hosts dental roots and is the 

region bearing dental implants. Since first molars are the center of occlusion and bear the 

strongest forces during mastication [Ferrato 2017], prosthetic replacement of these teeth is 

important in patients who lose them [Ferrato 2017]. Therapeutic options can include 

prosthetic restorations on dental implants, also in T2DM patients [Naujokat 2016]. 
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Mandibular angle is important in maxillofacial surgery since titanium fixation screws need to 

be inserted there in case of a fracture of that jaw region (Figure 4). 
  

 

  

 

 

 

 

 

 

 

Figure 4: Circle marked with 1 represents location of titanium fixation screws which need to be 

inserted into the mandibular angle in case of a fracture of that jaw region. Circle marked with 2 

represents alveolar bone in the region of 1
st
 molar; alveolar bone hosts dental roots and is the region 

bearing dental implants after a tooth is lost. (Original drawings) 

 

 

 There is scarce evidence about the effects of T2DM on the human jaw bone. A 

clinical study on T2DM patients with dental implants (mean age 52 years, male and female) 

showed that plaque index, bleeding on probing, probing depth, marginal bone loss (using 

digital periapical radiographs), and advanced glycation end-products (AGEs) levels in peri-

implant sulcular fluid were significantly higher in the diabetic and pre-diabetic group 

compared to controls [Alrabiah 2018]. Other clinical studies have offered data about the 

periodontal status of T2DM patients [Javid 2019, Mauri-Obradors 2018], and 

radiomorphometric indices measured on panoramic X-rays [Kurşun-Çakmak 2018]. A 

significant inverse correlation between HbA1c values and cortical and trabecular bone 

density in the posterior region of the mandible has been reported using cone-beam computed 

tomography (CBCT) and bone mineral density (BMD) measurements on alveolar bone in 

patients with T2DM and controls (mean age 51 years, male and female) [Nemtoi 2013]. 

However, no clinical research has evaluated bone quality of alveolar bone in T2DM patients 

on microstructural, compositional and cellular level. 

 Animal studies on T2DM bone tissue characteristics of alveolar bone have focused 

mostly on streptozotocin-induced diabetes models. Bulut et al. (2014) and Akyol et al. (2010) 

found that jaw bone defects in streptozotocin-induced diabetic rat model exhibited poorer 

healing than the non-diabetic group, as well as reduction in cellular proliferation and 

hampered conversion of connective tissue to bone. In a different study analyzing 

streptozotocin-induced diabetes in pigs, it was shown that jaws in diabetic pigs had thicker 

trabeculae and wider mineralization zones than jaws in control animals [von Wilmowsky 

2016]. However, since streptozotocin is a substance that acts toxically on the pancreatic β-

cells, streptozotocin diabetic animal models may not be an optimal model for T2DM, where 

insulin is still produced but resistance to its effects leads to increased blood glucose levels. 

 

1.5 Effect of T2DM medications on jaw bone quality 

 

 The risk of hip fracture is higher in patients with T2DM. The risk is increased further 

in those treated with insulin, as well as in those with poor glycemic control [Palermo 2017, 

Napoli 2017]. 

 Patients with T2DM who take oral antidiabetic medications (OAD) should not be 

observed together with T2DM patients treated with insulin. Indeed, it was noted by some 

authors that “there’s an unfortunate tendency to lump all diabetics into one category, which 
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should not be the case” [Goss 2013]. Insulin has a proven anabolic effect on bone tissue, 

whereas OAD have various effects [Guja 2019, Thrailkill 2005]. So far, there is no evidence 

of the jaw bone microstructure of T2DM patients treated with OAD vs. insulin. Yet, these 

groups of patients are treated differently in oral surgical practice, in a manner adopted and 

based on the clinicians’ experience. For example, a survey on the antibiotic-prescribing habits 

of dentists has shown that 27% of practitioners categorize poorly controlled T2DM on insulin 

as a high-risk condition for which they prescribe antibiotics prior to an invasive procedure, 

which is currently not recommended by existing guidelines [Tomczyk 2018, Power 2019]. 

 

1.6 Type 2 diabetes mellitus patients in oral surgical practice 

 

 Increasing prevalence of T2DM in the general population due to the aging society, 

sedentary lifestyle, and obesity results in growing numbers of T2DM patients in the dental 

practice. Patients with T2DM often present with a need for dental implant placement in the 

edentulous alveolar bone [Naujokat 2016]. Furthermore, titanium fixation screws, which need 

to be placed in the mandibular angle in case of a fracture located in that region are sometimes 

required in T2DM patients [Ward 2015, Chrcanovic 2014, Chrcanovic 2012, Rao 2007]. 

T2DM is considered a relative contraindication for implant placement [Kudiyirickal 2015, 

Singh 2020], and it is left to the surgeon to decide whether a patient with T2DM could 

receive an implant [Chrcanovic 2014]. This is usually decided based on the oral hygiene 

status and the glycemic control [Naujokat 2016, Castellanos-Cosano 2019, Marchand 2012]. 

Nevertheless, data from literature show that up to 14% of T2DM patients experience dental 

implant failure, manifested by peri-implantitis and implant loosening [Aguilar-Salvatierra 

2016, Escow 2017, Oates 2014, Alsaadi 2008, Peled 2003, Parihar 2020].  

 Peri-implantitis is a progressive and irreversible disease of implant-surrounding hard 

and soft tissues and is accompanied with bone resorption, decreased osseointegration, 

increased pocket formation and purulence [Smeets 2014] (Figure 5). T2DM-related 

alterations in jaw bone quality, which may have direct effects on osseointegration and 

implant survival in this patient population [Oates 2013], have not yet been investigated. 

Consequently, the question remains as to whether alterations in jaw bone quality in T2DM 

contribute to implant failure.  

 
Figure 5: Possibilities for dental implant placement and peri-implantitis in healthy and diabetic 

patients. Grey cylinder represents dental implant. Yellow field with brown dots represents bone. Pink 

or red field is gingiva. a) Dental implant surrounded by bone and gingiva in healthy patients. b) 

Dental implant in T2DM patients might be placed in bone tissue with altered characteristics. Possible 

bone quality alterations are represented as light blue rhomboid shapes pointed to by arrows.  c) Peri-

implantitis in healthy patients. Bone resorption around implant is represented as damage of the yellow 

field. Pocket formation and inflamed gingiva are represented as red shapes. d) Peri-implantitis in 

T2DM patients. Possible jaw bone quality alterations in T2DM (blue rhomboid shapes) might favor 

peri-implantitis (yellow field damage and red shapes). 
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1.7 Alcoholic liver cirrhosis (ALC) 

 

 Liver cirrhosis is defined as diffuse histological development of regenerative nodules 

surrounded by fibrous bands in response to chronic liver injury, which leads to portal 

hypertension and end-stage liver disease [Schuppan 2008]. Liver cirrhosis may lead to severe 

complications, such as variceal bleeding, ascites, and hepatic encephalopathy [Schuppan 

2008]. When liver cirrhosis occurs, the sinusoidal space between hepatocytes ensuring blood 

supply to the parenchyma decreases, sinusoidal endothelial cell fenestrations collapse, and 

numerous new vessels formed around the cirrhotic nodules bypass the obstructed normal 

route [Magdaleno 2017]. This vascular proliferation contributes to the remodeling of the liver 

architecture, collateral flow and portal hypertension [Magdaleno 2017]. 

 Excess alcohol consumption is the most frequent cause of liver cirrhosis in Europe. In 

the United States, the prevalence of cirrhosis is 0.27%, corresponding to 633,323 adults in 

2015 [Magdaleno 2017]. Thus, ALC is an important public health concern and a significant 

cause of morbidity and mortality worldwide. In most cases, in addition to alcohol 

consumption, lifestyle, gender, ethnic and socioeconomic factors may contribute or synergize 

in the progression of the disease.  

 

1.8 ALC and bone quality  

 

 Factors that cause development of alcoholic bone disease in ALC include ethanol 

(with its direct toxic effect on bone cells), circulating proinflammatory cytokines, chronic 

pancreatitis, increased risk of trauma, malnutrition, vitamin D deficiency, calcium deficiency, 

leptin overproduction, hypogonadism, iron overload, neuropathy and myopathy (Figure 6). 

Proinflammatory cytokines, such as tumor necrosis factor α (TNFα) and interleukins 1 and 6 

(IL-1, IL-6), are produced by Kupfer cells in the liver and are secreted into blood. These 

cytokines activate osteoclasts both directly and indirectly. IL-6 indirectly activates osteoclasts 

by stimulating osteoblast production of receptor activator of nuclear factor kB ligand 

(RANKL) [Handzlik-Orlik 2016]. Ethanol has direct toxic effects on bone cells by favoring 

osteocyte apoptosis, enhancing the activity of osteoclasts, and inhibiting the activity of 

osteoblasts through proinflammatory cytokines and RANKL. Disturbed metabolism of 

calcium and vitamin D results from impaired 25-hydroxilation of vitamin D precursor in the 

liver, intestinal malabsorption, malnutrition and decreased skin synthesis in patients with 

jaundice [Handzlik-Orlik 2016]. Leptin overproduction by adipocytes stimulates the synthesis 

of proinflammatory cytokines, TNFα and IL-1. Iron is deposited in the liver in ALC, which 

increases reactive oxygen species production [Madaleno 2017]. ALC is associated with 

several endocrinological disorders including hypogonadism, hyperparathyroidism and 

hypercortisolism, which disrupt mineralization, osteoblast proliferation and collagen 

synthesis [Lopez-Larramona 2013]. Muscle atrophy and neuropathy, which contribute to low 

BMD in ALC, are associated with vitamin D deficiency and low testosterone levels. 

Myopathy and neuropathy lead to increased risk of trauma in patients with ALC [Gonzalez-

Reimers 2015]. Chronic pancreatitis is another feature of ALC that causes altered vitamin D 

and calcium absorption and malnutrition [Kizigul 2016]. 

a 

a 
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Negative influence of alcoholic liver cirrhosis (ALC) on bone quality has been investigated at 

various skeletal sites, such as femur and spine (Culafic 2015, Jadzic 2020, Fabrega 2005) 

[53,54,55]. For example, results of one observational cadaveric study on males with ALC 

indicated greater fragility of proximal femur compared to healthy individuals (Culafic 2015) 

[54]. Lower areal BMD, cross-sectional area and section modulus, thinner cortex, and higher 

buckling ratio were associated with lower bone strength (Culafic 2015) [54]. Another study 

showed significant trabecular deterioration revealed by micro-CT analysis of lumbar 

vertebrae obtained from male ALC donors (Jadzic 2020) [55]. The same study showed no 

prominent alteration in cortical parameters in lumbar vertebrae of ALC patients (Jadzic 2020) 

[55]. 

 

 

1.9 ALC effect on jaw bone quality 

 

 Notably, the evidence about the influence of ALC on jaw bone quality is scarce. The 

only available data encompass studies about alveolar bone status based either on panoramic 

X-ray images or on clinical parameters of periodontal health, such as number of present teeth, 

bleeding on probation, periodontal pocket depth [Rigawa 2013, Grønkjær 2016, Oetinger-

Barack 2002]. For example, Rigawa et al. found an increased Russel’s periodontal index, an 

index that estimates the degree of periodontal disease by measuring both bone loss around the 

teeth and gingival loss in patients with ALC [Rigawa 2013]. Grønkjær et al. found periapical 

radiolucencies in 46% of patients with ALC [Grønkjær 2016] and found greater vertical 

alveolar bone loss in patients with ALC compared to the controls.  

 No research so far has evaluated the alveolar bone microstructure and quality directly 

on bone samples originating from humans with ALC.    

Figure 6: Pathogenesis of alcoholic bone disease in alcoholic liver cirrhosis (ALC). a) Schematic 

representation of histology of healthy liver vs. cirrhotic liver. Healthy liver tissue (left half of the 

circle) consists of lines of hepatocytes (yellow cells), blood vessels (pink tube) with endothelial 

fenestrations (thin black separated lines), and inactive myofibroblasts (thin green cells). Cirrhotic 

liver tissue (right half of the circle) features regenerative nodules of ballooned hepatocytes with lipid 

vesicles (large yellow cells with white circles), blood vessels (pink tube) without endothelial 

fenestrations (continuous black line), and active myofibroblasts (large green cells) that produce 

excessive amounts of extracellular matrix (irregular yellow fields between the cells). b) Factors that 

cause development of alcoholic bone disease in ALC include ethanol with its direct toxic effect on 

bone cells, circulating inflammatory cytokines, chronic pancreatitis, increased risk of trauma, 

malnutrition, vitamin D deficiency, calcium deficiency, leptin overproduction, hypogonadism, iron 

overload, neuropathy, and myopathy. c) Schematic representation of femoral bone. d)-g) Cellular and 

microstructural alterations in alcoholic bone disease in ALC proven in contemporary literature. d) 

Osteoblasts in ALC show lower bone formation compared to patients with healthy liver. e) 

Osteoclasts in ALC show higher bone resorption. f) Osteocytes in ALC might succumb to apoptosis. 

g) Bone quality and microstructure in ALC feature higher cortical porosity and lower areal BMD. 
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1.10 ALC patients in oral surgical practice 

 

 Dental patients with a history of alcohol abuse and possibly compromised liver 

function sometimes need surgical interventions on the jaw bone, such as in post-traumatic 

cases and tooth extractions [Silva-Santos 2012, Guggenheimer 2007]. Information about the 

jaw bone quality in patients with ALC is needed in order to make an evidence-based decision 

about the possibilities for oral and maxillofacial surgery in these patients. Since the first 

molar is the tooth that is the most often extracted [Chrcanovic 2012], the microstructure of 

this bony region is of interest also for ALC patients. Another important region for 

maxillofacial surgery is the angulus region of the mandible, since the fixation screws are 

placed there in case of a mandibular fracture [Sella-Tunis 2018].  

 Generally, it is already known that ALC leads to changes in bone structures of various 

skeletal regions. So far, it has not been investigated in what way and whether it affects the 

jaw bone. Since ALC patients often require oral surgery, it is necessary to examine bone 

quality in clinically important jaw bone sites.  Information about the jaw bone quality in 

patients with ALC is needed to make an evidence-based decision about the possibilities for 

oral and maxillofacial surgery in these patients. 

 

 

2.  Research Aim and Objectives 

 

 General aim of this thesis was to explore bone quality of T2DM and ALC patients 

compared with healthy control group on several hierarchical levels in the edentulous region 

of the lower first molar and the mandibular angle region, in order to reveal information 

relevant for common treatments in oral and maxillofacial surgery. 

Specific objectives were as follows: 

1. to compare the jaw bone microstructural, compositional, and cellular properties between 

patients with T2DM and healthy controls,  

2. to investigate the influence of OAD vs. insulin in a site-specific manner, and to 

3. to compare the jaw bone microstructural, compositional, and cellular properties between 

individuals with ALC and healthy controls, in a site-specific manner.  
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3. Material and methods 

 

3.1 Study design and sample characterization 

 

 Mandible bone cores were collected during autopsy at the Institute of Forensic 

Medicine, Faculty of Medicine, University of Belgrade, from male individuals aged over 65 

years. The T2DM group (n=10, age: 70.6±4.5 years) was distinguished from healthy controls 

(n=11, age: 71.5±3.8 years) based on medical records. In the T2DM group, we differentiated 

between individuals with T2DM who had been treated with oral antidiabetic medications 

(OAD subgroup, n=5, age: 70.2±5.5 years) and those on insulin therapy (Insulin subgroup, 

n=5, age: 71±4.1 years). The cirrhosis group consisted of six individuals (n=6, age: 

70.83±2.48 years). All individuals had their 1
st
 lower molar extracted 3–6 years prior to post-

mortem bone core collection. The inclusion criterion was the lack of the 1
st
 lower molar, 

whereas the exclusion criteria encompassed malignant diseases, kidney disease, 

immunocompromised status, and hematological disorders. All individuals who participated in 

this study originated from similar socioeconomic backgrounds. They had access to medical 

resources, adequate nutrition, and little or no physical activity. The research protocol was 

approved by the Ethics Committee of the Faculty of Medicine, University of Belgrade. 

 The samples were collected using a dental hand piece instrument with a trephine burr 

attached to a micromotor. Bicortical bone cores were collected from two mandibular regions 

(Figure 7): the edentulous region of the first molar (Molar region) and the mandibular angle 

region (Angulus region). The mesiodistal diameter of all samples was 8 mm. The sample 

length (distance from buccal to lingual cortex, or the buccolingual dimension) showed 

variability between individuals and mandible regions, which is a feature already known in 

anthropological literature [Sella-Tunis, 2018]. The samples were immersed in 10% formalin 

solution until further use. The sample edges that were in direct contact with trephine burr 

were excluded from the region of interest for all bone quality assessment methods. 

 

 
 

 

 

 

 

Figure 7: Bone core sites of bicortical human mandible samples and 3D sample reconstructions 

based on micro-CT scans (CT Vox software). (a and b) Drawings of mandible from different 

perspectives. Bone core site 1 is the mandibular angle (Angulus region), and bone core site 2 is the 

edentulous region of the 1
st
 lower molar (Molar region). (c) Angulus sample. (d) Molar sample. (c 

and d) Triangle marks the lingual cortex and “x” marks the buccal cortex. The sample length 

slightly differed between the individuals due to normal variations in mandibular morphology. 
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3.2 Assessment of bone microarchitecture  

 

 Bone microstructure of the angulus and molar samples was assessed using a micro-

computed tomography (micro-CT) system operated at a spatial resolution of 10 µm (Skyscan 

1272, Bruker, Kontich, Belgium). The samples were kept hydrated with formalin in parafilm, 

mounted on a holder and scanned in native condition. Scans were acquired at 80 kV and 124 

mA with an Al–Cu filter, an exposure time of 1220 ms and rotation step of 0.4°. Cortical and 

trabecular bone regions of interest were marked manually in the software. 3D bone 

morphology of the T2DM and the Control group bone cores was quantified based on 3D 

evaluation using CTAn software (Bruker, Kontich, Belgium). During the 3D analysis of jaw 

bone cores, a separate analysis was performed for the trabecular bone, buccal cortex, and 

lingual cortex of each jaw bone core. 

