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GENERAL INTRODUCTION

The demand for dental implants to replace missing teeth has strongly increased over the 

last 30 years, and is expected to further increase in the next decade.1 Insufficient jaw bone 

volume resulting from alveolar bone loss due to systemic or local causes, is a common and 

challenging problem for dental implant placement. Systemic causes for alveolar bone loss 

include congenital abnormalities,2 general diseases,3 and medications,4 while local causes 

comprise inflammation5 or traumatic injuries, such as accidents6 or dental7 and surgical 

treatments.8 Maxillary sinus floor elevation (MSFE) is a commonly used pre-implant surgical 

procedure and is carried out to restore insufficient alveolar bone height in the lateral maxilla 

to allow dental implant placement (Figure 1). In MSFE the space created between the bottom 

of the maxillary sinus and the elevated trap door from the lateral sinus wall, and the lifted 

Schneiderian membrane, is filled with bone grafting material, i.e. autologous bone graft and/or 

bone substitute, allowing bone regeneration.9,10 Bone regeneration remains challenging with the 

currently available bone grafting materials. The ideal bone regeneration material with sufficient 

biomimetic properties, excellent bone regeneration potential, and limited drawbacks, e.g. low 

patient morbidity, sufficient availability, low costs, has not been developed yet. In this thesis, 

patients underwent MSFE using autologous bone graft, calcium phosphate bone substitute 

only, or calcium phosphate bone substitute supplemented with stromal vascular fraction (SVF) 

(Figure 1).

▶ Figure 1. Schematic presentation of the experimental procedure. Maxillary sinus floor elevation 
(MSFE) is carried out in patients to restore insufficient bone height in the lateral maxilla to allow dental 
implant placement. Autologous bone graft (retromolar or tuberosity bone graft), calcium phosphate (CaP) 
bone substitute (β-tricalcium phosphate (β-TCP) or biphasic calcium phosphate (BCP)), or stem-cell sup-
plemented CaP bone substitute (β-TCP + stromal vascular fraction (SVF) or BCP + SVF) can be used as 
bone grafting materials in MSFE. Autologous bone graft and the supplementation of adipose stem cells 
to the CaP bone substitute allow bone regeneration through osteoinduction and osteoconduction. CaP 
bone substitute allows bone regeneration through osteoconduction only. The treatment goal of MSFE is 
to regenerate sufficient jaw bone height for dental implant placement (iIlustrations were adapted from 
the ITI Foundation, Basel, Switzerland). CaP, calcium phosphate.

1
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Autologous bone graft and bone substitute in jaw bone regeneration
Autologous bone graft is the gold standard for bone augmentation in MSFE, since it contains 

osteogenic cells and has osteoconductive as well as osteoinductive properties, and does not 

evoke immunogenic responses.11,12 Various donor sites are used to harvest autologous bone, 

including iliac crest, calvarium, tibia, and intraoral sites (mandible, maxilla).13–15 The choice of 

the donor site is based on the quantity of bone graft required, the accessibility of the donor 

site, the time required with regard to the harvesting procedure, and costs involved. Autologous 

bone graft from intraoral sites is widely used in MSFE, either applied purely or mixed with 

a bone substitute.9,16 A major advantage of intraoral sites for bone harvesting compared to 

extraoral sites, is that the graft can be harvested under local anesthesia, while extraoral sites 

usually require general anesthesia.17,18 The mandibular retromolar and maxillary tuberosity 

regions are favorable donor sites due to low morbidity compared to other intraoral sites.17–19 

There are multiple major clinical and biological differences between bone harvested from the 

retromolar area versus the tuberosity region. Bone from the retromolar region is predomi-

nantly cortical with a high mineral density, while bone from the maxillary tuberosity is mainly 

cancellous with a lower mineral density.20,21 Cortical bone graft is considered to have less bone 

regeneration potential than cancellous bone graft, due to lack of osteogenic cells and less 

osteoconductive matrix surfaces.22–24 Retromolar and tuberosity bone grafts are both widely 

applied autologous bone grafts. To the best of our knowledge, possible differences in bone 

regeneration potential and outcome between these two autologous bone grafts have never 

been explored.

Drawbacks of autologous bone graft, e.g. patient morbidity, limited availability, encourage 

the search for suitable alternatives with similar bioactivity. Current alternative grafting 

materials in MSFE are allograft, xenograft, or synthetic bone substitute.11 Calcium phosphate 

bone substitute, e.g. hydroxyapatite (HA), β-tricalcium phosphate (β-TCP), and a combination 

of HA/β-TCP (biphasic calcium phosphate; BCP), are frequently used since they do not cause 

adverse cellular reactions.25-28 The calcium phosphate bone substitute material is either 

replaced by bone or integrated into the local tissue over time, depending on the degradation 

properties.25-28 However, calcium phosphate bone substitute shows low bone in-growth rates in 

comparison with autologous bone graft, since it only has osteoconductive properties and lack 

osteoinductive potential.29,30 At present, there is no bone substitute available that has superior 

or even the same biological properties compared with autologous bone graft.11,31-33 Therefore, 

there is a necessity to develop novel bone regeneration materials with similar bioactivity as 

autologous bone graft, as alternatives or adjuncts to the current bone grafting materials, in an 

effort to overcome the limitations of using autologous bone graft or bone substitute.

Stem cell application in jaw bone regeneration
Cellular bone tissue engineering uses bone substitute and stem cells to actively modify the 

patient’s micro-environment towards the optimal bone regeneration niche.29,34,35 In this 

approach, bone substitute (scaffold) is seeded with mesenchymal stem cells (MSCs) and/or 

osteoprogenitor cells to enhance their bioactivity.34-36 The rationale behind the application 

of MSCs and/or osteoprogenitor cells is their key role in natural bone formation. One of the 
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mechanisms by which the MSCs on the scaffold orchestrate bone formation at the implant site 

is by differentiating into osteoblasts, that eventually will secrete osteoid and initiate miner-

alization.34 In addition, MSCs can enhance bone formation indirectly at the implant site by a 

paracrine effect, i.e. secreting osteoinductive signals to recruit MSCs or activate preosteo-

blasts from surrounding bone to the implant site.37,38 This might result in faster bone regen-

eration than when using bone substitute only. The clinically applied sources of cells in cellular 

bone tissue engineering in the oral and maxillofacial region are MSCs originating from bone 

marrow,39,40 adipose tissue (adipose stem cells; ASC),28 and dental tissues (dental stem cells; 

DSC).41 Adult bone marrow-derived MSCs (BMSCs) are the most frequently used cells in cellular 

bone tissue engineering. Several successful applications of BMSCs, ASCs, and DSCs have been 

reported in MSFE-patients, i.e. increased new bone formation using BMSCs in MSFE after three 

to four months, ASCs after six months, and DSCs after six months, compared to using a bone 

substitute only.28,39-41 BMSC-application is associated with drawbacks (e.g. painful harvesting 

procedure, cell proliferation decreases with age, costly because of the need for good manufac-

turing practice (GMP)-expansion),42-44 which encourages the search for other stem cell sources. 

Unfortunately, the application of DSCs has the same major drawback as BMSCs, i.e. a low total 

number of stem cells. Adipose tissue is a promising source of stem cells, opening appealing new 

possibilities in adult stem cell therapies by overcoming the drawbacks of BMSC and DSC-ap-

plication. ASCs and BMSCs show many smiliarities in surface marker profiles, multilineage 

potential, and growth properties.45,46 However, in contrast to the other sources (bone marrow 

and dental tissue), adipose tissue has the following advantages: (a) it has a high stem cell-to-

volume ratio,45 (b) the stem cell frequency is far less sensitive to ageing, (c) harvesting can easily 

be upscaled according to the demand, and (d) it can be processed within a short time frame to 

obtain highly enriched ASC preparations (residing in the SVF).28 Furthermore, the multipotent 

cells within the SVF attach very fast to the scaffold material, proliferate rapidly, and can be 

differentiated toward amongst others the osteogenic lineage.47,48 SVF is a cell source with clinical 

feasibility due to the large quantities that can be harvested and applied in a one-step surgical 

procedure.28,48

Biophysical, biomechanical, and biochemical micro-environment 
(niche) for jaw bone regeneration
To develop future strategies for the application of MSCs in jaw bone regeneration, detailed 

knowledge of the biophysical, biomechanical, and biochemical micro-environment (niche) of 

bone cells at the bone regeneration site is needed. The most important bone cells involved 

in bone regeneration are osteoblasts, osteoclasts, and osteocytes. The physical micro-en-

vironment (niche) of bone cells consists of a dynamic set of biophysical and biomechanical 

stimuli, e.g. shear, stress, strain, pressure, acceleration, streaming potentials, and fluid flow.49 

The biochemical micro-environment (niche) of bone is a complex environment, including 

growth factors and cytokines, as well as collagen and other extracellular matrix proteins, 

enzymes, ions, and minerals, which are involved in the processes of bone formation, repair, 

and remodeling.50 Bone cells are sensitive to this physical and biochemical micro-environment, 

and adapt their response and function accordingly.34,51-56 Therefore, bone substitute properties 

1
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should closely match and/or actively modify the patient’s bone micro-environment towards 

the optimal bone regeneration niche. Osteocytes which are embedded in bone matrix, may 

play a crucial role in the micro-environment for jaw bone regeneration.35 Osteocytes are known 

as the key orchestrator of bone homeostasis, including mechanical sensing and transducing 

mechanical signals into chemical signals via its lacuna-canalicular fluid flow system to regulate 

bone formation (osteoblasts) and bone resorption (osteoclasts) during bone remodeling.53,55,56 

Mechanical loading of natural teeth keeps jaw bone mechanically strained, and the mecha-

nosensitive osteocytes likely regulate (local) bone mass accordingly. Osteocyte morphology 

and orientation seem to be affected by the mechanical loading direction.34,38,58-61 Round osteo-

cytes are much more mechanosensitive than elongated cells.62 It is unknown whether local 

osteocyte shape in jaw bone may affect local bone mass. Therefore, investigations into the 

relation between osteocyte shape and mechanical loading in jaw bone are much encouraged. 

Moreover, mechanical loading regulated crosstalk between osteocytes and MSCs are currently 

investigated.63,64 When osteocytes are optimally used and stimulated by mechanical loading, 

the bone regeneration niche can be improved effectively and rapidly.

Vascularization in jaw bone regeneration
A major challenge in cellular bone tissue engineering is still the vascularization of the implanted 

graft.65–68 Adequate vascularization is a prerequisite for successful bone regeneration. Since the 

amount of oxygen is limited to a diffusion distance of only ~150-200 μm from a supply blood 

vessel, cells lying beyond this physiological border suffer hypoxia.69 Under this condition, osteo-

genic cells do not survive, since they are unable to adapt their glucose consumption, and lack 

the glycolytic reserves required to sustain their metabolism for more than three days.70 Bone 

tissue regeneration over 200 μm exceeds the capacity of diffusion for nutrient supply and waste 

removal from the tissue, and thus requires an intimate supply of vascular networks.69 Successful 

bone regeneration requires rapid perfusion and integration of the implanted graft with the 

recipient vasculature. Neovascularization by angiogenesis along with efficient vascularization 

is a prerequisite to this end. Therefore, optimal vascularization is needed for adequate osteo-

genesis in jaw bone regeneration, leading to successful placement of dental implants.

Stromal vascular fraction-supplementation in maxillary sinus floor 
elevation: earlier phase-I clinical trial
In a previous phase-I clinical trial, 10 patients underwent MSFE prior to dental implant placement 

using freshly isolated autologous, heterologous SVF seeded on either ß-TCP or BCP carriers in 

a one-step surgical procedure.28 Induction of bone mass and bone formation by SVF-supple-

mentation to calcium phosphate bone substitute, in particular in ß-TCP-treated patients, has 

been shown in biopsies.28 Moreover, more bone mass seemed to correlate with blood vessel 

formation, and was higher in the cranial part of the SVF-supplemented biopsies, in particular 

in β-TCP-treated patients.71 Based on 3-year follow-up results, feasibility, safety, and potential 

efficacy of SVF seeded on calcium phosphate carriers, and indicated a pro-angiogenic effect 

of SVF have been demonstrated. 28,71 However, no long-term results have been reported for 

SVF-supplementation in patients undergoing MSFE.
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Stromal vascular fraction-supplementation in oral maxillofacial bone 
regeneration: long-term follow-up
Clinical evidence of SVF (containing ASCs)-application for bone regeneration in the oral and 

maxillofacial region is limited to the previously described phase-I clinical trial, 28 although the 

potential of SVF evokes high expectations. A few studies reported on ASC-application, i.e. 

ASCs isolated from adipose tissue, and expanded in good manufacturing practice (GMP)-facil-

ities, in cranioplasty.72–75 Unsatisfactory long-term clinical results of ASC-application in cranio-

plasty were reported.74 During six-year follow-up of patients who underwent ASC-application 

in cranioplasty, four out of five patients suffered from unsatisfactory treatment outcome 

partially due to poor ossification, infection, or tumor recurrence, and two patients had to 

be re-operated due to graft resorption.74 Stem cell-application in regenerative medicine has 

also raised safety concerns, e.g. tumorigenic potential and biodistribution.76 Therefore, clinical 

studies investigating long-term safety and efficacy are essential before continuing with clinical 

applications using ASCs in the oral and maxillofacial region, and specifically in jaw bone regen-

eration.

Outline of the thesis
The overall aim of this thesis was to investigate bone formation and vascularization in jaw bone 

regeneration using different bone grafting materials, either or not supplemented with SVF, for 

dental implant placement (Figure 1).

In this thesis the following specific objectives/scientific questions were addressed:

1. What are the advancements in stem cell application, vascularization, and bone regeneration 

in the oral and maxillofacial region, with emphasis on the human jaw (Chapter 2)?

2. Do retromolar or tuberosity bone grafts result in different bone vitality and vascularization 

in patients who underwent MSFE (Chapter 3)?

3. Do tensile strain levels and orientation relate with osteocyte morphology and orientation 

in single gap versus free-ending dental implant positions in maxillary bone in patients who 

underwent MSFE (Chapter 4)?

4. Do calcium phosphate bone substitute, either or not supplemented with SVF, and autol-

ogous bone graft have similar vascularization and bone regeneration potential in patients 

who underwent MSFE (Chapter 5)?

5. Does freshly isolated autologous SVF in combination with calcium phosphate ceramic result 

in long-term safety, and dental implant survival based on clinical and radiological outcomes 

in patients who underwent MSFE (Chapter 6)?

Bone regeneration in MSFE remains challenging with the currently available bone regener-

ation materials. Stem-cell based bone tissue engineering has led to promising new treatment 

options. Therefore, in Chapter 2 we presented and discussed the advancement of stem cell 

application, vascularization, and bone regeneration in the oral and maxillofacial region, with 

emphasis on the human jaw. Moreover, we proposed new strategies to improve the current 

techniques, which may lead to feasible clinical applications.

1
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Autologous bone graft is currently the “gold standard” grafting material in MSFE, due to 

its enhanced bioactivity compared to bone substitute. Retromolar and tuberosity bone grafts 

are clinically widely applied autologous bone grafts. Therefore, in Chapter 3 we investigated 

possible differences in bone vitality and vascularization in patients undergoing MSFE using 

retromolar or tuberosity bone grafts through histomorphometrical analysis of bone biopsies.

Mechanical loading and osteocytes play a crucial role in the micro-environment (niche) of 

the bone regeneration site. Therefore, in Chapter 4 we investigated the relationship between 

the levels and orientation of tensile strain and the morphology and orientation of osteocytes 

in single gap versus free-ending dental implant positions in the maxillary bone through a finite 

element model and histomorphometrical analyses.

A major challenge in bone regeneration is still the (re)vascularization of the implanted graft. 

Therefore, in Chapter 5 we investigated vascularization and bone regeneration potential of 

calcium phosphate bone substitute either or not SVF-supplemented versus autologous bone 

graft in MSFE.

Short-term results of SVF (containing ASCs)-supplementation for bone regeneration in MSFE 

evokes high expectations. Long-term follow-up of patients is lacking. Therefore, in Chapter 6 we 

assessed the long-term safety, dental implant survival, and clinical and radiological outcomes 

after MSFE using freshly isolated autologous SVF-supplementation in combination with calcium 

phosphate ceramics.
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ABSTRACT

Bone tissue engineering techniques are a promising alternative for the use of autologous bone 

grafts to reconstruct bone defects in the oral and maxillofacial region. However, for successful 

bone regeneration adequate vascularization is a prerequisite. This review presents and 

discusses the application of stem cells and new strategies to improve vascularization, which 

may lead to feasible clinical applications. Multiple sources of stem cells have been investigated 

for bone tissue engineering. The stromal vascular fraction (SVF) of human adipose tissue is 

considered a promising single-source for a heterogeneous population of essential cells with, 

amongst others, osteogenic and angiogenic potential. Enhanced vascularization of tissue-en-

gineered grafts can be achieved by different mechanisms: vascular ingrowth directed from the 

surrounding host tissue to the implanted graft, vice versa, or concomitantly. Vascular ingrowth 

into the implanted graft can be enhanced by (i) optimizing the material properties of scaffolds, 

and (ii) their bioactivation by incorporation of growth factors or cell seeding. Vascular ingrowth 

directed from the implanted graft towards the host tissue can be achieved by incorporating the 

graft with either (i) preformed microvascular networks, or (ii) microvascular fragments (MF). 

The latter may have stimulating actions on both vascular ingrowth and outgrowth, since they 

contain angiogenic stem cells like SVF, as well as vascularized matrix fragments. Both adipose 

tissue-derived SVF and MF are cell sources with clinical feasibility due to their large quantities 

that can be harvested and applied in a one-step surgical procedure. During the past years 

important advancements of stem cell application and vascularization in bone tissue regen-

eration have been made. The development of engineered in vitro 3D-models mimicking the 

bone defect environment would facilitate new strategies in bone tissue engineering. Successful 

clinical application requires innovative future investigations enhancing vascularization.



25

Stem cells and new strategies to improve vascularization

INTRODUCTION

To rehabilitate patients with critical-sized bone defects surgical reconstructions are required. 

A critical-sized defect will not heal spontaneously or regenerate more than 10% of the lost 

bone during patients’ lifetime.1 These bone defects may result from systemic or local causes. 

Systemic conditions include congenital abnormalities,2 general diseases,3 and medications,4 

while local conditions comprise inflammation5 or traumatic injuries, such as accidents6 or dental 

and surgical treatments. Dental treatments, such as tooth extraction,7 and surgical treatments, 

such as surgical resection of benign or malignant neoplasms,8 may lead to substantial jaw bone 

defects.

Bone grafting procedures are carried out to reconstruct a bone defect.9 In these surgical 

procedures autografts are still considered as the “gold standard” due to the essential combi-

nation of osteogenic, osteoinductive, and osteoconductive properties. However, autografts 

have some disadvantages, e.g. donor site morbidity and limited amount of graft tissue. In some 

cases bone substitutes, such as allografts, xenografts and alloplasts, are used as alternatives 

for autologous bone grafts, but these bone substitutes lack osteogenic, osteoinductive, and 

angiogenic potential.10

Unfortunately, the ideal bone regeneration technique and material have not yet been 

developed. However, recent developments in tissue engineering have led to new and better 

treatment options called “cellular bone tissue engineering”. In this approach a scaffold with 

mesenchymal stem cells (MSCs) and/or osteoprogenitor cells of an external source is implanted 

into the bone defect site. The ex vivo seeded cells on the scaffold play a key role, and orchestrate 

the mechanism of bone formation at the target site. Multiple techniques have been investigated, 

applying a variety of stem cell sources and cell processing protocols.11 Furthermore, different 

scaffold types are used for carrying the cells.12

The rationale behind the application of MSCs and/or osteoprogenitor cells is their key role 

in bone formation. Natural bone formation in pre- and postnatal development of the oral and 

maxillofacial area is performed intramembranously by recruiting mesenchymal bone marrow 

cells. These cells undergo osteoblastic differentiation and initiate new bone formation in the 

defect site. In other words, this method aims to induce bone regeneration by mimicking biologic 

processes that occur during embryogenesis.13,14

The mechanism by which MSCs promote bone regeneration can be directly by engraftment 

of the transplanted cells into the newly regenerated tissue, differentiating into osteoblasts that 

eventually will secrete osteoid and initiate mineralization.15–17 In addition, MSCs can enhance 

bone regeneration indirectly by a paracrine effect, i.e. secretion of cytokines and growth factors 

such as transforming necrosis factor-α (TNF-α), platelet derived growth factor (PDGF), inter-

leukin-1 (IL-1), and IL-6. These secreted factors may recruit resident MSCs to the regenerated 

site.18,19

In cellular bone tissue engineering MSCs are applied using two different approaches. The 

first approach is to directly transplant MSCs and/or osteoprogenitor cells combined with 

a scaffold (external scaffold) into the bone-defected site, which is a kind of an in situ tissue 

engineering.20,21 Autogenous particulate cancellous bone and marrow are used as the source of 

2
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osteoprogenitor cells and MSCs. In this approach, the scaffold functions as a framework.22 The 

second approach is to transplant MSCs that are isolated (usually from the patient), expanded ex 

vivo, seeded on adequate three-dimensional (3D)-scaffolds (internal scaffolds), and proliferated 

and/or predifferentiated in controlled culture conditions.23 Such a scaffold acts as a carrier of 

the cells and temporary matrix while the cells produce the extracellular matrix (ECM) that is 

required for bone formation.24

A major challenge in bone tissue engineering is the vascularization of the implanted graft. 

Graft survival requires rapid and sufficient vascularization. Since the amount of oxygen is limited 

to a diffusion distance of only ~150-200 μm from a supply blood vessel, cells lying beyond this 

physiological border suffer from hypoxia.25 Under this condition MSCs fail to survive, because 

they are not able to adapt their glucose consumption and do not possess the necessary glyco-

lytic reserves to maintain their metabolism for more than three days.26 New insights underline 

the importance of both oxygen and nutrients required for energy-related cellular metabolism, 

and in the end cell survival. Regenerating tissue over 200 μm exceeds the capacity of nutrient 

supply and waste removal from the tissue and, therefore, requires an intimate supply of vascular 

networks.25 Neovascularization along with efficient supply of blood are prerequisites to this end.

The aim of this review is to present and discuss the advancement of stem cell application, 

vascularization and bone regeneration in the oral and maxillofacial region, with emphasis on 

the human jaw. Moreover, we propose new strategies to improve the current techniques, which 

may lead to feasible clinical applications.



27

Stem cells and new strategies to improve vascularization

SOURCES OF STEM CELLS

Figure 1. Overview of stem cell sources and their stage (undifferentiated, early differentiated, or 
differentiated) of application. Adult stem cells that are currently applied in clinical studies are retrieved 
from bone marrow, adipose, or dental tissue (A). These cells are applied in an undifferentiated, early 
differentiated, or differentiated stage seeded on a scaffold (B). The scaffold with the stem cells is applied 
in clinical trials to regenerate bone defects, such as mandibular bone defects (C). Embryonic stem cells 
and somatic stem cells, which are first stimulated into induced pluripotent stem cells (D), are applied in a 
(early) differentiated stage on a scaffold (E). Their application in clinical trials still needs to be envisioned 
(C). Note: In the mandibular bone defect shown (C) the stem cells are undifferentiated. However, the stem 
cells applied in such bone defects could be also early differentiated or differentiated.

Somatic stem cells, mainly mesenchymal stem cells (MSCs), that are applied in bone tissue 

engineering are isolated from various tissues. The clinically applied sources of stem cells in 

the oral and maxillofacial region originate from bone marrow, adipose tissue,27 and dental 

2
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tissues.28,29 In vitro and in vivo animal studies reported on the application of embryonic stem 

cells (ESCs)30–32 and induced pluripotent stem cells (IPSCs)33 in bone tissue engineering. However, 

these ESCs and IPSCs raise several serious ethical and safety concerns, such as teratoma 

formation, which continue to impede clinical implementation.34 In Figure 1 the different sources 

of stem cells and their different stages of application are illustrated: undifferentiated, early 

differentiated or differentiated. The different stages of stem cells are categorized as follows:

■ Undifferentiated: multipotent adult MSCs, pluripotent ESCs or IPSCs;

■ Early differentiated: MSCs differentiated towards specific lineage, such as osteogenic 

lineage;

■ Differentiated: specialized cell, such as osteoblast.

Clinically applicable tissue engineering involving stem cells is focused on the use of patient 

derived (adult) stem cells that are undifferentiated, given that terminally-differentiated cells are 

difficult to expand ex vivo relative to more highly proliferative stem/progenitor cells. The use of 

stem cells is also intended to achieve a complete physiological repair process that involves the 

MSC-mediated activation of not only bone formation but also neovascularization. Nevertheless, 

it is of pivotal importance to prohibit unwanted side effects such as teratoma formation which 

may occur by ESCs and IPSCs.

In the following an overview of the currently in vivo applied stem cell sources is given. 

Besides, Table 1 provides an overview of the recent clinical trials, published between January 

1st, 2015, and November 1st, 2019, with successful application of human-derived stem cells. 

“A successful application” was considered as a significant outcome measurement due to 

the supplementation of MSCs specifically. The majority of these studies investigated bone 

formation as an outcome measurement based on radiography, (cone beam) computed tomog-

raphy ((CB)CT), micro-computed tomography (micro-CT), or histomorphometric and/or histo-

logic measurements. As a future direction it would be interesting to investigate the vascular-

ization in these cases, since enhanced vascularization would be expected in relation to the 

enhanced osteogenetic effects observed due to the supplementation of MSCs. A complete 

overview of all the clinical studies applying MSCs has been described earlier.35

Bone marrow was the first source reported to contain MSCs.36 Until today adult bone 

marrow-derived stem cells (BMSCs) are the most frequently investigated type of MSCs in bone 

tissue engineering. Several successful applications of BMSCs in vivo have been reported in the 

oral and maxillofacial region (Table 1). There are two different interventions in the application 

of BMSCs: 1) use of bone marrow aspirate (concentrated); a whole tissue fraction containing 

BMSCs, 2) use of in vitro cultivated BMSCs (expanded with or without differentiation factors) 

(Table 1). Concentrated bone marrow aspirate compared to non-concentrated aspirate seems 

to have a higher osteogenic potential in vivo.37 An overview of the successful clinical trials 

performed with this cell source is shown in Table 1.
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Table 1. Overview of clinical trials applying human-derived stem cells for bone tissue engineering 
applications/investigations to demonstrate in vivo possibilities

stem cell source intervention scaffold material clinical procedure ref

bone marrow

posterior iliac crest aspirate concentrated FDBA, PRP maxillary sinus floor elevation 141

posterior iliac crest aspirate concentrated DBBM maxillary sinus floor elevation 142

posterior iliac crest in vitro cultivation β-TCP maxillary sinus floor elevation 39

posterior iliac crest in vitro cultivation β-TCP alveolar cleft reconstruction 42

posterior iliac crest aspirate concentrated COL, PRF, 
nano-HA

alveolar cleft reconstruction 143

posterior iliac crest in vitro cultivation HA-SI alveolar cleft reconstruction 144

posterior iliac crest aspirate concentrated COL, CGF jaw defect reconstruction 
(after enucleation of cyst)

145

tuberosity in vitro cultivation PLA, PRP periodontal intrabony defect 
regeneration

41

adipose tissue

abdominal aspirate concentrated into 
SVF

β-TCP or BCP maxillary sinus floor elevation 59

buccal fat pad in vitro cultivation DBBM, AB alveolar cleft reconstruction 60

abdominal in vitro cultivation - mandibular condylar fracture 
regeneration

61

dental tissue

periosteum mechanical disaggregation 
of sample tissue

PLGA, HA maxillary sinus floor elevation 68

pulp mechanical disaggregation 
of sample tissue

COL tooth socket preservation 67

periosteum mechanical disaggregation 
of sample tissue

COL tooth socket preservation 66

pulp mechanical disaggregation 
of sample tissue

COL intrabony periodontal defects 69

Ref, reference; FDBA, freeze dried bone allografts; PRP, platelet-rich plasma; DBBM, demineralized 
bovine bone matrix; β-TCP, beta-tricalcium phosphate; COL, collagen sponge; PRF, platelet-rich fibrin; 
HA, hydroxyapatite; SI, silica; CGF, concentrated growth factor; BCP, biphasic calcium phosphate 
(hydroxyapatite/tricalcium phosphate); AB, autologous bone; PLGA, poly(lactic-co-glycolic acid).