 For cortical bone, the following parameters were determined:  bone volume per tissue 

volume, which represents volume of bone tissue within the sample volume (BV/TV, %); 

open porosity, which represents volume of pores that communicate with sample surface 

(Po(op), %); closed porosity, which represents volume of pores that do not communicate with 

sample surface (Po(cl), %); total porosity, which represents volume of pores that 

communicate with sample surface plus pores with no communication with the surface 

(Po(tot), %); and pore diameter (Po.Dm, mm). Trabecular bone microstructure was evaluated 

through the following parameters: bone volume per tissue volume (BV/TV, %); structure 

model index (SMI), which represents shape of trabeculae (the higher the number, the longer 

and thinner the trabeculae); degree of anisotropy (DA), which represents trabecular 

orientation in space (the higher the number, the more uniform trabecular orientation); fractal 

dimension (FD), which represents a measure of repetitiveness of geometry on several levels; 

trabecular thickness (Tb.Th, mm); trabecular number (Tb.N, mm); trabecular pattern factor 

(Tb.Pf, 1/mm), which represents trabecular connectivity; trabecular separation (Tb.Sp, mm); 

and connectivity density (Conn.Dn, 1/mm
3
), which represents the number of connections 

between trabeculae per volume (Table 1). 

 

 
 

 

Parameter Unit Definition Bony site 

BV/TV % Bone volume per tissue volume 

Buccal cortex,  

Lingual cortex, 

Trabecular bone 

Po.op  % Open porosity 
Buccal cortex,  

Lingual cortex 

Po.cl % Closed porosity 
Buccal cortex,  

Lingual cortex 

Po.tot % Total porosity 
Buccal cortex,  

Lingual cortex 

Po.Dm mm Pore diameter 
Buccal cortex,  

Lingual cortex 

SMI - Structure model index Trabecular bone 

DA - Degree of anisotropy Trabecular bone 

FD - 
Fractal dimension, a measure of 

repetitiveness of geometry on several levels 

Trabecular bone 

Tb.Th mm Trabecular thickness Trabecular bone 

Tb.N 1/mm Trabecular number Trabecular bone 

Table 1: Parameters of cortical and trabecular bone microstructure evaluated by micro-computed 

tomography (micro-CT) 
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Tb.Pf 1/mm Trabecular pattern factor Trabecular bone 

Tb.Sp mm Trabecular separation Trabecular bone 

Conn.Dn 1/mm
3
 Connectivity density Trabecular bone 

 

 

3.3 Evaluation of bone matrix mineralization 

 

 After fixation in formalin, the samples underwent stepwise dehydration in increasing 

concentrations of ethanol, immediately before they were embedded in polymethyl 

methacrylate (PMMA). Sample blocks were cut perpendicular to the osteonal direction, and 

polished coplanar for bone mineralization analysis via quantitative backscattered electron 

imaging (qBEI).  

 Quantitative backscattered electron imaging (qBEI) is a type of scanning electron 

microscopy where a high-power electron beam is emitted, reflected and scattered backwards 

of a polished sample surface. Atoms with higher mass (high atomic number) scatter more 

electrons compared to atoms with lower mass (low atomic number). Stronger electron scatter 

(high mass atoms) produces darker image, and less intense electron scatter produces lighter 

image. qBEI produces images with areas that have various shades of grey. This contrast 

enables qBEI to be used for detection of different chemical content on the sample surface. 

[Jokanovic 2014. Instrumentalne metode. Chapter 14 Electron microscopy, p 696].  

 Prior to the qBEI imaging, the samples were carbon-coated. The specimens were 

examined 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). Bone mineral density 

distribution was determined based on grey value images following previously described 

protocols [Milovanovic 2015, Roschger 2008]. Calibration of the system was performed 

using a carbon aluminum standard, allowing the quantification of bone mineral as calcium 

weight percentage. All parameters were obtained by using a custom routine in Matlab 

software. Determined parameters were as follows: mean calcium content (CaMean, wt%), 

peak calcium content (CaPeak, wt%), heterogeneity of bone mineral distribution (CaWidth 

(or StDev), wt%), amount of highly mineralized bone area (CaHigh, %B.Ar), and the amount 

of poorly mineralized bone area (CaLow, %B.Ar) (Figure 8, Table 2). 
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Parameter Unit Definition Bony site 

CaMean wt% Mean calcium content Buccal cortex,  

Lingual cortex, 

Trabecular bone 

CaPeak wt% Peak calcium content Buccal cortex,  

Lingual cortex, 

Trabecular bone  

CaWidth  

(or StDev) 

wt% Heterogeneity of bone mineral distribution Buccal cortex,  

Lingual cortex, 

Trabecular bone 

CaHigh %B.Ar Area of highly mineralized bone below the 5
th
 

percentile value of that group 

Buccal cortex,  

Lingual cortex, 

Trabecular bone 

CaLow %B.Ar Area of poorly mineralized bone above the 95
th
 

percentile value of that group 

Buccal cortex,  

Lingual cortex, 

Trabecular bone 

 

 

3.4 Morphological analysis of osteons  

 

 Osteonal morphology was analyzed in an open-source image processing software 

(ImageJ, Fiji) [Schneider 2012]. This analysis was performed on the qBEI images of the jaw 

bone cores. Osteons found in buccal and lingual cortical bone of the angulus and molar 

samples of all groups were analyzed. Only fully visible osteons were evaluated. Osteonal 

number per bone area (On.N/B.Ar, 1/mm
2
) and osteonal wall thickness (On.W.Th, µm) were 

accessed [Bernhardt 2013].  

 

3.5 Osteocyte lacunar analysis 

 

 Osteocyte lacunae were analyzed in the ImageJ software and in a custom Matlab 

software, using the qBEI images. Parameters accessed for the cortical bone were as follows: 

mean osteonal osteocyte lacunar number (Mean On.Ot.Ln.N), mean osteonal mineralized 

lacunar number (Mean On.Mn.Lc.N), total osteonal mineralized lacunar number per osteonal 

bone area (Total Mn.On.Lc.N/On.B.Ar, 1/mm
2
), total mineralized lacunar number per bone 

area (Total Mn.Lc.N/B.Ar, 1/mm
2
), mean lacunar area (Mean Lc.Ar, µm

2
), and lacunar 

number per bone area (Lc.N/B.Ar, 1/mm
2
). Parameters estimated for the trabecular bone 

were as follows: Lc.N/B.Ar, Mean Lc.Ar, and Total Mn.Lc.N/B.Ar (Table 3) [Schneider 

2012, Dempster 2013, Bernhardt 2013, Milovanovic 2018, Rolvien 2018]. Mean Lc.Ar and 

Lc.N/B.Ar were accessed using the Matlab software, whereas other parameters were analyzed 

in the ImageJ software. 

 

 

 

 

 

 

Table 2: Parameters of bone matrix mineralization evaluated by quantitative backscattered electron 

imaging (qBEI) 

 

Figure 8: Quantification of bone matrix mineralization as calcium weight percentage  
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Parameter Unit Definition Bony site 

T.Mn.Lc.N/B.Ar  1/mm
2
 total mineralized 

lacunar number per 

bone area 

Trabecular bone 

Lc.N/B.Ar 1/mm
2
 lacunar number per 

bone area  

Buccal cortex, 

Lingual cortex, 

Trabecular bone 

Mean lacunar size µm
2
 mean lacunar size  Buccal cortex, 

Lingual cortex, 

Trabecular bone 

On.N/B.Ar 1/mm
2
 osteon number per 

bone area  

Buccal cortex, 

Lingual cortex 

On.W.Th µm osteonal wall diameter  Buccal cortex, 

Lingual cortex 

Mean On.Ot.Ln.N # mean osteonal 

osteocyte lacunar 

number  

Buccal cortex, 

Lingual cortex 

Mean On.Mn.Lc.N # mean osteonal 

mineralized lacunar 

number 

Buccal cortex, 

Lingual cortex 

Total 

Mn.On.Lc.N/On.B.Ar 

1/mm
2
 total mineralized 

osteonal lacunar 

number per osteonal 

bone area  

Buccal cortex, 

Lingual cortex 

T.Mn.Lc.N/B.Ar 1/mm
2
 total mineralized 

lacunar number per 

bone area 

Buccal cortex, 

Lingual cortex 

 

 

3.6 Assessment of matrix composition 

 

 The composition of the mineral and collagen phases was evaluated by Raman 

spectroscopy using a laser wavelength of 785 nm and a spectral range from 350 cm
-1

 to 1750 

cm
-1

 (inVia, Renishaw). On the buccal cortex, maps of 50 µm x 50 µm were acquired (10 µm 

step size, 20 s exposure time, 5 acquisitions per step, 36 points total). On trabecular bone, 

maps of 40 µm x 18 µm were acquired (8 µm step size, 20 s exposure time, 5 acquisitions per 

point, 18 points total) [Pascart 2017]. Post-processing and spectral analysis included 

polynomial baseline correction of background fluorescence, subtraction of PMMA signal 

reference spectrum acquired near the embedded bone specimens, and smoothing of the 

absorbance signal (WiRE 5.1, Renishaw) [Fiedler 2018]. 

 As displayed in Figure 2, the phosphate peak (v2PO4) was located between 410 and 

473 cm
-1

, the proline peak between 838 and 862 cm
-1 

(pro), the phosphate peak (v1PO4) 

between 926 and 983 cm
-1

, the carbonate peak (v1CO3) between 1020 and 1087 cm
-1

, the 

amide III peak between 1225 and 1285 cm
-1

, the CH2 peak between 1432 and 1475 cm
-1

, and 

the amide I peak between 1620 and 1700 cm
-1

 (Figure 9, Table 4). Bone tissue parameters 

were determined as ratios by dividing respective peak areas, including carbonate-to-

phosphate ratio (carbonate/v1PO4), crystallinity (1/FWHM(v1PO4)), and mineral-to-matrix 

Table 3: Parameters of morphological analysis of osteons and osteocyte lacunae analysis evaluated 

by an image processing software (ImageJ, Fiji) and a custom Matlab software on the qBEI images 

of the jaw bone cores 
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ratios (v1PO4/amide I, v1PO4/CH2, v1PO4/pro, v1PO4/amide III, and v2PO4/amide III) (Table 

5) [Paschalis 2015, Paschalis 2017, Creecy 2016, Creecy 2018, Hammond 2014, Mandair 

2015].
 

 

 
 

 

            

 

 

 

Peak Position Definition Bony site 

v2PO4 410–473 cm
-1

 Phosphate II peak Trabecular bone 

Pro 838–862 cm
-
 Proline peak Buccal cortex, 

Trabecular bone 

v1PO4 926–983 cm
-1

 Phosphate I peak Buccal cortex, 

Trabecular bone 

v1CO3 1020–1087 cm
-1

 Carbonate peak Buccal cortex, 

Trabecular bone 

Amide III 1225–1285 cm
-1

 Amide III peak Buccal cortex, 

Trabecular bone 

CH2 1432–1475 cm
-1

 CH2 peak Buccal cortex, 

Trabecular bone 

Amide I 1620–1700 cm
-1

 Amide I peak Buccal cortex, 

Trabecular bone 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Acquired Raman spectra and evaluated peaks with their intervals 

 
Table 4: Peaks of Raman spectra used for the assessment of mineral and matrix composition of 

bone cores were obtained by Raman spectroscopy (inVia, Renishaw) 
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Parameter Definition Interpretation Bony site 

v1CO3/v1PO4  Area under the carbonate peak 

over the area under the phosphate 

I peak. 

Carbonate-to-

phosphate ratio 

Buccal cortex, 

Trabecular bone 

1/FWHM(v1PO4) Reciprocal value of the full width 

at half-maximum of the phosphate 

I peak. 

Crystallinity Buccal cortex, 

Trabecular bone 

v1PO4/amide I Area under the phosphate I peak 

over the area under the amide I 

peak. 

Mineral-to-matrix ratio Buccal cortex, 

Trabecular bone 

v1PO4/CH2 Area under the phosphate I peak 

over the area under the CH2 peak. 

Mineral-to-matrix ratio Buccal cortex, 

Trabecular bone 

v1PO4/Pro Area under the phosphate I peak 

over the area under the proline 

peak. 

Mineral-to-matrix ratio Buccal cortex, 

Trabecular bone 

v1PO4/amide III Area under the phosphate I peak 

over the area under the amide III 

peak. 

Mineral-to-matrix ratio Buccal cortex, 

Trabecular bone 

v2PO4/amide III Area under the phosphate II peak 

over the area under the amide IIII 

peak. 

Mineral-to-matrix ratio Trabecular bone 

 

 

3.7 Histomorphometry 

 

 Cellular and tissue characteristics of bone specimens were assessed using 

histomorphometry. The samples embedded in PMMA were cut into 4-µm-thick sections 

perpendicular to the osteonal direction using a microtome and subsequently stained with 

toluidine blue and Masson-Goldner. Osseous cell and tissue indices were determined using 

the OsteoMeasure histomorphometry system (Osteo Metrics, Atlanta, GA, USA) with a 20x 

objective.  

           Cortical thickness of the buccal cortex and the lingual cortex (Ct.Th, µm) was 

determined. Also, the following parameters of cellular histomorphometry were determined 

for the trabecular bone: number of osteoblasts per bone perimeter (N.Ob/B.Pm, 1/mm), 

osteoid without osteoblasts area (OwoAr, mm
2
), osteoid surface per bone surface (OS/BS), 

osteoid volume per bone volume (OV/BV), osteoid thickness (O.Th, µm), number of 

osteoclasts per bone perimeter (N.Oc/B.Pm, 1/mm), osteoclast surface per bone surface 

(Oc.S/BS, 1/mm
2
), eroded surface per bone surface (ES/BS), eroded surface without 

osteoclasts perimeter (ErSwo.Pm, mm), number of osteocytes per bone area (N.Ot/B.Ar, 

1/mm
2
), number of empty osteocyte lacunae per bone area (N.eOt/B.Ar, 1/mm

2
), and number 

of newly embedded osteoblasts per bone area (N.Oot/B.Ar, 1/mm
2
) [Dempster 2013]. All 

evaluated structural and cellular parameters are shown in Table 6.  
 

 

 

 

 

 

 

Table 5: Ratios of mineral and matrix composition determined by Raman spectroscopy by dividing 

the respective peak areas 
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Parameter Unit Definition Bony site 

N.Ob/B.Pm 1/mm Number of osteoblasts per bone 

perimeter 

Trabecular bone 

N.Ot/B.Ar 1/mm
2
 Number of osteocyte lacunae per 

bone area 

Trabecular bone 

OS/BS - Osteoid surface per bone surface Trabecular bone 

ES/BS - Eroded surface per bone surface Trabecular bone 

Oc.S/BS - Osteoclast surface per bone surface Trabecular bone 

O.Th µm Osteoid thickness Trabecular bone 

N.Oc/B.Pm 1/mm Number of osteoclasts per bone 

perimeter 

Trabecular bone 

OwoB.Ar mm
2
 Osteoid without osteoblasts bone 

area 

Trabecular bone 

ErSwo.Pm µm Eroded surface without osteoclasts 

perimeter 

Trabecular bone 

N.eOt/B.Ar 1/mm
2
 Number of empty osteocyte lacunae 

per bone area 

Trabecular bone 

N.Oot/B.Ar 1/mm
2
 Number of newly embedded 

osteoblasts per bone area 

Trabecular bone 

Ct.Th µm Cortical thickness of the buccal 

cortex 

Buccal cortex 

Lingual cortex 

 

 

3.8 Statistical analysis 

 

 Statistical analysis was performed using SPSS (Version 17, Armonk, NY, USA). 

Normal distribution was tested using the Shapiro–Wilk test. Group comparisons were 

executed using either an independent-samples t test test for normally distributed data or non-

parametric Mann–Whitney U test for not normally distributed data. The T2DM subgroups 

were compared to one another and to the control group either using one-way ANOVA with 

post-hoc tests under Bonferroni correction for the p value, or the Kruskal–Wallis with post-

hoc Mann–Whitney test with Bonferroni correction, depending on the data distribution. 

Intergroup comparisons (T2DM: Angulus vs. Molar; ALC: Angulus vs. Molar) were 

performed using either paired samples ANOVA or Friedman’s test, depending on the data 

distribution. T tests were performed two-tailed. An α level of or below 0.05 was regarded as 

statistically significant for all tests.  
 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6: Structural and cellular parameters of bone specimens assessed using the Osteo Measure 

histomorphometry system (Osteo Metrics, Atlanta, GA, USA) 
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4. Results 

 

4.1 T2DM Jaw Bone Quality. Intergroup comparisons: T2DM compared with the 

Control group 

 

4.1.1 Lower cortical porosity and thicker trabeculae in T2DM angulus determined by 

micro-CT 

 

 Micro-CT 3D reconstructions of the mandible bone samples revealed differences 

between the groups regarding their microscopic morphology. Differences in macroscopic 

morphology were also seen among all of the angulus samples, but these were attributed to the 

normal variations in mandibular morphology [39]. Tables 1 and 2 show the values of 

microstructural parameters measured in the cortical and trabecular bone of the molar and 

angulus regions of the both T2DM groups and the control group. Significant differences in 

trabecular and cortical bone were found (Tables 7 and 8).  

 Lingual cortex of the angulus region showed higher BV/TV by 2% in the T2DM 

group (p=0.006) and by 2% in the T2DM OAD subgroup (p=0.005) compared with the 

Control group. Furthermore, open and total porosity and pore diameter were significantly 

lower in the same cortical region in the T2DM group compared with the Control group (open 

porosity by 56% (p=0.004); total porosity by 52% (p=0.006); pore diameter by 39% 

(p=0.029)) (Figure 10). Similarly, open and total porosity in the same cortical region were 

significantly lower in the T2DM OAD subgroup compared with the Control group (open 

porosity p=0.004; total porosity p=0.005). Higher values of BV/TV in the lingual cortex of 

the angulus compared with the control group were evident for the entire T2DM group and for 

the OAD subgroup, but not for the Insulin subgroup (p˃0.05). Bone microstructure of both 

cortices in the molar region was similar between the T2DM groups and Control group (Table 

7).  

 Regarding trabecular bone, Tb.Th was significantly higher in the T2DM group at the 

angulus region (by 28%, p=0.008) (Figure 11) compared with the Control group. Trabecular 

bone at the molar region showed lower FD in the combined T2DM group compared with the 

Control group (p=0.028), whereas the OAD and the Insulin subgroups separately presented 

no significant difference in FD compared with the Control group (p˃0.05) (Figure 12, Table 

8).  
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Figure 10: Trabecular thickness in the mandibular angulus (a) Control group with thin trabeculae. (b) 

T2DM OAD group with thicker trabeculae than the Control. (c) T2DM Insulin group with thicker 

trabeculae than the Control. (a, b, c) Representative reconstructions were cut virtually to enable better 

visualization of the trabeculae (CT Vox software). Differences in macroscopic morphology were 

attributed to the normal variations in mandibular morphology. (d) Drawing of a human mandible. Circle 

marks the bone core site at the mandibular angle. (e) Bar graph represents numerical values of 

trabecular thickness (Tb.Th) (Origin Pro software). Statistical significance was evident only between 

T2DM and Control groups (p<0.01(**)). T2DM OAD and T2DM Insulin subgroups separately did not 

reach significance compared with the Control group under strict Bonferroni correction of the p value. 
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Figure 11: Porosity in the lingual cortex of the mandibular angulus (a) Control group. Pores are 

visible inside the cortex. (b) The T2DM OAD subgroup showed lower cortical porosity than the 

Control group. (c) The T2DM Insulin subgroup showed lower cortical porosity than the Control 

group. (a-c) Samples reconstructions were virtually cut parallel to the cortical surface to enable better 

visualization of cortical pores (CT Vox software). Differences in macroscopic morphology and size 

were attributed to the normal variations in mandibular morphology. (d, e, g, h) Bar graphs represent 

numerical values of several microarchitectural parameters (Origin Pro software). p<0.01(**), 

p<0.05(*). (d) Bone volume per tissue volume (BV/TV). (e) Open porosity (Po(op)). (g) Total 

porosity (Po(tot)). (h) Pore diameter (Po.Dm). (f) Drawing of a human mandible. Circle marks the 

bone core site at the mandibular angle. (i) Drawing of a human mandible. Arrow points to lingual 

cortex at the mandibular angle. 
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Figure 12: Geometry of trabecular bone in the molar region (a, b, c) Samples’ reconstructions were 

virtually cut to enable better visualization of trabecular bone (CT Vox software). (a) The Control 

group sample shows complex trabecular bone pattern. (b) The T2DM OAD subgroup has simpler 

trabecular bone geometry compared with the Control group. (c) The T2DM Insulin subgroup has 

simpler trabecular bone geometry compared with the Control group. (d) Drawing of a human 

mandible. Circle marks the bone core site at the edentulous region of a lower first molar. (e) Bar 

graph represents numerical values of fractal dimension (FD) (Origin Pro software). Statistical 

significance was evident only between T2DM and Control groups (p<0.05(*)). T2DM OAD and 

T2DM Insulin subgroups showed no significant differences compared with the Control under strict 

Bonferroni correction of the p value. 
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Table 7: Comparison of the 3D microstructural parameters in the cortical bone between the Control 

group and the T2DM groups.  

 
 BV/TV [%] Po.op [%] Po.tot [%] Po.Dm [mm] 

Molar buccal cortex     

      Control 94.07±2.81 5.71±5.58 5.92±5.49 0.11±0.07  

       T2DM 93.09±5.71 (N.S.) 6.72±5.75 (N.S.) 6.91±5.71 (N.S.) 0.13±0.05 (N.S.) 

          T2DM OAD  94.75±1.41 (N.S.) 5.05±1.42 (N.S.) 5.25±1.41 (N.S.) 0.12±0.03 (N.S.) 

          T2DM Insulin  91.42±8.03 (N.S.) 8.39±8.09 (N.S.) 8.57±8.02 (N.S.) 0.13±0.06 (N.S.) 

Molar lingual cortex     

     Control 96.07±1.42 4.45±1.85 4.7±1.85 0.1±0.03 

     T2DM 94.43±2.22 (N.S.) 5.27±2.21 (N.S.) 5.56±2.22 (N.S.) 0.11±0.04 (N.S.) 

         T2DM OAD  94.54±2.28 (N.S.) 5.2±2.31 (N.S.) 5.45±2.28 (N.S.) 0.11±0.04 (N.S.) 

         T2DM Insulin  94.32±2.42 (N.S.) 5.34±2.38 (N.S.) 5.66±2.42 (N.S.) 0.11±0.04 (N.S.) 

Angulus buccal cortex     

     Control 96.08±2.81 3.69±2.83 3.92±2.8 0.1±0.04 

     T2DM 90.25 ±20.6 (N.S.) 9.5±20.65 (N.S.) 9.74±20.6 (N.S.) 0.22±0.39 (N.S.) 

        T2DM OAD  84.34±29.45 (N.S.) 15.42±29.5 (N.S.) 15.65±29.42 (N.S.) 0.33±0.56 (N.S.) 

        T2DM Insulin  96.16±1.13 (N.S.) 3.59±1.17 (N.S.) 3.83±1.13 (N.S.) 0.11±0.03 (N.S.) 

Angulus lingual cortex     

      Control 96.07±1.42 3.74±1.42 3.92±1.42 0.13±0.07 

      T2DM 98.11±1.37 (p=0.006) 1.64±1.38 (p=0.004) 1.89±1.37 (p=0.006) 0.08±0.03 (p=0.029) 

        T2DM OAD  98.78±0.45 (p=0.005) 0.95±0.32 (p=0.004) 1.21±0.46 (p=0.005) 0.08±0.03 (N.S.) 

        T2DM Insulin  97.44±1.67 (N.S.) 2.33±1.72 (N.S.) 2.33±1.7 (N.S.) 0.09±0.03 (N.S.) 

N.S.: not significant compared to the control group or between the T2DM groups; 

P VALUE: SIGNIFICANT WHEN <0.05 

 

P VALUE: SIGNIFICANT WHEN <0.05 

P VALUE: SIGNIFICANT WHEN <0.05 

 

 

p value: significant when <0.05; BV/TV: Bone volume per tissue volume; Po.op: Open porosity; Po.tot: Total 

porosity; Po.Dm: Pore diameter 
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Table 8: Comparison of the 3D microstructural parameters in the trabecular bone between the Control group and the T2DM groups.  

 

 
BV/TV [%] SMI DA FD Tb.Th [mm] Tb.N [mm] Tb.Pf [1/mm] Tb.Sp [mm] 

Conn.Dn 

[1/mm
3
] 

Molar trabecular          

Control 
30.44±10.24 -0.06±1.24 1.8±0.66 2.51±0.1 0.24±0.06 1.18±0.3 -1.54±4.28 0.75±0.3 12.85±6.02 

T2DM 
27.44±13.98 

(N.S.) 

0.18±2.05 

(N.S.) 

1.59±0.26 

(N.S.) 

2.39±0.13 

(p=0.028) 

0.24±0.04 

(N.S.) 

0.99±0.48 

(N.S.) 

-0.11±4.86 (N.S.) 0.76±0.18 

(N.S.) 

9.27±4.88 

(N.S.) 

   T2DM OAD  
34.62±16.37 

(N.S.) 

-0.86±2.47 

(N.S.)  

1.61±0.24 

(N.S.) 

2.4±0.15 (N.S.)  0.27±0.03 

(N.S.) 

1.24±0.41 

(N.S.) 

-3.12±4.8 (N.S.) 0.75±0.26 

(N.S.) 

8.1±6.88 (N.S.) 

   T2DM Insulin 
20.26±6.56 

(N.S.) 

1.23±0.77 

(N.S.) 

1.57±0.31 

(N.S.) 

2.38±0.12(N.S.)  0.22±0.03 

(N.S.)  

0.74±0.44 

(N.S.) 

2.94±2.59 (N.S.) 0.78±0.06 

(N.S.) 

10.45±1.69 

(N.S.) 

Angulus 

trabecular 
         

Control 
32.21±18.51 -0.51±2.27 3.29±0.84 2.31±0.42 0.25±0.06 1.25±0.52 -1.73±4.25 0.76±0.27 2.29±13.27 

T2DM 
37.66±15.84 

(N.S.)  

0.57±2.33 

(N.S.)  

3.2±1.07 

(N.S.) 

2.32±0.12 

(N.S.) 

0.32±0.05 

(p=0.008) 

1.15±0.4 

(N.S.) 

0.73±5.74 (N.S.) 0.7±0.24 (N.S.) 14.72±13.56 

(N.S.) 

   T2DM OAD 
43.28±15.37 

(N.S.) 

0.53±2.6 

(N.S.) 

3.2±0.85 

(N.S.)  

2.36±0.14 

(N.S.) 

0.32±0.05 

(N.S.)  

1.33±0.38 

(N.S.) 

0.54±6.04 (N.S.) 0.63±0.3 (N.S.) 20.59±17.65 

(N.S.) 

   T2DM Insulin 
32.04±15.78 

(N.S.)  

0.61±2.34 

(N.S.) 

3.2±1.33 

(N.S.) 

2.29±0.11(N.S.)  0.32±0.06 

(N.S.) 

0.97±0.36 

(N.S.) 

0.92±6.13 (N.S.) 0.76±0.16 

(N.S.) 

8.86±4.05 

(N.S.) 

N.S.: not significant compared to the control group or between the T2DM groups 

 p value: significant when <0.05; 

 

 

 

 

BV/TV: Bone volume per tissue volume; SMI: Structure model index; DA: Degree of anisotropy; FD: Fractal 

dimension; Tb.Th: Trabecular thickness; Tb.N: Trabecular number; Tb.Pf: Trabecular pattern factor; Tb.Sp: 

Trabecular separation; Conn.Dn: Connectivity density; 

 

 



24 
 

4.1.2 qBEI-determined irregularities in mineralization despite unchanged osteonal 

characteristics in T2DM 

 

 The results of qBEI assessment presented a higher number of highly mineralized bone 

packets in some jaw bone regions as well as higher heterogeneity of calcium values in other 

jaw bone regions (Table 9). 

 Ca High values were significantly higher in the buccal cortex of the angulus region in 

the T2DM Insulin subgroup compared with the T2DM OAD subgroup (by 76%, p=0.022), 

but were not significantly higher compared with the Control group (p˃0.05) (Fig. 6). Next, 

trabecular bone of the molar region showed higher heterogeneity of calcium values in the 

T2DM Insulin subgroup compared with the T2DM OAD subgroup (by 25%, p=0.019) and 

the Control group (by 17%, p=0.015) (Figure 13, Table 9). 

 Osteonal analysis revealed no significant differences in osteonal number and wall 

thickness between the observed groups or subgroups (Table 10). 

 

4.1.3 Fewer mineralized lacunae in the trabecular angulus region in T2DM 

 

 Osteocyte analysis revealed a 21% lower mean osteocyte lacunar size in the trabecular 

bone of the molar region in the T2DM group compared with the equivalent region of the 

Control group (p=0.03). There were fewer mineralized osteocyte lacunae per bone area in the 

trabecular bone of the angulus region in the T2DM group, in the OAD, and in the Insulin 

subgroups, as compared with the Control group (p=0.049, p=0.014, p=0.043, respectively) 

(Figure 14, Table 11). 

 Moreover, T2DM cortical bone showed some differences compared with the Control 

group. Specifically, total number of mineralized lacunae per bone area (Total Mn.Lc.N/B.Ar) 

was lower by 80% in the buccal cortex of the molar region (p=0.04) in the T2DM group 

compared with the Control group. Tables 4 and 5 show the values of osteocyte lacunar 

parameters for all of the observed groups and subgroups in the different regions. 
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Figure 13: Packets of hypermineralized bone in buccal cortex of the angulus  

(a, c, e) Quantitative backscattered electron microscopy images of buccal cortex in the angulus 

region. Areas of interest are shown in insets with higher magnification. (a) Packets of 

hypermineralized bone in the Control group. (c) The T2DM OAD subgroup showed less packets 

of hypermineralized bone compared with the Control group. (e) The T2DM Insulin subgroup 

showed more packets of hypermineralized bone compared with the Control group. (b) 

Distribution of calcium values in all of the groups. The T2DM Insulin curve is shifted towards 

higher calcium values compared with the curves of the other groups. The T2DM Insulin curve has 

the tallest tail, which represents high calcium values. The T2DM OAD curve is shifted towards 

lower calcium values compared with the curves of the other groups. (d) Bar graph represents 

numerical values of packets of hypermineralized bone (CaHigh parameter) in all groups (Origin 

Pro software). Statistical significance was evident between T2DM Insulin group and control, and 

between T2DM Insulin and T2DM OAD (p<0.05(*)). (f) Drawing of a human mandible. Arrow 

marks buccal cortex of the angulus region. 
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Figure 14: Higher mineralization heterogeneity of the trabecular bone in the molar region of 

T2DM Insulin group compared with the Control group  

(a, c, e) Quantitative backscattered electron microscopy images of trabecular bone. (a) The Control 

group has low variability of calcium content in bone matrix, as reflected in similar shades of grey 

appearing on the image. (c) The T2DM OAD subgroup has low variability of calcium content in 

bone matrix, as reflected in similar shades of grey appearing on the image. (e) The T2DM Insulin 

subgroup has higher variability of calcium content in bone matrix compared with the other groups. 

Area of low calcium content (arrow) is darker than those with high calcium content. (b) 

Distribution of calcium values in all of the groups. The T2DM Insulin curve is wider than the 

curves of the other groups. (d) Bar graph represents numerical values of calcium content 

variability (StDev parameter) in all of the groups (Origin Pro software). Statistical significance 

was evident between the T2DM Insulin and the Control groups, and between the T2DM Insulin 

and T2DM OAD subgroups (p<0.05(*)). (f) Drawing of a human mandible. Grid marks trabecular 

bone of the edentulous region of lower first molar. 
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Figure 15: Mineralized osteocyte lacunae in trabecular bone of the angulus region  

(a, c, e) Quantitative backscattered electron microscopy images of trabecular bone. Areas of 

interest are shown in figure insets with larger magnification. (a) The Control group has numerous 

partially and completely mineralized osteocyte lacunae, as seen in figure insets in larger 

magnification. (c) The T2DM OAD subgroup has fewer mineralized osteocyte lacunae compared 

with the Control group. (e) The T2DM Insulin subgroup has fewer mineralized osteocyte lacunae 

compared with the Control group. (b) Bar graph represents numerical values of mineralized 

osteocyte lacunae per bone area (Total Mn.Ot.Lc.N/B.Ar) (Origin Pro software). Statistical 

significance was evident between all T2DM groups and Control group (p<0.05(*)). (d) Drawing 

of a human mandible. Grid marks the trabecular bone of the angulus region. 
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Table 9: Values of the qBEI parameters in the Control and the T2DM groups.  

 
 CaMean [wt %] CaPeak [wt %] StDev [wt%] CaLow [wt %] CaHigh [wt %] 

Molar buccal cortex      

     Control 26.55±0.62 27.2±0.63 2.49±0.26 5.92±2.33 6.28±3.88 

     T2DM 26.07±0.92 (N.S.) 26.68±0.8 (N.S.) 2.64±0.3 (N.S.) 9.21±7 (N.S.) 5.08±3.89 (N.S.) 

         T2DM OAD  25.84±1.24 (N.S.) 26.44±0.93 (N.S.) 2.6±0.38 (N.S.) 10.87±10.04 (N.S.) 7.65±4.28 (N.S.) 

         T2DM Insulin  26.29±0.5 (N.S.) 26.91±0.67 (N.S.) 2.68±0.23 (N.S.) 7.55±1.64 (N.S.) 6.73±4.88 (N.S.) 

Molar lingual cortex      

     Control 25.92±0.39 26.59±0.24 2.78±0.35 5.34±2.42 4.96±1.54 

     T2DM 26.29±0.66 (N.S.) 26.84±0.64 (N.S.) 2.67±0.24 (N.S.) 4.03±1.44 (N.S.) 7.85±4.18 (N.S.) 

         T2DM OAD  26.49±0.6 (N.S.) 27.04±0.59 (N.S.) 2.51+0.13 (N.S.) 3.1±10.76 (N.S.) 3.43±1.86 (N.S.) 

         T2DM Insulin  26.09±0.72 (N.S.) 26.64±0.68 (N.S.) 2.83±0.23 (N.S.) 4.97±1.39 (N.S.) 7.5±4.58 (N.S.) 

Angulus buccal cortex      

      Control 26.59±0.5 27.17±0.35 2.58±0.6 4.82±3.35 5.01±2.7 

      T2DM 26.73±0.81 (N.S.)  27.17±0.72 (N.S.) 2.39±0.22 (N.S.) 4±2.83 (N.S.) 5.83±4.54 (N.S.) 

         T2DM OAD  26.24±0.69 (N.S.) 26.72±0.58 (N.S.) 2.36±0.29 (N.S.) 5.03±3.79 (N.S.) 2.81±1.93 (N.S.) 

         T2DM Insulin  27.23±0.62 (N.S.) 27.61±0.58 (N.S.) 2.41±0.14 (N.S.) 2.97±1.01 (N.S.) 8.85±4.46 (Insulin vs. OAD: p=0.035) 

Angulus lingual cortex      

     Control 26.37±0.49 26.94±0.46 2.35±0.14 5.04±2.09 5.63±3.28 

     T2DM 26.52±0.56 (N.S.) 27.03±0.43 (N.S.) 2.51±0.36 (N.S.) 5.18±2.87 (N.S.) 7.55±3.75 (N.S.) 

         T2DM OAD  26.24±0.58 (N.S.) 26.8±0.43 (N.S.) 2.54±0.43 (N.S.) 6.2±3.42 (N.S.) 5.51±3.26 (N.S.) 

         T2DM Insulin  26.8±0.41 (N.S.) 27.26±0.31 (N.S.) 2.48±0.32 (N.S.) 4.17±2.06 (N.S.) 9.56±3.29 (N.S.) 

Molar trabecular      

      Control 25.58±0.75 26.48±0.48 2.98±0.53 7.02±4.71 5.31±3.02 

      T2DM 25.56±0.93 (N.S.) 26.38±0.7 (N.S.) 3.15±0.52 (N.S.) 8.27±5.54 (N.S.) 7.69±3.91 (N.S.) 

           T2DM OAD  25.62±0.92 (N.S.) 26.2±0.83 (N.S.) 2.8±0.16 (N.S.) 5.85±3.45 (N.S.) 5.75±3.43 (N.S.) 

           T2DM Insulin  

25.5±1.04 (N.S.) 26.56±0.56 (N.S.) 3.5±0.54  

(Insulin vs. OAD: p=0.019) 

(Insulin vs. Control: p=0.015) 

10.69±6.51 (N.S.) 9.63±3.63 (N.S.) 

Angulus trabecular      

      Control 26.76±0.9 27.26±0.98 2.52±0.18 5.82±4.36 5.88±3.45 

      T2DM 26.11±1.29 (N.S.) 26.92±1.22 (N.S.) 3.05±0.6 (N.S.) 12.69±9.53 (N.S.) 6.04±3.51 (N.S.) 

           T2DM OAD  25.57±1.23 (N.S.) 26.44±1.24 (N.S.) 3.05±0.32 (N.S.) 15.82±9.95 (N.S.) 3.7±3.31 (N.S.) 

           T2DM Insulin  26.64±1.22 (N.S.) 27.39±1.11 (N.S.) 3.05±0.84 (N.S.) 9.56±9.0 (N.S.) 8.38±1.73 (N.S.) 