Several studies showed promising results applying BMSCs in surgical procedures in the 

oral and maxillofacial region. Some maxillary sinus floor elevation studies presented histo-

morphometrical data that showed increased new bone formation after 3–4 months compared 

to traditional methods using bone substitutes alone.38,39 Kaigler et al.40 showed accelerated 

bone regeneration in extraction sockets of teeth when applying BMSCs or gelatin sponge 

compared to the controls (saline-soaked gelatin sponge). Baba et al.41 conducted a phase I/

II clinical trial involving ten patients with periodontitis, who required a surgical procedure for 

intrabony defects, applying bone marrow-derived stem cells with a biodegradable 3D-poly-

lactic-acid-based scaffold and platelet-rich plasma. After 12 months the bone defect showed 

2
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clinically and radiographically significant improvement compared to conventional periodontal 

surgical procedures without application of stem cells. These results suggest successful clinical 

application in regenerating periodontal tissue, including bone tissue.41 In alveolar cleft surgery, 

several clinical trials, mainly case reports, suggest promising results with the application of 

BMSCs, but complete reconstruction (bone fill) of extensive cleft defects has not been demon-

strated.42,43 In contrast, Hermund et al.44 showed no difference in bone density and height 

between a control group (graft composed of a mixture of bovine bone substitute and autologous 

bone particles) and a test group (same scaffold, supplemented with BMSCs that were retrieved 

from the tuberosity and cultivated in vitro) after maxillary sinus floor elevation.

Unfortunately BMSC application comes with limitations: bone marrow aspiration is an 

invasive and painful procedure for the donor, and cell retrieval is scarce, since the frequency of 

BMSCs in human bone marrow is rather low (0.001%–0.01%).45 Consequently, fresh bone marrow 

aspirates may result in a too low number and concentration of BMSCs to exert substantial osteo-

genic effects.37 Therefore, in vitro culture expansion is required to obtain sufficient numbers of 

cells for clinical application.46 This cell expansion, however, needs to be done in a laborious, 

expensive, and time-consuming good manufacturing practice (GMP) laboratory. Other limita-

tions comprise the loss of proliferative and differentiation capacities during cell expansion,47,48 

and an increased risk for pathogen contamination and genetic transformation.49,50 Last but not 

least: the number, proliferation and differentiation potential of BMSCs decline with increasing 

age.51

Adipose tissue-derived mesenchymal stem cells (ASCs) have opened appealing new possi-

bilities in adult stem cell therapies. ASCs show many similarities with BMSCs with regard to 

surface marker profiles, multilineage potential, and growth properties.52 However, in contrast 

to the other sources (bone marrow, dental, embryonal), adipose tissue has the following 

advantages: (a) it has a high stem cell-to-volume ratio,53,54 (b) the stem cell frequency is far less 

sensitive to ageing,55 (c) harvesting can easily be upscaled according to the need, and (d) it can 

be processed within a short time frame to obtain highly enriched ASCs preparations (residing 

in the stromal vascular fraction [SVF]). Furthermore, the multipotent cells within the SVF attach 

very fast to the scaffold material, proliferate rapidly, and can be differentiated toward amongst 

others the osteogenic lineage.56,57

Helder and colleagues formulated the concept of the one-step surgical procedure (OSP) 

to apply ASCs in the regeneration of bone tissues.58 After harvesting the adipose tissue by the 

surgeon, the SVF-containing ASCs can be seeded onto the scaffold material without culture 

expansion. Then the ASC-scaffold construct can be implanted, all in the same surgical procedure. 

The obvious advantage of this one-step surgical procedure is not only its patient-friendliness, 

but also its lower costs, since a second surgical intervention and expensive in vitro culturing 

steps can be avoided.

Multiple in vitro studies made important advancements in the application of ASCs in bone 

tissue engineering.32 Recently successful results were also obtained in clinical trials (Table 

1). The results from a first clinical trial evaluating the application of ASCs showed that it is a 

feasible, safe, and effective treatment option in jaw bone regeneration.59 Prins et al.59 showed 

in a split-mouth design that patients undergoing maxillary sinus floor elevation for dental 
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implant placement benefitted from the application of ASCs. Bone and osteoid percentages 

were higher in study biopsies (SVF supplemented to different ceramic bone substitutes) than 

in control biopsies (ceramic only on contralateral side) (54). The additive effect of SVF supple-

mentation was independent of the bone substitute β-tricalcium phosphate or biphasic calcium 

phosphate (hydroxyapatite/tricalcium phosphate).59 Khojasteh et al.60 used ASCs derived from 

the buccal fat pad, in vitro cultivated and seeded on demineralized bovine bone mineral (DBBM) 

and autologous bone (AB), in alveolar cleft reconstruction. Cone beam computed tomography 

6 months after the treatment showed more bone formation in the test group with supplemen-

tation of ASCs. Castillo-Cardiel et al.61 treated mandibular condylar fractures with abdominal 

retrieved ASCs that were in vitro cultivated, and injected at the fracture site. After 12 weeks of the 

surgical treatment, the test group with the supplemented ASCs had a 37% higher ossification 

rate compared to the traditional treatment (control group). A disadvantage of SVF harvesting 

so far is that it is performed under general anesthesia and requires (short) hospitalization. Also, 

postoperative care and complaints are to be regarded. However, clinical studies using local 

anesthesia are currently being undertaken, which may widen the applicability of this intra-op-

erative approach.

Dental tissues provide several populations of stem cells, including the pulp of both 

exfoliated and adult teeth, periodontal ligament, and dental follicle.62 Dental tissue-derived 

stem cells (DSCs) have generic mesenchymal stem cell-like properties such as self-renewal and 

multilineage differentiation into chondrogenic, osteogenic, and adipogenic cell lineages. In 

addition, DSCs also show neurogenic and angiogenic potential.62 It has been demonstrated that 

DSCs have the ability to generate not only dental tissue such as dentine/pulp-like complexes but 

also bone tissue.63,64 Stem cells from human exfoliated deciduous teeth exhibit higher prolifer-

ation rates and can be easier obtained compared to BMSCs.65

However, published clinical studies with successful results are scarce (Table 1). D’ aquino 

et al.66 used whole tissue fractions from periosteum tissue by mechanically disaggration, 

followed by soaking of a collagen sponge in the resulting disaggregated tissue. Calcification 

was enhanced in tooth socket preservation in the test group with DSCs supplemented to the 

collagen sponge, compared to the control group with unloaded collagen sponges. Monti et 

al.67 used tissue fractions from the dental pulp, followed by soaking of a collagen sponge in a 

similar clinical model. Sixty days after grafting, the test site (supplemented with DSCs) showed 

stronger radio-opacity when compared with the control site (collagen sponge). Histological 

analysis showed well-differentiated bone with Haversian system formation in the test site with 

more bone formation. Baena et al.68 used whole tissue fractions from periosteum tissue seeded 

on a poly(lactic-co-glycolic acid) (PLGA) scaffold with hydroxyapatite (HA) in maxillary sinus 

floor elevation surgery. They showed an increased percentage of vital mineralized tissue in 

the group treated with both periosteum-derived stem cells and PGLA/HA, with respect to the 

control group of PGLA/HA or demineralized bovine bone mineral alone, as confirmed by histo-

logical analysis and radiographic evaluations at six months after the treatment. Ferraroti et al.69 

showed clinical success after applying dental pulp stem cells on a collagen sponge in intrabony 

periodontal regeneration one year after treatment.
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The question remains open whether in spite of the low numbers of cells, DSCs might become 

an attractive source of autologous SCs for bone regeneration. This source is being investigated 

with at least more than ten new trials underway (www.clinicaltrials.gov).



33

Stem cells and new strategies to improve vascularization

VASCULARIZATION IN BONE TISSUE REGENERATION

Successful bone tissue regeneration requires rapid perfusion and integration of the implanted 

graft with the recipient vasculature. Neovascularization is achieved by both vasculogenesis 

and angiogenesis. Vasculogenesis is originally described as de novo blood vessel formation by 

differentiation and assembly of angioblastic progenitor cells during embryogenesis.70 However, 

more recently, postnatal vasculogenesis is becoming evident as a major contributor to adult 

neovascularization. This type of postnatal vasculogenesis is defined as the incorporation of 

circulating endothelial progenitor cells (EPCs) into the microvascular endothelium of newly 

developing microvessels.71,72

EPCs are mainly located within the stem cell niche in bone marrow, along with some circu-

lating populations in the peripheral blood. When injury or tissue damage occurs, EPCs are 

thought to mobilize from the bone marrow into the circulation and home to tissue repair sites 

under the guidance of signals such as hypoxia, growth factors, chemoattractant signals, and 

chemokines. EPCs then invade and migrate at the same sites, and differentiate into mature 

endothelial cells (ECs) and/or regulate pre-existing ECs via paracrine or juxtacrine signals.73

Angiogenesis is defined as new blood vessel sprouting from pre-existing vessels. The first 

step in this process is the activation of the host microvasculature at the implantation site by 

angiogenic growth factors, such as vascular endothelial growth factor (VEGF) or basic fibroblast 

growth factor.74 These factors may originate from different sources. They may be produced by 

cells of the host tissue itself due to tissue injury during the implantation procedure or in conse-

quence of an inflammatory response to the implanted graft.

The endothelial cells, which are lining blood vessels, allow the formation of new blood 

capillaries by the sprouting of an existing small vessel.75,76 Upon angiogenic activation they 

start to produce matrix metalloproteinases, resulting in the degradation of their basement 

membrane,77 This is the prerequisite for their subsequent migration into the surrounding inter-

stitium, which is morphologically reflected by the formation of vascular buds and sprouts. The 

sprouts progressively grow into the implanted tissue construct and interconnect with each 

other to develop new blood-perfused microvascular networks.78 The wall of these networks is 

finally stabilized by the production of extracellular matrix compounds and the recruitment of 

smooth muscle cells or pericytes.79

Accordingly, successful vascularization of an implanted graft via vasculogenesis and angio-

genesis is dependent on the coordinated sequence of various humoral and cellular mechanisms, 

and, in particular, the close interaction between the host tissue and the implanted graft. This 

process allows tissue growth and repair by extending and remodeling the network of blood 

vessels.73,80
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VASCULARIZATION STRATEGIES IN BONE TISSUE ENGINEERING

Figure 2. Overview of the three different vascularization strategies and their clinical results. First, 
a graft is implanted (A) which solely depends on the vascularization, angiogenesis and vasculogenesis, 
from the host towards the graft (B). This results in insufficient vascularization of the graft (C). Second, a 
prevascularized graft is implanted in the host tissue (D). A high number of preformed microvessels has a 
suboptimal lifespan (E), resulting in less microvessels for vascularization from the graft towards the host 
(F). Third, microvascular fragments in the graft (G) develop rapidly into microvessels when implanted in 
the host tissue (H). They contribute to vascularization (angiogenesis and vasculogenesis) from the graft 
towards the host, which results in enhanced vascularization. Vascularization starts from two directions, 
i.e. from the graft and from the host tissue (I).
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Several approaches to improve vascularization, through enhanced vasculogenesis and angio-

genesis, of the implanted grafts are currently investigated. The classical vascularization 

strategies focus on the stimulation of vascular ingrowth into the implanted grafts from the 

surrounding host tissue by (i) optimizing the material properties of scaffolds, and (ii) their 

bioactivation by incorporation of growth factor delivery systems or by cell seeding. However, 

endothelial cell migration and physiological growth of new blood vessels has been demon-

strated not to be faster than ~5 μm/h.81 Therefore, these approaches face the problem that suffi-

cient vascularization of the implanted graft require a prolonged time period which is associated 

with major tissue loss due to hypoxic conditions.

To overcome this problem, vascular ingrowth directed from the implanted graft towards 

the host tissue has been proposed to complement vascular ingrowth from the host tissue into 

the implanted graft. This can be achieved by incorporating the graft with either (i) preformed 

microvascular networks which can directly be perfused with blood by developing intercon-

nections (inosculation) to the host microvasculature, or (ii) microvascular fragments which 

rapidly develops into microvascular networks after transfer into the host tissue (Figure 2). In 

the following an overview of the current possibilities and future perspectives on the above-men-

tioned strategies to enhance vascularization in bone tissue engineering is provided.

Material properties of scaffolds
The characteristics of the scaffold material play an important role in angiogenesis of the graft. 

Many different scaffold materials for bone tissue engineering have been investigated in vivo and 

in vitro, e.g. polymers, bioactive ceramics, and hybrids (composites).12

The chemical composition of scaffold materials has been shown to influence the angio-

genic process at the implantation site. For instance, poly-L-lactide coglycolide (PLGA), 

hydroxyapatite (HA), and dentin scaffolds show a slight inflammatory response after implan-

tation, inducing marked angiogenic response and a good vascularization of the grafts after 14 

days.78,82 In contrast, collagen-chitosan-hydroxyapatite hydrogel scaffolds of identical archi-

tecture induce severe inflammation, resulting in apoptotic cell death within the surrounding 

tissue and a complete lack of ingrowth of newly formed microvessels.78 Polyurethane scaffolds, 

which exhibit an excellent in vivo biocompatibility, have been shown to be characterized by a 

poor vascularization.83 These findings indicate that scaffold materials with slightly proinflam-

matory properties may stimulate the angiogenic host tissue response to the implanted scaffold 

material.

Combinations of biomaterials have been investigated to improve the scaffold properties. 

Composites consist of a combination of two or more materials with different properties, each 

displaying only some advantages and specific drawbacks. Polymer-ceramic composites have 

been successful in bone regeneration, exceeding the results obtained when these materials 

are used separately, showing improved mechanical and biological results.84 The combination 

of PLGA (combination of poly lactide and polyglycolide) and HA or β-TCP allows to overcome 

the problems due to PLGA’s acidic degradation products that may induce tissue necrosis and 

negatively affect neoangiogenesis, since HA and β-TCP neutralize the acidic degradation 

products of PLGA.85
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Not only the chemical composition, but also the architecture of scaffolds is an important 

determinant for adequate vascularization.86 It should contain distributed, interconnected 

pores and display a high porosity in order to ensure cell penetration, vascular ingrowth, 

nutrient diffusion, as well as waste products elimination.87 Another key component to allow 

proper cell colonization (cells bound to ligands within the scaffold) is mean pore size.88 The 

minimum recommended pore size for a scaffold is 100 μm89 based on the early work of Hulbert 

et al.90, but subsequent studies have shown better osteogenesis for implants with pores >300 

μm.91,92 Relatively larger pores favor direct osteogenesis, since they allow vascularization 

and high oxygenation, while smaller pores result in endochondral ossification, although the 

type of bone in growth depends on the biomaterial and the geometry of the pores. There is, 

however, an upper limit in porosity and pore size set by constraints associated with mechanical 

properties.86,93

Bioactivation of the scaffold by incorporation of growth factors or cell 
seeding
A common strategy to improve scaffold vascularization is the stimulation of the angiogenic 

host tissue response at the implantation site by incorporation of angiogenic growth factors. 

For this purpose, VEGF,94,95 basic fibroblast growth factor,96 platelet-derived growth factor,97 

and angiogenin98 are the most frequently used factors. However, there are continuing concerns 

about the cost of multiple cytokines and delivery, potential toxicity, and suboptimal endothelial 

migration in large tissue grafts.

Another important aspect to consider is that many angiogenic growth factors are known 

to be released spontaneously by cells under stress-related conditions, including hypoxia. Due 

to hypoxia, bone derived-osteoblast-like cells as well as bone marrow mesenchymal stem cells 

(BMSCs) are known to liberate growth factors such as VEGF. Based on this cellular mechanism, an 

accelerated vascularization of scaffolds is also achieved by seeding the scaffolds with differen-

tiated tissue-specific cells99,100 or multipotent stem cells.101,102 Although BMSCs are known to have 

the potential to differentiate into defined vascular cells, it has been shown that the observed 

acceleration of vascularization at 14 days in vivo more strongly depends on the liberation of 

VEGF by the seeded cells than the differentiation potential of the BMSCs.99 Even though there 

is significant acceleration of vascularization after cell seeding, Tavossal et al.100 showed that the 

majority of seeded osteoblast-like cells died within the observation period of 14 days after in 

vivo implantation of PGLA scaffolds seeded with osteoblast-like cells. This indicated that this 

method alone is not sufficient to accelerate the vascularization to ensure the survival of seeded 

cells. Qu et al.103 showed that genetically modified cells could have a long term expression of 

angiogenic growth factors, independently from their state of hypoxia. They transfected BMSCs 

with basic fibroblast growth factor seeded on a composite scaffold in a calvarial critical-sized 

defect model in rats. It accelerated vascularization and bone regeneration at 4 and 8 weeks 

compared with the controls. However, it was also suggested that over-expression of angiogenic 

growth factor VEGF may cause a global reduction in bone quantity, consisting of thin trabeculae 

of immature matrices.104
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Preformed microvascular networks
Different approaches to prevascularize the graft in vitro by seeding of vessel-forming cells onto 

scaffolds are being investigated. After seeding onto the scaffold, these cells rapidly assemble 

into immature microvessels. In contrast to the above-mentioned approaches that focus on the 

stimulation of vascular ingrowth into the implanted graft, prevascularization aims to generate 

preformed microvascular networks inside the graft prior to their implantation. After implan-

tation, these networks can be rapidly perfused with blood by inosculation with the surrounding 

host microvasculature.80

Proangiogenic cells, such as endothelial cells, endothelial progenitor cells, and mural cells 

(pericytes and smooth muscle cells), are widely used as cell source. Other cell sources including 

adult stem cells, such as pluripotent mesenchymal stem cells from bone marrow105,106 or adipose 

tissue,106–108 and induced pluripotent stem cells109 are also suggested as suitable sources for this 

purpose.

Originally, endothelial and endothelial progenitor cells were used for the formation of blood 

vessels, but this resulted in blood vessels with suboptimal life span.110 Due to limited number of 

transplanted vascular cells surviving for a prolonged duration, neovasculature fails to recruit the 

obligatory perivascular cells including mural cells, and consequently does not resemble native, 

multilayered mature microvessels.111 To overcome this problem, gene transfection to improve 

the survival and proliferation of the used vascular cells has been suggested.110,112 However, this 

genetic manipulation bears an oncogenic risk.113

A better alternative being investigated seems to be the co-cultivation of endothelial cells 

with mural cells. These cells are crucial for the stabilization, maturation, and long-term survival 

of newly formed microvessels. Koike et al.114 demonstrated stable microvascular networks, 

which survived for one year in vivo, through co-cultivation of human umbilical-vein endothelial 

cells (HUVECs) with mural precursor cells. This is in contrast to microvessels engineered with 

HUVECs alone, which rapidly regressed after 60 days.110 However, limitations of cell-based 

prevascularization approaches are that these approaches usually need complex and time-con-

suming cell isolation and cultivation procedures. Besides, their safety and success is highly 

sensitive to the quality of the cell isolates, the applied seeding strategy, and the number of 

cells seeded. Multiple studies reported on a critical optimum ratio between vascular cells and 

tissue-specific cells within a construct.115,116 Therefore, their clinical application is difficult to 

envision.

Microvascular fragments
Prevascularization methods by cell seeding using cellular isolates may result in uncertain 

outcomes. Moreover, the correct ratio of cells to be used is difficult to determine. This led to 

a novel concept exploiting the use of microvascular fragments (MF) isolated from adipose 

tissue by short (5–10 min) digestion.117–119 MF is a mixture of arteriolar, capillary, and venular 

vessel segments.120 Several studies successfully isolated MF from mice117,118 and human,119 and 

transplanted adipose tissue-derived MF in animals. These studies further demonstrated that 

these fragments rapidly develop stable, blood-perfused microvascular networks after implan-

tation into the host tissue. In culture, MF have been shown to release the proangiogenic factors 
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vascular endothelial growth factor (VEGF), and basic fibroblast growth factor (bFGF).121,122 In 

addition, microvascular fragments contain stem cells antigen (Sca)-1/VEGFR-2-positive 

endothelial progenitor cells, and mesenchymal stem cells expressing common markers, such 

as CD44, CD73, CD90, and CD117.123 It has been speculated that the high vascularization potential 

of microvascular fragments is (partly) caused by these stem cell populations. Compared to the 

above described cell seeding strategies to generate in vitro preformed microvascular networks, 

the enzymatic digestion period for the isolation of microvascular fragments is much shorter 

(5–10 min) than of single source cells, and does not require complex and time-consuming in 

vitro incubation periods. Moreover MF can also be obtained from patients in a one-step surgical 

procedure with a liposuction technique under local anesthesia.124

However, the MF procurement does not avoid the regulatory burden of using stem cell 

preparations obtained by enzymatic digestion, which are considered “more than minimally 

manipulated” by the FDA and the European counterpart the EMA. Therefore, recently much 

effort was put in the development of mechanical disruption of the tissue creating microfrag-

mented adipose tissue/nanofat ((MFAT/NFAT) (reviewed in Trivisonno et al.)125.

Strikingly, it was found that the microfragmentation of the adipose tissue, which kept the 

micro-architecture (extracellular matrix with embedded mesenchymal stem cells and microvas-

cular fragments) of the fat intact but disrupts most mature adipocytes, showed a remarkable 

enrichment of blood vessel-stabilizing pericytes, and release of many more growth factors and 

cytokines involved in tissue repair and regeneration, noticeably via angiogenesis, compared 

to enzymatically obtained SVF.126 Moreover, the microfragmented adipose tissue maintained 

strong angiogenic and anti-inflammatory properties.127 Autologous transplantation of such 

mechanically processed adipose tissue has been used with success in multiple indications, 

spanning a.o. cosmetics,128,129 orthopedics,130,131 and proctology.132
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FUTURE DIRECTIONS

Future investigations in cellular bone tissue engineering applications should be focused on 

enhancing vascularization, since adequate vascularization is a prerequisite for successful 

clinical bone regeneration. Moreover, due to existing discrepancies in the way human MSC 

are harvested and whether they are either directly applied without cultivation or isolated and 

cultured ex vivo, in addition to donor-dependent variability regarding the bone forming potency, 

further investigations are needed to standardize the production and quality of stem cells for 

therapeutic applications.

A promising future direction for cellular tissue engineering in jaw bone reconstruction 

with feasible clinical application is the use of the stromal vascular fraction (SVF) of human 

adipose tissue. SVF is considered a “single-source” for cellular tissue engineering due to its 

heterogeneous population of essential cells, i.e. multipotent stem cells and progenitor cells, 

including endothelial cells, stroma cells, pericytes, pre-adipocytes, as well as hematopoietic 

cells. SVF also contains macrophages, which secrete a multitude of vascular growth factors 

and cytokines.133

The adipose stem cells (ASCs) in SVF have been shown to attach, proliferate, and osteogeni-

cally differentiate on calcium phosphate scaffolds,134 and secrete a multitude of growth factors.57 

ASCs not only have been shown to have osteogenic potential in vivo,59 but also demonstrated 

angiogenic potential crucial for bone tissue engineering applications in mice.135 This is supported 

by in vitro observations that ASCs in SVF secrete a variety of angiogenic and anti-apoptotic 

growth factors,136 and that SVF is highly enriched with CD34+CD45−cells. The CD34+ cells are 

capable of stimulating angiogenesis, and are involved in neovascularization processes that facil-

itate healing of ischemic tissues in mouse models.137 Moreover, it has been demonstrated that if 

cultured within 3D scaffolds, the combination of endothelial cells and stromal cells derived from 

the SVF assemble into vascular structures, thus actively contributing to the vascularization of 

tissue-engineered bone grafts, and stimulating their engraftment in vivo.124

A first clinical trial confirmed that SVF/ASCs are capable to enhance bone and blood vessel 

formation.59,138 The study group (bone substitute [calcium phosphate] combined with SVF/ASCs) 

showed a higher bone mass that positively correlated with blood vessel formation versus the 

control group (only bone substitute) in a maxillary sinus floor elevation model.138 Immunohisto-

chemical analysis of CD34, a marker of endothelial cells as well as stem cells such as endothelial 

progenitor stem cells and hematopoietic stem cells revealed a higher number of CD34+ blood 

vessels in the SVF-supplemented group (SVF+) than the bone substitutes only group (SVF-; 

Figure 3), indicating a pro-angiogenic effect of the SVF. In addition, the vasculogenic effect of 

the SVF has been indicated in vitro.139

Further investigations should also address the possibilities to enhance the osteogenic 

capacity of the ASCs within the treatment time of the “one-step surgery”. In vitro results of 

short (minutes) incubation of ASCs with a low dose of bone morphogenetic protein-2 (BMP-2) 

before seeding the cells on the scaffold (β-TCP and BCP) showed promising results, i.e. prolifer-

ation and osteogenic differentiation were enhanced by BMP-2 pretreatment, with concomitant 

downregulation of adipogenic gene expression. Stimulated gene expression of the osteogenic 
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markers core binding factor alpha 1, collagen-1, osteonectin, and osteocalcin in the seeded 

ASCs were observed.134

Figure 3. Immunohistochemical analysis of CD34, a marker of endothelial cells as well as stem cells 
such as endothelial progenitor stem cells and hematopoietic stem cells, of a maxillary bone biopsy 
from a patient treated with β-TCP (A–C). Magnification: 200×. The scale bar represents 100 μm. The total 
number of CD34+ blood vessels of selected bone biopsies taken from control sides without stem cells 
(white bars; n = 3), and study sides with stem cells (black bars; n=4) from patients treated with β-TCP (b). 
β-TCP, β-tricalcium phosphate; NB, native bone; TZ, transition zone; SVF, stromal vascular fraction; tot #, 
total number (adapted from Farré-Guasch et al.).138

Recently, several studies suggested that adipose tissue-derived microvascular fragments (MF) 

show higher vascularization potential than SVF.118,126 However, further in vitro and in vivo research 

needs to confirm these findings. The MF and MFAT/NFAT variants of adipose tissue may spur 

future developments in particular for homologous applications since the regulatory burden can 

be avoided and the angiogenic, anti-inflammatory, and regenerative growth factor secretion 

properties appear at least equal but likely even higher than collagenase-digested SVF.126,127

The major clinical benefit of applying adipose tissue-derived SVF, MF, or MFAT/NFAT 

compared to other single-cell sources, is that a native mixture of essential cells can be harvested 

in large quantities in a one-step surgical procedure. This makes clinical application of adipose 

tissue-derived SVF or MF feasible, due to its lower morbidity rate and shorter treatment 

duration compared to the traditional treatment options, such as autologous bone harvesting, 

bone marrow-derived stem cells, and endothelial cells.