N.S.: not significant compared to the Control group or between the T2DM groups; P value: significant when <0.05; CaMean: Mean calcium content; CaPeak; Peak calcium content; 

CaWidth: Heterogeneity of bone mineral distribution: CaHigh: Area of highly mineralized bone below the 5th percentile value of that group; CaLow: Area of poorly mineralized bone 

above the 95th percentile value of that group; 
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Table 10: Values of the osteonal morphology parameters of the trabecular bone in the molar region in 

the Control group and T2DM groups. 

 
 

Molar trabecular 

Lc.N/B.Ar (1/mm
2
) Mean Lc. size (µm

2
) Total Mn.Lc.N/B.Ar (1/mm

2
) 

 Control 452.21± 61.54 17.19± 2.15 3.93 ± 5.47 

 T2DM 725.04± 377.81 (N.S.) 14.68± 3.21 (N.S.) 2.08 ± 4.68 (N.S.) 

    T2DM OAD  654.55 ± 237.73 (N.S.) 15.81 ± 3.29 (N.S.) 4.11 ± 6.25 (N.S.) 

    T2DM Insulin  795.53 ± 502.23 (N.S.) 13.56 ± 3.03 (N.S.) 0.05 ± 0.02 (N.S.)  

Angulus trabecular    

 Control 362.04± 117.91 16.97± 3.33 15.8 ± 11 

 T2DM 583.55± 248.46 (N.S.) 13.46± 2.23 (p=0.03) 2.16 ± 3.17 (p=0.049) 

    T2DM OAD 687.09 ± 317.41 (N.S.) 12.5 ± 1.67 (N.S.) 0.88 ± 0.92 (p=0.014) 

    T2DM Insulin 480 ± 106.53 (N.S.) 14.42 ± 2.47 (N.S.) 3.44 ± 4.2 (p=0.043) 

N.S.: not significant compared to the Control group or between the T2DM groups; p value: significant when 

<0.05; T.Mn.Lc.N/B.Ar:  total mineralized lacunar number per bone area; Lc.N/B.Ar: lacunar number per bone 

area; Mean Lc. size: mean lacunar size 
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Table 11: Values of the osteonal morphology and osteocyte lacunar parameters of the cortical bone in the Control and T2DM groups.  

 
 On.N/B.Ar 

(1/mm
2
) 

On.W.Th (µm) Mean 

On.Ot.Ln.N 

Lc.N/B.Ar 

(1/mm
2
) 

Mean Lc. size 

(µm
2
) 

Mean 

On.Mn.Lc.N 

Total 

Mn.On.Lc.N/ 

On.B.Ar 

(1/mm
2
)  

Total 

Mn.Lc.N/B.Ar 

(1/mm
2
) 

Molar buccal cortex         

Control 3.85 ± 2.48 14.59 ± 32.46  11±5 533.13 ± 66.76 15.31± 1.58 0.09 ± 0.12 1.72 ± 3.01 5.79 ± 5.69 

T2DM 1.47 ± 2.04 

(N.S.) 

46.1 ± 36.19 

(N.S.) 

12.7±4.7 

(N.S.) 

557.5 ± 145.69 

(N.S.) 

15.75± 2.49 

(N.S.) 

0.11 ± 0.13 (N.S.) 8.32 ± 1.58 (N.S.) 1.12 ± 2.35 

(p=0.04) 

    T2DM OAD  2.21 ± 2.31 

(N.S.) 

36.88 ± 37.1 

(N.S.) 

13.59 ± 

4.21 (N.S.) 

616.64 ± 161.66 

(N.S.) 

15.29 ± 

2.9 (N.S.) 

0.05 ± 0.04 (N.S.) 7.96 ± 1.37 (N.S.) 0.71 ± 0.71 (N.S.) 

    T2DM Insulin 0.73 ± 

1.63(N.S.) 

55.31 ± 36.86 

(N.S.) 

11.82 ±  

5.47 (N.S.) 

498.36 ± 113.49 

(N.S.) 

16.22 ±  

2.23 (N.S.) 

0.17 ± 0.16 (N.S.) 8.68 ± 1.93 (N.S.) 1.53 ± 3.4 (N.S.)  

Molar lingual cortex         

Control 1.31 ±1.79 41.18 ± 39.18 15±6 627.12 ± 164.68 15.04± 3.15 0.11±0.08 5.96 ± 1.32 1.51 ± 2.13 

T2DM 1.33 ±2.26 

(N.S.) 

54.02 ± 37.75 

(N.S.) 

13±3 (N.S.) 581.81 ± 121.79 

(N.S.) 

14.79 ± 1.99 

(N.S.) 

0.15±0.12 (N.S.) 0.51 ± 0.12 (N.S.) 0.64 ± 0.15 (N.S.) 

    T2DM OAD  2.65 ± 2.66 

(N.S.) 

40.04 ± 36.2 

(N.S.) 

14.07 ±  

4.41 (N.S.) 

508.61 ± 93.18 

(N.S.) 

16.09 ± 1.82 

(N.S.) 

0.11 ± 0.09 (N.S.) 1.07 ± 1.74 (N.S.) 1.24 ± 2.14 (N.S.) 

    T2DM Insulin  0.01 ± 0.01 

(N.S.) 

68.01 ± 37.51 

(N.S.) 

11.39 ± 1.09 

(N.S.) 

655 ± 106.28 

(N.S.)  

13.49 ± 1.16 

(N.S.) 

0.19 ± 0.14 (N.S.)  0.14 ± 0.15 (N.S.) 0.04 ± 0.05 (N.S.)  

Angulus buccal cortex         

Control 1.78 ± 1.44 16.06 ± 35.76 9.28±3.01 662.93 ± 503.44 14.29± 4.12 0.29±0.54 2.58 ± 3.57 11.9 ± 13.9 

T2DM 0.65 ± 0.72 

(N.S.) 

35.16 ± 34.72 

(N.S.) 

15.32±10.27 

(N.S.) 

420.81 ± 144.09 

(N.S.) 

14.88± 2.46 

(N.S.) 

0.26±0.19 (N.S.) 3.03 ± 5.03 (N.S.) 0.003 ±   0.004 

(N.S.) 

    T2DM OAD  0.74±0.74 (N.S.) 30.35 ± 31.49 

(N.S.) 

16.65 ± 

7.39 (N.S.) 

388.73 ± 160.48 

(N.S.) 

15.95 ± 2.8 

(N.S.) 

0.24 ± 0.26 (N.S.) 2.22 ± 2.23 (N.S.) 3.69 ± 4.98 (N.S.) 

    T2DM Insulin  0.56 ± 0.77 

(N.S.) 

39.98 ± 40.78 

(N.S.) 

13.99 ± 

13.35 (N.S.) 

452.8 ± 135.6 

(N.S.) 

13.82 ± 1.73 

(N.S.) 

0.28 ± 0.11 (N.S.)  3.84 ± 7.1 (N.S.) 2.71 ± 3.76 (N.S.) 
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Angulus lingual cortex         

Control 2 ± 1.36 11.07 ± 24.55 13.48±5.03 361.88 ± 111.96 16.27±1.5 0.04±0.05 0.54 ± 0.78 4.56 ± 3.9E 

T2DM 1.16 ± 1.13 

(N.S.) 

23.16± 39.8 

(N.S.) 

14.45±5.26 

(N.S.) 

559.69 ± 346.79 

(N.S.) 

14.17± 3 

(N.S.) 

0.35±0.47 (N.S.) 2.3 ± 3.3 (N.S.) 3.13 ± 3.76(N.S.) 

   T2DM OAD  1.16 ± 1.16 

(N.S.)  

30.21 ± 30.29 

(N.S.)  

13.23 ± 

3.61 (N.S.) 

565.79 ± 317.11 

(N.S.) 

14.18 ± 3.55 

(N.S.) 

0.17 ± 0.12 (N.S.) 1.39 ± 1.48 (N.S.) 1.93 ± 1.97 (N.S.) 

    T2DM Insulin  1.15 ± 1.24 

(N.S.) 

88.47 ± 64 

(N.S.) 

15.66 ±  

6.74 (N.S.) 

553.58 ± 412.24 

(N.S.) 

14.17 ± 2.77 

(N.S.) 

0.53 ± 0.63 (N.S.) 3.2 ± 4.5 (N.S.) 4.33 ± 4.94 (N.S.) 

N.S.: not significant compared to the Control group or between the T2DM groups 

p value: significant when <0.05; On.N/B.Ar: osteon number per bone area;  On.W.Th: osteonal wall diameter; Mean On.Ot.Ln.N: mean osteonal osteocyte lacunar number; Mean 

On.Mn.Lc.N: mean osteonal mineralized lacunar number; Total Mn.On.Lc.N/On.B.Ar: total mineralized osteonal lacunar number per osteonal bone area; T.Mn.Lc.N/B.Ar: total 

mineralized lacunar number per bone area  

 

 

 

 

 

 

 

 

 

 



32 
 

 

4.1.4 Higher carbonate-to-phosphate ratio at the buccal cortex of the molar region in 

T2DM as evidenced by Raman spectroscopy 

 

 Raman spectroscopy showed marginal differences in some of the observed parameters 

in some of the regions. The carbonate-to-phosphate ratio (v1CO3/v1PO4) was 3.2% higher in 

the buccal cortex of the molar region in the T2DM group (p=0.009) and 6% higher in the 

OAD subgroup compared with the Control group (p=0.01) (Figure 16). Also, crystallinity 

(1/FWHM (v1PO4)) showed a tendency towards higher values in the trabecular molar region 

of the T2DM group (p=0.054). Mineral-to-matrix ratio showed no differences between the 

groups or the subgroups in any of the observed regions. Table 12 shows the values of Raman 

parameters for different bone regions. 

 

4.1.5 Histomorphometry: Bone formation and osteocyte characteristics showing signs of 

increased resorption in the T2DM OAD subgroup  

 

 Histomorphometry of the trabecular bone, which included cellular and structural 

parameters, showed a few significant differences between the groups. Number of osteoclasts 

per bone perimeter (N.Oc/B.Pm) in the trabecular bone of the molar region was two times 

higher in the T2DM OAD subgroup compared with the Control group (p=0.042) and seven 

times higher compared with the T2DM Insulin subgroup (p=0.045). Moreover, osteoid 

volume per bone volume showed a tendency towards higher values in T2DM molar region 

(p=0.056) (Figure 17). Cortical bone thickness measurements showed no significant 

differences between any of the T2DM groups and the Control group. Table 13 shows several 

histomorphometry parameters, while Table 14 in the Appendix shows the values of cortical 

bone thickness. 

 
 



33 
 

 
 

 

 

 

 

 

 

Figure 16: Bone composition of buccal cortex of the molar region. Panels show the microscopic image 

overlayed with pixel maps showing the spatial distribution of each parameter. (a-c) Phosphate-to-CH2 

ratio (v1PO4/CH2 parameter). (a) control group, (b) T2DM OAD group, (c)T2DM Insulin group. (d) Bar 

graph represents numerical values of carbonate-to-phosphate ratio (v1CO3/v1PO4 parameter) in all groups 

(Origin Pro software), with statistical significance between the T2DM or T2DM OAD subgroup and the 

Control. (e-g) phosphate-to-amide III ratio (v1PO4/amide III parameter) in the buccal cortex of a molar 

region sample in (e) the Control group, (f) T2DM OAD group, and (g) T2DM Insulin group. (h) Drawing 

of a human mandible. Circle marks the trabecular bone of the molar region. (i-k) phosphate-to-proline 

ratio (v1PO4/pro parameter) in the buccal cortex of a molar region sample in (i) the Control group, (j) 

T2DM OAD subgroup, and (k) T2DM Insulin subgroup. (l) Drawing of a human mandible. Arrow points 

to the buccal cortex of the molar region. (m-o) phosphate-to-amide I ratio (v1PO4/amide I parameter) in 

the buccal cortex of a molar region sample in (m) the Control group, (n) T2DM OAD subgroup, and (o) 

T2DM Insulin subgroup. (p-r) carbonate-to-phosphate ratio (v1CO3/v1PO4 parameter) in the buccal 

cortex of a molar region sample in (p) the Control group, (q) T2DM OAD subgroup, and (r) T2DM 

Insulin subgroup. There are more surfaces in light color in the T2DM OAD subgroup (image q) compared 

with the Control group (image p); there are more surfaces in light color in the T2DM Insulin group (image 

r) compared with the Control group (image p), but not as many as in the T2DM group (image q). Raman 

microscope (WiRE 5.1, Renishaw). 
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Figure 17: Bone cells and evidence of bone turnover in the molar region of different groups. (a and 

b) Signs of bone resorption were found in the trabecular bone of the molar region in the T2DM group. 

Asterisk points to an osteoclast, which is magnified in the upper right corner of the image. Toluidine 

staining, 40x, light microscope. (c) An osteocyte in its lacuna in a trabecula of the Control group 

molar region. The nucleus of the cell can be seen at the edge of the lacuna (arrow). Toluidine staining, 

20x, light microscope. (d) Traces of osteoid (red areas pointed by arrow) were found on the trabecular 

bone surface in the molar region of the Control group. Masson Goldner staining, 20x, light 

microscope. (e) A detail of the image d. Masson Goldner staining, 40x, light microscope. (f) Red 

areas of osteoid were found in the trabecular bone of the molar region in the T2DM (arrows). Masson 

Goldner staining, 40x, light microscope. (g) Dark purple areas of osteoid were found in the trabecular 

bone of the molar region in the T2DM (arrows point to osteoblasts). Toluidine staining, 40x, light 

microscope. (h) A resorption cavity on the surface of the trabecular bone of the molar region in the 

T2DM group (stars). The cell adjacent to the cavity is not an osteoclast since only one nucleus is 

visible. The resorbed surface was assigned to the eroded surface without osteoclasts parameter. 

Masson Goldner staining, 20x, light microscope. (I) Triangular arrows point to an osteon in the 

cortical bone of the Control group molar sample. Toluidine staining, 20x, light microscope. (j) Bar 

graph represents numerical values of number of osteoclasts per bone perimeter (N.Oc/B.Pm 

parameter) in all of the groups (Origin Pro software). Osteoclast number was significantly higher in 

the T2DM OAD subgroup compared with the Control group, and in T2DM OAD subgroup compared 

with T2DM Insulin subgroup (p<0.05(*)). (k) Bar graph represents numerical values of eroded 

surface without osteoclasts (Er.S.wo.Oc parameter) in all of the groups (Origin Pro software). 

Differences were close to statistical significance (0.05<p<0.1) between all T2DM groups and Control 

group, with more eroded surfaces in T2DM. (l) Bar graph represents numerical values of osteoid 

volume per bone volume (OV/BV parameter) in all of the groups (Origin Pro software). Differences 

were close to statistical significance between all T2DM groups and Control group, with more osteoid 

in T2DM. (m and n) Drawings of a mandible from different perspectives, with bone core site of a 

sample from the molar region marked by a circle and a grid. 
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Table 12: Values of tissue composition and maturity parameters of cortical bone and trabecular bone in the Control and T2DM groups.  
 v1PO4/CH2 v1PO4/amide 

III 

v1PO4/Pro v1PO4/ amide 

I 

v1CO3/v1PO4 1/FWHM(v1PO4) v2PO4/amide 

III 

Molar buccal cortex        

   Control 6.53±0.35 7.53±0.43 23.51±1.16 4.18±0.35 0.31±0.01 0.06±0.001  

   T2DM 6.17±0.48 (N.S.) 7.14±0.53 

(N.S.) 

23.17±1.43 

(N.S.) 

4.09±0.39 

(N.S.) 

0.32±0.01 

(p=0.009) 

0.06±0.001 (N.S.)  

      T2DM OAD  6.12±0.46 (N.S.) 7.16±0.55 

(N.S.) 

22.99±0.97 

(N.S.) 

4.02±0.26 

(N.S.) 

0.33±0.007 

(p=0.01) 

0.06±0.0005 (N.S.)  

      T2DM Insulin  6.22±0.55(N.S.)  7.11±0.57 

(N.S.) 

23.36±1.89 

(N.S.) 

4.16±0.52 

(N.S.) 

0.32±0.01 (N.S.) 0.06±0.001 (N.S.)  

Angulus buccal cortex        

   Control 6.13±0.48 7.19±0.66 22.51±2.4 4.05±0.19 0.32±0.02 0.06±0.001  

   T2DM 5.94±0.39 (N.S.) 6.93±0.64 

(N.S.) 

22.11±1.57 

(N.S.) 

4.26±0.4 

(N.S.) 

0.32±0.01 (N.S.) 0.06±0.001 (N.S.)  

       T2DM OAD 5.94±0.33 (N.S.) 6.75±0.31 

(N.S.)  

21.63±0.49 

(N.S.) 

4.06±0.27 

(N.S.) 

0.33±0.005 (N.S.) 0.062±0.001 (N.S.)  

       T2DM Insulin  5.93±0.49 (N.S.)   7.1±0.87 (N.S.) 22.59±2.17 

(N.S.) 

4.45±0.44 

(N.S.) 

0.32±0.01 (N.S.) 0.06±0.002 (N.S.)  

Molar trabecular        

   Control 7.17±0.67 8.98±1.12 27.47±3.94 5.87±0.34 0.38±0.03 0.06±0.0007 2.28±0.48 

   T2DM 
6.65±0.7 (N.S.)   8.48±0.95 

(N.S.)   

23.75±6.39 

(N.S.)   

5.91±0.88 

(N.S.)   

0.36±0.03 (N.S.)   0.06±0.002 (N.S.) 2.15±0.37 

(N.S.)   

       T2DM OAD  
6.49±0.6 (N.S.)   8.07±0.63 

(N.S.)   

21.26±8.73 

(N.S.)   

5.55±0.63 

(N.S.)   

0.36±0.02 (N.S.)   0.06±0.001 (vs. T2DM 

Insulin p=0.084)   

2.05±0.28 

(N.S.)   

       T2DM Insulin  
6.8±0.82 (N.S.)   8.9±1.09 (N.S.)   26.25±0.46 

(N.S.)   

6.27±1.01 

(N.S.)    

0.35±0.04 (N.S.)   0.06±0.002  

(vs. Control p=0.054)   

2.26±0.45 

(N.S.)   

 Angulus trabecular        

  Control 7.11±0.72 8.91±1.03 24.72±3.19 5.47±0.35 0.35±0.03 0.06±0.002 2.22±0.41 

  T2DM 
6.65±0.82(N.S.)   9.25±0.92 

(N.S.)    

24.43±3.5 

(N.S.)   

6.02±1.31 

(N.S.)   

0.35±0.05 (N.S.)   0.06±0.001 (N.S.)   3±2.49 (N.S.)   

       T2DM OAD 
6.9±0.82 (N.S.)   9.03±0.79 

(N.S.)    

22.46±0.67 

(N.S.)   

5.77±1.26 

(N.S.)    

0.37±0.03 (N.S.)   0.06±0.001 (N.S.)   2.22±0.31 

(N.S.)   

       T2DM Insulin  
6.4±0.83 (N.S.)   9.48±1.08 

(N.S.)   

26.4±4.18 

(N.S.)    

6.27±1.45 

(N.S.)   

0.32±0.06 (N.S.)   0.06±0.0004 (N.S.)   3.79±3.51 

(N.S.)   
N.S.: not significant compared to the Control group or between the T2DM groups; p value: significant when <0.05; v1CO3/v1PO4: Carbonate-to-phosphate ratio; 1/FWHM(v1PO4) 

crystallinity; v1PO4/amide I: area under the phosphate I peak over the area under the amide I peak (mineral-to-matrix ratio); v1PO4/CH2: area under the phosphate I peak over the area under 

the CH2 peak (mineral-to-matrix ratio); v1PO4/Pro: area under the phosphate I peak over the area under the proline peak (mineral-to-matrix ratio); v1PO4/amide III: area under the phosphate I 

peak over the area under the amide III peak (mineral-to-matrix ratio); v2PO4/amide III: area under the phosphate II peak over the area under the amide IIII peak (mineral-to-matrix ratio) 
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Table 13: Values of bone cellular parameters of the trabecular bone in the Control and T2DM groups.  
 N.Ob/B.Pm 

(1/mm) 

Ob.S/BS OwoB.Ar (mm
2
) OS/BS O.Th (µm) OV/BV Oc.S/BS 

Molar trabecular         

     Control 1.42±1.76 1.16±1.66 0.0009±0.002 2.74±3.83 2.9±3.69 0.1±0.12 0.26±0.55 

     T2DM 1.74±1.35 (N.S.) 2.18±1.65 (N.S.) 0.002±0.002 (N.S.) 5.22±4.7 (N.S.) 4.54±3.02 (N.S.) 0.33±0.32 (N.S.) 

p=0.056 

0.32±0.37 (N.S.) 

         T2DM OAD  1.92±1.7 (N.S.) 2.53±2.05 (N.S.) 0.001±0.002 (N.S.) 6.86±6.16 (N.S.) 4.55±2.76 (N.S.) 0.36±0.35 (N.S.) 0.56±0.38 (N.S.) 

         T2DM Insulin  1.56±1.04 (N.S.) 1.83±1.26 (N.S.) 0.003±0.003 (N.S.) 3.58±2.27 (N.S.) 4.54±3.59 (N.S.) 0.3±0.32 (N.S.) 0.07±0.13 (N.S.) 

Angulus trabecular         

     Control 2.62±2.42 3.18±3.24 0.001±0.001 6.92±7.98 4.73±4.82 0.45±0.55 0.74±0.89 

     T2DM 2.78±2.78 (N.S.) 2.97±4.47 (N.S.) 0.003±0.007 (N.S.) 7.36±9.17 (N.S.) 2.79±2.28 (N.S.) 0.25±0.35 (N.S.) 0.39±0.49 (N.S.) 

         T2DM OAD  3.78±3.44 (N.S.) 5.05±5.81 (N.S.) 0.005±0.09 (N.S.) 9.53±12.15 (N.S.) 3.58±2.91 (N.S.) 0.35±0.49 (N.S.) 0.67±0.58 (N.S.) 

         T2DM Insulin  1.78±1.75 (N.S.) 0.89±0.66 (N.S.) 0.0009±0.0006 (N.S.) 5.19±5.24 (N.S.) 2.0±1.29 (N.S.) 0.14±0.1 (N.S.) 0.12±0.13 (N.S.) 

 
 N.Oc/B.Pm (1/mm) ES/BS ErSwo.Pm (mm) N.Ot/B.Ar (1/mm

2
) N.eOt/B.Ar (1/mm

2
) N.Oot/B.Ar (1/mm

2
) 

Molar trabecular        

     Control 0.11±0.23 0.6±1.12 0.13±0.13 157.34±61.85 44.77±27.11 12.38±8.31 

     T2DM 0.12±0.13 (N.S.) 0.73±0.93 (N.S.) 0.27±0.2 (N.S.) 

p=0.083 

169.58±40.05 (N.S.) 59.52±37.54 (N.S.) 11.47±8.07 (N.S.) 

         T2DM OAD  0.22±0.1 (N.S.) 

OAD vs. control: p=0.042; 

OAD vs. Insulin: p=0.045 

1.34±0.98 (N.S.) 0.2±0.13 (N.S.) 200.22±26.3 (N.S.) 55.38±40.22 (N.S.) 13.62±10.93 (N.S.) 

         T2DM Insulin  0.03±0.04 (N.S.) 0.13±0.22 (N.S.) 0.34±0.24 (N.S.) 138.94±27.09 (N.S.) 63.65±38.87 (N.S.) 9.32±3.97 (N.S.) 

Angulus trabecular        

      Control 0.26±0.33 1.27±1.61 0.21±0.17 144.89±42.08 50.13±36.94 17.17±12.73 

      T2DM 0.2±0.28 (N.S.) 0.66±0.85 (N.S.) 0.1±0.17 (N.S.) 

p=0.075 

135.86±58.14 (N.S.) 53.22±37.45 (N.S.) 13.48±6.47 (N.S.) 

         T2DM OAD  0.36±0.32 (N.S.) 1.18±0.96 (N.S.) 0.18±0.21 (N.S.) 130.85±41.24 (N.S.) 48.05±27.45 (N.S.) 14.38±7.75 (N.S.) 

         T2DM Insulin  0.04±0.05 (N.S.) 0.15±0.16 (N.S.) 0.02±0.03 (N.S.) 140.88±76.42 (N.S.) 58.38±48.34 (N.S.) 12.58±5.66 (N.S.) 
N.S.: not significant compared to the Control group or between the T2DM groups; p value: significant when <0.05; N.Ob/B.Pm: number of osteoblasts per bone perimeter; N.Ot/B.Ar: number of 

osteocyte lacunae per bone area; OS/BS: osteoid surface per bone surface; ES/BS: eroded surface per bone surface; Oc.S/BS: osteoclast surface per bone surface; O.Th; osteoid thickness: N.Oc/B.Pm: 

number of osteoclasts per bone perimeter; OwoB.Ar: osteoid without osteoblasts bone area; ErSwo.Pm: eroded surface without osteoclasts perimeter; N.eOt/B.Ar: number of empty osteocyte lacunae 

per bone area; N.Oot/B.Ar: number of newly embedded osteoblasts per bone area 
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Table 14: Values of cortical bone thickness in the Control and T2DM groups. 

 
 Ct. Th [µm] 

Molar buccal cortex  

     Control 1881.45±472.86 

     T2DM 1967.22±422.15 (N.S.) 

         T2DM OAD  1938.06±574.33 (N.S.) 

         T2DM Insulin  1996.39±262.67 (N.S.) 

Angulus buccal cortex  

      Control 1583.79±546.56 

      T2DM 1571.09±543.08 (N.S.) 

          T2DM OAD  1537.36±667.14 (N.S.) 

         T2DM Insulin  1604.82±464.43 (N.S.) 

Molar lingual cortex  

      Control 1749.57±780.58 

      T2DM 1700.75±464.38 (N.S.) 

           T2DM OAD  1914.3±523.75 (N.S.) 

           T2DM Insulin  1487.21±311.26 (N.S.) 

Angulus lingual cortex  

      Control 1387.45±526.53 

      T2DM 1489.61±432.15 (N.S.)  

           T2DM OAD  1625.13±435.2 (N.S.) 

           T2DM Insulin  1354.09±429.97 (N.S.) 

N.S.: not significant compared to the control group or 

between the T2DM groups; 

p value: significant when <0.05; Ct.Th: Cortical thickness 

 

4.2 T2DM Jaw Bone Quality. Intersite comparisons (Angulus vs. Molar) in the T2DM 

group and T2DM subgroups 

 

4.2.1 Higher cortical porosity in the molar region compared with the angulus region in 

T2DM 

 

The results showed higher porosity of the lingual cortex and trabecular bone of the 

molar region compared with the same sites of the angulus region, both in the T2DM group 

and in the T2DM OAD subgroup. Significantly different parameters, bone sites, results, and p 

values are listed in Table 15, whereas absolute values can be found in Tables 7 and 8.  

 
 

 

 

T2DM group or 

subgroup 

Parameter Bone site Result p value 

T2DM OAD  Po.cl  Lingual cortex ↑ in the molar region p=0.001 

T2DM OAD  Po.op Lingual cortex ↑ in the molar region p=0.01 

T2DM OAD  Po.tot Lingual cortex ↑ in the molar region p=0.007 

T2DM OAD  BV/TV Lingual cortex ↑ in the angulus region p=0.007 

T2DM  Po.cl Lingual cortex ↑ in the molar region p=0.011 

T2DM  Po.op Lingual cortex ↑ in the molar region p=0.011 

T2DM  Po.tot Lingual cortex ↑ in the molar region p=0.011 

T2DM BV/TV Lingual cortex ↑ in the angulus region p=0.011 

T2DM OAD  DA Trabecular bone ↑ in the angulus region p=0.009 

T2DM  Tb.Th  Trabecular bone ↑ in the angulus region p=0.008 

T2DM  DA Trabecular bone ↑ in the angulus region p=0.002 

 

Table 15: Statistically significant results of microstructural analysis of T2DM group and 

subgroups, angulus vs. molar 

p value: significant when <0.05; BV/TV: Bone volume per tissue volume; DA: Degree of anisotropy; Tb.Th: 
Trabecular thickness; Po.op: Open porosity; Po.tot: Total porosity; Po.Dm: Pore diameter 
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4.2.2 More mineralization variations at the molar region in the T2DM Insulin subgroup  

 

 The results of intersite comparisons in the T2DM Insulin subgroup showed more 

mineralization variations in the angulus region compared with the molar region. Significantly 

different parameters, bone sites, results, and p values are listed in Table 16, whereas absolute 

values can be found in Table 9. 

 

 
 

 

T2DM group or 

subgroup 

Parameter Bone site Result p value 

T2DM Insulin CaMean Buccal cortex ↑ in the molar region p=0.023 

T2DM Insulin StDev  Buccal cortex ↑ in the molar region p=0.019 

T2DM Insulin CaLow  Buccal cortex ↑ in the molar region p=0.001 

T2DM Insulin StDev  Lingual cortex ↑ in the angulus region p=0.038 

 

 

 

 

4.2.3 More mineralized lacunae at the angulus region in the T2DM Insulin subgroup  

 

The intersite comparisons in the T2DM Insulin subgroup showed more mineralized 

lacunae in the buccal cortex of the angulus region compared with the buccal cortex of the 

molar region. Also, mean lacunar size was higher in the buccal cortex of the molar region 

compared with the angulus region in the T2DM Insulin subgroup. Significantly different 

parameters, bone sites, results, and p values are listed in Table 17, whereas absolute values 

can be found in Table 9. 

 

 
 

 

T2DM group or 

subgroup 

Parameter Bone site Result p value 

T2DM Insulin Mean lacunar size Buccal cortex ↑ in the molar region p=0.035 

T2DM Insulin Total Mn.Lc.N/B.Ar  Buccal cortex ↑ in the molar region p=0.025 

 

 

 

 

 

4.2.4 Mineral-to-matrix differences between T2DM molar and angulus regions as reflected 

by Raman spectroscopy  

 

 The intersite comparisons of T2DM group and subgroups revealed tissue composition 

differences between T2DM molar and angulus regions, both in buccal cortex and in 

trabecular bone. Significantly different parameters, bone sites, results, and p values are listed 

in Table 18, whereas absolute values can be found in Table 12. 

 

 

Table 16: Statistically significant results of mineralization analysis of T2DM group and 

subgroups, angulus vs. molar 

Table 17: Statistically significant results of osteocyte analysis of T2DM group and subgroups, 

angulus vs. molar 

p value: significant when <0.05; CaMean: mean calcium content; StDev: heterogeneity of bone mineral distribution: 

CaLow: area of poorly mineralized bone above the 95th percentile value of that group 

p value: significant when <0.05; T.Mn.Lc.N/B.Ar:  total mineralized lacunar number per bone area 



40 
 

 

 
 

 

  

T2DM group or 

subgroup 

Parameter Bone site Result p value 

T2DM OAD v1PO4/Pro Buccal cortex ↑ in the molar region p=0.035 

T2DM  v1PO4/Pro Buccal cortex ↑ in the molar region p=0.044 

T2DM OAD v1PO4/CH2 Trabecular bone ↑ in the angulus region p=0.037 

T2DM OAD v1PO4/amide III Trabecular bone ↑ in the angulus region p=0.002 

T2DM v1PO4/amide III Trabecular bone ↑ in the angulus region p=0.025 

 

 

 

 

 

4.2.5 Histomorphometry: Cellular and structural differences between the angulus and 

molar bone regions in T2DM subgroups 

 

 The intersite comparisons of T2DM group and subgroups revealed structural and 

cellular differences between T2DM molar and angulus regions, both in buccal cortex and in 

trabecular bone. Significantly different parameters, bone sites, results, and p values are listed 

in Table 19, whereas absolute values can be found in Table 13. 

 
 

 

 

 

T2DM group or 

subgroup 

Parameter Bone site Result p value 

T2DM INSULIN ErSwo.Pm  Trabecular bone ↑ in the molar region p=0.032 

T2DM OAD N.Ot/B.Ar  Trabecular bone ↑ in the molar region p=0.006 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 18: Statistically significant results of tissue composition analysis of T2DM group and 

subgroups, angulus vs. molar 

 

 

 

Table 19: Statistically significant results of structural and cellular histomorphometric analysis of 

T2DM group and subgroups, angulus vs. molar 

p value: significant when <0.05; v1PO4/CH2: area under the phosphate I peak over the area under the CH2 peak 

(mineral-to-matrix ratio); v1PO4/Pro: area under the phosphate I peak over the area under the proline peak (mineral-to-

matrix ratio); v1PO4/amide III: area under the phosphate I peak over the area under the amide III peak (mineral-to-matrix 

ratio) 

p value: significant when <0.05; ErSwo.Pm: eroded surface without osteoclasts perimeter; N.Ot/B.Ar: number of 

osteocyte lacunae per bone area 
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4.3 ALC Jaw Bone Quality. Intergroup comparisons: ALC compared with Control 

group 
 

4.3.1 Higher closed cortical porosity in ALC compared with Control group 

 

Мicro-CT assessment revealed significantly higher closed cortical porosity (Po(cl), 

[%]) in the buccal cortex of the angulus region, buccal cortex of the molar region, and lingual 

cortex of the molar region in the ALC group compared with the Control group. Only the 

lingual cortex of the angulus region showed no statistically significant difference in closed 

cortical porosity between the ALC group and the Control group. Po(tot), Po(op), BV/TV, and 

other microstructural parameters were not different between the groups in either of the 

regions (Figure 18, Table 20).  

Trabecular bone of both regions showed no significant differences in microstructural 

parameters between the ALC group and the Control group (Table 21). 

 

4.3.2 Lower calcium content in ALC compared with the Control group 

 

The trabecular bone of the angulus region of the Cirrhosis group showed lower 

calcium content compared with the corresponding region of the Control group, as evidenced 

in lower CaMean and CaHigh. No other region or bone compartment showed statistically 

significant differences in the qBEI parameters between the groups (Figure 19, Table 22). 

 

4.3.3 Lower mean lacunar size in ALC compared with the control 

 

No differences in the osteonal morphology were found between the ALC and Control 

groups (Table 23). The trabecular bone of the molar region had significantly lower mean 

lacunar size (Mean Lc. size) in the Cirrhosis group than in the Control group (Figure 20, 

Table 24). 

 

4.3.4 Higher tissue maturity in ALC compared with the control 

 

Only one Raman spectroscopic parameter, v1CO3/v1PO4, was found to be significantly 

higher in the buccal cortex of the Cirrhosis group (Figure 21, Table 25). No other ratios 

interpreting the mineral to matrix ratio or other chemical structures of the bone differed 

between the groups, either in buccal cortex or in trabecular bone (Figure 21, Tables 25 and 

26). 

 

4.3.5 Lower osteoclast activity in ALC compared with the control 

 

Parameters related to the resorptive activity, including ES/BS and Oc.S/BS, showed 

significantly lower values in the trabecular bone of the angulus of the ALC group. In fact, the 

values of these parameters were 0 in the ALC group, and above zero in healthy individuals 

(Figure 22, Table 27). Cortical bone thickness values showed no statistically significant 

differences between the ALC and the Control groups (Table 28). 
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Figure 18: Higher closed cortical porosity in the ALC group compared with the Control group. (a, b, d, 

e, g, h, j, k) Sample micro-CT 3D reconstructions with arrowheads pointing to the cortex where closed 

cortical porosity (Po(cl)) was measured. (c, f, i, l) Bar charts show closed porosity values in the Control 

and ALC groups. (a, b, c) Higher closed cortical porosity was found in the buccal cortex of the molar 

region in the ALC group than in the Control group. (d, e, f) Higher closed cortical porosity was found in 

the lingual cortex of the molar region in the ALC group than in the Control group. (g, h, i) Higher 

closed cortical porosity was found in the buccal cortex of the angulus region in the ALC group than in 

the Control group. (j, k, l) No significant difference in closed cortical porosity was found in lingual 

cortex of the angulus region between the ALC and Control groups. (m, n) Drawings of the mandible 

from different perspectives, with bone core sites marked by a rectangle or a circle. Yellow arrows with 

numbers point to cortical regions: 1 - buccal cortex of the molar region; 2 - lingual cortex of the molar 

region; 3 - buccal cortex of the angulus region; 4 - lingual cortex of the angulus region. 
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Figure 19: Lower calcium content in the trabecular bone of the angulus region of the ALC group 

compared with the Control group. (a, b) Quantitative backscattered electron microscopy images of 

trabecular bone in the angulus region. (a) Control trabecular bone has dominant light grey areas 

with high calcium content and few dark grey areas with low calcium content (blue arrow). (b) 

ALC trabecular bone has several low calcium content areas (blue arrows). (c) Calcium weight 

chart of the ALC group is shifted towards lower values compared with the Control group. (d, e) 

Bar charts show lower CaMean and CaHigh values in the ALC group compared with the Control 

group in the angulus trabecular bone region. (f, g) Drawings of the mandible from different 

perspectives, with bone core site of the samples from the angulus region marked by a circle and a 

grid. 
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Figure 20: Lower mean lacunar size in the ALC group compared with the Control group. (a) Bar 

chart shows lower mean lacunar size in the ALC group compared with the Control group. (b, c) 

Drawings of the mandible from different perspectives, with the trabecular bone of the molar region 

marked by a circle and a grid.  