Appropriate in vitro 3D-models of bone defects to investigate cellular bone tissue 

engineering techniques, and specifically vascularization, are lacking. Such models would 

enhance the understanding of the interaction of cells with the host environment for osteo-

genesis and angiogenesis. Moreover, it would facilitate new possibilities for vascularization 

strategies. Currently exploited 2D-models and in vivo animal models have several limitations, 

including controllability, reproducibility, and flexibility of design. Recently novel strategies in 

3D-models are investigated to mimic human physiology in vitro, including bone niche-on-a-chip 

and bone bioreactors.140
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CONCLUSIONS

Important advancements have been made regarding the application of stem cells and the 

development of new strategies to improve vascularization in bone tissue engineering. However, 

adequate graft vascularization, which is a prerequisite to successful bone regeneration, is still 

considered a major challenge. The use of SVF of human adipose tissue seems to be a promising 

source for bone tissue engineering due to its heterogeneous population of essential cells for 

osteogenesis and angiogenesis. Besides, adipose tissue-derived MF is suggested as a promising 

cell source, due to its correct native cell ratios, for vascularization strategies. SVF, MF, and MFAT/

NFAT are treatment options with clinical feasibility due to their large quantities that can be 

harvested and applied in a one-step surgical procedure. Appropriate in vitro models to study 

bone tissue engineering are lacking. Engineered in vitro 3D-models mimicking the bone defect 

environment are crucial to facilitate new bone regeneration strategies. Successful bone recon-

struction in in the oral and maxillofacial region, using bone tissue engineering techniques, 

requires innovative future investigations focusing on the enhancement of vascularization. 2
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ABSTRACT

Mandibular retromolar (predominantly cortical) and maxillary tuberosity (predominantly 

cancellous) bone grafts are used in patients undergoing maxillary sinus floor elevation (MSFE) 

for dental implant placement. The aim of this retrospective cohort study was to investigate 

whether differences exist in bone formation and vascularization after grafting with either bone 

source in patients undergoing MSFE. Fifteen patients undergoing MSFE were treated with retro-

molar (n=9) or tuberosity (n=6) bone grafts. Biopsies were taken 4-months postoperatively prior 

to dental implant placement, and histomorphometrically analyzed to quantify bone and osteoid 

area, number of total, apoptotic, and RANKL-positive osteocytes, small and large-sized blood 

vessels, and osteoclasts. The grafted area was divided in three regions (caudal-cranial): RI, RII, 

RIII. Bone volume was 40% (RII, RIII) higher and osteoid volume 10% (RII) lower in retromolar 

compared to tuberosity-grafted areas. Total osteocyte number and number of RANKL-positive 

osteocytes were 23% (RII) and 90% (RI, RII) lower, but osteoclast number was higher (retro-

molar: 12, tuberosity: 0) in retromolar-grafted areas. Total number of blood vessels was 80% 

(RI) to 60% (RIII) lower, while the percentage of large-sized blood-vessels was 86% (RI) to 25% 

(RIII) higher in retromolar-grafted areas. Number of osteocyte lacunae and apoptotic osteocytes 

were similar in both bone grafts used. Compared to retromolar bone, tuberosity bone showed 

increased bone vitality and vascularization in patients undergoing MSFE, likely due to faster 

bone remodeling or earlier start of new bone formation. Therefore, tuberosity bone grafts might 

perform better in enhancing bone regeneration.
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INTRODUCTION

Maxillary sinus floor elevation (MSFE) is a frequently performed surgical procedure to restore 

insufficient bone height in the posterior maxilla allowing dental implant placement.1−4 In 

MSFE, the space created between the maxillary alveolar process, the elevated Schneiderian 

membrane, and the inwardly rotated lateral sinus wall is filled with graft material. Autologous 

bone is considered as the gold standard grafting material in MSFE,5,6 due to its osteoconductive 

as well as osteoinductive properties. Moreover, it contains osteogenic cells, and does not evoke 

immunogenic responses. Histologically, autologous bone grafts in MSFE result in predominantly 

a mature, lamellar type regenerated bone with higher mineralized bone volumes compared to 

bone substitutes which result in regenerated bone with lower mineralized bone volumes with 

a more immature, woven type of bone.7−9 Therefore, autologous bone demonstrates increased 

bone regenerative potential compared to other grafting materials, such as synthetic, xenograft, 

or allograft bone substitutes with only osteoconductive properties.5

Various donor sites are available to harvest autologous bone, including iliac crest, calvarium, 

tibia, and intraoral sites (mandible, maxilla).10−13 The choice of the donor site is based on the 

type and quantity of bone graft required, the ease of access to the donor site, and the time 

required with regard to the harvesting procedure and costs involved.3, 12−15 Autologous bone 

grafts from intraoral sources are widely used in MSFE, either applied purely or mixed with a 

bone substitute.3 A major advantage of intraoral sites for bone harvesting compared to extraoral 

sites, is that the graft can be harvested under local anesthesia.13,14 The mandibular retromolar 

and maxillary tuberosity regions are favorable donor sites due to low morbidity compared to 

other intraoral sites.13,14,16 There are multiple clinical and biological differences between bone 

harvested from the retromolar versus the tuberosity region. Bone from the retromolar region 

is predominantly cortical with a high mineral density, while bone from the tuberosity is more 

cancellous with a lower mineral density.16,17

Cortical bone grafts are considered to have less bone regeneration potential than cancellous 

bone grafts, due to the lack of osteogenic bone marrow cells and less osteoconductive matrix 

surface.18−20 Cortical bone grafts show delayed vascularization due to their lack of porosity 

and consequent inhibition of vascular ingrowth, resulting in reduced diffusion of oxygen and 

nutrients through the cortical matrix. Therefore, cells in cortical grafts, compared to cancellous 

grafts, are less likely to survive grafting procedures. It has been suggested that primitive 

osteogenic cells surviving transplantation and forming mature osteoblasts are crucial for the 

formation of new bone.20−22 Moreover, cortical bone grafts contain fewer osteoprogenitors than 

cancellous bone. Finally, the remodeling period of cortical bone graft takes longer, due to longer 

resorption time preceding osteogenic new bone formation.21,22

The majority of histologic and histomorphometric studies evaluating different sites and 

methods of autologous bone grafting in MSFE investigated bone grafts from the iliac crest and 

chin.12 Only four studies investigated purely retromolar bone graft in MSFE.8,23−25 No studies 

investigated purely tuberosity bone graft in MSFE. Comparison of the bone regeneration 

potential of retromolar bone grafts with tuberosity bone grafts in MSFE by means of histological 

and histomorphometrical analysis has not been performed so far.
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Therefore, this study aimed to investigate possible differences in bone vitality and vascular-

ization in patients undergoing MSFE using retromolar or tuberosity bone grafts through histo-

morphometrical analysis of bone biopsies. Four months post-MSFE we evaluated the biopsies 

prior to dental implant placement. It was hypothesized that tuberosity compared to retromolar 

bone graft will show enhanced new bone formation in patients undergoing MSFE. In this study, 

we report the first comparison of retromolar and tuberosity bone grafts for bone vitality and 

vascularization in patients undergoing MSFE.
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MATERIALS AND METHODS

Study approval
The protocol was approved by the medical ethics committee (IRB) of the VU University Medical 

Center in Amsterdam (#2016.105). All patients signed a written informed consent before partic-

ipation in the study. The study was performed according to the STROBE guidelines.26

Patient selection
Fifteen patients (4 females and 11 males), who were partially edentulous in the posterior maxilla 

and required dental implants for prosthetic rehabilitation between 2003 and 2012 were selected 

consecutively for this study (Table 1). All patients required an MSFE due to insufficient vertical 

bone height (≤3 mm) in at least one of the planned dental implant positions. Since some biopsies 

of these locations broke apart and could not be reconstructed properly, we sometimes had to 

switch to adjacent biopsies instead. 

Table 1. Patient data

Donor site
Gender

(♂ ,♀ )
Age 

(years)
Residual bone 

height (mm)
Dental implant 

position
Biopsy 
location

Retromolar ♀ 44 3 16 Single gap

Retromolar ♂ 49 1 27 Multiple gap

Retromolar ♂ 54 11 24 Free-ending

Retromolar ♂ 55 4 16 Free-ending

Retromolar ♂ 62 7 25 Free-ending

Retromolar ♂ 67 1 16 Free-ending

Retromolar ♂ 67 6 14 Free-ending

Retromolar ♂ 60 6 16 Free-ending

Retromolar ♂ 53 5 26 Free-ending

Tuberosity ♂ 67 1 25 Multiple gap

Tuberosity ♀ 50 10 24† Free-ending

Tuberosity ♀ 50 9 25† Free-ending

Tuberosity ♀ 35 6 17 Free-ending

Tuberosity ♂ 65 8 25 Free-ending

Tuberosity ♀ 58 9 26 Free-ending

Tuberosity ♂ 61 7 15‡ Free-ending

Tuberosity ♂ 61 5 16‡ Free-ending

Gender, age, residual bone height, dental implant position, biopsy location in patients undergoing MSFE 
treated with mandibular retromolar or maxillary tuberosity bone grafts. †same patient, ‡same patient.

The average age of the patients was 56±2 years (mean±SEM). Nine patients undergoing 

MSFE received mandibular retromolar bone graft, and six patients received a maxillary tuber-

osity bone graft. The average residual bone height was 6±1 mm (mean±SEM), with an average 
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residual bone height in patients grafted with retromolar bone of 5±1 mm (mean±SEM) and with 

tuberosity bone of 7±1 mm (mean±SEM). Patient demographics are summarized in Table 1.

The patients included in this study had a healthy periodontium and were non-smokers or 

moderate smokers (<10 cigarettes/day). Patients who required horizontal bone augmentation, 

and patients with specific conditions, e.g. systemic diseases, drug abuse, heavy smokers, 

other semi-invasive dental treatments, and/or pregnancy, were not included in this study. One 

oral and maxillofacial surgeon performed all surgical procedures both in the Alrijne Hospital, 

Leiderdorp, and in Amsterdam UMC, location VUmc, Amsterdam, The Netherlands.

Figure 1. Clinical photographs of MSFE via a lateral approach allowing dental implant placement, 
and their corresponding radiographs to evaluate maxillary sinus and alveolar bone height. (A) Pre-
operative photograph of the clinical situation. (B) Preoperative radiograph of the maxillary sinus. White 
line: residual native bone height. (C) Photograph of the lateral window during MSFE. (D) Radiograph of 
the maxillary sinus 4-months post-MSFE prior to implant placement. White line: total bone height. (E) 
Photograph of implant placement at 4-months post-MSFE. (F) Radiograph of the maxillary sinus directly 
after implant placement.

Maxillary sinus floor elevation
All fifteen patients underwent MSFE as previously described.2 A preoperative clinical photograph 

(Figure 1A) and a radiograph (Figure 1B) were taken, and a lateral bony window was prepared 

and turned inward and upward leaving the lifted Schneiderian membrane intact (Figure 1C). The 

generated cavity within the maxillary sinus was filled with pure autologous bone harvested from 

either the retromolar or tuberosity region. Wound closure was performed with Gore-Tex sutures 

(W.L. Gore and Associates, Newark, DE, USA), which were removed after 10–14 days. All patients 

received antibiotic prophylaxis, consisting of 500 mg amoxicillin, 3 times daily starting 1 day 

preoperatively and continuing 7 days postoperatively. After a healing period of 4-months (post-
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MSFE), prior to dental implant placement, a panoramic radiograph was made to determine the 

increase in vertical tissue height at the planned dental implant positions (Figure 1D).

Autologous bone graft harvesting technique
The retromolar bone grafts were harvested in half-cylinder shape with explantation trephines 

(inner diameter 4.2 mm; Institute Straumann AG, Basel, Switzerland), with a drilling speed of 

500 rpm with minimal pressure and using sterile saline for copious irrigation, from the external 

oblique ridge of the mandible. The harvested half-cylinder bone cores were used as a cylinder to 

fill the recipient site. The half-cylinders were not milled but placed as such in the maxillary sinus 

bottom. The maxillary tuberosity bone grafts were harvested with hammer and osteotome. The 

harvested bone pieces were cut with a bone rongeur into smaller pieces to fill the recipient site. 

Wound closure was performed with resorbable sutures.

Dental implant surgery
Four months after MSFE, dental implant surgery was performed under local anesthesia (Figure 

1E). A crestal incision was made with mesial and distal buccal vertical release incisions. A full 

thickness mucoperiosteal flap was raised to expose the underlying alveolar ridge, which was 

inspected visually for sufficient bone volume for the intended dental implant placement. Bone 

biopsies were obtained during dental implant surgery, using trephine drills with a length of 40.5 

mm, and with an external diameter of 3.5 mm matching the outer core diameter of the dental 

implants and an inner diameter of 2.5 mm (Institute Straumann AG, Basel, Switzerland), with a 

drilling speed of 500 rpm and using sterile saline for copious irrigation, prior to dental implant 

insertion. Immediately after dental implant placement, a panoramic radiograph was made to 

check dental implant positions (Figure 1F). Panoramic radiographs taken pre-MSFE, as well as 

before dental implant placement, were used for morphometric measurements to determine the 

increase in vertical tissue height at the planned dental implant positions, using digital software. 

Calculations were performed with the use of a conversion factor (1.25x) that adjusted for magni-

fication of the panoramic radiograph. After 3-months osseointegration of the dental implants 

the superstructures were fabricated and placed by the patient’s dentist.

Bone biopsies
The bone biopsies taken during dental implant surgery with a trephine drill were fixated in 

4% phosphate-buffered formaldehyde solution (Klinipath BV, Duiven, The Netherlands) for at 

least 24 hours. The bone biopsies were carefully removed from the trephine burr by cutting 

the burr, and opening it. There after the bone biopsies were transferred to 70% ethanol, and 

stored until use for histomorphometrical analysis, as described below under ‘Histology and 

histomorphometry’. The caudal side of the bone biopsy had a sharp cutting edge in contrast 

to a dome shaped, crumbled cranial side (Figure 2A, B). These histologic features were used 

to identify the apicocoronal orientation of the biopsy. Subsequently, the whole research team 

verified whether the apicocoronal orientation of the biopsy corresponded with the histological 

appearance. Consensus was reached for all specimens.
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Seventeen biopsies from gap, multiple gap and free-ending locations were evaluated (Table 

1). The following biopsy location definitions were used: 1) single gap location: a natural tooth is 

present at both sides of the dental implant location; 2) multiple gap location: a natural tooth is 

present on either side of at least two dental implants next to each other; multiple bone biopsies 

can be retrieved in this type of gap; and 3) free-ending location: there is only one natural tooth 

present at the mesial side of the dental implant location(s); multiple bone biopsies can be 

retrieved in this situation.

Figure 2. Histomorphometric analysis of biopsies taken after MSFE with retromolar or tuberosity 
bone graft. (A) Representative biopsy from one patient after MSFE with retromolar bone graft. (B) Repre-
sentative biopsy from one patient after MSFE with tuberosity bone graft. Midsagittal histological sections 
of each biopsy were stained with Goldner’s trichome method, to distinct mineralized bone tissue (green) 
and unmineralized osteoid (red). Biopsies were divided in consecutive 1 mm2 regions of interest (ROIs). 
The transition zone (TZ) indicated the first ROI where graft material was observed. The images illustrated 
more bone and less osteoid in retromolar than in tuberosity bone biopsies (RII and RIII regions). Original 
magnification: 100×. (C) Bone volume (bone area over total area (B.Ar/T.Ar %)), and (D) Osteoid volume 
(osteoid area over total area (O.Ar/T.Ar %)) as assessed by histomorphometrical analysis. B.Ar/T.Ar and 
O.Ar/T.Ar were assessed for NB, TZ, Rl, Rll, and Rlll. Values are mean±SEM (n=3–9). *Significantly different 
between retromolar and tuberosity bone graft, p<0.05. B.Ar, bone area; T.Ar, total area; O.Ar, osteoid area; 
NB, native bone, TZ, transition zone, RI, region I; RII, region II; RIII, region III.
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Histology and histomorphometry
After dehydration in descending alcohol series, the bone specimens were embedded without 

prior decalcification in low temperature polymerizing methylmethacrylate (MMA, Merck 

Schuchardt OHG, Hohenbrunn, Germany). Longitudinal sections of 5 μm thickness were 

prepared using a Jung K (R. Jung, Heidelberg, Germany) or Polycut 2500 S microtome (Leica, 

Wetzlar, Germany). Midsagittal histological sections of each biopsy were stained with Goldner’s 

Trichome method,27 to distinguish mineralized bone tissue (green) and unmineralized osteoid 

(red). The histological sections were divided into multiple regions of interest (ROI) of 1 mm2 

for blinded histomorphometrical analysis, as previously described.28 Depending on the length 

of the biopsy, the number of ROIs ranged from 5-15. Vertical tissue height measurements of 

the residual native bone and graft at the planned dental implant position on the panoramic 

radiograph were made pre-MSFE, as well as prior to dental implant placement (Figure 1D). The 

vertical tissue height of the residual native bone on the radiographs resembled the height of 

the residual native bone in the biopsy. The vertical tissue height of the graft on the radiographs 

resembled the height of the graft in the biopsy. The whole research team verified whether the 

radiographically determined transition zone corresponded with the histological appearance, 

including parameters such as occurrence of apoptotic osteocytes and empty osteocyte lacunae 

to identify grafted material. Consensus was reached for all specimens. The transition zone (TZ) 

indicates the first ROI where graft material was observed when analyzing from the caudal to 

the cranial side of the biopsy. Since the biopsies analyzed had different lengths, we decided 

to define them in three regions after the transition zone (TZ). The first two ROIs on the right 

of the transition zone were defined as region I (RI), the two or three ROIs in the center (even 

or odd numbers) as region II (RII), and the two most cranial ROIs as region III (RIII). The digital 

images of the scanned biopsies were analyzed, starting from the caudal side of the biopsy, and 

continuing towards the cranial side. This previously described method allowed to compare 

similar regions for all biopsies with respect to the bone regeneration and blood vessel formation 

in the augmented maxillary sinus.28-30

For each separate area of interest, the histomorphometrical measurements were performed 

with a computer using an electronic stage table and a Leica DC 200 digital camera (Leica, Wetzlar, 

Germany). The computer software used was Leica QWin© (Leica Microsystems Image Solutions, 

Rijswijk, The Netherlands) or NIS-Elements AR 4.10.01 (Nikon GmbH, Düsseldorf, Germany) at 40x 

magnification according to the ASBMR nomenclature31 to acquire digital images. Bone volume 

(bone area over total tissue area; B.Ar/T.Ar %) and osteoid volume (osteoid area over bone area; 

O.Ar/B.Ar %) were calculated as previously described.32 The total number of lacunae over bone 

area (N.Tt.Lac/B.Ar n.mm-2) and the total number of osteocytes over total number of lacunae 

(N.Ot/N.Tt.Lac %) were calculated. Only sharp and clearly displayed lacunae with and without 

osteocytes were included for analysis.

Blood vessel numbers, taking into account the blood vessel size, were determined as mean 

value of two separate blinded counts. Blood vessel size was calculated as the total blood vessel 

area expressed in μm2. According to their diameter, blood vessels were divided into small (0–400 

μm2) or large vessels (>400 μm2).
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Tartrate-resistant acid phosphatase (TRAcP) staining was used to visualize bone resorbing 

multinuclear cells (osteoclasts) and was performed on a subset of biopsies (n=6) These sections 

were selected adjacent to biopsy sections that were stained with Goldner’s trichrome method. 

TRAcP staining was performed according to a standardized protocol.33 Quantitative analysis of 

the number of TRAcP-positive osteoclasts was carried out at 200x magnification throughout 

the biopsies according to the previously described ROIs, overlapping with the optical areas 

in the Goldner’s trichrome-stained sections as closely as possible, using the same computer 

software and microscope used for quantification of the other histomorphometric parameters 

in the Goldner trichrome-stained sections. Within each area, the total number of TRAcP-positive 

osteoclasts over bone area (N.Ocl/B.Ar) was calculated.

Immunohistochemistry
A previously described protocol for immunostaining was used.28,29,34 To visualize and calculate 

the number of apoptotic osteocytes, immunohistochemical staining for Cleaved Caspase-3 was 

carried out on a subset of biopsies (n=6). Receptor activator of nuclear factor-κB ligand (RANKL) 

expression by osteocytes was also detected by immunohistochemistry on a subset of biopsies 

(n=6). Bone sections embedded in MMA (see “histology and histomorphometry”) were 

treated with xylene/chloroform (Merck, Darmstadt, Germany) to remove MMA. Sections were 

rehydrated and endogenous peroxidase quenched with 3% H
2
O

2
 in phosphate-buffered saline 

(PBS) containing 40% methanol. Antigen retrieval was performed by incubation with 0.5% 

saponin (Sigma, St. Louis, MO) in PBS for 30 min, followed by incubation with 3.5 μg/mL DNAse 

II (Sigma) in a mixture of 25 mM Tris with 10 mM MgSO
4 

for 10 min at room temperature. Then 

sections were incubated with 3% H
2
O

2
 in PBS containing 40% methanol to block endogenous 

peroxidase. Non-specific binding of immunoglobulin G was blocked by incubation with 5% 

normal goat serum in PBS containing 0.05% Tween. Incubation with primary antibody was 

performed overnight at 4°C with 1/1000 rabbit-antiCleaved Caspase-3 antibody (Cell Signaling 

Technology, Beverly, MA), or rabbit-antiRANKL antibody (Cell Signaling Technology, Beverly, MA) 

in PBS containing 0.05% Tween. Sections were then incubated for 1 h with 1/200 biotin-labeled 

goat-anti-rabbit immunoglobulin G (Vector Labs, Burlingame, CA) in PBS containing 0.05% 

Tween, and for 10 min with a Biotin XX Tyramide SuperBoost™ Kit (Thermo Fisher Scientific). For 

color development, sections were incubated with DAB-nickel substrate. Sections with Cleaved 

Caspase-3 antibody were counterstained with 0.2% toluidine blue in H
2
O, and sections with 

RANKL antibody with hematoxylin-eosin. Negative controls were performed without primary 

antibodies. Total number of Cleaved Caspase-3-positive osteocytes over bone area (N.Casp+/B.

Ar n.mm-2) and total number of Cleaved Caspase-3-positive osteocytes over total number of vital 

osteocytes (N.Casp+/N.Ot %), and total number of RANKL-positive osteocytes over bone area 

(N.RANKL+/B.Ar n.mm-2) were calculated.

Statistical analysis
Data are presented as mean±standard error of the mean (SEM). Data analysis and statistical 

analysis were performed using GraphPad Prism 5 software (GraphPad Software, La Jolla, 

CA, USA) and IBM SPSS 23 statistical software (CircleCI, San Francisco, CA, USA). The number 
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of cases in this study (8–10 cases per group) was based on our own studies and previously 

published studies35-37 that presented histological evaluation of bone biopsies. We could not carry 

out a power analysis, since we did not choose one specific parameter to compare the groups. 

Also, a direct comparison between the two graft types was not done before, so we decided to 

perform a multi-parameter evaluation to identify potential differences in an unbiased manner. 

This study observed multiple parameters in the biopsies of the two bone graft types. Biopsies 

from all treated patients were compared between the retromolar and tuberosity bone groups. 

An unpaired two-tailed Student’s t-test was performed to test differences in age and residual 

bone height between patients with retromolar and tuberosity bone grafts. No statistical differ-

ences were observed.

An unpaired nonparametric Mann Whitney U and Pearson’s Chi-squared test was performed 

to test differences between retromolar and tuberosity bone biopsies per region of interest. A 

paired Wilcoxon signed rank and McNemar test was performed to assess to test the different 

parameters between the different regions of interests within each bone group. Statistical signif-

icance was considered, if p-values were <0.05.
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RESULTS

In retromolar bone biopsies, compared to tuberosity bone biopsies, a higher bone volume 

(B.Ar/T.Ar %; mean±SEM) in the center (RII: retromolar: 58%±8%; tuberosity: 16%±3%) and 

at the cranial side (RIII: retromolar: 60%±10%; tuberosity: 22%±5%) of the grafted area was 

observed (p<0.05; Figure 2A, B, C). The other regions showed no significant differences in bone 

volume between biopsies with retromolar (native bone (NB): 32%±5%; transition zone (TZ): 

28%±9%; RI: 45%±8%) and tuberosity (NB: 24%±4%; TZ: 5%±2%; RI: 23%±9%) bone grafts 

(Figure 2C). There was a trend towards higher bone volume in regions towards the cranial side 

in retromolar bone grafts (p=0.06; Figure 2C). There was no difference between the three regions 

(RI–RIII) in tuberosity bone grafts.

Figure 3. Total number of RANKL-positive osteocytes, and TRAcP-positive osteoclasts in biopsies 
taken after MSFE with retromolar or tuberosity bone graft. (A) To visualize and calculate the number 
of RANKL-positive osteocytes within the biopsies, consecutive sections were receptor activator of nuclear 
factor kappa-Β ligand (RANKL)-stained (brown) in biopsies taken after MSFE with retromolar or tuberosity 
bone graft. Images illustrate less RANKL-positive osteocytes in retromolar than in tuberosity bone biopsies 
(RI region). Black arrows: RANKL-positive cells. (B) Total number of RANKL-positive osteocytes over bone 
area (N.RANKL+/B.Ar n.mm-2) was assessed for NB, TZ, RI, Rll, and Rlll. (C) To visualize and calculate the 
number of osteoclasts within the biopsies, consecutive sections were tartrate-resistant acid phosphatase 
(TRAcP)-stained (red) in biopsies taken after MSFE with retromolar or tuberosity bone graft. Images illus-
trate more TRAcP-positive osteoclasts in retromolar than in tuberosity bone biopsies (RIII region). White 
arrows: TRAcP-positive osteoclasts. (D) Number of TRAcP-positive osteoclasts over bone area (N.Ocl/B.
Ar n.mm-2) was assessed for NB, TZ, Rl, Rll, and Rlll. Values are mean±SEM (n=3). *Significantly different 
between retromolar and tuberosity bone graft, p<0.05. NB, native bone, TZ, transition zone, RI, region I; 
RII, region II; RIII, region III. Magnification: 200x. Scale bar: 100 μm.

In retromolar bone biopsies, compared to tuberosity bone biopsies, less osteoid volume 

(O.Ar/B.Ar %; mean±SEM) in the center (RII: retromolar: 3%±1%; tuberosity: 13%±3%) and at 

the cranial side (RIII: retromolar: 1%±1%; tuberosity: 11%±4%) was found (p<0.05; Figure 2A, 
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B, D). The other regions showed no differences in osteoid volume between retromolar (NB: 

6%±3%; TZ: 11%±8%; RI: 10%±7%) and tuberosity (NB: 1%±1%; TZ: 4%±2%; RI: 5%±3%) bone 

grafts (Figure 2D). Osteoid volume tended to increase towards the cranial side of the biopsies 

within tuberosity bone grafts (p=0.06), but was similar in the biopsies with retromolar grafts 

(Figure 2D).