 

Figure 21: Lower osteoclast activity in the ALC group compared with the Control group. (a, b, c) 

Bar charts show lower resorption parameters (eroded surface per bone surface, osteoclast number 

per bone perimeter, osteoclast surface per bone surface) in the ALC group compared with the 

Control group. (d, e) Drawings of the mandible from different perspectives, with the trabecular 

bone of the angulus region marked by a circle and a grid. 
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Figure 22: Bone composition of buccal cortex of the molar region in the ALC group. Panels show 

the microscopic image overlayed with pixel maps showing the spatial distribution of each parameter 

(a, b) Phosphate-to-CH2 ratio (v1PO4/CH2 parameter) (a) Control group (b) ALC group (c) Drawing 

of the human mandible. Circle marks the buccal cortex of the molar region (d, e) phosphate-to-

amide III ratio (v1PO4/amide III parameter) in the buccal cortex of a molar region sample (d) Control 

group (e) ALC group (f) Drawing of the human mandible. Arrow points to the buccal cortex of the 

molar region. (g, h) phosphate-to-proline ratio (v1PO4/pro parameter) in the buccal cortex of a molar 

region sample (g) Control group (h) ALC group (i, j) Phosphate-to-amide I ratio (v1PO4/amide I 

parameter) in the buccal cortex of a molar region sample (i) Control group (j) ALC group (k, l) 

Carbonate to phosphate ratio (v1CO3/v1PO4 parameter) in the buccal cortex of a molar region sample 

(k) Control group (l) ALC group. There are more surfaces in light color in the ALC group (image l) 

compared to the Control group (image k). Raman microscope (WiRE 5.1, Renishaw). (m) Bar graph 

represents numeric values of carbonate-to-phosphate ratio (v1CO3/v1PO4 parameter) in the Control 

group and the ALC group (Origin Pro software), with statistical significance between the ALC group 

and the Control group.  
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Table 20: Comparison of the 3D microstructural parameters in the cortical bone between the Control group and the ALC group.  

 

 BV/TV [%] Po.cl [%] Po.op [%] Po.tot [%] Po.Dm [mm] 

Molar buccal cortex 

Control 94.07±5.5  0.22±0.13 5.71±5.58 5.92±5.49 0.11±0.07 

ALC 95.24±1.13 (N.S.) 
0.47±0.24 

p=0.02 

4.31±1.02  

(N.S.) 

4.76±1.13  

(N.S.) 

0.11±0.02  

(N.S.) 

Molar lingual cortex 

Control 95.29±1.84 0.26±0.09 4.45±1.85 4.7±1.85 0.1±0.03 

ALC 
87.84±17.26 

(N.S.) 

0.48±0.13 

p=0.003 

11.73±17.33 

(N.S.) 

12.14±17.27 

(N.S.)  

0.26±0.41  

(N.S.) 

Angulus buccal cortex 

Control 96.08±2.81 0.24±0.08 3.69±2.83 3.92±2.8 0.1±0.04 

ALC 
81.69±35.23 

(N.S.) 

0.49±0.24 

p=0.007 

3.33±1.28 

 (N.S.) 

3.81±1.19 

 (N.S.) 

0.09±0.03 

 (N.S.) 

Angulus lingual cortex 

Control 96.07±1.42 0.37±0.62 3.74±1.42 3.92±1.42 0.13±0.07 

ALC 97.16±2.26 (N.S.) 
0.43±0.12 

(N.S.) 

2.41±2.22  

(p=0.098) 

2.83±2.26  

(N.S.) 

0.08±0.03 

 (p=0.098) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N.S.: not significant compared to the control group or between the T2DM groups; p value: significant when <0.05; BV/TV: 

Bone volume per tissue volume; Po.cl: closed porosity; Po.op: pen porosity; Po.tot: total porosity; Po.Dm: pore diameter 
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Table 21: Comparison of the 3D microstructural parameters in the trabecular bone between the Control group and the ALC group. 

 BV/TV [%] SMI DA FD 
Tb.Th 

[mm] 

Tb.N 

[mm] 
Tb.Pf [1/mm] Tb.Sp [mm] 

Conn.Dn 

[1/mm
3
] 

Molar trabecular          

    Control 30.44±10.24 -0.06±1.24 1.8±0.66 2.51±0.1 0.24±0.06 1.18±0.3 -1.54±4.28 0.75±0.3 12.85±6.02 

    ALC 
40.07±23.08(

N.S.) 

-3.91±6.33 

(N.S.) 

1.72±0.23 

(N.S.) 

2.45±0.13(

N.S.)  

0.25±0.05 

(N.S.) 

1.73±1.24 

(N.S.) 

-7.5±11.8 (N.S.) 0.72±0.33 

(N.S.) 

-5.11±18.39 

(N.S.) 

Angulus trabecular          

   Control 32.21±18.51 -0.51±2.27 3.29±0.84 2.31±0.42 0.25±0.06 1.25±0.52 -1.73±4.25 0.76±0.27 2.29±13.27 

   ALC 
22.87±8.83 

(N.S.) 

0.78±0.94 

(N.S.) 

3.2±0.66 

(N.S.) 

2.3±0.07 

(N.S.) 

0.26±0,05 

(N.S.) 

0.84±0.18 

(N.S.) 

0.92±2.7 (N.S.)  0.87±0.18 

(N.S.) 

4.44±3.24 

(N.S.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N.S.: not significant compared to the control group or between the T2DM groups; p value: significant when <0.05; BV/TV: bone volume per tissue volume; SMI: 

structure model index; DA: degree of anisotropy; FD: fractal dimension; Tb.Th: trabecular thickness; Tb.N: trabecular number; Tb.Pf: trabecular pattern factor; 

Tb.Sp: trabecular separation; Conn.Dn: connectivity density 
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Table 22: Values of the qBEI parameters in the Control and the ALC group. 

 

CaMean 

[wt %] CaPeak [wt %] StDev [wt %] CaLow [wt %] CaHigh [wt %] 

Molar buccal cortex      

                Control 26.55±0.62 27.2±0.63 2.49±0.26 5.92±2.33 6.28±3.88 

                ALC 26.12±0.88 

(N.S.) 

27.04±0.86 

(N.S.) 

2.94±0.53 

(N.S.) 

9.62±4.59 

(N.S.) 

6.26±5.7 

(N.S.) 

Molar lingual cortex      

            Control 25.92±0.39 26.59±0.24 2.78±0.35 5.34±2.42 4.96±1.54 

   ALC 25.47±1.02 

(N.S.)  

26.34±0.89 

(N.S.) 

 

3.02±0.63 

(N.S.) 

8.71±5.35 

(N.S.) 

3.55±2.02 

(N.S.) 

Angulus buccal cortex      

   Control 26.59±0.5 27.17±0.35 2.58±0.6 4.82±3.35 5.01±2.7 

   ALC 25.73±0.68 

(N.S.) 

26.5±0.58 

(N.S.) 

2.7±0.76 

(N.S.) 

8±5.2 

(N.S.) 

2.07±1.92 

(N.S.) 

Angulus lingual cortex      

   Control 26.37±0.49 26.94±0.46 2.35±0.14 5.04±2.09 5.63±3.28 

   ALC 26.32±0.23 

(N.S.) 

26.85±0.36 

(N.S.) 

2.3±0.24 

(N.S.) 

4.58±1.25 

(N.S.) 

3.73±1.83 

(N.S.) 

Molar trabecular bone      

   Control 25.58±0.75 26.48±0.48 2.98±0.53 7.02±4.71 5.31±3.02 

   ALC 
25.26±1.06 

(N.S.) 

26.4±0.75 

(N.S.) 

3.5±0.62 

(N.S.) 

11.21±6.98 

(N.S.) 

6.42±2.87 

(N.S.) 

Angulus trabecular bone 

R 

trabtrabecular 

     

   Control 26.76±0.9 27.26±0.98 2.52±0.18 5.82±4.36 5.88±3.45 

   ALC 
25.32±0.98 

(p=0.042) 

26.18±0.43 

(N.S.) 

2.85±0.52 

(N.S.) 

14.81±11.01 

(N.S.) 

1.72±1.34 

(p=0.036) 

 
 

 

 

 

 

 

 

N.S.: not significant compared to the control group or between the T2DM groups; p value: significant when <0.05; CaMean: mean 

calcium content; CaPeak; peak calcium content; CaWidth: heterogeneity of bone mineral distribution: CaHigh: area of highly mineralized bone 

below the 5th percentile value of that group; CaLow: area of poorly mineralized bone above the 95th percentile value of that group 
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Table 23:  Comparison of osteonal morphology parameters and osteocyte lacunar parameters of cortical bone between the Control group and the ALC group. 

 
 On.N/B.Ar 

(1/mm
2
) 

On.W.Th 

(µm) 

Mean 

On.Ot.Ln.N 

Lc.N/B.Ar 

(1/mm
2
) 

Mean Lc. size 

(µM
2
) 

MEan 

On.Mn.Lc.N 

T.Mn.On.Lc.N/On.

B.Ar (1/mm
2
)  

T.Mn.Lc.N/B.

Ar (1/mm
2
) 

Molar buccal cortex         

Control 3.85 ± 2.48 14.59 ± 32.46  11±5 533.13 ± 66.76 15.31± 1.58 0.09 ± 0.12 1.72 ± 3.01 5.79 ± 5.69 

ALC 3.14±7.61  

(N.S.) 

81.2±29.54 

(N.S.) 

8.5±3.35 

(N.S.) 

897.61±515.31 

(N.S.) 

12.75±4.43 

(N.S.) 

0.05±0.11 

(N.S.) 

0.77±1.72 

(N.S.) 

4.15±2.98 

(N.S.) 

Molar lingual cortex         

Control 1.31 ±1.79 41.18 ± 39.18 15±6 627.12 ± 164.68 15.04± 3.15 0.11±0.08 0.59 ± 1.32 1.51 ± 2.13 

ALC 3.28±1.45 

(N.S.) 

74.77±25.74 

(N.S.) 

12.1±4.62 

(N.S.) 

997.03±519.5 

(N.S.) 

12.74±3.63 

(N.S.) 

0.01±0.03 

(N.S.) 

0.46±1.03 

(N.S.) 

3.37±2.51 

(N.S.) 

Angulus buccal cortex         

Control 1.78 ± 1.44 16.06 ± 35.76 9.28±3.01 662.93 ± 503.44 14.29± 4.12 0.29±0.54 2.58 ± 3.57 11.9 ± 13.9 

ALC 3.68±1.94 

(N.S.) 

77.47±25.61 

(N.S.) 

15.83±8.61 

(N.S.) 

888.89±934.07 

(N.S.) 

13.72±2.67 

(N.S.) 

0.02±0.05 

(N.S.) 

0.44±1 

(N.S.) 

2.06±1.35 

(N.S.) 

Angulus lingual cortex         

Control 2 ± 1.36 11.07 ± 24.55 13.48±5.03 361.88 ± 111.96 16.27±1.5 0.04±0.05 0.54 ± 0.78 4.56 ± 3.9 

ALC 2±1.1 

(N.S.) 

71.09±27.62 

(N.S.) 

13.2±5.35 

(N.S.) 

419.7±136.92 

(N.S.) 

15.5±1.75 

(N.S.) 

0.02±0.05 

(N.S.) 

0.85±1.9 

(N.S.) 

2.33±2.14 

(N.S.) 

 
N.S.: not significant compared to the Control group or between the T2DM groups; p value: significant when <0.05; On.N/B.Ar: osteon number per bone area;  On.W.Th: 

osteonal wall diameter; Mean On.Ot.Ln.N: mean osteonal osteocyte lacunar number; Lc.N/B.Ar: lacunar number per bone area; Mean Lc. size: mean lacunar size; Mean 

On.Mn.Lc.N: mean osteonal mineralized lacunar number; Total Mn.On.Lc.N/On.B.Ar: total mineralized osteonal lacunar number per osteonal bone area; T.Mn.Lc.N/B.Ar: 

total mineralized lacunar number per bone area 
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Table 24:  Comparison of osteocyte lacunar parameters of trabecular bone between the Control group and ALC group. 

 

 
Lc.N/B.Ar  

(1/mm
2
) 

Mean Lc. size (µm
2
) T.Mn.Lc.N/B.A

r (1/mm
2
) 

Molar trabecular    

 Control 452.21± 61.54 17.19± 2.15 3.93 ± 5.47 

ALC 1356.8±866.23 

(N.S.) 

10.87±2.39 

(p=0.002) 

9.48±6.14 

(N.S.) 

Angulus trabecular    

 Control 362.04± 117.91 16.97± 3.33 15.8 ± 11 

ALC 591.43±304.41 

(N.S.) 

13.71±3.49 

(N.S.) 

5.24±3.7 

(N.S.) 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N.S.: not significant compared to the Control group or between the T2DM groups; p 

value: significant when <0.05; T.Mn.Lc.N/B.Ar:  total mineralized lacunar number per 

bone area; Lc.N/B.Ar: lacunar number per bone area; Mean Lc. size: mean lacunar size 
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Table 25: Values of tissue composition and maturity parameters of cortical bone in the Control group and ALC group.  

 

 v1PO4/CH2 v1PO4/amideIII v1PO4/Pro v1PO4/amideI v1CO3/v1PO4 1/FWHM 

(v1PO4) 

Molar buccal cortex       

     Control 6.53±0.35 7.53±0.43 23.51±1.16 4.18±0.35 0.31±0.01 0.06±0.001 

ALC 6.29±0.71  

(N.S.) 

7.15±0.84  

(N.S.) 

22.98±1.34 

(N.S.) 

4.22±0.74  

(N.S.) 

0.33±0.004  

(p=0.008) 

0.06±0.0008  

(N.S.) 

Angulus buccal cortex       

      Control 6.13±0.48 7.19±0.66 22.51±2.4 4.05±0.19 0.32±0.02 0.06±0.001 

ALC 5.7±0.34  

(N.S.) 

6.72±0.37  

(N.S.) 

22.63±1.17  

(N.S.) 

3.94±0.23  

(N.S.) 

0.33±0.01  

(N.S.) 

0.06±0.0009  

(N.S.) 

 

Table 26: Values of tissue composition and maturity parameters of trabecular bone in the Control group and ALC group.  

 

 v1PO4/CH2 v1PO4/amideIII v1PO4/Pro v1PO4/amideI v1CO3/v1PO4 v2PO4/amideIII 1/FWHM 

(v1PO4) 

Molar trabecular        

      Control 7.17±0.67 8.98±1.12 27.47±3.94 5.87±0.34 0.38±0.03 2.28±0.48 0.06±0.0007 

ALC 
6.76±0.8 

(N.S.) 

8.53±1.41 

(N.S.) 

26.81±1.85 

(N.S.) 

5.91±0.86 

(N.S.) 

0.37±0.02 

(N.S.) 

2.15±0.13 

(N.S.) 

0.06±0.002  

(N.S.) 

 Angulus trabecular        

      Control 7.11±0.72 8.91±1.03 24.72±3.19 5.47±0.35 0.35±0.03 2.22±0.41 0.06±0.002 

ALC 
6.19±0.55 

(N.S.) 

8.24±1.16 

(N.S.) 

26.18±2.98 

(N.S.) 

5.68±0.84 

(N.S.) 

0.33±0.04 

(N.S.) 

3.21±2.86 

(N.S.) 

0.06±0.0006 

(N.S.) 

 
N.S.: not significant compared to the control group or between the T2DM groups; p value: significant when <0.05; v1CO3/v1PO4: Carbonate-to-phosphate ratio; 1/FWHM(v1PO4) crystallinity; 

v1PO4/amideI: area under the phosphate I peak over the area under the amide I peak (mineral-to-matrix ratio); v1PO4/CH2: area under the phosphate I peak over the area under the CH2 peak 

(mineral-to-matrix ratio); v1PO4/Pro: area under the phosphate I peak over the area under the proline peak (mineral-to-matrix ratio); v1PO4/amideIII: area under the phosphate I peak over the 

area under the amide III peak (mineral-to-matrix ratio); v2PO4/amideIII: area under the phosphate II peak over the area under the amide IIII peak (mineral-to-matrix ratio) 
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              Table 27: Values of bone cellular parameters of the trabecular bone in the Control group and the ALC group.  

 

 OV/BV OS/BS ES/BS Oc.S/BS O.Th (µm) OwOb.Ar (mm
2
) 

Molar trabecular bone       

     Control 0.1±0.12 2.74±3.83 0.6±1.12 0.26±0.55 2.9±3.69 0.0009±0.002 

ALC 0.44±0.53 

(N.S.) 

7.76±7.72  

(N.S.) 

0.48±0.69  

(N.S.) 

0.31±0.47  

(N.S.) 

4.41±4.6 

(N.S.) 

0.0002±0.0005 

(N.S.) 

Angulus trabecular bone       

      Control 0.45±0.55 6.92±7.98 1.27±1.61 0.74±0.89 4.73±4.82 0.00097±0.001 

ALC 0.33±0.46  

(N.S.) 

5.12±7.36  

(N.S.) 

0±0 

(p=0.034) 

0±0 

(p=0.022) 

3.74±4.86 

(N.S.) 

0.00132±0.003 

(p=0.056) 

 
 N.Ob/B.Pm 

(1/mm) 

N.Oc/B.Pm 

(1/mm) 

ErSwO.Pm 

(mm) 

N.eOt/B.Ar 

(1/mm
2
) 

N.Ot/B.Ar 

(1/mm
2
) 

N.Oot/B.Ar 

(1/mm
2
) 

Molar trabecular bone       

     Control 1.42±1.76 0.11±0.23 0.13±0.13 44.77±27.11 157.34±61.85 12.38±8.31 

ALC 2.24±2.25 

(N.S.) 

0.12±0.18 

(N.S.) 

0.14±0.12 

(N.S.) 

47.05±13 

(N.S.) 

192.76±45.38 

(N.S.) 

8.71±6.76 

(N.S.) 

Angulus trabecular bone       

      Control 2.62±2.42 0.26±0.33 0.21±0.17 50.13±36.94 144.89±42.08 17.17±12.73 

ALC 1.68±2.38 

(N.S.) 

0±0 

(p=0.032) 

0.16±0.11 

(N.S.) 

52.73±14.69 

(N.S.) 