In retromolar bone biopsies, compared to tuberosity bone biopsies, a lower total number 

of RANKL-positive osteocytes per bone area (N.RANKL+/B.Ar n.mm-2; mean±SEM) in residual 

native bone (NB: retromolar: 13±13; tuberosity: 86±23), at the caudal side (RI: retromolar: 9±8; 

tuberosity: 179±76) and in the center (RII: retromolar: 14±9; tuberosity: 80±12) of the grafted 

area (p<0.05) was found, but values seemed different (not statistically significant) for the 

other regions (retromolar: TZ: 2±2; RIII: 13±7; tuberosity: TZ: 200±115; RIII: 110±97; Figure 3A, B). 

Moreover, no significant differences in total number of RANKL-positive osteocytes per bone area 

were found between the regions per bone graft (Figure 3B).

In retromolar bone biopsies, compared to tuberosity bone biopsies, a higher total number 

of TRAcP-positive osteoclasts per bone area (N.Ocl/B.Ar n.mm-2; mean±SEM) in the center (RII: 

retromolar: 12±8; tuberosity: 0) of the grafted area was found (p<0.05; Figure 3C,D), but the 

total number of TRAcP-positive osteoclasts per bone area was similar for the other regions 

(retromolar: NB: 7±7; TZ: 3±3; RI: 5±3; RIII: 8±8; tuberosity: NB: 0; TZ: 12±11; RI: 0; RIII: 3±3; Figure 

3D). Moreover, no significant differences in total number of TRAcP-positive osteoclasts per bone 

area were found between the regions per bone graft (Figure 3D).

The total number of osteocyte lacunae per bone area (N.Tt.Lac/B.Ar n.mm-2; mean±SEM) was 

similar between biopsies with retromolar (NB: 324±50; TZ: 323±52; RI: 225±43; RII: 1002±954; 

RIII: 472±215) and tuberosity bone grafts (NB: 433±70; TZ: 254±113; RI: 1386±960; RII: 533±51; 

RIII: 521±72; Figure 4A, B). The total number of lacunae was also similar between the different 

regions per bone graft (Figure 4B).

In retromolar bone biopsies, compared to tuberosity bone biopsies, a lower total number of 

osteocytes per total number of osteocyte lacunae (N.Ot/N.Tt.Lac %; mean±SEM) was observed 

in the center (RII: retromolar: 46±9%; tuberosity: 69±6%) of the grafted area (p<0.05). The total 

number of osteocytes was similar in the other regions (retromolar: NB: 66%±11%; TZ: 80%±4%; 

RI: 52%±9%; RIII: 50%±9%; tuberosity: NB: 66%±5%; 49%±25%; TZ: 76%±4%; RI: 76%±4%; RIII: 

60%±9%; Figure 4A, C). In retromolar bone biopsies, a lower total number of osteocytes in the 

grafted area (RI, RII, RIII) was observed than in NB (p<0.05; Figure 4C). Also, a lower total number 

of osteocytes was seen in the center (RII) and cranial side (RIII) of the grafted area than in the 

transition zone (TZ; p<0.05; Figure 4C. There were no significant differences in total number of 

osteocytes between the different regions in biopsies with tuberosity bone grafts.

Immunohistochemical staining of Cleaved Caspase-3, a marker for cells that are undergoing 

apoptosis, showed a similar total number of apoptotic osteocytes per bone area (N.Casp+/B.Ar 

n. mm-2; mean±SEM) in both retromolar and tuberosity bone biopsies (retromolar: NB: 44±33; 

TZ: 33±2; RI: 39±17; RII: 14±6; RIII: 9±7; tuberosity: NB: 13±7; TZ: 0±0; RI: 8±5; RII: 63±60; RIII: 17±17; 

Figure 4D, E). Total number of apoptotic osteocytes was also similar in the different regions 

per bone graft (Figure 4D, E). In retromolar and tuberosity bone a similar percentage of osteo-

cytes was apoptotic (N.Casp+/N.Ot %, mean±SEM) (retromolar: NB: 40%±30%; TZ: 28%±21%; 
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RI: 31%±6%; RII: 17%±5%; RIII: 13%±2%; tuberosity: NB: 6%±2%; TZ: 0%±0%; RI: 7%±5%; RII: 

20%±19%; RIII: 8%±8%; Figure 4D, F). There were no significant differences in percentage 

apoptotic osteocytes in the different regions per bone graft (Figure 4F).
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▶ Figure 4. Total number of osteocytes, lacunae and apoptotic osteocytes in biopsies taken after 
MSFE with retromolar or tuberosity bone graft. (A) Number of osteocytes (black arrows) and empty 
osteocyte lacunae (yellow arrows) were calculated in biopsies stained with Goldner’s trichome taken 
after MSFE with retromolar and tuberosity bone graft. Images illustrate less osteocytes and more empty 
osteocyte lacunae in retromolar than in tuberosity bone biopsies (RII region). (B) Total number of lacunae 
over bone area (N.Tt.Lac /B.Ar n.mm-2), and (C) Total number of osteocytes over total number of lacunae 
(N.Ot/N.Tt.Lac %) were assessed for NB, TZ, Rl, Rll, and Rlll. (D) To visualize and calculate apoptotic osteo-
cytes within the biopsies, consecutive sections were stained with Cleaved Caspase-3 (black) in biopsies 
taken after MSFE with retromolar or tuberosity bone graft. Black arrows: Cleaved Caspase-3 positive apop-
totic osteocytes. Images illustrate more Caspase-3-positive apoptotic osteocytes in retromolar than in 
tuberosity bone biopsies (RI region). (E) Total number Cleaved Caspase-3-positive osteocytes over bone 
area (N.Casp+/B.Ar n.mm-2), and (F) Total number of Cleaved Caspase-3-positive osteocytes over total 
number of osteocytes (N.Casp+/N.Ot %) were assessed for NB, TZ, Rl, Rll, and Rlll. Values are mean±SEM 
(n=3–9). *Significantly different between retromolar and tuberosity bone graft, p<0.05. N.Ot, number of 
osteocytes; B.Ar, bone area; N.Casp+, number of Cleaved Caspase-3-positive osteocytes; N.Tt.Lac, total 
number of lacunae; NB, native bone, TZ, transition zone, RI, region I; RII, region II; RIII, region III. Magnifi-
cation: 200x. Scale bar: 100 μm.

In retromolar bone biopsies, compared to tuberosity bone biopsies, a lower total number 

of blood vessels (N.bloodves; mean±SEM) in residual native bone (retromolar: NB: 8±1; tuber-

osity: NB: 21±6) and in the grafted area (retromolar: RI: 5±2; RII: 5±1; RIII: 4±1; tuberosity: RI: 

21±6; RII: 25±10; RIII: 10±3) was observed (p<0.05; Figure 5A, B), but was similar for the transition 

zone (retromolar: TZ: 8±1; tuberosity: TZ: 38±15; Figure 4B). In retromolar bone biopsies, the 

total number of blood vessels was positively correlated with osteoid volume in the grafted area 

(RI–RIII; r=0.43, p<0.05). In retromolar bone biopsies, compared to tuberosity bone biopsies, a 

higher percentage of large sized blood vessels in native bone (NB: retromolar: 52%; tuberosity: 

33%), transition zone (TZ: retromolar: 71%; tuberosity: 38%), at the caudal side (RI: retromolar: 

67%; tuberosity: 36%), and in the center (RII: retromolar: 69%; tuberosity: 55%) of the grafted 

area was observed (p<0.05), but values were similar at the cranial side of the grafted area (RIII: 

retromolar: 63%; tuberosity: 65%; Figure 5C). In retromolar bone biopsies a higher percentage 

of large sized blood vessels, and a lower percentage of small sized blood vessels was shown 

in the transition zone and grafted area (large sized blood vessels: TZ: 71%; RI: 67%; RII: 69%; 

RIII: 63%) than in the residual native bone area (NB: 52%; p<0.05; Figure 5C). Moreover, in RII 

(69%) compared to RIII (63%) there was a higher percentage of large sized blood vessels, and a 

lower percentage of small sized blood vessels (p<0.05; Figure 5C). In tuberosity bone biopsies, 

a higher percentage of large sized blood vessels, and a lower percentage of small sized blood 

vessels was found in the grafted area (large sized blood vessels: RII: 55%; RIII: 65%) than in the 

residual native bone area (NB: 33%; p<0.05; Figure 5C). Moreover, in tuberosity bone biopsies, 

the percentage of large sized blood vessels was increasing, and the percentage of small sized 

blood vessels was decreasing, in the grafted area from the caudal towards the cranial side of 

the biopsy (large sized blood vessels: RI: 36%; RII: 55%; RIII: 65%; small sized blood vessels: RI: 

64%; RII: 45%; RIII: 35%; p<0.05; Figure 5C).
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Figure 5. Total number of large sized and small sized blood vessels in biopsies taken after MSFE 
with retromolar or tuberosity bone graft. (A) Blood vessel number was calculated in biopsies stained 
with Goldner’s trichome taken after MSFE with retromolar or tuberosity bone graft. Images illustrate less 
blood vessels in retromolar than in tuberosity bone biopsies (RII region). Black dotted circumferential line: 
blood vessel. (B) Total number of blood vessels (N.Bloodves), and (C) Percentage of large sized and small 
sized blood vessels was assessed for NB, TZ, Rl, Rll, and Rlll. Values are mean±SEM (n=3–9). *Significantly 
different between retromolar and tuberosity bone graft, p<0.05. N.Bloodves, number of blood vessels; 
NB, native bone, TZ, transition zone, RI, region I; RII, region II; RIII, region III. Magnification: 100x. Scale 
bar: 100 μm.
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DISCUSSION

Four months post-MSFE, differences in bone vitality and vascularization were observed 

between retromolar and tuberosity bone graft. Compared to tuberosity bone biopsies, retro-

molar bone biopsies showed: (i) 40% higher bone volume (B.Ar/T.Ar %) in the grafted RII and RIII 

regions; (ii) 10% lower osteoid volume (O.Ar/B.Ar %) in these two regions; (iii) 90% lower total 

number of RANKL-positive osteocytes in the grafted area (caudal side (RI) and center (RII)); (iv) 

higher total number of osteoclasts in region RII of the grafted area; (v) 23% lower total number 

of osteocytes per total number of osteocyte lacunae (N.Ot/N.Tt.Lac %) in region RII; (vi) 80% 

to 25% lower total number of blood vessels in the grafted area from RI to RIII; (vii) 31% (RI) and 

14% (RII) higher number of large sized blood vessels in the grafted area; and (viii) similar total 

number of osteocytes, and total number of apoptotic osteocytes.

Since our results showed more osteoid formation and a higher number of blood vessels in 

the grafted areas of patients who underwent MSFE with tuberosity bone grafts compared to 

patients with retromolar bone grafts, we postulate that tuberosity bone grafts might result in 

faster bone regeneration than retromolar bone grafts in MSFE.

Moreover, retromolar bone biopsies showed higher bone volume in the grafted area than 

tuberosity bone biopsies. These findings may be explained by a higher mineralization degree of 

the original graft, as retromolar bone grafts are predominantly composed of cortical bone, and 

tuberosity bone grafts of cancellous bone.21,38 A slower bone remodeling process of cortical bone 

versus cancellous bone is expected. 21,38 Therefore, our observation that significant differences 

in mineralized bone area are present in our biopsies, likely results from the original composition 

of the bone graft and not yet from new bone formation. Since the bone biopsies in the present 

study were retrieved 4-months post-MSFE, differences in mineralized bone area due to bone 

remodeling between the two graft materials may be leveled in the long term, if graft remod-

eling has occurred to a high degree. Apoptotic osteocytes and empty lacunae were observed in 

both types of bone grafts, and therefore bone remodeling will likely continue after the biopsy 

retrieval (4-month time point). This is in line with findings by others showing that the bone 

mineralization degree in cortical bone grafts (chin and retromolar area), but not in cortico-

cancellous bone grafts, decreases during 6-months post-MSFE period.25,38 However, 6-months 

post-MSFE the bone mineralization degree is still higher in cortical than corticocancellous 

bone grafts, indicating that both graft origin and remodeling rate influence the mineralization 

degree.25,38

In this study, lower osteoid volume at the cranial and center of the retromolar bone-grafted 

areas, compared to tuberosity bone-grafted areas, was found. The reason for this observation 

is currently unexplained. Interestingly, osteoid volume increased towards the cranial side of 

the grafted area, which may have resulted from active bone formation starting from the cranial 

side of the biopsy. This is in line with earlier observations that bone formation may start not 

only from the maxillary native bone, but from the cranial side as well.29,35 Moreover, it has been 

shown that the Schneiderian membrane of the maxillary sinus, which is lifted during MSFE to 

insert the graft material, contains a cell population with potential for osteogenic differenti-

ation.40
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We found similar total numbers of lacunae and apoptotic osteocytes in biopsies from retro-

molar and tuberosity bone-grafted areas. Remarkably, we observed a 90% lower total number 

of RANKL-positive osteocytes at the caudal side and in the center of the grafted area, and a 

higher number of TRAcP-positive osteoclasts in the center of the grafted area of retromolar vs. 

tuberosity bone biopsies. Osteocytes embedded in bone have been postulated to orchestrate 

bone homeostasis by regulating both bone-forming osteoblasts and bone-resorbing osteo-

clasts.41,42 RANKL expression by osteocytes is an important signal to recruit osteoclasts.43,44 

RANKL, a transmembrane protein from the tumor necrosis factor (TNF) superfamily, is known 

to play a central role in osteoclastogenesis.45 Therefore, the lower number of RANKL-positive 

osteocytes observed in retromolar bone biopsies in our study, may indicate less active bone 

remodeling in retromolar than in tuberosity bone grafts.

Bone is highly vascularized, and vascular development needs to be induced prior to osteo-

genesis. Our results showed that the total number of blood vessels in the grafted area was lower 

in retromolar versus tuberosity bone biopsies, which was accompanied by a lower percentage 

of osteoid volume. In contrast, the higher percentage of small sized blood vessels and the lower 

percentage of large sized blood vessels as we observed in the tuberosity bone-grafted areas 

indicates higher angiogenic activity in tuberosity bone graft. This is in agreement with earlier 

studies showing that bone formation is related to increased blood vessel formation.29,39 The 

lower total number of osteocytes in the center of the grafted area of the retromolar grafts may 

consequently be the result of reduced diffusion of oxygen and nutrients due to delayed vascu-

larization in these grafts. This confirms findings in earlier studies, i.e. that cortical bone grafts, 

compared to cancellous bone grafts, show delayed vascularization due to lack of porosity and 

consequent inhibition of vascular ingrowth.21

The study was conducted retrospectively resulting in several limitations. A limitation of the 

present study was that we compared two different autologous bone grafts in patients under-

going unilateral MSFE. To exclude inter-patient variation, a bilateral sinus floor elevation model 

would be more appropriate to compare two different grafting materials. Another limitation 

of this study was that we only analyzed biopsies at one time point, preventing to assess the 

dynamics of the remodeling process in both types of bone grafts. Therefore, we can only deduce 

that retromolar grafts displayed a slower bone remodeling rate, but cannot rule out that remod-

eling might reach similar levels at a later time point. Another limitation of this study was the use 

of two bone harvestings techniques. However, the bone harvestings techniques were unlikely 

to affect the results of our study in terms of bone vitality of the graft, since the harvesting 

techniques were as “atraumatic” as possible. This appears to be histologically confirmed since 

we did not observe necrotic bone tissue. A limitation of this study was also that no follow-up 

data of the patients could be obtained. However, no complaints regarding all dental implants 

have been reported thus far.

In summary, we found that the use of tuberosity bone graft in human MSFE resulted in a 10% 

higher osteoid volume in the center and at the cranial side of the grafted area, and 150–300% 

higher total number of blood vessels in the total grafted area compared to retromolar bone 

grafts. We conclude that tuberosity bone grafts showed enhanced bone vitality and vascular-

ization in patients undergoing MSFE in comparison with retromolar bone grafts, either due 
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to a faster bone remodeling rate or due to an earlier start of bone remodeling in tuberosity 

bone graft-treated patients. Based on our histological data, it appears that tuberosity bone 

might perform better as an autologous graft material in MSFE than retromolar bone, since more 

osteoid was deposited, more blood vessels were formed, and a more active remodeling process 

was initiated. A shorter healing period before dental implant placement and loading might be 

feasible, if tuberosity bone grafts are used.
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ABSTRACT

Bone mass is important for dental implant success, and is regulated by mechanoresponsive 

osteocytes. We aimed to investigate the relation between levels and orientation of tensile strain 

and morphology and orientation of osteocytes in different dental implant positions in maxillary 

bone. Bone biopsies were retrieved from eight patients, who underwent maxillary sinus-floor 

elevation with β-tricalcium phosphate, prior to implant placement. Gap versus free-ending 

locations were compared by using 1) three-dimensional finite element model of the maxilla 

to predict tensile strain magnitude and direction, and 2) histology and histomorphometric 

analyses. The finite element model predicted larger, differently directed tensile strains in gap 

versus free-ending locations. Mean percentage of mineralized residual native-tissue volume, 

osteocyte number (mean±SD: 97±40/region-of-interest), and osteocyte shape (~90% elongated, 

~10% round) were similar for both locations. However, osteocyte surface area was 1.5-times 

larger in gap than in free-ending locations, and elongated osteocytes in these locations were 

more cranially-caudally oriented. In conclusion, significant differences in osteocyte surface 

area and orientation seem to exist locally in maxillary bone, that may be related to tensile strain 

magnitude and orientation. This might reflect local differences in osteocyte mechanosensitivity 

and bone quality, suggesting differences in dental implant success based on location in the 

maxilla.
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INTRODUCTION

Bone quality at the patient’s implant site is an important local factor for the success of dental 

implants.1,2 It influences dental implant stability at the time of surgery,3,4 and osseointegration 

at a second stage.5,6 Implant success rates are different at various implant sites in the jaw, with 

highest failure rates occurring in the maxillary posterior region.7 Bone quality is determined 

by mechanical properties, bone mineral density, bone architecture, and extracellular matrix 

composition.1,8

Bone structure is continuously remodeled by bone-resorbing osteoclasts and bone-forming 

osteoblasts, regulated by osteocytes.9 Osteocytes act as mechanosensors of bone producing 

signaling molecules affecting osteoblastic and/or osteoclastic activities. A prominent theory 

is that mechanosensing by osteocytes occurs via strain-induced fluid flow through the 

lacuno-canalicular network.10

Osteocyte morphology varies in different types of bone. Elongated osteocytes are found in 

load-bearing long bones that are predominantly loaded parallel to their longitudinal direction. 

On the other hand, round osteocytes are found in flat bones such as calvariae, loaded with much 

lower amplitudes radially and/or tangentially due to intracranial pressure and/or mastication.11 

Osteocyte morphology and orientation thus seem to be affected by the mechanical loading 

direction. Osteocyte lacunae have been shown to be aligned to the collagen fiber orientation,12,13 

which may correspond to the orientation of tensile strains in the bone.14 External mechanical 

forces on cells are known to affect cytoskeletal structure and thus cell morphology.9,15 Moreover, 

round osteocytes are much more mechanosensitive than elongated cells.16 Round osteocytes in 

calvaria bone experience much lower mechanical loads than long bone, which might indicate 

that their morphology can maintain their physiological functions even in the presence of low 

mechanical loads and hence are more mechanosensitive than elongated osteocytes in long 

bones which are exposed to higher mechanical loads.11 Therefore osteocyte morphology at the 

implant location may predict the success of dental implants.

Bone quality has been assessed by bone density in bone biopsies using histomorphometry 

and densitometry, but cellular parameters for bone quality have not been determined.17 To date 

not much is known about osteocyte morphology and orientation in human jaw bone.

In this study, it is hypothesized that 1) tensile strains in maxillary bone are larger and more 

uniformly directed in single gap compared to free-ending locations; and 2) osteocytes are 

larger, more elongated, and more uniformly oriented in single gap versus free-ending locations. 

Therefore, this study aimed to investigate the relation between the levels and orientation of 

tensile strain, and morphology and orientation of osteocytes in single gap versus free-ending 

dental implant positions in maxillary bone through a finite element (FE) model and histomor-

phometric analysis.

4
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MATERIALS AND METHODS

Patient selection
Eight patients, six men and two women, who were partially edentulous in the posterior maxilla, 

were selected. All patients required a maxillary sinus floor elevation (MSFE) due to insufficient 

maxillary bone height; the vertical bone height before MSFE was 4–10 mm.

The mean age of the patients was 58 years (range: 40–73 years). All patients were 

non-smokers or smoked <10 cigarettes per day. Patients with systemic diseases, drug abuse, 

and/or pregnancy were excluded from participation, as well as patients requiring horizontal 

bone augmentation.

The study was performed in accordance with the principles of the Declaration of Helsinki. 

Since the study involved CE-marked calcium phosphates being used for their intended purpose 

(carrier material for bone augmentation in MSFE procedures), no specific regulatory approval 

from a medical ethical committee was required. Patients provided written informed consent 

before inclusion in the study.

Clinical bone quality classification
Bone quality was pre-operatively assessed, and classified based on the amount of cortical bone 

versus cancellous bone.18

Figure 1. Translation of the maxillary dental arch into an FE model. (A) Anatomical image of maxillary 
bone showing one side of the superior dental arch (adapted from Marieb and Hoehn)21. (B) The FE model 
showing the maxillary dental arch with the sinus cavity. Individual teeth can be removed from this model 
to simulate patient-specific cases.

Maxillary sinus floor elevation surgery
A preoperative panoramic radiograph was made from each patient to calculate the alveolar 

bone height at each planned implant position. The MSFE procedure was performed with Ceros® 

β-tricalcium phosphate (β-TCP) granules with 60% porosity/0.7–1.4 mm grain size (Thommen 

Medical AG, Grenchen, Switzerland) as previously described.19 The oral mucoperiosteal flap 

was closed using Gore-Tex sutures (W.L. Gore and Associates, Newark, DE, USA), which were 
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removed 10–14 days post-operatively. All patients received antibiotic prophylaxis, consisting 

of 500 mg amoxicillin 4-times daily, starting one day preoperatively and continuing a week 

postoperatively. After a healing period of 6-months, prior to the dental implant placement, 

a panoramic radiograph was made in order to measure the available tissue height for dental 

implant placement. Dental implants were placed as previously described.20

Biopsy retrieval
Bone biopsies were collected using a trephine burr (outer and inner diameter 3.5 mm and 2.5 

mm, respectively), and fixed in 4% phosphate-buffered formaldehyde (Klinipath BV, Duiven, The 

Netherlands). Subsequently, biopsies were transferred to 70% ethanol, and stored until used 

for histomorphometry. One midsagittal section per biopsy was evaluated as described below.

Seventeen biopsies from gap or free-ending locations were evaluated. The following dental 

implant location definitions were used: 1) single gap location: a natural tooth is present at both 

sides of the implant location; 2) multiple gap location: a natural tooth is present on either side 

of at least two implant locations next to each other; multiple bone biopsies can be retrieved in 

this gap; 3) free-ending location: there is only one natural tooth present at one side (mesially) 

of the implant location(s); multiple bone biopsies can be retrieved in this situation.

Finite element model
A three-dimensional model of the maxillary sinus floor (Figure 1) was designed with the Finite 

Element (FE) software Abaqus/CAE (version 6.12, Dassault Systemes Simulia, Providence, RI, 

USA) to predict tensile strain in the maxillary bone. Individual teeth could be removed from 

this model to simulate patient-specific cases. While the dimensions of the model approximate 

the anatomical dimensions, the dental arch was straightened, to simplify visualization and 

comparison with dental radiographs.

All material behavior was assumed to be linear-elastic and isotropic. The maxillary bone was 

modelled with a Young’s modulus of 10 GPa and Poisson’s ratio of 0.3. Cortical and cancellous 

bone was not distinguished, since demarcation between these two bone types would vary 

greatly in the MSFE patients. Teeth were given a Young’s modulus of 24 GPa, based on the 

stiffness of dentin. The focus was on strains at the implant positions rather than within the 

remaining teeth, and therefore enamel and pulp were not modeled as separate materials.

Teeth were loaded with an occlusal (vertical) load of 100 N, comparable to the human bite 

force.22 As a boundary condition, the bone section was fixed in mesio-distal direction at its 

mesial surface, and fixed in all directions at its cranial surface.

Histology and histomorphometrical analysis
After dehydration in an ascending alcohol series, the bone specimens were embedded without 

prior decalcification in low temperature polymerizing methylmethacrylate (MMA, Merck 

Schuchardt OHG, Hohenbrunn, Germany) as previously described.23 Longitudinal sections of 5 

μm thickness were prepared, and midsagittal sections were stained with Goldner’s Trichome, 

in order to distinguish mineralized bone tissue (green) and unmineralized osteoid (red).24

4
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Figure 2. Histomorphometrical analysis for osteocyte surface area and orientation in biopsies from 
the maxillary bone. (A) Schematic diagram showing the osteocyte orientation in the maxillary bone 
described by an angle from 0°–90° measured from the cranial-caudal axis. (B1) Digital image showing an 
overview of a random bone area in a ROI at 400x magnification: osteocytes with lacunae (brown), miner-
alized bone tissue (green), and unmineralized osteoid (red). Scale bar, 25 μm. (B2) Digital image showing 
1322x magnification of the area indicated in B1. Scale bar, 7.5 μm. (C1) The yellow lines on the osteocyte 
represent the measured length and width of the osteocyte. The length was determined as the longest 
distance (length axis) of the cell, and the width (width axis) as the longest distance that meets the length 
axis at a right angle. The osteocyte surface area was computed by the ellipse formula “π x ½ length x ½ 
width” for square measure. The osteocyte morphology was determined by the formula “width/length”; 
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“<0.8” indicating elongated, and “≥0.8” indicating round. Scale bar, 7.5 μm. (C2) The orientation of the 
osteocyte was measured by the angle between the length axis of the osteocyte (yellow line) and the cra-
nial-caudal axis of the biopsy (white line). The white dotted line shows the angle measured between the 
two axes. Scale bar, 7.5 μm. ROI, region of interest.

Histological sections were divided in regions of interest (ROI) of 1 mm2. Each ROI was 

analyzed separately using a Leica DC 200 digital camera and Leica QWin© software (Leica 

Microsystems Image Solutions, Rijswijk, The Netherlands), as well as ImageJ (US National Insti-

tutes of Health, Bethesda, MD, 1997–2014). A demarcation line indicated the transition from the 

“residual native bone” (RNB) floor to the regenerated “grafted maxillary sinus floor” (GMSF) 

bone.

The mineralized bone tissue was calculated as mean percentage of mineralized volume in 

each ROI, as previously described.19,25

Osteocyte morphology and orientation
Osteocyte morphology and orientation were analyzed in each ROI (Figure 2). In a random bone 

area in each ROI a digital image was acquired at 400x magnification (Figure 2B1). Only sharp and 

clearly displayed lacunae with live osteocytes were analyzed. Osteocyte number, surface area, 

morphology, and orientation were determined “blind” by two researchers.

For osteocyte surface area calculation, the ellipse formula “π x ½ length x ½ width” was 

used (Figure 2C1). Osteocyte morphology was defined with the formula “width/length”; “<0.8” 

distinguishing elongated, and “≥0.8” distinguishing round (Figure 2C1). Osteocyte orientation 

was described by an angle from 0–90º measured from the caudal-cranial axis. The crani-

al-caudal axis side was labeled 0º, the transversal axis 90º. Osteocyte orientation was measured 

by the angle between the length axis of the osteocyte (Figure 2C2: yellow line) and the crani-

al-caudal axis (Figure 2C2: white line).

Statistical analysis
Data are presented as mean±standard deviation (SD). Statistical analysis was performed 

using SPSS version 20 software. The Mann-Whitney test and the Pearson Chi-square test were 

performed to compare results obtained from the different volumes of interest between the 

biopsies in a gap and free-ending implant position. Statistical significance was considered when 

p<0.05.

4
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RESULTS

Table 1. Maxillary bone biopsy details and histomorphometrical analysis of residual native bone (RNB)

Pt.
#

Biopsy 
location

Dental 
implant 
position

Time 
(months)

Bone 
class N

R
(%)

Area
mean ± SD 

(μm2)

Osteocyte  
orientation (%)

0°-30° 30°-60° 60°-90°

1 Single gap 26 8 II 15 8.8 78.5 ± 31.1 54.8 21.5 23.7

2 Single gap 26 9 II 70 8.3 56.0 ± 25.8 40.0 30.8 29.2

3 Multiple gap 16 >36 III 58 7.4 25.6 ± 12.2* 37.0 31.5 31.5

17 13 III 71 13.2 65.2 ± 28.7 47.6 33.3 19.1

4 Multiple Gap 24 11 II 83 7.8 45.8 ± 25.6* 41.6 49.3 9.1

25 11 II 67 3.5 43.6 ± 20.4* 35.9 35.9 28.2

26 9 II 121 4.3 35.1 ± 22.0* 16.4 38.8 44.8 *

5 Free-ending 25 >36 III 151 11.6 46.4 ± 32.0* 47.8 25.4 26.8

26 10 III 78 12.0 57.9 ± 23.4* 22.5 29.6 47.9 *

27 6 III 108 11.1 47.6 ± 26.6* 33.3 37.5 29.2

6 Free-ending 23 3 III 108 6.5 57.5 ± 34.8* 57.4 23.8 18.8

25 >24 III 119 19.0 59.5 ± 30.2* 55.0 30.0 15.0

26 9 III 34 9.5 31.2 ± 13.1* 35.7 32.1 32.1

7 Free-ending 24 12 III 226* 8.0 53.3 ± 21.8* 50.0 32.5 16.7

26 12 III 146 22.6 69.5 ± 35.6 43.0 34.4 22.6

8 Free-ending 25 >24 III 184 7.5 72.3 ± 32.7 30.7 29.7 39.6 *

26 10 III 51 13.5 87.9 ± 54.4 28.9 37.8 33.3 *

Osteocyte number, morphology (round versus elongated), surface area and orientation were assessed. 
*Significantly different from the average of patient #1 and #2, p<0.05
Pt. #, patient number; Time (months), time of biopsy retrieval after tooth extraction; Bone class, clinical 
bone quality classification (Lekholm and Zarb 1985); N, number of osteocytes per region of interest; R (%), 
percentage of round osteocytes; Area (μm2), osteocyte surface area.

Maxillary bone biopsy details and histomorphometrical analysis of residual native bone (RNB) 

data of the eight patients are shown in Table 1. The evaluation of two patients, a single gap 

location (Patient #1) and free-ending locations (Patient #5) are shown in detail in Figure 3 and 4.

Patients
The period between the tooth extraction and the biopsy retrieval at the single gap location was 

eight to nine months (Table 1: Patient #1 and #2). While this period at the multiple gap locations 

varied from nine to >36 months (Table 1: Patient #3 and #4), this period spanned three to >36 

months in the free ending locations (Table 1: Patient #5–#8).

Preoperatively clinical bone quality was classified as type II in all the single gap locations, 

and as type III in all the free-ending locations (Table 1: Bone class).18 Clinical bone quality does 

not seem to be directly correlated with the period between the tooth extraction and the biopsy 

retrieval. No clinical signs of inflammation were observed during biopsy retrieval.
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Radiological evaluation
Panoramic radiographs were made preoperatively (not shown) and six months after MSFE prior 

to biopsy retrieval. A single gap location in patient #1 (Figure 3A) and free-ending locations in 

patient #5 (Figure 3C) are shown. The mean height gain of the maxillary sinus floor at the biopsy 

positions was similar for all patients (mean±SD: 7.5±1.7 mm).

Figure 3. Panoramic radiograph and finite element model representing the single gap and free-end-
ing locations in the maxillary bone prior to biopsy retrieval. (A) Radiograph showing the single gap 
location prior to biopsy retrieval (26), directly between two neighbouring natural teeth. (B) FE model 
predicting the large tensile strain in the single gap location (26). A ×7.5 magnification of the tensile strain 
shows the tensile strain directed from the natural tooth to the single gap location. (C) Radiograph showing 
the free-ending locations prior to biopsy retrieval (25, 26, 27). There are no natural teeth distal from the 
biopsy locations present. (D) FE model showing a decreasing tensile strain magnitude with the distance 
from the natural tooth; the location (27) experienced the smallest tensile strain compared to the other 
locations (25, 26). A ×7.5 magnification of the tensile strain showing the tensile strain oriented from the 
mesial neighbouring natural tooth to the free-ending locations (25, 26, 27). The red lines indicate the 
tensile strain in the maxillary bone; the direction and length of the red lines indicate, respectively, the 
direction and magnitude of the tensile strain in the maxillary bone.

4
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▶ Figure 4. Histology and osteocyte orientation in the maxillary bone. (A) Single gap location (26). 
Overview of a mid-sagittal section of the whole biopsy stained with Goldner’s Trichome. For histomor-
phometrical analysis, the biopsy was divided in consecutive ROI of 1 mm2. The maxillary sinus floor indi-
cates the border between the residual native bone (RNB) and the grafted maxillary sinus floor (GMSF) (*). 
Mineralized bone tissue (green) and unmineralized osteoid (red) were both observed in RNB and GMSF. 
Some part of the biopsy was broken and excluded from the histomorphometric analysis (dotted lines). 
(B) Schematic overview of the osteocyte orientation per ROI in the biopsy. Every dot in the diagram rep-
resents a measured osteocyte. The vertical red line indicates the median of the osteocyte orientation. 
The horizontal black dotted line represents the border between the ROIs from the RNB and GMSF. (C) 
Evaluation of osteocyte orientation in the RNB at the single gap location (26). 54.8% of the osteocytes had 
a cranial-caudal orientation (angle 0º–30º), 23.7% a transversal orientation (angle 60º–90º), and 21.5% an 
orientation between these axes (angle 30º–60º). (D) Evaluation of osteocyte orientation in the GMSF at 
the single gap location (26). 53.1% of the osteocytes had a cranial-caudal orientation (angle 0º–30º), 25% 
a transversal orientation (angle 60º–90º), and 21.9% an orientation between these axes (angle 30º–60º). 
(E) Free-ending location (25). Mineralized bone tissue (green) and unmineralized osteoid (red) were both 
observed in RNB and GMSF. (F) See as described for (B). (G) Evaluation of osteocyte orientation in the 
RNB at the free-ending location (25). 47.8% of the osteocytes had a cranial-caudal orientation (angle 
0º–30º), 26.8% a transversal orientation (angle 60º–90º) and 25.4% an orientation between these axes 
(angle 30º–60º). (H) Evaluation of osteocyte orientation in the GMSF at the free-ending location (25). 45.5% 
of the osteocytes had a cranial-caudal orientation (angle 0º–30º), 9.0% a transversal orientation (angle 
60º–90º), and 45.5% an orientation between these axes (angle 30º–60º). (I) Free-ending location (26). 
Mineralized bone tissue (green) was only observed in RNB and unmineralized osteoid (red) in RNB and 
GMSF. (J) See as described for (B). (K) Evaluation of osteocyte orientation in the RNB at the free-ending 
location (26). 22.5% of the osteocytes had a cranial-caudal orientation (angle 0º–30º), 47.9% a transversal 
orientation (angle 60º–90º), and 29.6% an orientation between these axes (angle 30º–60º). (L) Evalua-
tion of osteocyte orientation in the GMSF at the free-ending location (26). 52.9% of the osteocytes had a 
cranial-caudal orientation (angle 0º–30º), 23.6% a transversal orientation (angle 60º–90º), and 23.5% an 
orientation between these axes (angle 30º–60º). (M) Free-ending location (27). Mineralized bone tissue 
(green) and unmineralized osteoid (red) were both observed in RNB. Some part of the biopsy was broken 
and excluded from the histomorphometric analysis (dotted lines). (N) See as described for (B). (O) Evalu-
ation of osteocyte orientation in the RNB at the free-ending location (26). 33.3% of the osteocytes had a 
cranial-caudal orientation (angle 0º–30º), 29.2% a transversal orientation (angle 60º–90º), and 37.5% an 
orientation between these axes (angle 30º–60º).

FE model
The FE model predicted that tensile strains were largest close to the natural tooth and decreased 

in magnitude with increasing distance from the tooth. This strain profile was caused by bending 

of the sinus floor between the mesial and distal teeth. To better understand the strain profile, 

it should be kept in mind that the respective figures show a 2D section from a 3D model (Figure 

1). In the 3D model, the maxillary sinus floor was also supported by the buccal and lingual sides 

of the sinus cavity.

Tensile strain magnitude and direction were different in single gap and free-ending implant 

locations. In the single gap locations the tensile strain was large and uniformly directed in 

cranial-caudal direction (Figure 3B). In the free-ending locations the tensile strain magnitude 

decreased >2-fold by one tooth distance from the natural tooth (Figure 3D). The tensile strain 

was less uniformly oriented than in the single gap locations.
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Histology
All intact biopsies, and a few broken but well evaluable biopsies were included in the study. 

Newly formed mineralised bone tissue, containing lacunae with live osteocytes, unmineralized 

osteoid areas, and connective tissue were observed around the β-TCP particles cranial to the 

native residual bone in the biopsies. Approximately 10% of the observed lacunae were empty in all 

regions. Bone ingrowth was determined, from the border between the RNB and the GMSF towards 

the cranial side. Newly formed bone was in close contact with the bone substitute granules (Figure 

4A, E, I, M). Some biopsies showed no newly formed mineralised bone tissue, but only unminer-

alized osteoid areas and connective tissue in the most cranially located ROIs (Figure 4I).

Histomorphometrical evaluation of mineralized residual native bone tissue
No differences were observed for mean percentage of mineralized native residual bone tissue 

volume between single gap and free-ending implant locations (mean±SD (%); single gap: 

33.4±14.1; free-ending: 32.8±20.4, 27.3±13.9, 37.4±19.7).

Osteocyte number and morphology in residual native bone
Single gap, multiple gap and free-ending implant locations showed similar numbers of 

osteocytes per ROI (mean±SD: 97±40; Table 1). In all locations, most osteocytes (~90%) were 

elongated, while only ~10% of the cells were round (Table 1). One free-ending location (24) had 

significantly more round cells than other locations (Table 1; Patient #7). In a single gap location 

(26) the osteocyte surface area was about 1.5 times larger than in multiple gap and free-ending 

locations (Table 1; Patient #1–6; p<0.05).

Osteocyte orientation
Osteocyte orientation in single gap locations of two patients were similar (Table 1: Patient #1 

and #2). As a reference value the average osteocyte orientation of patient #1 and #2 was taken 

for the other multiple gap and free-ending locations. The osteocyte orientation of a single gap 

location patient #1 and a free-ending location patient #5 are shown in detail (Figure 4).

Osteocyte orientation was similar in single gap (26; patient #1) RNB (median: 27.4º) and GMSF 

(median: 27.4º; Figure 4B). In the RNB, 54.8% of the osteocytes had a cranial-caudal orientation 

(Figure 4), and in the GMSF 53.1% (Figure 4D).

Osteocyte orientation was similar in free-ending (25; patient #5) RNB (median: 32.9º) and 

GMSF (median: 30.3º; Figure 4F). 47.8% of the osteocytes in the RNB had a cranial-caudal orien-

tation (Figure 4G), and 45.5% in the GMSF (Figure 4H). Moreover, osteocyte orientation was 

different in free-ending location (26) between RNB (median 58.0º) and GMSF (median: 25.8º) 

(Figure 4J; p<0.05). 22.5% of the osteocytes in the RNB had a cranial-caudal orientation (Figure 

4K), and 52.9% in the GMSF (Figure 4L) Osteocyte orientation in free-ending location (27) was 

only measured in RNB (median 43.2), since GMSF was lacking (Figure 4N). 33.3% of the osteo-

cytes had a cranial-caudal orientation (Figure 4O). Osteocyte orientation in RNB in free-ending 

location (26) was different from the single gap reference value (Table 1: Patient #5; p<0.05).

Moreover, the osteocyte orientation in in free-ending (25; patient #8) and (26; patient #8) 

RNB was significantly different from the reference value of patient #1 and #2.
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DISCUSSION

The aim of this study was to investigate the relation between tensile strain and osteocyte 

morphology and orientation in human maxillary bone. FE analysis and histological and histo-

morphometrical data were used to predict possible differences in maxillary bone quality 

between single gap versus free-ending locations. The FE model predicted larger and differ-

ently oriented tensile strains in single gap compared to free-ending implant locations. Histo-

morphometrically, no differences were observed for mineralized RNB volume, and number 

and morphology of osteocytes between the single gap and free-ending locations. Osteocytes 

in single gap locations had a more cranial-caudal orientation and larger surface area than in 

free-ending locations. These results suggest possible differences in dental implant success 

related to osteocyte mechanosensitivity in single gap and free-ending implant positions in the 

maxilla.

Although FE modeling has been used extensively to predict biomechanical stress directions 

in dental implants and its surrounding bone in relation to implant success,26 it has never been 

used in relation to osteocyte morphology and orientation. The presence of remaining teeth near 

the implant position keeps bone mechanically strained. The tensile strains were directed from 

the natural tooth to the biopsy location(s), resulting in a difference in tensile strain orientation 

between single gap and free-ending locations.

In the FE model individual teeth could be removed to simulate patient-specific cases. 

Whereas the biopsies showed a heterogeneous patchwork of cortical bone, trabecular bone, 

β-TCP granules, and connective tissue, the sinus floor was modeled as a homogeneous tissue 

of intermediate stiffness. This was for two reasons: (i) there were not sufficient 3D data present 

for each patient to model the actual heterogeneity of the whole sinus floor, and (ii) the focus 

was on the broad stress trajectories resulting from the remaining dentition, which was best 

investigated by leaving other factors equal.

Even though the time of extraction appears comparable (8–13 months) for most of the 

retrieved biopsies, there is a clinical difference in bone quality between single gap versus 

free-ending locations: class II in most of the gap locations and class III in the free-ending 

locations. This suggests a higher amount of cortical bone and a lower amount of cancellous 

bone in single gap than in free-ending locations. However, no differences were observed 

between mineralized bone tissue volumes between the different locations suggesting no 

changes in bone formation at the time of biopsy retrieval. Since osteocytes fulfil a role as 

mechanosensors of bone, it is plausible that bone formation will be affected differently in single 

gap than in free-ending implant positions in the long term, due to differences in tensile strain 

magnitude and orientation.

Nearly all osteocytes were elongated in both single gap and free-ending locations, implying 

a dominant loading direction in these bone regions. Osteocytes in gap locations showed 

significantly larger surface areas than those in free-ending locations, suggesting differences 

in osteocyte mechanosensitivity. Since the osteocyte cell body likely plays a role in direct 

mechanosensing of matrix stiffness, this might relate to differences in bone architecture.16,27 

Moreover, it has been shown in vitro that different mechanical stimuli cause different cellular 
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deformation.28 This would suggest that differences in tensile strain result in changes in the 

osteocyte cytoskeleton and different morphology.9 Since differences in osteocyte morphology 

were not observed, differences in tensile strain might have been too small to cause substantial 

cytoskeletal changes.

Osteocytes in single gap locations and in free-ending locations directly neighbouring a 

natural tooth on one side had a cranial-caudal orientation, resulting from large and uniformly 

directed tensile strain. Osteocytes in the various free-ending locations of one patient had 

different orientations from each other and the single gap location, resulting from a decrease 

in tensile strain magnitude from the natural tooth to the most distal free-ending location. 

These data are in line with previous observations showing elongated osteocytes aligned in the 

principal loading direction and osteocytes aligned to the collagen fiber orientation12,13 which 

corresponds to the orientation of tensile strain in the bone.14

A limitation of our study is that we only had two-dimensional sections to analyse the orien-

tation of three-dimensional osteocytes. However, this does not affect our conclusion regarding 

any possible differences in morphology between the different implant locations, since histo-

morphometry is based on the principle that statistical information of three-dimensional struc-

tures can be obtained from two-dimensional cross-sections, if a sufficient number of cross 

sections is measured. Information about surfaces can be obtained from cross-sections of these 

surfaces, i.e. lines. Another limitation of this study might be the small number of patients.

In conclusion, these data show significant differences in surface area and orientation 

of osteocytes, in particular in areas of maxillary bone that are related to the tensile strain 

magnitude and orientation. The exact implication of osteocyte orientation on dental implant 

success, however, is complex and deserves further study. This exploratory study gives, for the 

first time, a view on the relation of tensile strain with osteocyte morphology and orientation in 

the maxillary bone, which might contribute to a better understanding of the cellular processes 

that lead to different bone quality in various dental implant positions and eventually to the 

success of dental implants in the maxilla.
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ABSTRACT

Bone substitutes are used as alternatives for autologous bone grafts in maxillary sinus floor 

elevation (MSFE) for dental implant placement. The freshly isolated autologous stromal 

vascular fraction (SVF), highly enriched with adipose stem cells, adds osteogenic and angiogenic 

properties to bone substitutes. This retrospective cohort study aimed to investigate vascular-

ization and bone regeneration potential of calcium phosphate (CaP) bone substitutes either or 

not SVF-supplemented versus autologous bone grafts in MSFE.

Patients undergoing MSFE were treated with retromolar bone (n=8), tuberosity bone (n=6), 

ß-tricalcium phosphate (ß-TCP; n=3), biphasic calcium phosphate (BCP; n=13), ß-TCP plus 

SVF (n=5) or BCP plus SVF (n=5). Biopsies were taken 4–6 months postoperatively, and bone 

formation and blood vessel number assessed.

Blood vessel number, bone and osteoid volume were lower in CaP than autologous bone 

biopsies in the cranial area. Blood vessel number and osteoid volume were similar in SVF-sup-

plemented CaP and retromolar, but lower than in tuberosity bone biopsies. Bone volume was 

similar in SVF-supplemented CaP as in tuberosity, but lower than in retromolar bone biopsies.

In conclusion, SVF-supplemented CaP bone substitutes seemed to have similar vascular-

ization potential as retromolar, but not tuberosity bone grafts in MSFE. Therefore, SVF-supple-

mented CaP substitutes might be promising to enhance bone regeneration. Future studies with 

more patients and higher SVF-dosages might further improve efficacy of SVF-supplementation 

in MSFE.
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INTRODUCTION

Maxillary sinus floor elevation (MSFE) is carried out to restore insufficient alveolar bone height 

in the lateral maxilla to allow dental implant placement. In MSFE the space created between 

the maxillary alveolar process, the elevated Schneiderian membrane, and the inwardly rotated 

lateral sinus wall, is filled with graft material, i.e. autologous bone and/or bone substitutes, 

allowing bone regeneration.1,2 A major challenge in bone regeneration is the vascularization 

of the implanted graft.3,4 Bone is highly vascularized, and vascular development needs to be 

induced prior to osteogenesis.5 Since the amount of oxygen is limited to a diffusion distance 

of only ~150-200 μm from a supply blood vessel, hypoxia affects cells lying beyond this physi-

ological border.6 Under this condition, osteogenic cells fail to survive, since they are not able 

to adapt their glucose consumption and lack the necessary glycolytic reserves to sustain their 

metabolism for more than three days.7 Tissue regeneration over 200 μm exceeds the capacity 

diffusion for nutrient supply and waste removal from the tissue, requiring an intimate supply 

of vascular networks.6 Successful bone regeneration requires rapid perfusion and integration 

of the implanted graft with the recipient vasculature. Neovascularization is achieved by both 

vasculogenesis, i.e. the incorporation of circulating endothelial progenitor cells (EPCs) into the 

microvascular endothelium of newly developing microvessels, and angiogenesis, i.e. new blood 

vessel sprouting from preexisting vessels. Improved understanding and new approaches to 

enhance vascularization are needed, since optimal vascularization is a prerequisite for jaw bone 

regeneration, leading to successful placement of dental implants.

Bone formation has been related to angiogenesis in MSFE with different grafting materials.8–11 

Autologous bone is still considered the ‘gold standard’ grafting material in MSFE, due to the 

essential combination of osteogenic, osteoinductive, and osteoconductive properties as well 

as prevention of immunogenic responses.12 The mandibular retromolar and maxillary tuber-

osity regions are favorable intra-oral donor sites due to low morbidity compared to other 

intraoral sites. Current research has shown that tuberosity bone grafts enhance bone vitality 

and vascularization in MSFE compared to retromolar bone grafts10. Tuberosity bone grafts result 

in more osteoid deposition, vascularization, and active bone remodeling, indicating that tuber-

osity bone might perform better as autologous graft in MSFE than retromolar bone. However, 

morbidity caused by the harvesting procedure and limited availability of autologous bone, 

encourages the search for suitable alternatives with similar bioactivity.

Calcium phosphate (CaP) bone substitutes, e.g. hydroxyapatite (HA), β-tricalcium phosphate 

(β-TCP), and a combination of HA/β-TCP, are frequently used because they do not evoke adverse 

cellular reactions and, in time, the material is either replaced by bone or integrated into the body, 

depending on the degradation properties. However, CaP bone substitutes show low bone in-growth 

rates compared to autologous bone grafts since they only have osteoconductive properties and 

lack osteoinductive potential.13,14 Cell-based bone tissue engineering is a promising strategy to 

enhance vascular ingrowth directed from the host tissue towards the bone substitute and/or vice 

versa.4 Moreover, to improve bone formation, osteogenic cells that secrete osteoinductive signals to 

recruit cells from surrounding bone are provided.15,16 This might shorten the time needed to obtain 

sufficient vascularization and bone regeneration than is required when using bone substitute only.

5



98

Chapter 5

During the past decades, multiple sources of stem cells have been investigated for cell-based 

bone tissue engineering in the oral and maxillofacial region.4 The stromal vascular fraction 

(SVF) of human adipose tissue is considered a promising single source for a heterogeneous 

population of essential cells, with osteogenic and angiogenic potential.4,9,17 Moreover, SVF is a 

cell source with clinical feasibility due to the large quantities that can be harvested and applied 

in a one-step surgical procedure.17,18 In a previous phase-I clinical trial, 10 patients underwent 

MSFE prior to dental implant placement using freshly isolated autologous, heterologous SVF 

seeded on either ß-TCP (n=5) or biphasic calcium phosphate (BCP; n=5) carriers in a one-step 

surgical procedure.17 Induction of bone mass and bone formation by SVF-supplementation to 

CaP bone substitutes, in particular in ß-TCP-treated patients, has been shown in biopsies.17 

However, histologic and histomorphometric evidence of adipose stem cell(ASC)-application 

for bone regeneration in the oral and maxillofacial region is limited, although the potential of 

ASCs evokes high expectations.9,17

The majority of studies in MSFE have focused on new bone formation around different graft 

materials. A few studies compared vascularization in different graft materials in MSFE.8,9,19,20 

Enhanced microvessel density, i.e. number of microvessels per square millimeter, has been 

observed in autologous bone graft (iliac crest) compared to bone substitute (bovine-derived) 

3-months post-MSFE.20 Similar microvessel density has been observed in autologous bone 

graft (chin) and bone substitute (HA, CaP, equine-derived) mixed with autologous bone graft 

(chin) 8–10months post-MSFE.8,19 Higher blood vessel number in SVF-supplemented ß-TCP and 

BCP-treated patients than in ß-TCP and BCP-treated patients 6-months post-MSFE has been 

observed.9 Moreover, bone mass seemed to correlate with blood vessel formation, and were 

higher in the cranial part of the SVF-supplemented biopsies, in particular in β-TCP-treated 

patients.9 A pro-angiogenic effect of SVF has been indicated.9,17 To the best of our knowledge, 

comparison of vascularization and bone regeneration potential of CaP bone substitutes either 

or not SVF-supplemented with autologous bone grafting (‘gold standard’) in MSFE has not been 

performed so far.

This study aimed to investigate vascularization and bone regeneration potential of calcium 

phosphate (CaP) bone substitutes either or not SVF-supplemented versus autologous bone 

grafts in MSFE. We evaluated ß-TCP and BCP bone substitute with and without SVF-supple-

mentation, and retromolar and tuberosity bone biopsies 4–6 months post-MSFE prior to dental 

implant placement. It was hypothesized that CaP bone substitutes show lower, and SVF-supple-

mented CaP bone substitute biopsies similar vascularization and bone regeneration potential, 

as autologous bone grafts in MSFE. In this study, we report the first comparison of SVF-supple-

mented CaP bone substitutes and autologous bone grafts for vascularization and bone regen-

eration potential in patients undergoing MSFE.
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MATERIALS AND METHODS

Study design
This study included 40 patients, who were also enrolled in earlier studies.10,17,21 All patients were 

partially edentulous in the posterior maxilla and required dental implants for prosthetic rehabil-

itation between 2003 and 2012. All patients required an MSFE due to insufficient vertical bone 

height (≤3 mm) in at least one of the planned dental implant positions. In all patients MSFE 

was carried out according to the “top hinge trap door” procedure2, prior to dental implant 

placement.

Eight patients undergoing MSFE received mandibular retromolar bone graft, and six patients 

received a maxillary tuberosity bone graft (Table 1).10 The detailed surgical procedures have 

been previously described.10 In short, the retromolar bone grafts were harvested in half-cyl-

inder shape with explantation trephines (inner diameter 4.2 mm; Institute Straumann AG, 

Basel, Switzerland) from the external oblique ridge of the mandible. The harvested half-cyl-

inder bone cores were used to fill the maxillary sinus cavity. The maxillary tuberosity bone 

grafts were harvested with hammer and osteotome. The harvested bone pieces were cut with 

a bone rongeur into smaller pieces to fill the maxillary sinus cavity. Bone biopsies were taken 

4-months post-MSFE during dental implant surgery with a hollow Straumann® trephine drill 

(inner diameter 2.5 mm; Institute Straumann AG, Basel, Switzerland).

Ten patients undergoing MSFE received a porous BCP scaffold consisting of 60% HA and 

40% β-TCP (Straumann® Bone Ceramic; Institute Straumann AG, Basel, Switzerland; Table 1).21 

The detailed surgical procedures have been previously described.21 Bone biopsies were taken 

6-months post-MSFE during dental implant surgery with a hollow Straumann® trephine drill 

(inner diameter 2.5 mm; Institute Straumann AG, Basel, Switzerland).