104.92±35.51 

(p=0.056) 

6.37±9.1 

(p=0.092) 

       

N.S.: not significant compared to the Control group or between the T2DM groups; p value: significant when <0.05; N.Ob/B.Pm: number of osteoblasts per bone 

perimeter; N.Ot/B.Ar: number of osteocyte lacunae per bone area; OS/BS: osteoid surface per bone surface; ES/BS: eroded surface per bone surface; Oc.S/BS: 

osteoclast surface per bone surface; O.Th; osteoid thickness: N.Oc/B.Pm: number of osteoclasts per bone perimeter; OwoB.Ar: osteoid without osteoblasts bone 

area; ErSwo.Pm: eroded surface without osteoclasts perimeter; N.eOt/B.Ar: number of empty osteocyte lacunae per bone area; N.Oot/B.Ar: number of newly 

embedded osteoblasts per bone area 
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Table 28: Values of cortical bone thickness in the Control and ALC groups. 
 Ct. Th [µm] 

Molar buccal cortex  

     Control 1881.45±472.86 

ALC 1955.62±414.03 (N.S.) 

Angulus buccal cortex  

      Control 1583.79±546.56 

ALC 1236.31±562.99 (N.S.) 

Molar lingual cortex  

      Control 1749.57±780.58 

ALC 1909.15±678.91 (N.S.) 

Angulus lingual cortex  

      Control 1387.45±526.53 

ALC 1253.34±378.99 (N.S.) 

 
 

 

 

 

4.4 ALC Jaw Bone Quality. Intersite comparisons (Angulus region vs. Molar 

region) in the ALC group 

 

4.4.1 Microstructural differences in trabecular geometry in the ALC group 

 

 Intersite comparison of the angulus and molar regions in the ALC group revealed 

significant differences in DA and FD. Significantly different parameters, bone sites, 

results, and p values are listed in Table 29, whereas absolute values are shown in Table 

21. 

 

 

 
 

Group  Parameter Bone site Result p value 

ALC DA Trabecular bone ↑ in the angulus region p=0.001 

ALC FD Trabecular bone ↑ in the molar region p=0.033 

 

 

 

 

4.4.2 No intersite mineralization variations in ALC  

 

 Statistical analysis of qBEI mineralization parameters showed no significant 

intersite differences in the ALC group. 

 

 

4.4.3 Osteocyte lacunar intersite differences in the ALC group 

 

Intragroup comparisons of the angulus and molar regions in the ALC group 

revealed significant differences in two of the parameters regarding osteocyte lacunae. 

Table 29: Statistically significant results of microstructural analysis of ALC angulus vs. molar region 

N.S.: not significant compared to the Control group or between 

the T2DM groups; p value: significant when <0.05; Ct.Th: 

cortical thickness 

 

p value: significant when <0.05; DA: degree of anisotropy; FD: Fractal dimension 
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Significantly different parameters, bone sites, results, and p values are listed in Table 

30, whereas absolute values can be found in Table 24. 

 

 
 

 

Group  Parameter Bone site Result p value 

ALC Mean On.Ot.Ln.N Buccal cortex ↑ in the angulus region p=0.025 

ALC T.Mn.Lc.N/B.Ar Buccal cortex ↑ in the molar region p=0.037 

 

 

 

 

4.4.4 Mineral-to-matrix intersite differences in the ALC group 

 

Comparisons of the angulus and molar regions in the ALC group revealed a 

statistically significant difference in one of the parameters of tissue composition 

(v1PO4/CH2). This parameter, its bone site, result, and p value are listed in Table 31, 

whereas absolute values can be found in Tables 25 and 26. 

 

 
 

 

Group  Parameter Bone site Result p value 

ALC v1PO4/CH2 Trabecular bone ↑ in molar region p=0.015 

 

 

 

 

4.4.5 Cellular parameters and cortical thickness intersite differences in the ALC 

group 

 

Histomorphometry revealed an intersite difference in osteocyte number between 

the angulus and the molar regions in the ALC group. Furthermore, cortical thickness of 

the buccal cortex differed between the angulus and molar bone cores in the ALC group. 

Significantly different parameters, bone sites, results, and p values are listed in Table 

32, whereas absolute values can be found in Tables 27 and 28. 

 

 
 

 

Group  Parameter Bone site Result p value 

ALC N.Ot/B.Ar  Trabecular bone ↑ in the molar region p<0.001 

ALC Ct.Th Buccal cortex ↑ in the molar region p=0.002 

 

 

 

 

 

Table 30: Statistically significant results of osteonal analysis of ALC angulus vs. molar region 

Table 31: Statistically significant results of tissue composition analysis of ALC angulus vs. molar 

region 

Table 32: Statistically significant results of histomorphometry analysis of Control angulus vs. 

molar region 

p value: significant when <0.05; Mean On.Ot.Ln.N: mean osteonal osteocyte lacunar number; 

T.Mn.Lc.N/B.Ar: total mineralized lacunar number per bone area 

p value: significant when <0.05; v1PO4/CH2: area under the phosphate I peak over the area under the CH2 peak 

(mineral-to-matrix ratio) 

p value: significant when <0.05; N.Ot/B.Ar: number of osteocyte lacunae per bone area; Ct.Th: cortical thickness  
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4.5 Intersite comparisons (Angulus region vs. Molar region) in the Control group 

 

4.5.1 Microstructural differences in geometry in the Control group 

 

Statistical analysis revealed microstructural differences in geometry between the 

angulus and the molar region in the Control group. Significantly different parameters, 

bone sites, results, and p values are listed in Table 33, whereas absolute values can be 

found in Table 8. 

 

 
 

Group  Parameter Bone site Result p value 

Control DA Trabecular bone ↑ in the angulus region p=0.001 

Control Conn.Dn Trabecular bone ↑ in the molar region p=0.007 

 

 

 

4.5.2 No intersite mineralization variations in the Control group 

 

 Statistical analysis of qBEI mineralization parameters showed no significant 

intersite differences in the Control group. 

 

4.5.3 Osteonal number intersite variations in the Control group 

 

Statistical analysis revealed significant differences in osteonal number between 

the angulus and the molar regions of the Control group. Parameter, bone site, result, and 

p value are listed in Table 34, whereas absolute values can be found in Table 10. 

 

 
 

Group  Parameter Bone site Result p value 

Control On.N/B.Ar Trabecular bone ↑ in the molar 

region 

p=0.033 

 

 

 

4.5.4 Mineral-to-matrix intersite differences in the Control group 

 

Comparisons of the angulus and molar regions of Control group revealed 

statistically significant difference in one parameter related to tissue composition. This 

parameter, its bone site, result, and p value are listed in Table 35, whereas absolute 

values can be found in Table 12. 

 
 

 

Group  Parameter Bone site Result p value 

Control v1PO4/amideI Trabecular bone ↑ in the molar 

region 

p=0.048 

 

Table 33: Statistically significant results of microstructural analysis of the angulus vs. molar 

region of the Control group 

 

Table 35: Statistically significant results of microstructural analysis of the angulus vs. molar 

regions in the Control group 

 

 

Table 34: Statistically significant results of osteonal morphology analysis of the angulus vs. molar 

regions in the Control group 

 

p value: significant when <0.05; DA: degree of anisotropy; Conn.Dn: connectivity density  

p value: significant when <0.05; On.N/B.Ar: osteon number per bone area 

p value: significant when <0.05; v1PO4/amideI: area under the phosphate I peak over the area under the amide I peak 

(mineral-to-matrix ratio) 
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4.5.5 No cellular, structural and cortical thickness inter-site differences in the Control 

group 

 

Statistical analysis of cellular, structural and cortical thickness parameters 

showed no significant inter-site differences in the Control group. 
 

 

 

5. Discussion 

 

 In this post mortem study, we compared the parameters of jaw bone 

microstructure, composition and bone cells in individuals with T2DM and healthy 

controls, and investigated the influence of antidiabetic drugs vs. insulin in a site-specific 

manner in these groups of individuals. We observed substantial inter-group variability in 

T2DM affecting bone quality as summarized below per each site investigated: 

 the trabecular bone of the molar region showed a lower fractal dimension, 

higher calcium content heterogeneity and higher osteoclast number per bone 

perimeter in T2DM vs. controls; 

 the lingual cortex of the molar region showed no difference in T2DM; 

 the buccal cortex of the molar region had a lower mineralized osteocyte lacunar 

bone number and higher carbonate-to-phosphate ratio in T2DM; 

 the trabecular bone of the angulus region had thicker trabeculae, fewer 

mineralized osteocyte lacunae and smaller lacunae; 

 the lingual cortex of the angulus region had lower porosity in T2DM;  

 the buccal cortex of the angulus region showed more packets of highly 

mineralized bone in T2DM (Figure 23). 

 

 Firstly, micro-CT evaluation of the trabecular bone of the molar region showed a 

lower fractal dimension parameter in the micro-CT evaluation in T2DM group, which 

signifies lower structural complexity in this bony region in T2DM irrespective of anti-

diabetic treatment. A recent study compared mandibular bone fractal dimension on 

digital panoramic radiographs of T2DM to controls, but found no significant difference 

[Kurşun-Çakmak, 2018]. Fractal dimension analysis was conducted on a digital 

panoramic X-ray using a box-counting method in the Image J software. Absolute values 

reported for the T2DM molar region were lower than in our post mortem research 

(1.28±0.1 vs. 2.39±0.13). Notably, in this research a two-dimensional radiograph 

underwent significant computation prior to its analysis in Image J software, in contrast 

to our micro-CT-based fractal dimension calculation, which was performed 

automatically on 3D bone biopsy scans. Other differences to our research were: clinical 

research (in contrast to our cadaveric post mortem research), patients’ age (48.6±9.5 

yrs), and no missing teeth. Since in our research a tooth had been previously extracted in 

the molar region, trabecular bone of the edentulous molar region was likely remodeled 

in a different way under the influence of T2DM, which is discussed in detail in the next 

section. Bearing in mind that such alteration in microstructure was not affected by the 

type of therapy (OAD vs. insulin), it can be assumed that a decrease in fractal dimension 

in the mentioned research was caused by T2DM itself.  
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Figure 23: Schematic representation of bone microstructural, compositional, and cellular alterations in all 

T2DM and Control groups (a and c) Schematic representations of angulus and molar samples. Rows represent 

groups (Control, T2DM, T2DM OAD and T2DM Insulin) and columns represent bony sites within a sample 

(buccal cortex, trabecular bone and lingual cortex). (a) Angulus sample. 1: Trabeculae were thicker in all 

T2DM groups compared to the control. 2: The same bony site showed fewer mineralized lacunae in all T2DM 

groups compared to the control. 3: Osteocyte lacunae were smaller in T2DM compared to the control. 4: 

Significantly higher number of hypermineralized bone packets was found in buccal cortex of the angulus 

region in T2DM Insulin subgroup compared to the T2DM OAD. 5: Open porosity was lower in T2DM and 

T2DM OAD in lingual cortex of the angulus compared to the control. (c) Molar sample. 6: Trabecular bone 

had inferior geometry pattern in all T2DM groups compared to the control.7: Heterogeneity of calcium 

content was higher in T2DM and T2DM Insulin groups compared to the control. 8: T2DM OAD subgroup 

revealed higher osteoclast number per bone perimeter in trabecular bone of the molar region compared to 

controls and T2DM Insulin. 9: Buccal cortex of the molar region had fewer mineralized lacunae in T2DM 

compared to the Control group.10: There were fewer crystal impurities in T2DM Insulin subgroup compared 

to the Control in buccal cortex of the molar region. 11: Lingual cortex remained unchanged by all evaluated 

parameters in all T2DM groups. (b and d) Drawings of mandible from different perspectives. 1: bone core 

site of a sample from the angulus region, 2: bone core site of a sample from the molar region 
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 T2DM had been diagnosed at least 3 years prior to tooth extraction in individuals 

in our research. Therefore, bone remodeling of tooth socket could have been affected by 

diabetic conditions. Literature data regarding bone remodeling during DM are somewhat 

contradictory. For example, one study found no statistical differences between delayed 

healing after tooth extraction and age, gender, diabetic state, blood glucose level or 

smoking, between T2DM patients treated by oral antidiabetics and healthy patients 

[Huang 2013]. Also, it was found that insulin‐dependent T2DM patients, if well 

controlled, tend to heal well following dental extractions but with a small but not 

statistically different rate of post-extraction complications including infection [Power 

2019]. Next, there are evidences of osteoblast insufficiency and enhanced bone 

resorption [Pietschmann 2019] during T2DM. There are evidences of low bone 

formation, although evidences of increased bone resorption in T2DM are not consistent 

[Palermo 2017, Murray 2019]. In vitro and animal studies report an unaltered rate of 

bone resorption [Achemlal 2005], whereas some studies have suggested increased 

osteoclastic activity in diabetes mellitus under certain conditions, such as periodontal 

disease [Pacios 2013] and osteoporosis [Yamagishi 2012]. Other studies have even 

reported inhibited osteoclast function and differentiation in a diabetic environment 

[Kasahara 2010, Wittrant 2008, He 2004]. Due to the conflicting evidence and generally 

negligent effect that has been observed in osteoclasts, it seems likely that the impaired 

bone formation in diabetes mellitus is primarily due to inhibited osteoblastic and 

progenitor cell activity rather than an alteration of bone resorption. However, further 

research is needed to clarify the effect of diabetes mellitus on osteoclastic function and 

differentiation. In our research osteoclast activity seemed enhanced in T2DM in the 

molar region, especially in the OAD group, which might be assigned to the OAD 

treatment [Guja 2019] and local conditions of biting forces [Ferrato 2017]. 

 Further analysis of the trabecular bone of the edentulous molar region based on 

the subgroups, revealed higher heterogeneity of the calcium content in the Insulin 

subgroup compared to the OAD subgroup and Control. Higher mineralization 

heterogeneity in insulin-treated cases in this region might indicate the presence of 

younger remodeled bone packets in addition to older bone packets. Considering that 

insulin has anabolic effects on bone [Thraillkil 2005], trabecular bone had likely been 

previously remodeled intensely, displaying bone layers of different tissue age 

simultaneously at the time of the observation.  Nevertheless, Raman spectroscopy 

showed a tendency towards higher crystallinity in the trabecular bone of the edentulous 

molar region in the Insulin subgroup than in controls, indicating a more mature mineral 

[Shah 2019]. Mineral crystallinity parameter reflects crystallite size and perfection, and 

was shown to increase with post-extraction healing time in healthy persons [Shah 2019]. 

Recently, Shah et al. (2019) analyzed human mandible bone biopsies by Raman 

spectroscopy and quantitative backscattered electron microscopy and compared matrix 

composition and mineralization between healthy persons in different stages of alveolar 

socket remodeling (less than 4yrs post-extraction and 4-5 yrs post-extraction). This 

research divided groups by duration of healing time, whereas we divided groups by 

therapy (OAD or insulin). They found that mineral crystallinity and bone mineral 

density were positively correlated, which can be put in relation to our findings of 

crystallinity and higher heterogeneity of calcium content in the trabecular molar region. 

In our study Raman-based mineral-to-matrix ratios showed no significant differences 

between the T2DM groups and control. This can be because T2DM likely causes only 

short-term disturbances in healing during post-extraction time, with no evidence of poor 

healing in the long-term [Marin 2020]. Also, unchanged mineral-to-matrix ratio in our 
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research was in agreement with qBEI-derived mean Calcium content, which was also 

unchanged in T2DM. 

 T2DM OAD subgroup revealed higher osteoclast number per bone perimeter in 

trabecular bone of the molar region compared to controls and T2DM Insulin. Moreover, 

the same region showed a tendency towards higher osteoid volume per bone volume in 

the same group. These findings suggest more intense alveolar trabecular bone turnover 

in molar region in T2DM. Although high standard deviations and strict statistical tests 

applied to the T2DM subgroups may partially explain the lack of statistical significance 

in majority of osteoclast- and osteoblasts-related parameters (Table 8), we can still 

notice trends towards higher bone turnover in T2DM trabecular bone in molar region 

compared to control. Also, osteoclast differentiation might be favored by OAD therapy. 

Since to our knowledge there are no contemporary papers dealing with possible 

mechanisms of alveolar bone turnover in partially edentulous T2DM individuals, we 

refer to clinical studies including T2DM patients with periodontitis and soft tissue 

inflammation, with regards to differences in study design. Findings in the contemporary 

literature regarding alveolar bone turnover in T2DM patients with periodontitis are 

somewhat contradictory. Several studies including periodontitis reported higher 

osteoclast formation and activity and lower bone formation through increase in 

RANKL/OPG ratio (receptor activated nuclear k-B ligand/osteoprotegerin ratio) and the 

inflammation mediators such as interleukin-17 (IL-17) [Wu 2015, Liu 2006, Pacios 

2012, Xiao 2017]. Other studies in diabetic humans on non-maxillofacial sites speak for 

lower bone formation in T2DM [Yamamoto 2012, Jiajue 2014]. However, since our 

study includes human male alveolar bone, but does not involve periodontitis, wound 

healing process or local inflammation, we expect that mechanisms of bone turnover 

inside edentulous molar region and angulus region might slightly differ from 

mechanisms described in periodontitis, wound healing process or local inflammation 

[Marin 2020]. For example, osteoclasts might not be activated by the RANKL/OPG 

ratio imbalance, since this pathway also causes osteoblast apoptosis [Wu 2015], but 

possibly via monocyte-colony-stimulating factor (MCSF), but this assumption needs 

further investigation. Moreover, our findings do not contradict the fact that Insulin 

treatment has a proven anabolic effect on bone tissue, while OADs have varying effects 

on bone remodeling [He 2004, Thraillkil 2005].  

 To place all findings of molar region trabecular bone into relation, the fact that a 

tooth had been extracted at this site should be kept in mind. This bony site had been 

remodeled several years prior to sample collection, when T2DM was most likely already 

present. It seems that T2DM treated by either OAD or Insulin favors bone remodeling in 

this region, forming geometric irregularities among trabeculae. Insulin causes 

mineralization heterogeneity and more mature crystals, whereas OAD therapy favors 

osteoclast differentiation in the molar region.  

 The lingual cortex of the molar region showed no T2DM related changes in 

microstructure or mineralization or any other evaluated parameters. Since this cortex is 

rarely damaged during tooth extraction, there was no need for a significant degree of 

bone remodeling in this region. Consequently, bone quality at this site was not evidently 

different in T2DM compared to healthy individuals by methods applied in this study. 

 The buccal cortex of the molar region, which is often damaged during tooth 

extraction, showed fewer mineralized lacunae in the T2DM group regardless of the 

therapy. From cellular perspective, this suggests younger bone tissue characteristics in 

the T2DM group compared to the same region of the controls [71,72]. It may be 

speculated that T2DM OAD favored new bone formation in buccal cortex, like in the 
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trabecular bone of the moral region. However, since no cellular histomorphometry 

parameters were evaluated for the cortical bone, our conclusion is based only on lower 

mineralized lacunar number in T2DM.  