Ten patients undergoing MSFE received freshly isolated autologous, heterologous SVF 

seeded on either porous ß-TCP (Ceros®, Thommen Medical, Grenchen, Switzerland; n=5) or 

BCP (Straumann® Bone Ceramic, Institut Straumann AG, Basel, Switzerland; n=5) carriers in 

a one-step surgical procedure (Table 1).17 Patients received either ß-TCP (n=5) or BCP (n=5) 

with SVF-supplementation on one side (study side), whereas bilaterally-treated patients (6 of 

10) received calcium phosphate without SVF-supplementation on the opposite side (control 

side). Detailed description of the surgical procedure has been described17. In short, surgery 

started by collecting >125 mL of adipose tissue by lipoaspiration. This tissue was processed 

with a CE marked Celution device (Cytori Therapeutics, Inc., San Diego, CA, USA) to obtain SVF. 

For implantation cells were seeded at 107 nucleated SVF-cells (~2×105 ASC-like cells)/g ß-TCP 

or BCP carrier. Bone biopsies were taken 6-months post-MSFE during dental implant surgery 

with a hollow Straumann® trephine drill (inner diameter 2.5 mm; Institute Straumann AG, Basel, 

Switzerland).

The average age of the patients treated with retromolar bone graft was 56±7 years 

(mean±SD), tuberosity bone graft 56±12 years, ß-TCP bone substitutes 58±12 years, BCP 

bone substitutes 54±12 years, SVF-supplemented ß-TCP bone substitutes 59±9 years, and 

SVF-supplemented BCP bone substitutes 53±3 years. Patient demographics are summarized 

in Table 1.
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Table 1. Patient demographics (as published earlier)10,17,21

Autologous bone

Retromolar Tuberosity

Pt#
Gender 

(♂,♀),
age 

(years)

Unilateral/
bilateral 
case

Dental 
implant 
positions Pt#

Gender 
(♂,♀),

age 
(years)

Unilateral/
bilateral 
case

Dental 
implant 
positions

1 ♀ 44 Unilateral 16 9 ♂ 67 Unilateral 25

2 ♂ 49 Unilateral 25, 26, 27 10 ♀ 50 Unilateral 24, 25

3 ♂ 54 Unilateral 24, 26 11 ♀ 35 Unilateral 17

4 ♂ 55 Unilateral 16 12 ♂ 65 Unilateral 25

5 ♂ 62 Unilateral 25, 26 13 ♀ 58 Unilateral 26

6 ♂ 67 Unilateral 14, 15, 16 14 ♂ 61 Unilateral 15, 16

7 ♂ 60 Unilateral 16

8 ♂ 53 Unilateral 26

CaP bone substitutes

ß-TCP BCP

Pt#
Gender 
(♂,♀),

age 
(years)

Unilateral/
bilateral 
case

Dental 
implant 
positions Pt#

Gender 
(♂,♀),

age 
(years)

Unilateral/
bilateral 
case

Dental 
implant 
positions

15 ♀ 58 Bilateral 14, 15, 16 18 ♀ 24 Unilateral 16

16 ♀ 46 Bilateral 24, 25, 26 19 ♀ 68 Unilateral 25

17 ♂ 69 Bilateral 14, 15, 16 20 ♀ 58 Unilateral 26

21 ♀ 67 Unilateral 16

22 ♂ 57 Unilateral 16

23 ♂ 59 Unilateral 26

24 ♂ 45 Unilateral 26

25 ♂ 55 Unilateral 15

26 ♂ 39 Unilateral 16

27 ♂ 66 Unilateral 15

28 ♀ 57 Bilateral 24, 26

29 ♂ 56 Bilateral 25, 26, 27

30 ♀ 51 Bilateral 25, 26

CaP bone substitutes with stem cells

ß-TCP+SVF BCP+SVF

Pt#
Gender 
(♂,♀),

age 
(years)

Unilateral/
bilateral 
case

Dental 
implant 
positions Pt#

Gender 
(♂,♀),

age 
(years)

Unilateral/
bilateral 
case

Dental 
implant 
positions

31 ♀ 58 Bilateral 24, 25, 26 36 ♀ 57 Bilateral 14, 15, 16

32 ♀ 46 Bilateral 14, 15, 16 37 ♂ 56 Bilateral 15, 16, 17

33 ♂ 69 Bilateral 25, 26, 27 38 ♀ 51 Bilateral 15, 16

34 ♀ 59 Unilateral 24, 25, 26 39 ♀ 52 Unilateral 14, 15, 16

35 ♂ 64 Unilateral 15, 16 40 ♂ 51 Unilateral 23, 25, 26
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▶ Gender and age (years), whether the patients were treated unilaterally or bilaterally (“split-mouth 
design”), type of graft material used to augment bone of the maxillary sinus floor, i.e. autologous bone 
or CaP bone substitutes with and without SVF-supplementation, and the dental implant positions 
(Fédération Dentaire Internationale system) are given. Selected biopsies are displayed in bold. Pt #, 
patient number; CaP, calcium phosphate; β-TCP, β-tricalcium phosphate; BCP, biphasic calcium phosphate 
consisting of 60% hydroxyapatite and 40% β-tricalcium phosphate; SVF, stromal vascular fraction.

The present study was conducted according to the guidelines of the Declaration of Helsinki, 

and approved by the medical ethical committee (IRB) of the VU University Medical Center in 

Amsterdam (Dossier number: 2020.344: ABR NL71857.029.20; #2016.105). All patients signed a 

written informed consent before participation in the study.

Biopsy processing and evaluation
All biopsies were fixed in 4% phosphate-buffered formaldehyde solution (Klinipath BV, Duiven, 

the Netherlands) at 4°C for at least 24 h, removed from the drill. The bone biopsies were carefully 

removed from the trephine burr by cutting the burr, and opening it. Thereafter the bone biopsies 

were transferred to 70% ethanol, and stored until use for histomorphometrical analysis, as 

described below under “Histology and histomorphometry”. The caudal side of the bone biopsy 

had a sharp cutting edge in contrast to a dome-shaped, crumbled cranial side. These histologic 

features were used to identify the apical-coronal orientation of the autologous bone biopsies. 

The whole research team verified whether the apical-coronal orientation of the biopsy corre-

sponded to the histological appearance. Consensus was reached for all biopsy specimens.

Histology and histomorphometry
After dehydration in descending alcohol series, the bone specimens were embedded without 

prior decalcification in low temperature polymerizing methylmethacrylate (MMA, Merck 

Schuchardt OHG, Hohenbrunn, Germany). Longitudinal sections of 5 μm thickness were 

prepared using a Jung K microtome (R. Jung, Heidelberg, Germany). Midsagittal histological 

sections of each biopsy were stained with Goldner’s Trichome method22 in order to distinguish 

mineralized bone tissue (green) and unmineralized osteoid (red). The histological sections were 

divided into regions of interest (ROI) of 1 mm2 for blinded histomorphometrical analysis, as previ-

ously described.21 Depending on the length of the biopsy, the number of ROIs ranged from 5–15.

For patients treated with autologous bone grafts, vertical tissue height measurements of the 

residual native bone and graft at the planned dental implant position on the panoramic radio-

graph were made pre-MSFE, as well as prior to dental implant placement. The vertical tissue 

height of the residual native bone on the radiographs resembled the height of the residual 

native bone in the biopsy. The vertical tissue height of the graft on the radiographs resembled 

the height of the graft in the biopsy. The whole research team verified whether the radiograph-

ically determined transition zone corresponded with the histological appearance, including 

parameters such as the occurrence of apoptotic osteocytes and empty osteocyte lacunae to 

identify grafted material. The consensus was reached for all specimens.

The transition zone (TZ) indicates the first ROI where graft material was observed when 

analyzing from the caudal to the cranial side of the biopsy. Since the biopsies analyzed had 

different lengths, we decided to define them in three regions after the transition zone (TZ). 
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The first two ROIs on the right of the transition zone were defined as Region I (RI), the two or 

three ROIs in the center (even or odd numbers) as Region II (RII), and the two most cranial ROIs 

as Region III (RIII). The digital images of the scanned biopsies were analyzed, starting from the 

caudal side of the biopsy, and continuing towards the cranial side. This previously described 

method allowed us to compare similar regions for all biopsies with respect to the bone regen-

eration and vascularization in the augmented maxillary sinus.9,10,13,21

For each separate area of interest, the histomorphometrical measurements were performed 

using an electronic stage table and a Leica DC 200 digital camera (Leica, Wetzlar, Germany). The 

computer software used was Leica QWin© (Leica Microsystems Image Solutions, Rijswijk, The 

Netherlands) or NIS-Elements AR 4.10.01 (Nikon GmbH, Düsseldorf, Germany) at 40x magnifi-

cation according to the ASBMR nomenclature to analyze digital images.23 Bone volume (bone 

area over total tissue area; B.Ar/T.Ar%) and osteoid volume (osteoid area over bone area; O.Ar/B.

Ar%) were calculated according to the international standardization.23

Blood vessel numbers were determined as mean value of two separate blinded counts. 

Blood vessel size was calculated as the total blood vessel area expressed in μm2. According 

to their area, blood vessels were divided into small (0–400 μm2) or large vessels (>400 μm2).9

Immunohistochemistry
Immunohistochemical staining for CD34, a marker for endothelial cells, as well as stem cells, 

such as endothelial progenitor stem cells and hematopoietic stem cells, was performed to 

quantify microvessel density according to previously described procedures.24,25 Immunohis-

tochemical staining for smooth muscle actin (SMA), marker for smooth muscle cells as well as 

pericytes was performed to detect vascular maturity.25,26 A previously described protocol for 

immunostaining was used on retromolar bone (n=4), β-TCP bone substitute (n=3), BCP bone 

substitute (n=3), SVF-supplemented β-TCP bone substitute (n=4), and SVF-supplemented BCP 

bone substitute biopsies (n=4).9 The following primary antibodies were used for CD34, CD34 

Monoclonal Mouse Anti-Human CD34 Class II Clone QBEnd-10 1:20, Dako, Carpinteria, MI, USA, 

and for SMA, SMA Monoclonal Mouse Anti-Human Smooth Muscle Actin Clone 1A4 1:50, Dako, 

Carpinteria, MI, USA.

Statistical analysis
Data are presented as mean ± standard deviation (SD). Statistical analysis was performed 

using GraphPad Prism 9 software (GraphPad Software, La Jolla, CA, USA). One-way analysis 

of variance (ANOVA) was performed to test possible age, and biopsy harvesting time points 

differences and between patients treated with retromolar bone, tuberosity bone, ß-TCP, BCP, 

SVF-supplemented ß-TCP, and SVF-supplemented BCP. No statistical differences in age, and 

biopsy harvesting time points were observed. An unpaired nonparametric Mann–Whitney 

U-test was performed to investigate differences between autologous bone biopsies and CaP 

bone substitutes with or without SVF-supplementation biopsies per region of interest. Statis-

tical significance was considered, if p-values were <0.05.
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RESULTS

Quantitative histomorphometric evaluation

Number of blood vessels, bone volume, and osteoid volume
Number of blood vessels (N.Bloodves) was lower at the cranial side of ß-TCP biopsies (RIII) 

compared to retromolar bone biopsies (p<0.05), but was similar at the other regions throughout 

the grafted area in CaP bone substitutes and retromolar bone biopsies (Figure 1A, C, D, G). 

Number of blood vessels was lower at the center of the grafted area (RII) in CaP bone biopsies 

compared to tuberosity bone biopsies (p<0.05), but was similar at the other regions throughout 

the grafted area (RI, RIII) in CaP bone substitutes and tuberosity bone biopsies (Figure 1B, C, 

D, H). Number of blood vessels decreased towards the cranial side in CaP bone substitutes as 

well as retromolar and tuberosity bone biopsies. Number of blood vessels was similar in the 

grafted area (RI–RIII) in SVF-supplemented CaP bone substitutes compared to retromolar bone 

biopsies (Figure 1A, E, F, I). Number of blood vessels increased towards the cranial side of the 

grafted area in SVF-supplemented CaP bone substitutes biopsies, in contrast to retromolar 

and tuberosity bone biopsies where a decrease was observed. Number of blood vessels was 

lower at the center of the grafted area (RII) in SVF-supplemented CaP bone substitutes biopsies 

compared to tuberosity bone biopsies (p<0.05; Figure B, E, F, J), but was similar at the other 

regions throughout the grafted area (RI, RIII).

Bone volume (B.Ar/T.Ar%) was lower at the center and cranial side of the grafted area (RII, 

RIII) in CaP bone substitutes biopsies compared to retromolar and tuberosity bone biopsies 

(p<0.05; Figure 1A, B, K, L). Bone volume decreased towards the cranial side of the grafted 

area in CaP bone substitutes biopsies, whereas in retromolar and tuberosity bone biopsies 

bone volume increased towards the cranial side of the grafted area (Figure 1A–D). No bone was 

observed in the most cranial area (region III) in ß-TCP biopsies (Figure 1C). In contrast to CaP 

bone substitutes biopsies, SVF-supplemented CaP bone substitutes biopsies showed increased 

bone volume towards the cranial side of the biopsy (Figure 1E, F, M, N). Bone volume was lower 

at the center and cranial side of the grafted area (RII, RIII) in SVF-supplemented CaP bone substi-

tutes biopsies compared to retromolar bone (p<0.05; Figure 1M). Bone volume was also lower 

at the center of the grafted area (RII; p<0.05), but was similar at the cranial side of the grafted 

area (RIII) compared to tuberosity bone (Figure 1N).

Osteoid volume (O.Ar/T.Ar%) was lower at the cranial side of the grafted area (RIII) in CaP 

bone substitutes biopsies compared to retromolar and tuberosity bone biopsies (p<0.05; Figure 

1O, P). Osteoid volume decreased towards the cranial side of the grafted area (RIII) in CaP bone 

substitutes as well as retromolar bone biopsies. No osteoid formation was observed in the most 

cranial area in ß-TCP biopsies (RIII). Osteoid volume in the grafted area of SVF-supplemented 

CaP bone substitutes biopsies increased towards the cranial side, and was similar as in retro-

molar bone biopsies (RI–RIII; Figure 1Q). However, osteoid volume at the center and cranial side 

of the grafted area (RII, RIII) in SVF-supplemented CaP bone substitutes biopsies was still lower 

than in tuberosity bone biopsies (p<0.05; Figure 1R).
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Figure 1. Histomorphometrical analysis of bone biopsies from patients after maxillary sinus floor 
elevation: number of blood vessels, bone volume (B.Ar/T.Ar %), osteoid volume (O.Ar/T.Ar %). 
Patients undergoing maxillary sinus floor elevation (MSFE) were grafted with autologous bone (retro-
molar or tuberosity bone), CaP bone substitutes (β-TCP or BCP), or CaP bone substitutes with stem cells 
(β-TCP+SVF or BCP+SVF). Representative biopsy from one patient after MSFE with retromolar bone (A), 
tuberosity bone (B), β-TCP (C), BCP (D), β-TCP+SVF (E), and BCP+SVF (F). Midsagittal histological sections 
of each biopsy were stained with Goldner’s trichome method, to distinct mineralized bone tissue (green) 
and unmineralized osteoid (red). Biopsies were divided in consecutive 1 mm2 regions of interest (ROIs). 
The transition zone (TZ) indicated the first ROI where graft material was observed. The images illustrated 
less bone and less osteoid volume in BCP and β-TCP biopsies compared to retromolar and tuberosity bone 
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biopsies at the center and the cranial side of the grafted area (RII, RIII). Moreover, the images illustrated less 
bone and similar osteoid volume in BCP+SVF and β-TCP+SVF biopsies compared to retromolar bone biop-
sies at the center and cranial side of the grafted area (RII, RIII). The images illustrated similar bone and less 
osteoid volume in BCP+SVF and β-TCP+SVF biopsies compared to tuberosity bone biopsies at the cranial 
side of the grafted area (RIII). Original magnification: 100x. Total number of blood vessels (N.Bloodves) in 
biopsies taken after MSFE with retromolar bone versus β-TCP or BCP (G), tuberosity bone versus β-TCP or 
BCP (H), retromolar bone versus β-TCP+SVF or BCP+SVF (I), tuberosity bone versus β-TCP+SVF or BCP+SVF 
(J). Bone volume (bone area over total area (B.Ar/T.Ar %)) in biopsies taken after MSFE with retromolar 
bone versus β-TCP or BCP (K), tuberosity bone versus β-TCP or BCP (L), retromolar bone versus β-TCP+SVF 
or BCP+SVF (M), tuberosity bone versus β-TCP+SVF or BCP+SVF (N). Osteoid volume (osteoid area over 
total area (O.Ar/T.Ar %)) in biopsies taken after MSFE with retromolar bone versus β-TCP or BCP (O), tuber-
osity bone versus β-TCP or BCP (P), retromolar bone versus β-TCP+SVF or BCP+SVF (Q), tuberosity bone 
versus β-TCP+SVF or BCP+SVF (R). Values are mean±SD (n=3–12). *Significantly different from retromolar 
bone graft, p<0.05. B.Ar, bone area; T.Ar, total area; O.Ar, osteoid area; NB, native bone, TZ, transition zone, 
RI, region I; RII, region II; RIII, region III. β-TCP, β-tricalcium phosphate; BCP, biphasic calcium phosphate 
consisting of 60% hydroxyapatite and 40% β-tricalcium phosphate; SVF, stromal vascular fraction.
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Small and large sized blood vessels
When analyzing the relative percentages of small and large sized blood vessels in the different 

regions of the grafted area, we found in retromolar bone biopsies a similar percentage of 

small and large blood vessels (38%) in region I, which both decreased gradually from caudal 

towards cranial to ~20% in region III (Table 2). A different pattern of blood vessel distribution 

was observed in tuberosity bone biopsies, i.e. in region I and III equal small and large vessel 

percentages (~30% with an approximate 1:1 ratio between small and large vessels) and even 

an increase in region II (~47% with an approximate 1:1 ratio between small and large vessels) of 

blood vessels was observed.

Blood vessel distribution in CaP bone substitutes showed a similar pattern as in retromolar 

bone biopsies, i.e. a steady decrease in relative number of blood vessels towards the cranial side 

(Table 2). We observed high small and large vessel percentages (~60% with an approximate 1:1 

ratio between small and large vessels) in region I, and low small and large vessel percentages 

(~15% with an approximate 1:1 ratio between small and large vessels) in region III.

Table 2. Distribution of small and large sized blood vessels in the grafted area in biopsies obtained 
from patients after maxillary sinus floor elevation by histomorphometrical analysis.

Blood vessels, % of total

Graft
Size of 
blood vessel RI RII RIII Total Graft

Size of 
blood vessel RI RII RIII Total

Retromolar Small 38 34 28 100

Large 38 47 15 100

Tuberosity Small 34 46 20 100

Large 26 47 27 100

ß-TCP Small 68 26 6 100 ß-TCP+SVF Small 40 13 47 100

Large 69 20 11 100 Large 47 10 43 100

BCP Small 52 26 22 100 BCP+SVF Small 29 43 28 100

Large 55 25 19 100 Large 59 7 34 100

Patients undergoing maxillary sinus floor elevation were treated with autologous bone graft (retromolar 
or tuberosity bone graft), calcium phosphate bone substitutes (β-tricalcium phosphate (β-TCP) or biphasic 
calcium phosphate (BCP)), or calcium phosphate bone substitutes with stem cells (β-TCP + stromal 
vascular fraction (SVF) or BCP + SVF). The grafted area was divided in three regions (caudal-cranial): region 
I (RI), region II (RII), and region III (RIII). N=3–12. RI, region I; RII, region II; RIII, region III; β-TCP, β-tricalcium 
phosphate; BCP, biphasic calcium phosphate consisting of 60% hydroxyapatite and 40% β-tricalcium 
phosphate; SVF, stromal vascular fraction. Total: RI+RII+RIII.

Blood vessel distribution in the SVF-supplemented CaP bone substitutes biopsies showed a 

different pattern than in CaP bone substitutes biopsies without SVF-supplementation (Table 2). 

In SVF-supplemented ß-TCP bone substitute biopsies blood vessels showed a biphasic pattern, 

i.e. high small and large vessel percentages (~40% with an approximate 1:1 ratio between small 

and large vessels) in region I, four-fold lower small and large percentages in region II, and 

another ~40% and 1:1 ratio in region III. Blood vessel distribution in the SVF-supplemented 

BCP bone substitute biopsies showed another pattern, i.e. small vessels were comparable in 
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region I and III, with a rise in region II, whereas large vessel counts were highest number in 

region I, lowest in region II, and intermediate in region III. The small sized blood vessels in the 

SVF-supplemented BCP bone substitute bone biopsies showed a similar pattern of distribution 

over the grafted area as the blood vessels in tuberosity bone biopsies.

Immunohistochemical was performed on retromolar bone graft biopsies (Figure S1). The 

total number of CD34+ and SMA+ blood vessels was similar in CaP bone substitutes with or 

without SVF-supplementation biopsies compared to retromolar bone biopsies.
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DISCUSSION

Four to six months after MSFE, differences in vascularization and bone regeneration potential 

were observed between CaP bone substitutes either or not SVF-supplemented versus autol-

ogous bone grafts in MSFE. CaP bone substitutes compared to autologous bone biopsies, 

showed lower blood vessel number, bone and osteoid volume in the grafted area. SVF-sup-

plemented CaP bone substitutes biopsies, showed similar blood vessel number and osteoid 

volume as retromolar, but lower than in tuberosity bone biopsies. SVF-supplemented CaP 

bone substitutes showed similar bone volume as tuberosity, but lower than in retromolar bone 

biopsies. These results support our hypothesis that SVF-supplemented CaP bone substitutes 

biopsies may show similar vascularization and bone regeneration potential as retromolar, but 

not tuberosity bone grafts in MSFE.

SVF-supplementation in CaP bone substitutes biopsies enhanced blood vessel number and 

osteoid formation to a similar level as in retromolar bone biopsies. It is likely that the osteo-

genic capacities of SVF indirectly enhance blood vessel formation by (pre)osteoblasts. (Pre)

osteoblasts are a major source of VEGF, i.e. one of the most important regulators in vasculo-

genesis and angiogenesis. Our observations of significantly increased blood vessel number in 

SVF-supplemented CaP bone substitutes biopsies compared to CaP bone substitutes, were in 

line with observations of others.9,27–29 Increased small as well as large blood vessel percentage at 

the cranial side of SVF-supplemented CaP bone substitutes biopsies were observed. Increased 

percentage of small blood vessels may indicate increased formation of new blood capillaries by 

the sprouting of an existing small vessel, i.e. angiogenesis. Large blood vessels are considered to 

be more mature vessels. SVF-supplementation likely has a strong pro-angiogenic effect. Since 

only one dosage of SVF (ASCs) was used in these patients, the encouraging initial efficacy data 

and complete absence of adverse effects certainly warrant further studies to evaluate whether 

higher ASC dosages may show more effective blood vessel and osteoid formation without 

additional side effects.

Retromolar bone biopsies showed the highest bone volume in the grafted area. These 

findings may be explained by a higher mineralization degree of the original graft, as retro-

molar bone grafts are predominantly composed of cortical bone, and tuberosity bone grafts 

of cancellous bone.30,31 We observed the lowest bone and osteoid volume, and blood vessel 

formation in CaP bone substitutes biopsies, which is in line with observations by others showing 

delayed bone formation with CaP bone substitutes in MSFE compared to autologous bone32–34. 

This lower bone volume in CaP bone substitutes biopsies is likely the result of a lower bone 

formation rate by osteoconduction than osteogenesis. SVF-supplementation significantly 

increased bone and osteoid volume in CaP bone substitutes biopsies, likely as result of a pro-os-

teogenic effect of SVF.17

More active bone formation at the cranial side of SVF-supplemented CaP bone substitutes 

and tuberosity bone biopsies was observed. This is in line with earlier observations that bone 

formation may start not only from the maxillary native bone, but from the cranial side as well.9 

It has been shown that the Schneiderian membrane of the maxillary sinus, which is lifted during 

MSFE to insert the graft material, contains a cell population with potential for osteogenic differ-
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entiation.35 The additive value of SVF-supplementation in bone formation at the cranial side 

of the grafted area, may be the result of ASCs transdifferentiating toward bone-forming cells 

or increased ASC paracrine factor secretion that regulate progenitor cell recruitment from 

the original lateral bony window and/or the Schneiderian membrane of the maxillary sinus. 

Moreover, our observations of increased bone as well as vascularization in MSFE, were in line 

with observations of others.8,9,19

This study was conducted retrospectively resulting in several limitations. One limitation 

of the present study was that the autologous bone grafts were used in patients undergoing 

unilateral MSFE. To exclude inter-patient variation, a bilateral maxillary sinus floor elevation 

model would be more appropriate to compare two different grafting materials. Another 

limitation of this study was that we only analyzed biopsies at one time point per grafting 

material, preventing to assess the dynamics of the remodeling process in the different types of 

bone grafts. Although statistical analysis revealed no difference between the outcome measure-

ments related to different biopsy harvesting time points between autologous bone (4-months 

post-MSFE) and CaP bone substitutes either or not SVF-supplemented (6-months post-MSFE), 

this may be considered another limitation of the study. Therefore, we can only deduce that 

SVF-supplemented CaP bone substitutes showed lower vascularization than tuberosity bone 

graft, but we cannot rule out that the blood vessel numbers might reach similar levels at a later 

time point.

In summary, we found that the use of SVF-supplemented CaP bone substitutes in human 

MSFE resulted in similar blood vessel number and osteoid volume as retromolar, but not 

tuberosity bone 4–6 months post-MSFE prior to dental implant placement. We conclude that 

SVF-supplemented CaP bone substitutes showed similar vascularization and bone regeneration 

potential as retromolar, but not tuberosity bone grafts in patients undergoing MSFE, due to a 

potential vasculogenic, angiogenic, and osteogenic effect of SVF-supplementation. Based on 

our histological data, it appears that SVF-supplemented CaP bone substitutes might perform 

similarly as retromolar bone graft in MSFE, since comparable blood vessel number and osteoid 

were observed. Therefore, SVF-supplemented CaP bone substitutes might be promising to 

replace autologous bone for enhanced bone regeneration. Future studies with more patients 

and higher SVF-dosages are welcomed to further improve efficacy of SVF-supplementation in 

MSFE.
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SUPPLEMENTARY MATERIAL

Figure S1. Immunohistochemical analysis of CD34 and of α-smooth muscle actin (SMA) of bone biop-
sies from patients after MSFE grafted with retromolar bone, CaP bone substitutes (β-TCP or BCP) or 
CaP bone substitutes with stem cells (β-TCP+SVF or BCP+SVF). CD34 is a marker of endothelial cells as 
well as stem cells such as endothelial progenitor stem cells and hematopoietic stem cells. SMA is a marker 
of pericytes, as well as smooth muscle cells present in the blood vessel walls. (A) Number of CD34+ blood 
vessels in biopsies taken after MSFE with retromolar bone versus β-TCP or BCP. (B) Number of CD34+ blood 
vessels in biopsies taken after MSFE with retromolar bone versus β-TCP + SVF or BCP + SVF. (C) Number of 
SMA+ blood vessels in biopsies taken after MSFE with retromolar bone versus β-TCP or BCP. (D) Number 
of SMA+ blood vessels in biopsies taken after MSFE with retromolar bone versus β-TCP + SVF or BCP + SVF. 
Values are mean±SD (n=3–4). NB, native bone, TZ, transition zone, RI, region I; RII, region II; RIII, region III. 
β-TCP, β-tricalcium phosphate; BCP, biphasic calcium phosphate consisting of 60% hydroxyapatite and 
40% β-tricalcium phosphate; SVF, stromal vascular fraction.
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ABSTRACT

This prospective cohort study aimed to assess long-term safety, dental implant survival, and 

clinical and radiological outcomes after maxillary sinus floor elevation (MSFE; lateral window 

technique) using freshly isolated autologous stromal vascular fraction (SVF) combined with 

calcium phosphate ceramics. All 10 patients previously participating in a phase-I trial were 

included in this 10-year follow-up. They received either ß-tricalcium phosphate (ß-TCP; n=5) or 

biphasic calcium phosphate (BCP; n=5) with SVF-supplementation on one side (study). Bilater-

ally-treated patients (6 of 10; 3 ß-TCP, 3 BCP) received only calcium phosphate on the opposite 

side (control). Clinical and radiological assessments were performed on 44 dental implants at 

1-month pre-MSFE, and 0.5–10-year post-MSFE. Implants were placed 6-months post-MSFE. 