 The same region presented with more crystal impurities inside bone, which was 

represented by higher carbonate-to-phosphate ratio (v1CO3/v1PO4) Raman parameter in 

the T2DM whole group, as well as in the OAD subgroup compared to the Control. 

Higher carbonate-to-phosphate ratio was interpreted as carbonate substitution in the 

hydroxyapatite crystal [Paschalis 2017, Creecy 2017]. Higher carbonate content is a 

predictor of bone susceptibility to fracture [Paschalis 2017, Mansur 2019]. This bony 

site might be more prone to fracture due to its higher carbonate content in T2DM but 

this requires further research. To put the findings regarding the buccal cortex of the 

molar region in relation, we can speculate that bone in this region is younger and slightly 

altered in chemical content in T2DM compared to controls.  

 The trabecular bone of the angulus region showed higher trabecular thickness in 

T2DM and T2DM OAD groups. This finding is in agreement with an experiment on a 

diabetic pig model where mandibular bone microstructure of the jaw rim below the 

molar region was evaluated [von Wilmowsky 2016]. In this animal study, implants were 

placed in mandibular rim of domestic pigs with chemically induced diabetes. After three 

months histomorphometry was performed and new bone height (NBH), bone-to-

implant-contact (BIC), area of newly formed bone (NFB), bone-density (BD), and bone 

mineralization (BM) were measured. Authors stated that samples from the diabetic 

group had “irregularly shaped and thicker trabeculae”, but did not quantify these 

findings. OADs can enhance bone formation [Kanazava 2018], which might have 

contributed to trabecular thickening in this subgroup. However, our histomorphometry 

results showed no significant differences in the trabecular angulus region. This might be 

because bone formation which led to trabecular thickening occurred at the time of tooth 

extraction, when occlusion height and muscle traction changed. If that had been the case, 

no obvious osteoid would be present at the time of sample collection, only mineralized 

bone tissue. 

 The same region showed a lower mineralized osteocyte lacunar number in all 

T2DM groups compared to controls. Since the rarity of mineralized lacunae is a general 

hallmark of younger bone, as suggested by other studies [Milovanovic 2015, Busse 

2010, Weinkammer 2019], a low number of mineralized lacunae in this area may 

suggest that bone was entirely remodeled. However, a lower number of mineralized 

osteocyte lacunae in T2DM compared to controls might suggest even younger tissue age 

due to T2DM-related more intense remodeling. Potential mechanisms have been 

discussed in the section regarding trabecular bone of the molar region.  

 Next, buccal cortex of the angulus region showed a higher number of highly 

mineralized bone packets in the Insulin subgroup compared to the OAD group. Since 

insulin acts as an anabolic agent for bone tissue, it can be assumed that these 

hypermineralized bone packets were formed as a mineralization irregularity caused by 

T2DM and insulin therapy. Insulin binds to its intracellular receptors in osteoblasts 

through insulin receptor substrate (IRS) molecules, termed IRS-1 to IRS-4 [Thraillkil 

2005]. It could be speculated that impaired insulin signaling in bone-forming cells 

results in a secondary and local insulin-growth factor (IGF) deficiency [Ogata 2000]. 

Perhaps it is the varying level of IGF that caused heterogeneity in bone mineralization, 

but this requires further investigation. The mineralization irregularity caused by insulin 

therapy in our research was comparable in two sites of the angulus region (trabecular 

bone and buccal cortex).  
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 Finally, lingual cortex of the angulus region had less porous bone tissue in the 

T2DM whole group and in the OAD subgroup compared to the Control. More precisely, 

there was a bone filling effect of the open pores, which was evident in the micro-CT 

parameters depicting the open and total porosity as well as pore diameter, and in 

toluidine stainings as well. This finding is in agreement with our findings on other bone 

sites where bone formation was favored by OAD therapy, such as trabecular angulus and 

trabecular molar. 

 Since there was no tooth extraction in the region of angulus, or any other evident 

bone tissue damage which might have triggered targeted bone remodeling, 

microstructural changes of the angulus region in the T2DM can be caused by a 

combination of systemic factors (hyperglycemia, OAD or insulin therapy) and local 

factors (muscle traction, occlusion height) which acted upon bone tissue simultaneously. 

Hyperglycemia, OAD therapy and muscle traction could have triggered trabecular 

thickening in the angulus region, and cortical pore filling could be an adaptive 

mechanism to altered systemic and local conditions. Additionally, local factors which 

might have contributed to bone microstructure alterations in the molar region were: 

biting forces acting directly on the edentulous alveolar ridge, presence of a denture etc. 

 Additionally, the cortical thickness parameters were unchanged in the T2DM 

group in all regions. Since the cortical bone provides most of the primary stability for a 

dental implant, this parameter alone might encourage oral surgeons for a dental implant 

placement in T2DM patients. However, the surgeon should bear in mind other changed 

features which alter bone quality and affect long-term implant stability, such as 

hypermineralized bone areas, pore filling effect, crystal impurities etc.  

 Inter-site differences between angulus and molar regions in T2DM are in 

agreement with our proposed pathophysiological mechanism of bone tissue alterations in 

this disease. Bone volume ratio (BV/TV) was higher in lingual cortex of the angulus 

region in T2DM group and T2DM OAD subgroup compared to the same bony site of 

molar region. This finding speaks in favor of bone-filling effect in T2DM OAD angulus. 

Mineral-to-matrix ratio (v1PO4/pro) was higher in buccal cortex of the molar region in 

T2DM and T2DM OAD compared to the same bony site of angulus region. This finding 

can be put into relation with hydroxyapatite substitutions which have likely taken place 

at the tooth extraction site, as explained above. Also, calcium content showed higher 

variations in buccal cortex of the molar region of T2DM Insulin compared to the same 

cortex of the angulus. Similarly to intergroup findings, mineralization disturbance could 

have been caused by insulin, the anabolic agent, as explained above.  

 There are a couple of limitations to this study to acknowledge. Firstly, there was 

a limited number of individuals in the T2DM OAD and Insulin subgroups (n=5 in each 

subgroup). Secondly, values of glycosylated hemoglobin of T2DM individuals (HbA1c) 

were not known and could not have been accessed as a covariate in statistical analysis. 

However, since this is a pioneer research of bone quality in T2DM on human jaw bone, 

it offers valuable information both to researchers and clinicians in spite of these 

limitations. 

  Similar to T2DM jaw bone quality study, we compared the parameters of jaw 

bone microstructure, composition and bone cells in individuals with ALC and healthy 

controls in a site-specific manner. We observed substantial variability in bone quality 

between ALC and healthy controls as summarized below per each site investigated: 

 the trabecular bone of the molar region showed smaller lacunae in ALC vs. 

controls; 
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 the lingual cortex of the molar region showed higher closed porosity in ALC 

compared to controls; 

 the buccal cortex of the molar region had higher closed porosity and higher 

carbonate-to-phosphate ratio in ALC; 

 the trabecular bone of the angulus region had lower calcium content, fewer 

highly mineralized bone packets, fewer octeoclasts and a tendency towards lower 

osteoblast number in ALC compared to Control; 

 the lingual cortex of the angulus region showed a tendency towards higher open 

porosity and pore diameter in ALC;  

 the buccal cortex of the angulus region showed higher closed porosity in ALC 

compared to controls (Figure 24). 

 

 

 Trabecular bone of the molar region showed significantly smaller osteocyte 

lacunae in ALC. This finding can be interpreted as a consequence of systemic 

inflammatory state present in ALC [Handzlik-Orlik 2016, Lopez-Larramona 2013]. As 

pointed out by González-Reimers (2014), ALC features direct toxic effect of ethanol on 

cellular viability, and possibly defective protein synthesis, which might cause formation 

of smaller osteocytes, and consequentially smaller osteocyte lacunae. qBEI method 

determined only the lacunar size and not the osteocyte size directly, so our assumption 

regarding smaller osteocytes in ALC remains to be quantified by other methods, such as 

transmission electron microscopy. 

Lingual cortex of the molar region revealed higher closed porosity in ALC. Since 

higher porosity decreases bone strength, we can say that our finding is in agreement with 

previously published work on ALC at other skeletal sites, such as femur and lumbar 

spine [Wakolbinger 2019, Jadzic 2020, Culafic 2015]. Wakolbinger et al. (2019) found 

32% higher cortical porosity of the femoral cortex using high-resolution peripheral 

quantitative computed tomography in clinical setting. Jadzic et al. (2020) reported 

microarchitectural deterioration of trabecular bone in lumbar spine of ALC cadaveric 

samples, manifested in reduced parameters such as BV/TN, Tb.Th and Tb.N. Culafic 

2015 found thinner proximal femoral cortex in patients with ALC by hip structure 

analysis of dual X-ray absorptiometry (DXA) scans. Although bony site and local 

factors differ compared to our study, possible mechanism might be the same, that is, 

bone turnover might be disrupted by systemic inflammatory conditions, which result in 

ALC showing higher bone resorption in some skeletal sites. Stimulation of IL-6 

production by ethanol, which activates RANKL and osteoclasts, is a possible 

mechanism for higher closed porosity found in our research [Wakolbinger 2019, 

Magdaleno 2017, Farbega 2005].   
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Buccal cortex of the molar region of the ALC group showed higher carbonate-to-

phosphate ratio (v1CO3/v1PO4) and closed cortical porosity. As indicated in the T2DM 

section, higher carbonate values are present in bone tissue when the carbonate 

substitution inside hydroxyapatite crystals dominates over other possible substitutions 

such as fluoride, sodium etc. [Arcos 2020]. Carbonate substitutions of hydroxyapatite 

are interpreted as crystal impurities, which might increase crystal solubility [Arcos 2020, 

Boskey 2013]. Carbonate substitutions increase with age, impair mechanical features of 

bone tissue and result in higher risk of femoral neck fractures [Boskey 2013, Carretta 

2013, Ojanen 2015]. Moreover, buccal cortex is often damaged during lower first molar 

extraction [Chrcanovic 2012]. Since ALC causes disturbances in bone formation, 

oxidative damage of bone cells and defective protein synthesis [González-Reimers, 

2014], both higher closed cortical porosity and higher carbonate-to-phosphate ratio in 

this bony site are understandable findings. 

 

 

 

Figure 24: Schematic representation of bone microstructural, compositional, and cellular alterations 

in ALC and Control groups (a and c) Schematic representations of angulus and molar samples. Rows 

represent groups (ALC and Control) and columns represent bony sites within a sample (buccal cortex, 

trabecular bone and lingual cortex). (a) Angulus sample. 1: Higher closed porosity in buccal cortex in 

ALC group. 2: Lower calcium content in trabecular bone in ALC group. 3: Lower osteoclast number 

in trabecular bone in ALC group. 4: Lower eroded surface area in trabecular bone in ALC group. (c) 

Molar sample. 5: Higher closed porosity in buccal and lingual cortex in ALC group. 6: Higher 

carbonate content in buccal cortex in ALC group. 7: Higher lacunar number and lower lacunar area in 

trabecular bone in ALC group. (b and d) Drawings of mandible from different perspectives. 1: bone 

core site of a sample from the angulus region, 2: bone core site of a sample from the molar region 
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The trabecular bone of the angulus region showed significantly lower values of 

mean calcium (Ca Mean) and hypermineralized bone (Ca High) in ALC compared to the 

Control. This bony site is less mineralized and has fewer packets of hypermineralized 

bone in ALC. Such bone possibly has altered mechanical characteristics, similar to 

osteoporotic bone which also had lower calcium values, as shown by Milovanovic 2015. 

Similarly, Culafic 2015 found lower areal BMD in proximal femora of patients’ bone 

samples using DXA, linking the result to lower bone strength. Additionally, laboratory 

test revealed decreased osteocalcin and C telopeptide of collagen type 1 values, which 

signified reduced bone formation and increased bone resorption [Culafic 2015]. Giuliani 

et al. found reduced osteoblast proliferation and fewer colony-forming units for 

fibroblasts in ALC, which can explain lower BMD in these patients [Giuliani 1999]. Our 

finding of a tendency towards reduced osteoblast number in the trabecular bone of the 

angulus region is in agreement with Guiliani’s work. It can therefore be assumed that 

ALC reduced an intake of minerals into the bone matrix of this jaw bone compartment. 

There is also a question of regional differences, since no other observed bony region in 

our research revealed similar feature of lower mean calcium and hypermineralized bone 

packets. Regional differences might be interpreted by the influence of local 

biomechanical factors. As for clinical significance of our finding, an oral or a 

maxillofacial surgeon should bear in mind that the trabecular bone of angulus region is 

softer in patients with ALC compared to healthy individuals. This would mean that a 

different amount of force is necessary for a bone transplant extraction from the ramus or 

that a titanium screw can be inserted with lower force from this region.  

We found significantly lower resorption parameters and lower number of the 

newly embedded osteocytes and a tendency towards lower osteoblast number in the 

trabecular bone of the angulus region in the ALC group. The osteoclastic activity was 

zero in this region in ALC, unlike the corresponding region of the control group and all 

other regions of the ALC group. There is an ongoing debate on effects of ALC on bone 

turnover [Jeong & Kim, 2019; Monegal et al. 2007a]. It is generally accepted that 

ethanol decreases bone formation, but there is some controversy regarding its effects on 

bone resorption. According to some studies, ethanol causes both decreased bone 

formation and increased bone resorption [Gonzales-Reimers, 2015]. Our findings seem 

to be in agreement with current understanding of bone tissue dynamics in ALC.  

Lingual cortex of the angulus region had unchanged closed porosity in ALC, but 

had a tendency towards higher open porosity and higher pore diameter. Higher open 

porosity could be a sign of a greater bone tissue fragility. Differences between lingual 

cortex of the angulus region and other cortices could result from a different 

microenvironment in terms of the forces acting on the bone, the age of the bone, lower 

remodeling rate, lower viability of the tissue etc.  

We showed that angulus and molar regions were differently affected by ALC, as 

described above. Direct inter-site comparisons revealed that microstructural parameter 

fractal dimension was higher in molar region compared to angulus in ALC, which 

speaks for inferior geometric structure of the angulus bony site [Kurşun-Çakmak, 2018]. 

Likely explanation is that trabecular bone in the molar region was remodeled after tooth 

extraction, under the influence of local and biomechanical factors as well. Next, there 

was higher cortical thickness of buccal cortex of the molar region relative to the angulus 

region, likely due to the reparatory process after tooth extraction in the molar region 

[Thomes, 2021]. Lastly, higher mineral-to-matrix ratio in trabecular bone of the molar 

region of ALC compared to the angulus region may suggest lower strength of the 
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angulus region in individuals with ALC [Boskey 2013, Milovanovic 2015, Rolvien 

2018]. 

 There are a couple limitations of the ALC study to acknowledge. First, sample 

number in the ALC group was limited to n=6. Second, the duration of alcohol 

consumption and duration of ALC diagnosis were unknown. If there had been a larger 

sample number that could have been divided into subgroups based on the duration of 

ALC, possibly the obtained results would have revealed more information on jaw bone 

quality in ALC. However, since this is pioneer research on jaw bone quality in ALC, it 

offers valuable information both to researchers and clinicians in spite of these 

limitations. 

 

 

6. Conclusion 

 

First, the results of our post-mortem study indicated that T2DM caused 

microarchitectural alterations of the jaw bone, manifested by simpler microarchitectural 

geometry of the trabecular molar region and higher trabecular thickness at the trabecular 

angulus. Both insulin and OAD therapy favored bone remodeling, where OADs caused 

more intense resorption in the trabecular molar region several years after tooth 

extraction, and Insulin therapy predominantly caused alterations in matrix 

mineralization. OAD therapy had a filling effect of cortical pores in the lingual cortex of 

the angulus region. Insulin therapy created packets of highly mineralized bone and 

layers of bone tissue of different calcium content in both of the observed regions of the 

mandible. Bone tissue in cases receiving OAD therapy had altered carbonate content 

compared with the healthy bone. Lower number of mineralized lacunae in T2DM 

compared with controls might suggest even younger tissue age due to DM-related faster 

remodeling. Cortical thickness of the jaw remained unchanged in T2DM. Taken 

together, all alterations to bone quality must have developed under a combination of 

local and systemic factors specific for each bony site of the jaw. Further research is 

required to explain the mechanisms of such bone tissue alterations in diabetic patients. 

Based on the current data, there is generally no contraindication for the implant 

placement in T2DM patients as far as bone microstructure and composition are 

concerned. Nevertheless, alterations to bone quality might affect implant’s long-term 

stability, which requires further studies.  

Second, we found that ALC causes microstructural alterations of the jaw bone, 

manifested by higher closed cortical porosity in cortical bone, as well as lower lacunar 

size in the trabecular bone of the molar region. Trabecular bone of the angulus region 

had lower calcium content and lower resorptive activity in the ALC individuals than in 

the corresponding regions of the healthy individuals. Bone chemical composition was 

altered in buccal cortex of the molar region, with higher carbonate content in ALC 

compared with healthy individuals. Such bone tissue characteristics must have 

developed under a combination of systemic and local factors specific for each bony site 

of the jaw. Our findings lead to a conclusion that jaw bone quality is altered in ALC in 

terms of microstructure, mineralization, tissue composition and cellular activity. It is 

possible that jaw bone in ALC has altered mechanical characteristics, but this needs 

further research. Oral and maxillofacial surgeons should approach patients with ALC 

with caution during surgical procedures involving bone, due to alterations in jaw bone 

quality. 
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 This thesis found that T2DM and ALC alter bone quality of the mandible, and 

that alterations caused by T2DM and ALC differentially affect various bony sites and 

compartments of the mandible. Moreover, site-specific differences in bone quality 

between the angulus region of the mandible and the edentulous alveolar bone in the 

region of first lower molar are of interest to oral and maxillofacial surgeons. This thesis 

indirectly provided more possibilities for dental implant insertion and the titanium screw 

placement in patients with T2DM. In ALC patients, surgeons should bear in mind 

altered jaw bone tissue characteristics when performing interventions involving bone 

tissue. Taken together, the results provided by this thesis likely provide the structural 

basis for consideration during making treatment plan in oral and maxillofacial surgery of 

these patients. 

All in all, this research has shed more light on the microarchitectural and 

microstructural characteristics of the jaw bone of individuals with T2DM and ALC. 

These findings are of interest to oral and maxillofacial surgeons since they offer more 

possibilities during the dental implant insertion and titanium screw placement in these 

patients. Oral implantology protocols might be altered after this research and alcohol 

consumption might no longer be considered a relative contraindication for oral 

interventions on bone, at least when it comes to the bone tissue status of these patients.  
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