No adverse events or pathology were reported during 10-year follow-up. Forty-three dental 

implants (98%) remained functional. Control and study sides showed similar peri-implant soft 

tissue quality, sulcus bleeding index, probing depth, plaque index, keratinized mucosa width, 

as well as marginal bone loss (0–6 mm), graft height loss (0–6 mm), and graft volume reduction. 

Peri-implantitis was observed around six implants (control: 4; study: 2) in three patients. This 

study is the first to demonstrate the 10-year safety of SVF-supplementation in MSFE for jawbone 

reconstruction. SVF-supplementation showed enhanced bone regeneration in the short-term 

(previous study), and led to no abnormalities clinically and radiologically in the long-term.
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INTRODUCTION

Bone regeneration to restore bone defects in the oral and maxillofacial region remains 

challenging. Patients with insufficient alveolar bone height in the lateral maxilla for dental 

implant placement are currently treated with maxillary sinus floor elevation (MSFE), using autol-

ogous bone and/or bone substitute.1 Autologous bone is considered the gold standard grafting 

material in MSFE, due to the essential combination of osteogenic, osteoinductive, and osteo-

conductive properties as well as prevention of immunogenic responses.2 However, morbidity 

caused by the harvesting procedure and limited availability of autologous bone encourage the 

search for suitable alternatives with similar bioactivity.

Calcium phosphate ceramics show low bone in-growth rates in comparison with autol-

ogous bone grafts since they only have osteoconductive properties and lack osteoinductive 

potential.3 Many studies have actively been conducted to improve the bioactivity of calcium 

phosphate ceramics in bone regeneration (for a review, see: Jeong et al.).4 Cell-based bone 

tissue engineering is a promising strategy to improve bone formation by providing osteogenic 

cells that secrete osteoinductive signals to recruit cells from surrounding bone.5–8 This might 

shorten the time needed to obtain sufficient bone regeneration than is required when using 

bone substitute only.

During the past decades, multiple sources of stem cells have been investigated for bone 

tissue engineering in the oral and maxillofacial region.8 Adipose tissue-derived mesenchymal 

stem cells (ASCs) have opened new possibilities in adult stem cell therapies, since the use of 

ASCs has eliminated drawbacks associated with adult bone marrow-derived mesenchymal stem 

cells (e.g. costly and time-consuming Good Manufacturing Practice (GMP)-expansion necessary, 

painful harvesting procedure), which are still the most frequently used cells in cell-based bone 

tissue engineering.8 The stromal vascular fraction (SVF) of human adipose tissue is considered 

a promising source for essential cells with osteogenic and angiogenic potential.7–11 Moreover, 

SVF is a cell source with clinical feasibility due to the large quantities that can be harvested 

and applied in a one-step surgical procedure.7,12 A disadvantage of SVF harvesting so far is that 

liposuction of adipose tissue is performed under general anesthesia and requires (short) hospi-

talization.

Clinical evidence of ASC-application for bone regeneration is limited, although the potential 

of ASCs evokes high expectations.7,13–15 To the best of our knowledge, only one study reported 

unsatisfactory clinical results of ASC-application in cranioplasty during six-year follow-up; four 

out of five patients suffered from unsatisfactory treatment outcome partially due to poor ossifi-

cation, infection, or tumor recurrence, and two patients had to be re-operated due to graft 

resorption.16 Stem cell-application in regenerative medicine has also raised safety concerns, e.g. 

tumorigenic potential and biodistribution.17 Therefore, clinical studies investigating long-term 

safety and efficacy are essential before continuing with clinical applications using (adipose) 

stem cells.

In a previous phase-I clinical trial, 10 patients underwent MSFE prior to dental implant 

placement using freshly isolated autologous SVF seeded on either ß-tricalcium phosphate 

(ß-TCP) or biphasic calcium phosphate (BCP) carriers in a one-step surgical procedure.7 No 

6
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serious adverse events were reported during the procedure and 3-year follow-up. In addition, 

biopsies showed more induction of bone mass and bone formation by SVF-supplementation 

compared to the calcium phosphate carriers, in particular in ß-TCP-treated patients.7 Paired 

analysis of the 6 bilaterally-treated patients revealed markedly higher bone volume and bone 

formation, demonstrating an additive effect of SVF, independent of the bone substitute.7 

Moreover, more bone mass seemed to correlate with blood vessel formation, and was higher 

in the cranial part of the study biopsies, in particular in β-TCP-treated patients.9 Based on 

short-term results (~3 years), we demonstrated for the first time the feasibility, safety, and 

potential efficacy of SVF seeded on calcium phosphate carriers, and indicated a pro-angio-

genic effect of SVF.7,9

The present prospective cohort study was designed as a 10-year follow-up of patients 

previously enrolled in our phase-I clinical trial.7 We aimed to assess long-term safety, dental 

implant survival, and clinical and radiological outcomes after MSFE (lateral window technique) 

using calcium phosphate ceramics (ß-TCP or BCP) with and without freshly isolated autologous 

SVF-supplementation.
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MATERIALS AND METHODS

Study design and patient selection
This prospective cohort study was designed as a 10-year follow-up of patients previously 

enrolled in a phase-I clinical trial investigating safety and potential additive effect of SVF in 

MSFE using lateral window technique on bone regeneration.7 Ten patients who required 

dental implants for prosthetic rehabilitation in the partially edentulous posterior maxilla were 

included. All patients had an adequate alveolar bone height of at least 4 mm, but not more 

than 8 mm at the lateral maxilla. Detailed patient inclusion and exclusion criteria have been 

previously described.7 Firstly, four patients with unilateral MSFE-indication, and six patients 

with bilateral MSFE-indication were selected by consecutive sampling.7 Secondly, two equal 

treatment groups were created by random treatment allocation, i.e. ß-TCP (5 patients: 2 

unilateral, 3 bilateral) or BCP-treatment (5 patients: 2 unilateral, 3 bilateral) group. All unilateral 

MSFE-patients received calcium phosphate with SVF. All bilateral MSFE-patients (split-mouth) 

received pure calcium phosphate on one side (control), and calcium phosphate with SVF on the 

other side of the maxilla (study). Control and study sides were randomly assigned to prevent 

bias. The surgical procedures have been previously described.7 In short, adipose tissue was 

processed with a CE-marked Celution device (Cytori Therapeutics, Inc., San Diego, CA, USA) to 

obtain SVF. For implantation, scaffolds were seeded with 107 nucleated SVF-cells (~2×105 ASC-like 

cells)/g calcium phosphate carrier (Ceros® ß-TCP (Thommen Medical, Grenchen, Switzerland) or 

Straumann® Bone Ceramic consisting of 60% hydroxyapatite (HA) and 40% β-TCP (Straumann 

AG, Basel, Switzerland)). Implants were placed 6-months post-MSFE in a single-stage procedure 

under local anesthesia. Extensive cell characterizations were performed, as described previ-

ously.7 In short, the SVF surface marker expression profiles as determined with fluorescence-ac-

tivated cell sorting were consistent with previous reports, including the CD34 positivity reported 

for ASCs.18–20 Radiologically, all implants showed absence of bone loss beyond marginal bone 

level changes resulting from initial bone remodeling at 3-months after implant placement. 

All implants showed peri-implant health (absence of erythema, heavy bleeding on probing, 

swelling, suppuration, and probing depth <6 mm) during short-term follow-up (~3 years). All 

patients received dental implant maintenance in regular Dutch oral health care system, i.e. one 

to four visits to the dentist and/or oral hygienist per year.

The present study was conducted according to the guidelines of the Declaration of Helsinki, 

and approved by the medical ethical committee (IRB) of the VU University Medical Center in 

Amsterdam (Dossier number: 2020.344: ABR NL71857.029.20). All patients signed a written 

informed consent before participation in the study. The study was performed according to the 

STROBE guidelines.21

One experienced surgeon (VW) performed anamnesis, as well as all clinical (intra-oral) and 

quantitative radiological assessments. Three experienced surgeons (VW, CMB, EAJMS) carried 

out qualitative radiological assessments. Intra and inter-examiner calibration was done before 

the start of the study. Intra-examiner calibration included identification of clinical and radio-

logical reference points, and associated radiological linear measurements. Inter-examiner 

calibration included identification of pathology and abnormalities. Discrepancies between 

6
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examiners were resolved through discussion. Treatment groups remained concealed for 

examiners. Panoramic radiographs and CBCT-scans were taken at different time points during 

the previous phase-I study7 and at 10-year follow-up (Table S1). To control for enlargement of 

the anatomical structures as a result of panoramic radiography, dental implant length was 

used as a reference.

Primary outcome measure

Safety
Safety outcomes related to the product or procedure were assessed. General health changes 

and (serious) adverse events were patient-reported through a health questionnaire. Maxillary 

sinus-related problems such as sinusitis were patient-reported through anamnesis. Clinical 

(intra-oral) and radiological assessments (panoramic radiographs and cone beam comput-

erized tomography (CBCT) scans) were carried out to detect any pathology and abnormalities.

Secondary outcome measures

Implant survival
Number of implants in situ was counted.

Peri-implant condition
Soft tissue physical appearance was scored per dental implant site as no abnormalities or 

swollen. Soft tissue color was scored as white-necrotic, pink or red, and soft tissue surface 

morphology at the buccal aspect of each implant as smooth or stippled.

Sulcus bleeding index (SBI), and probing depth (PD; in mm) were scored at four locations 

(mesial, buccal, distal, palatal) around the implant. SBI was scored as: Score 0: no bleeding 

when passing a periodontal probe along the gingival margin adjacent to the implant; Score 1: 

isolated bleeding spot; Score 2: confluent red line of blood on margin; Score 3: heavy or profuse 

bleeding.22 Probing depth was registered using a manual probe and light force (~0.25 N). The 

highest values of SBI and PD were used for statistical analyses at the patient and implant level.

Marginal bone loss (in mm) was assessed on panoramic radiographs. Marginal bone loss 

was defined as the perpendicular distance from the implant-abutment interface to the radio-

graphic bone level at the mesial and distal aspects of each implant, since the implants were 

placed “flush” (at the same height) to the alveolar ridge. Mean values of marginal bone loss at 

the mesial and distal aspect of each implant were calculated, and the highest value per patient 

and per implant site was used for statistical analysis.

Since baseline radiographic and probing data were absent, the following case definitions of 

peri-implant health and disease, i.e. peri-implant mucositis and peri-implantitis, were applied 

at 10-year follow-up: Peri-implant health: absence of erythema, bleeding on probing, swelling, 

and suppuration; Peri-implant mucositis: bleeding on gentle probing <0.25 N, absence of bone 

loss >2 mm; Peri-implantitis: ≥3 mm marginal bone loss combined with ≥6 mm PD with bleeding 

and/or suppuration.23



123

Long-term safety of SVF-supplementation

Peri-implant disease risk factors
Patient-reported smoking and diabetes were obtained through a health questionnaire. 

Patient-reported dental implant maintenance, and dental implant-related biological compli-

cations were obtained through anamnesis. Full-mouth periodontal condition screening 

was carried out according to the Dutch Periodic Periodontal Screening-index (PPS) by one 

examiner.24 Probing depth was scored at four locations (mesial, buccal, distal, palatal) around 

every tooth. Then the highest PPS-score for each quadrant was determined: Score 1: probing 

depth: 0–3 mm; Score 2: probing depth 4–5mm; Score 3: probing depth >6 mm. Plaque index 

(PI) was scored by one examiner at four locations (mesial, buccal, distal, palatal), as: Score 0: 

no plaque; Score 1: plaque only recognized by running a probe across the smooth marginal 

implant surface; Score 2: plaque was seen by the naked eye; Score 3: soft matter abundance.22 

The width of keratinized mucosa (KM; in mm) was scored at one location (buccal) around the 

dental implant. The highest PI values, and the lowest KM values were used for statistical analysis 

at the patient and implant level. Furthermore, overcontouring (emergence angle and convexity) 

of the abutment-prosthesis complex was assessed clinically and radiologically.

Technical complications
Patient-reported longevity of the restorations were obtained through anamnesis. Implant, 

connection, or suprastructure-related technical complications were assessed clinically and 

radiologically (panoramic radiograph).

Graft and residual maxillary sinus characteristics
Pathology, e.g. Schneiderian mucosal hypertrophy (>1 mm), mucosal cysts, polyps, bone lesions, 

neoplasms, and antroliths were assessed on panoramic radiographs and CBCT-scans. Irregu-

larities of graft or residual maxillary sinus area, and recognizable demarcation of the original 

maxillary sinus floor and radiopaque graft were assessed on CBCT-scans. Graft structure was 

scored as homogenous or non-homogenous, and as bone-like or non-bone-like. Any radiopac-

ities or radiolucencies in the grafted area, and/or graft scalloping were documented. The 

residual maxillary sinus area was characterized as air-filled or non-air-filled.

Tissue height, and graft height loss
Tissue height (in mm) was assessed on panoramic radiographs. Tissue height was defined as 

the perpendicular distance from the implant-abutment interface (dental implant mid axis) to 

the cranial border of the graft. Graft height loss (in mm) was calculated by subtracting tissue 

height at 10-year follow-up from tissue height at dental implant placement. Mean values of 

tissue height, and graft height loss were calculated for study and control sides, and used for 

statistical analysis on patient level.

Statistical analysis
Data are presented as mean±standard deviation (SD). Statistical analysis was performed 

with GraphPad Prism 9 software (GraphPad, La Jolla, CA, USA; http://www.graphpad.com/). 

Mann Whitney U-test was used to test differences in clinical (SBI, PD, PI, KM) and radiological 
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outcomes (marginal bone and graft height loss) between ß-TCP or BCP study (with SVF) and 

control sides (without SVF), at the patient and/or implant level. Study and control sides were 

assumed independent variables in bilaterally-treated patients. The Mann Whitney U-test 

showed no statistical differences between data from ß-TCP and BCP-control sides. Therefore, 

data of ß-TCP and BCP-treated patients were pooled, and a (paired) Wilcoxon signed rank 

test was used to test differences between study and control sides. To investigate a possible 

relationship between different clinical and radiological outcomes, Spearman correlation-test 

were conducted. Kruskal Wallis Test was performed to test differences in (baseline) alveolar 

bone height between ß-TCP, ß-TCP+SVF, BCP, and BCP+SVF-treated sides. Statistical signifi-

cance was considered if P<0.05.
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RESULTS

Patients enrolled
All 10 patients who had participated in the previous phase-I clinical trial were included in the 

10-year follow-up (Table 1). The average patient age at 10-year follow-up was 66±7 years (range: 

56–79 years). A total of 44 dental implants were included for analysis.

Table 1. Patient data

Pt#
Gender (♂ ,♀ ),

age (years)
Unilateral/
bilateral case Control/study side

Graft
material Dental implant positions

1 ♀, 69 Bilateral Control
Study

ß-TCP
ß-TCP

14, 15, 16
24, 25, 26

2 ♀, 56 Bilateral Control
Study

ß-TCP
ß-TCP

24, 25, 26
14, 15, 16

3 ♂, 79 Bilateral Control
Study

ß-TCP
ß-TCP

14, 15, 16
25, 26, 27

4 ♀, 69 Unilateral Study ß-TCP 24, 25, 26

5 ♂, 74 Unilateral Study ß-TCP 15, 16

6 ♀, 66 Bilateral Control
Study

BCP
BCP

24, 26
14, 15, 16

7 ♂, 65 Bilateral Control
Study

BCP
BCP

25, 26, 27
15, 16, 17

8 ♀, 61 Unilateral Study BCP 14, 15, 16

9 ♂, 62 Unilateral Study BCP 23, 25, 26

10 ♀, 62 Bilateral Control
Study

BCP
BCP

25, 26
15, 16

Gender and age at time of 10-year follow-up, whether the patients were treated unilaterally or bilaterally 
(“split-mouth design”), bone substitute used to augment bone of the maxillary sinus floor, and the dental 
implant positions (Fédération Dentaire Internationale system) are given. Italicalized numbers, biopsies 
completely positioned in residual native bone. Pt#, patient number; ß-TCP, ß-tricalcium phosphate; BCP, 
biphasic calcium phosphate.

Primary outcome measure

Safety
No general health changes, (serious) adverse events, pathology or abnormalities related to 

the product or procedure were observed. The 10-year follow-up was uneventful for 7 out of 10 

patients. Patient #3 was diagnosed with coronary artery disease, hypertension, and diabetes 

mellitus type II. Patient #5 was diagnosed with heart arrhythmias, hypertension, and a cerebral 

vascular accident. Patient #10 was diagnosed with heart arrhythmias. None of these events were 

related to the product or procedure. No patient reported any complications related to dental 

implant treatment and/or MSFE.
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Secondary outcome measures

Implant survival
One implant, completely positioned in alveolar bone, was replaced due to failure within 

6-months after initial dental implant placement (patient #1, study side, ß-TCP, implant site 24). 

Implant survival rate at 10-year follow-up was 92.9% (13 out of 14) for study sides, and 100% (9 

out of 9) for control sides in ß-TCP-treated patients, as well as for study sides (14 out of 14) and 

control sides (7 out of 7) in BCP-treated patients.

Peri-implant condition
Physical soft tissue appearance with no abnormalities, i.e. pink color and stippled surface 

morphology, was observed (buccal) at dental implants from study and control sides of ß-TCP 

and BCP-treated patients (Fig. 1).

Figure 1. Representative intra-oral photographs of β-TCP-treated and BCP-treated patients with 
and without stem cells at 10-years after implant placement. (A) Intra-oral photographs of bilateral-
ly-treated patients with β-TCP plus stem cells and β-TCP only, (B) BCP plus stem cells and BCP only. Soft 
tissue soft tissue around the dental implants showed a physical appearance with no abnormalities, i.e. 
pink coloured, firm tissue quality, stippled surface morphology, and ≥2 mm width of keratinized mucosa. 
Black arrows: implant positions.
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Table 2. Clinical (sulcus bleeding index, probing depth, plaque index, width of keratinized 
mucosa) and radiological (marginal bone loss) outcomes of ß-TCP and BCP with and without SVF-
supplementation at the patient level at 10-year follow-up

Patient level (#sides)

ß-TCP BCP ß-TCP or BCP

Unilateral (2 patients) 
Bilateral (3 patients)

Unilateral (2 patients) 
Bilateral (3 patients)

Bilateral 
(6 patients)

Control 
side - stem 
cells (n=3)

Study side 
+ stem 

cells (n=5) P

Control 
side - stem 
cells (n=3)

Study side 
+ stem 

cells (n=5) P

Control 
side - stem 
cells (n=6)

Study side 
+ stem 

cells (n=6) P

Sulcus bleeding index (SBI)

0 0 0

0.892

0 0

0.357

0 0

0.500
1 1 3 1 3 2 3

2 2 1 1 2 3 3

3 0 1 1 0 1 0

Probing depth (PD; mm)

0 – 3 0 0

0.357

0 0

0.375

0 0

0.125
4 – 5 1 3 1 4 2 4

6 – 7 1 2 1 1 2 2

8 – 9 1 0 1 0 2 0

Plaque index (PI)

0 3 4

>0.999

1 2

>0.999

4 4

>0.999
1 0 1 2 2 2 1

2 0 0 0 1 0 1

3 0 0 0 0 0 0

Width keratinized mucosa (KM; mm)

≥ 2 3 4
>0.999

2 3
>0.999

5 3
0.500

0 – 1 0 1 1 2 1 3

Marginal bone loss (mm)

0 – 2 1 3

>0.999

2 4

0.732

3 5

0.2503 – 4 2 2 0 1 2 1

5 – 6 0 0 1 0 1 0

For each patient the highest value of sulcus bleeding index, probing depth, plaque index, and marginal 
bone loss was scored, as well as the lowest value of width of keratinized mucosa. *Study side significantly 
different from control side, P<0.05. ß-TCP, ß-tricalcium phosphate; BCP, biphasic calcium phosphates; n, 
number of patients.

At the patient level, SBI was similar between study and control sides in ß-TCP-treated 

(P=0.892) and BCP-treated patients (P=0.357; Table 2). SBI was similar between study and 

control sides in bilaterally-treated patients (P=0.500; Table 2). PD was similar between study 

and control sides in ß-TCP-treated (P=0.357) and BCP-treated patients (P=0.357; Table 2). PD 

was similar between study and control sides in bilaterally-treated patients (P=0.125; Table 2). 

Marginal bone loss was similar between study and control sides in ß-TCP-treated (P>0.999) 
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and BCP-treated patients (P=0.732; Table 2). Marginal bone loss was similar between study 

and control sides in bilaterally-treated patients (P=0.250; Table 2). Clinical and radiological 

outcomes of SVF-supplementation at the site level are summarized in Table S2, S4.

At the implant level, SBI was similar between study and control sides in ß-TCP-treated 

(P=0.405) and BCP-treated patients (P=0.092; Table 3). SBI was similar between study and 

control sides in bilaterally-treated patients (P>0.999; Table 3). PD was also similar between 

study and control sides in ß-TCP-treated (P=0.250) and BCP-treated patients (P=0.677; Table 3). 

PD was similar between study and control sides in bilaterally-treated patients (P=0.343; Table 

3). Marginal bone loss was similar between study and control sides in ß-TCP-treated (P=0.162) 

and in BCP-treated patients (P=0.767; Table 3). Marginal bone loss was similar between study 

and control sides in bilaterally-treated patients (P=0.188; Table 3).

Peri-implant health was observed around two dental implants at the control side of 

one ß-TCP-treated patient (pt#3), as well as around one dental implant at the study side of 

one BCP-treated patient (pt#9; Table S5). At the control side, peri-implantitis was observed 

around three dental implants of one ß-TCP-treated patient (pt#1), and around one implant 

of one BCP-treated patient (pt#7; Table S5). At the study side, peri-implantitis was observed 

around one dental implant of one ß-TCP-treated patient (pt#4), and around one implant of one 

BCP-treated patient (pt#7; Table S5). Peri-mucositis was observed around all other implants at 

control and study sides (Table S5).

Peri-implant disease risk factors
All patients were nonsmokers. Patient #3 was diagnosed with diabetes mellitus type II. Regular 

dental implant maintenance program (1–4 times/year) was carried out in 9 out of 10 patients by 

the dentist and/or oral hygienist. Patient #7 reported no dental implant maintenance program 

for 2 years. No patient-reported biological complications were registered. Periodontal condition 

screening revealed a PPS-score of 1 (0–3 mm) or 2 (4–5 mm) in all patients.

At the patient level, PI at dental implant sites was similar between study and control sides 

in ß-TCP-treated (P>0.999) and BCP-treated patients (P>0.999; Table 2). PI was similar between 

study and control sides in bilaterally-treated patients (P>0.999; Table 2). KM was similar in study 

and control sides in ß-TCP-treated (P>0.999) and BCP-treated patients (P>0.999; Table 2). KM 

was similar between study and control sides in bilaterally-treated patients (P=0.500; Table 2). 

Clinical and radiological outcomes of SVF-supplementation at the site level are summarized in 

Table S2, S4.

At the implant level, PI was similar between study and control sides in ß-TCP-treated 

(P=0.240), and BCP-treated patients (P=0.898; Table 3). PI was similar between study and control 

sides in bilaterally-treated patients (P>0.999; Table 3). KM was similar in study and control sides 

in ß-TCP-treated (P>0.999) and BCP-treated patients (P>0.999; Table 3). KM was similar between 

study and control sides in bilaterally-treated patients (P=0.218; Table 3).

Technical complications
All initially placed suprastructures were still in function (~10 years). No implant, connection, or 

suprastructure-related technical complications were observed.
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Table 3. Clinical (sulcus bleeding index, probing depth, plaque index, width of keratinized mucosa) 
and radiological (marginal bone loss) outcomes of SVF-supplementation at the implant level at 
10-year follow-up

Implant level (#dental implants)

ß-TCP BCP ß-TCP or BCP

Unilateral (2 patients) 
Bilateral (3 patients)

Unilateral (2 patients) 
Bilateral (3 patients)

Bilateral 
(6 patients)

Control 
side - stem 
cells (n=9)

Study side 
+ stem 

cells (n=14) P

Control 
side - stem 
cells (n=7)

Study side 
+ stem 

cells (n=14) P

Control 
side - stem 
cells (n=16)

Study side 
+ stem 

cells (n=17) P

Sulcus bleeding index (SBI)

0 2 1

0.405

0 2

0.092

2 1

0.146
1 1 9 4 10 5 13

2 6 3 2 2 8 3

3 0 1 1 0 1 0

Probing depth (PD; mm)

0 – 3 0 1

0.250

1 0

0.677

1 1

0.343
4 – 5 5 10 4 12 9 13

6 – 7 4 3 1 2 5 3

8 – 9 0 0 1 0 1 0

Plaque index (PI)

0 9 11

0.240

4 7

0.898

13 13

>0.999
1 0 3 3 6 3 3

2 0 0 0 1 0 1

3 0 0 0 0 0 0

Width keratinized mucosa (KM; mm)

≥ 2 9 13
>0.999

6 11
>0.999

15 12
0.218

 0 – 1 0 1 1 3 1 5

Marginal bone loss (mm)

0 – 2 5 12

0.162

6 13

0.767

11 16

0.1883 – 4 4 2 0 1 4 1

5 – 6 0 0 1 0 1 0

For each implant the highest value of sulcus bleeding index, probing depth, plaque index, marginal bone 
loss was scored, as well as the lowest value of width of keratinized mucosa. *Study side significantly 
different from control side, P<0.05. ß-TCP, ß-tricalcium phosphate; BCP, biphasic calcium phosphate; n, 
number of implants.

Graft and residual maxillary sinus characteristics
Schneiderian mucosal hypertrophy was observed at 10-year follow-up in the study side of one 

ß-TCP-treated patient (pt#4), and in study and control sides of four BCP-treated patients (pt#6: 

study and control sides; pt#7: control side; pt#8: study side; pt#10: study side; Fig. 2; Table S4). 

Schneiderian mucosal hypertrophy was similar on radiographs pre-MSFE in all patients. 
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▶ Figure 2. Tissue height, and graft height loss at the implant position at implant placement, and at 
10-years after implant placement in β-TCP and BCP-treated patients with and without stem cells. 
Representative panoramic radiographs: (A) Immediately after dental implant placement in a patient 
treated with β-TCP only and β-TCP plus stem cells. (B) Immediately after dental implant placement in a 
patient treated with BCP only and BCP plus stem cells. (C) 10-years after implant placement in a patient 
treated with β-TCP only and β-TCP plus stem cells. (D) 10-years after implant placement in a patient treated 
with BCP only and BCP plus stem cells. Blue line: Tissue height at implant position. Tissue height at implant 
placement, and 10-years after implant placement in patients-treated with (E) β-TCP only (n=3), (F) BCP 
only (n=3), (G) β-TCP plus stem cells (n=5), (H) BCP plus stem cells (n=5). (I) Graft height loss at 10-years 
after implant placement in β-TCP only (n=3), β-TCP plus stem cells (n=5), BCP only (n=3), BCP plus stem 
cells (n=5), pooled β-TCP and BCP only (bilaterally-treated; n=6), pooled β-TCP and BCP plus stem cells 
(bilaterally-treated; n=6), n, number of patients.

No other pathologies were observed. Graft volume reduction was observed in all study and 

control sides in ß-TCP-treated and BCP-treated patients at 10-year follow-up, compared with 

5-months post-MSFE (Fig. 3). Recognizable demarcation of the original maxillary sinus floor and 

homogenous graft structure was seen (Fig. 3 A, B, D). Bone-like structured graft was observed 

in study and control sides in all ß-TCP-treated patients (pt#1–pt#5), but only in study and 

control side in one out of five BCP-treated patients (pt#7; Fig. 3). A recognizable demarcation 

of radiopaque graft was observed in study sides in three ß-TCP-treated patients (pt#3–pt#5), 

and in study and control sides in all BCP-treated patients (pt#6–pt#10; Fig. 3). No radiopacities 

or radiolucencies were seen in the graft material (Fig. 3). Radiologically air-filled maxillary sinus 

was observed in study and control sides in all patients. Qualitative radiological outcomes of 

SVF-supplementation are summarized in Table S3.

Tissue height, and graft height loss
Tissue height between dental implant placement and 10-year follow-up was reduced (reduction 

range: 5.2–14.1%) in study and control sides in all patients (Fig. 2A–H). Graft height loss between 

dental implant placement and 10-year follow-up was similar between study and control sides 

in ß-TCP-treated (study: 1.35±0.55 mm; control: 1.44±1.88 mm; Fig. 2I), as well as in BCP-treated 

patients (study: 0.64±0.49 mm; control: 1.51±1.86 mm; Fig. 2J). Graft height loss between dental 

implant placement and 10-year follow-up was similar between study and control sides in bilat-

erally-treated patients (study: 1.13±0.58 mm; control: 1.43±1.66 mm; Fig. 2K). Radiological 

outcomes of SVF-supplementation at the site level are summarized in Table S2.

Correlations between different clinical and radiological outcomes
In control sides of ß-TCP-treated patients, the following significant correlations were observed: 

SBI and PD (mm; r=0.634), SBI and marginal bone loss (mm; r=0.592), PD (mm) and marginal 

bone loss (mm; r=0.738), KM (mm) and marginal bone loss (mm; r=-0.471; Table 4; P<0.05). In 

study sides of ß-TCP-treated patients, the only statistically significant correlation observed was 

between SBI and PD (mm; r=0.525; Table 4; P<0.05).

In control sides of BCP-treated patients, the following significant correlations were 

observed: SBI and PD (mm; r=0.729), SBI and marginal bone loss (mm; r=0.607), PD (mm) and 

marginal bone loss (mm; r=0.853; Table 4; P<0.05). In study sides of BCP-treated patients, statis-
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tically significant correlation observed was observed between SBI and PD (mm; r=0.405), PD 

(mm) and marginal bone loss (mm; r=0.526; Table 4; P<0.05).

There was no statistical difference in (baseline) alveolar bone height between ß-TCP, 

ß-TCP+SVF, BCP, and BCP+SVF-treated sides. Moreover, no correlation between baseline 

alveolar bone height and graft height loss was found.

Figure 3. Cone beam computerized tomography (CBCT)-scans of β-TCP-treated and BCP-treated 
patients with and without stem cells at 5-months post-MSFE and at 10-years after implant place-
ment. CBCT-scans of bilaterally-treated patients with: (A) β-TCP only and β-TCP plus stem cells, and 
(B) BCP plus stem cells and BCP only, at 5-months post-MSFE. In (A, B) homogenous radiopaque graft with 
a demarcation between residual native bone and the graft, and an air-filled residual maxillary sinus is 
visible. CBCT-scans of bilaterally-treated patients with: (C) β-TCP only and β-TCP plus stem cells, and (D) 
BCP plus stem cells and BCP only, at 10-years after implant placement. In (C, D) homogenous radiopaque 
graft, reduced graft volume, and an air-filled residual maxillary sinus is visible. g, graft; s, residual maxillary 
sinus; White arrows: demarcation original sinus floor; Blue arrows: Schneiderian mucosal hypertrophy.
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Table 4. Correlation coefficient matrix of measured clinical (plaque index, sulcus bleeding index, 
probing depth, width of keratinized mucosa) and radiological outcomes (marginal bone loss) of 
SVF-supplementation at 10-year follow-up

Control (- stem cells) Study (+ stem cells)
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ß-TCP

Plaque index (PI) - - - - - - - -

Sulcus bleeding index (SBI) 0.000 - - - 0.000 - - -

Probing depth (PD; mm) 0.000 0.634 - - 0.000 0.525 - -

Width keratinized mucosa  
(KM; mm)

0.000 - 0.278 - 0.012 - 0.000 - 0.165 - 0.107 -

Marginal bone loss (mm) 0.000 0.592 0.738 - 0.471 0.000 - 0.237 0.178 0.338

BCP

Plaque index (PI) - - - - - - - -

Sulcus bleeding index (SBI) 0.000 - - - 0.000 - - -

Probing depth (PD; mm) 0.000 0.729 - - 0.000 0.405 - -

Width keratinized mucosa  
(KM; mm)

0.000 0.792 0.042 - 0.000 0.213 0.187 -

Marginal bone loss (mm) 0.000 0.607 0.853 0.415 0.000 0.331 0.526 - 0.081

SVF, stromal vascular fraction; ß-TCP, ß-tricalcium phosphate; BCP, biphasic calcium phosphates. Bold 
values: significant at the 0.05 level.
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DISCUSSION

In this 10-year prospective cohort study, SVF-supplementation in combination with calcium 

phosphate ceramics proofed to be safe for all patients undergoing MSFE. No adverse effects 

and pathology were found based on general health, clinical, and radiological assessments. 

A 100% implant survival rate was found in control sides of ß-TCP-treated patients, and study 

and control sides of BCP-treated patients. A 92.9% implant survival rate (100% after 6-months 

follow-up) was found in study sides of ß-TCP-treated patients, as a result of the loss of one 

implant. The failure was likely the result of premature loading by the temporary prosthesis.7 

Since this implant was completely positioned in residual native bone, the cause of failure was 

unlikely related to SVF-supplementation.

Stem cell-based therapies are associated with certain risks (e.g. tumor, biodistribution, 

etc.).17 However, in our study no indications for safety concerns were found regarding SVF 

(containing ASCs)-application for MSFE. Similar clinical and radiological outcomes of dental 

implant success were observed in study and control sides of both ß-TCP-treated and BCP-treated 

patients. Moreover, graft-related problems resulting from the application of autologous ASCs in 

cranioplasty, i.e. graft resorption and late infection, have raised concerns about the long-term 

results of ASC-application in bone regeneration.16 Regardless of stem cell-application, it should 

be noted that cranioplasty shows a 13-times higher complication rate requiring reoperation 

than MSFE using the lateral window technique due to the different nature of the surgical site, i.e. 

large critical sized, tumorigenic defect.16,25 In our study, no patients reported any graft-related 

problems after MSFE, and showed 92.9–100% implant survival rate (100% following 6-months 

follow-up), which confirmed the successful long-term clinical outcomes after SVF-supplemen-

tation in jawbone reconstruction.

This study investigated peri-implantitis, which is a biofilm-associated pathological 

condition occurring in the tissues around an osseointegrated implant, characterized by 

bleeding on probing and/or suppuration and progressive loss of supporting bone.26 We 

observed peri-implantitis in three out of ten patients (30% prevalence), which agrees with 

prevalence rates (15–34%) reported by others.27–29 None of the established peri-implant 

disease risk factors (i.e. poor oral hygiene, prosthesis overcontouring, history of periodon-

titis, diabetes, and smoking)30,31 were observed in these three peri-implantitis patients. One 

peri-implantitis patient did not receive implant maintenance for the last two years. Lack of 

implant maintenance may elevate the risk for peri-implantitis.32 Implant maintenance therapy 

of peri-implant mucositis may prevent peri-implantitis onset.33 Whether there is an association 

between keratinized mucosa and peri-implantitis is unclear.32 In our study, we did not find a 

correlation between inadequate width of keratinized mucosa (<2 mm) and increased marginal 

bone loss. There was no difference in peri-implantitis prevalence between study and control 

sides. Therefore, SVF-supplementation did not affect peri-implantitis prevalence at 10-year 

follow-up.

Our results showed no correlation between baseline alveolar bone height varying from 4 to 

8 mm and implant survival or graft height loss at 10-year follow-up. Others have also shown that 

alveolar bone height of more than 4 mm does not affect implant survival after MSFE using the 
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lateral window technique.34 Long-term graft height stability after MSFE is an important factor 

for implant success.35 We observed similar graft height loss in ß-TCP (14%) and BCP-treated (12%) 

patients at 10-year follow-up. The graft height loss in ß-TCP-treated patients was less compared 

to other reported studies at 5-year follow-up (28–39%).36,37 The difference in graft height loss 

could be related to the heterogeneity in our relatively small study population. The graft height 

loss in BCP-treated patients did agree with other reported studies (9–24%) using BCP with 

different HA/β-TCP ratio, i.e. 20/80 (BCP20/80), 60/40 (BCP60/40), or 70/30 (BCP70/30), at 5-year36 

or 6-year follow-up.38 A higher HA/ß-TCP ratio seems to decrease graft height loss.36,38 SVF-sup-

plementation seemed to inhibit (not significant) graft-height loss in study sides of BCP-treated 

patients but future studies with more patients are needed for verification.

We observed Schneiderian mucosal hypertrophy (>1 mm) pre-operatively in five patients 

(prevalence rate: 50%), which is in line with a prevalence rate (55%) reported by others39. The 

extent of pre-existing Schneiderian mucosal hypertrophy did not increase after MSFE during 

10-year follow-up in all patients. Schneiderian membrane hypertrophy is characteristic of 

maxillary sinusitis, but also common in asymptomatic patients.39 Moreover, no abnormalities 

(i.e. mucosal cysts, polyps, bone lesions, neoplasms, antroliths) in the maxillary sinus were 

observed after MSFE with SVF-supplementation. This indicates that SVF-supplementation did 

not induce abnormalities in the maxillary sinus, suggesting that no pathologic condition had 

developed, and that SVF-supplementation can be safely used in MSFE.

An expected moderate to strong correlation (r=0.5–1) between sulcus bleeding and marginal 

bone loss was found at control sides, but not study sides, of ß-TCP-treated patients. The absence 

of this correlation in the study sides might suggest a positive effect of SVF-supplementation 

on the peri-implant condition, since sulcus bleeding and marginal bone loss are symptoms of 

peri-implant tissue inflammation. Future studies with more patients are needed to reveal a 

possible effect of SVF-supplementation on peri-implant condition.

The study design resulted in potential observer bias, which is a limitation. The surgeons 

were not blinded for the type of graft during MSFE, and had prior knowledge of the research 

aims. Data collection and analysis at 10-year follow-up were performed blinded, thereby 

excluding observer bias. A limitation of our study was that no baseline radiographic and probing 

data after the first year of implant loading were recorded. Therefore, onset and progression of 

peri-implant disease could not be determined.

Our study used enzymatic preparation of ASCs, which is still the most frequently used 

method to isolate ASCs from adipose tissue.40 However, in most countries this method is 

considered as “more than minimal manipulation” of stem cells.40 The extensive use and manipu-

lation of stem cells within a clinical setting has been hindered by the GMP regulations regarding 

“cell manufacturing”. These regulations are not applicable to “minimally manipulated” 

stem cells according to the European Parliament and Council (EC regulation no. 1394/2007). 

Enzymatic preparation of ASCs, therefore, falls within the definition of an advanced therapy 

medicinal product according to the European Parliament and Council. Enzymatic preparation 

of ASC was considered a limitation of our study, based on European legislation. As an alternative 

method, mechanical disaggregation of the adipose tissue into small fat particles, so-called 

micro-fragmented fat (MFAT), has been investigated to decrease regulatory burden, and shorten 
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the translation into the clinical setting.41–43 Intact microarchitecture of MFAT preserves a similar 

or even higher number of regenerative cells than the enzymatically derived SVF.44–46

Our previous phase-I study used general anesthesia to avoid complications during adipose 

tissue procurement and MSFE surgery.7 Clinical studies using local anesthesia for liposuction are 

currently being undertaken.47,48 This may broaden the applicability of SVF-supplementation to 

calcium phosphate ceramics by decreasing the treatment burden for patients, and improving 

the cost-effectiveness of the treatment.

Although the potential of ASCs evokes high expectations for the application of cellular 

bone tissue engineering,8 clinical evidence of abdominal derived-ASC-application for oral and 

maxillofacial bone regeneration is limited to a few successful short-term outcomes (≤3-year 

follow-up).7,13,49 To the best of our knowledge, no long-term results have been reported. Stem 

cell-application in regenerative medicine has raised safety concerns, e.g. tumorigenic potential 

and biodistribution.17 This can only manifest itself in the long term. Therefore, clinical studies 

investigating long-term safety and efficacy are crucial before continuing with clinical appli-

cation of (adipose) stem cells.

The primary objectives of the previous phase-I clinical study were feasibility and safety 

of SVF in combination with calcium phosphate ceramics in MSFE.7 A power analysis could not 

be carried out, since there was no specific parameter to compare the groups. Also, a direct 

comparison between the four graft types, i.e. ß-TCP, ß-TCP+SVF, BCP, and BCP+SVF, was not 

done earlier, and therefore a multi-parameter evaluation was performed to identify potential 

differences in treatment outcome in an unbiased manner. A sample size of ten patients is 

commonly accepted for a (pilot) phase-I clinical study. Regardless of this low number of 

patients, the encouraging finding that SVF-supplementation is safe in both short and long-term 

certainly warrants further studies to evaluate whether e.g. using higher dosages of SVF, altered 

scaffold properties, or application of other adipose tissue processing methods may enhance 

bone formation without increasing side effects.

This study demonstrated for the first time the long-term safety of SVF-supplementation in 

combination with calcium phosphate ceramics in MSFE using the lateral window technique for 

jawbone reconstruction. SVF-supplementation enhanced bone regeneration in the short-term, 

as shown in our previous study,7 and led to no abnormalities, clinically and radiologically, in the 

long-term. Future studies with more patients and higher SVF-dosages might further improve 

efficacy and open new possibilities for a variety of cell-based bone tissue engineering appli-

cations.
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SUPPLEMENTARY MATERIALS

Table S1. Radiological data per patient

Panoramic radiograph CBCT-scan

Pt# T=0 T=1 T=2 T=3 T=4 T=5 T=6 T=7 T=0 T=2 T=5 T=6 T=7

1 x x x x x x x x x x

2 x x x x x x x x x x x x

3 x x x x x x x x x x x x

4 x x x x x x x x x x x

5 x x x x x x x x x x x

6 x x x x x x x x x x x x x

7 x x x x x x x x x

8 x x x x x x x x x

9 x x x x x x x x x

10 x x x x x x x x x x x x

Panoramic radiograph and cone beam-computerized tomography (CBCT)-scan taken per patient 
per visit. T0=intake; T1=directly after maxillary sinus floor elevation (MSFE); T2=5-months post-MSFE 
(ridgemapping visit); T3=6-months post-MSFE(directly after implant placement); T4=9-months post-
MSFE(osseointegration check visit); T5=18-months post-MSFE (1-year after implant placement); T6=36-
months post-MSFE (2.5-years after implant placement); T7=126-months post-MSFE (10-years after implant 
placement).
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Table S2. Radiological outcomes of SVF-supplementation at the site level at 10-years follow-up.

Marginal bone loss (mm)
Tissue height (mm)  
at implant position

Control
(- stem cells)

Study
(+ stem cells)

Control
(- stem cells)

Study
(+ stem cells)

Pt# Graft Imp M D Imp M D Imp Imp

1 ß-TCP 14 3 3 24 0 0 14 n.a. 24 n.a.

ß-TCP 15 4 4 25 1 2 15 12 25 14

ß-TCP 16 3 4 26 1 0 16 12 26 13

2 ß-TCP 24 2 1 14 0 1 24 n.a. 14 16

ß-TCP 25 1 0 15 0 0 25 18 15 16

ß-TCP 26 0 0 16 1 1 26 17 16 13

3 ß-TCP 14 1 3 25 0 1 14 n.a. 25 16

ß-TCP 15 1 1 26 1 1 15 14 26 14

ß-TCP 16 0 0 27 1 1 16 12 27 13

4 ß-TCP 24 3 3 24 n.a.

ß-TCP 25 0 1 25 17

ß-TCP 26 0 0 26 12

5 ß-TCP 15 0 3 15 15

ß-TCP 16 0 0 16 12

6 BCP 24 0 0 14 0 0 24 17 14 n.a.

BCP 26 0 0 15 0 0 26 17 15 16

BCP 16 0 0 16 15

7 BCP 25 0 0 15 0 0 25 16 15 n.a.

BCP 26 0 0 16 0 2 26 15 16 16

BCP 27 5 6 17 3 2 27 13 17 16

8 BCP 14 0 0 14 18

BCP 15 0 0 15 16

BCP 16 0 0 16 16

9 BCP 23 1 1 23 n.a.

BCP 25 1 1 25 14

BCP 26 1 1 26 13

10 BCP 25 0 0 15 0 0 25 22 15 18

BCP 26 0 0 16 0 0 26 19 16 18

For each implant the marginal bone loss (mm) was determined at the mesial and distal implant surface, 
and the tissue height (mm) and graft height loss (mm) at the implant mid-axis and at inter-implant (distal) 
position on the panoramic radiograph. SVF, stromal vascular fraction, Pt#, patient number; Imp, implant 
position; M, mesial; D, distal; ß-TCP, ß-tricalcium phosphate; BCP, biphasic calcium phosphates.
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Graft height loss (mm)  
at implant position

Tissue height (mm) at inter-
implant (distal) position

Graft height loss (mm) at inter-
implant (distal) position

Control
(- stem cells)

Study
(+ stem cells)

Control
(- stem cells)

Study
(+ stem cells)

Control
(- stem cells)

Study
(+ stem cells)

Imp Imp Imp Imp Imp Imp

14 n.a. 24 n.a. 14 13 24 17 14 2 24 0

15 4 25 2 15 14 25 13 15 2 25 1

16 4 26 1 16 11 26 10 16 7 26 2

24 n.a. 14 1 24 16 14 15 24 3 14 2

25 0 15 2 25 16 15 14 25 0 15 4

26 1 16 4 26 15 16 13 26 1 16 1

14 n.a. 25 0 14 15 25 17 14 2 25 0

15 0 26 2 15 12 26 17 15 0 26 2

16 0 27 0 16 12 27 16 16 3 27 1

24 n.a. 24 20 24 0

25 2 25 13 25 2

26 0 26 9 26 0

15 2 15 13 15 1

16 2 16 14 16 0

24 0 14 n.a. 24 18 14 16 24 1 14 0

26 0 15 1 26 17 15 13 26 0 15 2

16 1 16 13 16 2

25 1 15 n.a. 25 15 15 15 25 1 15 0

26 1 16 1 26 17 16 16 26 0 16 1

27 6 17 1 27 14 17 15 27 6 17 1

14 0 14 17 14 1

15 1 15 16 15 0

16 0 16 17 16 0

23 n.a. 23 n.a. 23 n.a.

25 0 25 14 25 1

26 0 26 12 26 1

25 0 15 0 25 17 15 18 25 0 15 0

26 2 16 0 26 17 16 18 26 1 16 0
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Table S4. Clinical outcomes of SVF-supplementation at the site level at 10-years follow-up

Plaque Index Probing Depth (mm) Sulcus Bleeding Index

Control 
(– stem 

cells)

Study 
(+ stem 

cells)

Control 
(– stem 

cells)

Study 
(+ stem 

cells)

Control 
(– stem 

cells)

Study 
(+ stem 

cells)

Pt# Graft Imp M B D P Imp M B D P Imp M B D P Imp M B D P Imp M B D P Imp M B D P

1 ß-TCP 14 0 0 0 0 24 0 0 0 0 14 7 5 7 4 24 5 3 3 3 14 1 2 2 1 24 1 1 0 1

ß-TCP 15 0 0 0 0 25 0 0 0 0 15 4 6 8 6 25 5 3 4 4 15 2 2 2 2 25 1 1 1 1

ß-TCP 16 0 0 0 0 26 0 0 0 0 16 7 4 7 6 26 5 3 5 4 16 2 2 2 2 26 2 1 1 2

2 ß-TCP 24 0 0 0 0 14 0 0 0 0 24 6 4 5 5 14 2 2 4 2 24 2 2 2 2 14 0 0 1 0

ß-TCP 25 0 0 0 0 15 0 0 0 0 25 5 4 5 5 15 2 2 4 2 25 1 0 0 2 15 0 0 1 0

ß-TCP 26 0 0 0 0 16 0 0 0 0 26 3 3 3 4 16 2 3 2 3 26 2 0 0 2 16 0 1 0 0

3 ß-TCP 14 0 0 0 0 25 0 0 0 0 14 5 2 5 3 25 7 2 4 2 14 1 0 0 0 25 1 0 0 0

ß-TCP 15 0 0 0 0 26 0 0 0 0 15 4 2 4 2 26 4 3 4 4 15 0 0 0 0 26 1 0 1 1

ß-TCP 16 0 0 0 0 27 0 0 0 0 16 4 2 4 2 27 4 2 3 5 16 0 0 0 0 27 1 0 0 1

4 ß-TCP 24 0 0 0 0 24 7 3 6 6 24 0 1 0 3

ß-TCP 25 0 0 0 0 25 4 2 6 3 25 0 0 0 1

ß-TCP 26 0 0 0 0 26 4 2 4 4 26 1 0 2 1

5 ß-TCP 15 1 0 0 0 15 5 3 3 2 15 0 1 0 0

ß-TCP 16 0 1 0 0 16 5 3 5 3 16 2 1 1 1

6 BCP 24 0 0 0 0 14 0 0 0 0 24 3 2 2 3 14 5 2 3 3 24 0 1 0 1 14 1 0 0 1

BCP 26 0 0 0 0 15 0 0 0 0 26 4 2 4 3 15 5 3 4 3 26 0 0 1 1 15 1 0 0 1

BCP 16 0 0 0 0 16 4 3 3 2 16 0 0 0 0

7 BCP 25 0 0 1 0 15 2 1 0 0 25 5 3 5 4 15 4 2 3 3 25 2 0 0 1 15 0 0 1 0

BCP 26 1 0 1 0 16 0 0 1 0 26 5 3 5 5 16 5 2 6 3 26 2 0 0 1 16 1 0 1 0

BCP 27 0 0 0 0 17 0 0 0 0 27 9 8 9 7 17 7 3 5 4 27 2 3 3 3 17 2 1 1 0

8 BCP 14 0 0 0 0 14 5 3 3 3 14 0 1 0 0

BCP 15 0 0 0 0 15 5 3 3 3 15 0 0 0 1

BCP 16 0 0 0 0 16 5 5 3 4 16 1 1 0 1

9 BCP 23 0 0 1 0 23 3 3 4 2 23 0 0 0 0

BCP 25 0 0 1 0 25 5 2 3 2 25 1 0 1 0

BCP 26 0 0 1 0 26 4 2 4 5 26 1 0 0 0

10 BCP 25 0 0 0 0 15 0 1 0 0 25 6 3 3 3 15 5 3 3 4 25 1 1 0 0 15 1 1 0 2

BCP 26 0 1 0 0 16 0 1 0 0 26 3 2 4 5 16 3 2 4 3 26 1 1 0 2 16 1 1 1 1

For each implant the highest value of plaque index, sulcus bleeding index, and probing depth were 
scored. Plaque index was determined at the mesial, buccal, distal, and palatal implant surface: score 0: no 
plaque detected; score 1: plaque only recognized by running a probe across the smooth marginal implant 
surface; Score 2: plaque was seen by the naked eye; score 3: abundance of soft matter. Probing depth 
(mm) was determined at the mesial, buccal, distal, and palatal implant surface. Sulcus bleeding index 
was determined at the mesial, buccal, distal, and palatal implant surface: score 0: no bleeding when a 
periodontal probe was passed along the gingival margin adjacent to the implant; score 1: isolated bleeding 
spot visible; score 2: blood formed a confluent red line on margin; score 3: heavy or profuse bleeding. 
P-value: is based on Mann-Whitney U-test. SVF, stromal vascular fraction; ß-TCP, ß-tricalcium phosphate; 
BCP, biphasic calcium phosphates; Control, control side; Study, study side; n, total number of implants.
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Table S5. Peri-implant health, peri-implantitis, and peri-mucositis  around dental implants in ß-TCP 
and BCP-treated patients with and without SVF-supplementation at 10-year follow-up.

Pt#
Control/study
side

Graft
material Dental implant positions

1 Control
Study

ß-TCP
ß-TCP

14, 15, 16
24, 25, 26

2 Control
Study

ß-TCP
ß-TCP

24, 25, 26
14, 15, 16

3 Control
Study

ß-TCP
ß-TCP

14, 15, 16
25, 26, 27

4 Study ß-TCP 24, 25, 26

5 Study ß-TCP 15, 16

6 Control
Study

BCP
BCP

24, 26
14, 15, 16

7 Control
Study

BCP
BCP

25, 26, 27
15, 16, 17

8 Study BCP 14, 15, 16

9 Study BCP 23, 25, 26

10 Control
Study

BCP
BCP

25, 26
15, 16

Peri-implant health, peri-implantitis, and peri-mucositis at 10-year follow-up. The control side was treated 
with only a calcium phosphate bone substitute, and the study wide was treated with a calcium phosphate 
bone substitute with SVF-supplementation. The dental implant positions are given according to the 
Fédération Dentaire Internationale system. Peri-implant health, underline; Peri-implantitis, bold; Peri-
mucositis, italics. Pt#, patient number; ß-TCP, ß-tricalcium phosphate; BCP, biphasic calcium phosphate.
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Figure 1. Schematic presentation of bone regeneration and vascularization potential of different 
bone grafting materials in maxillary sinus floor elevation (MSFE). Insufficient bone height in the lat-
eral maxilla to allow dental implant placement. Autologous bone graft (retromolar or tuberosity bone 
graft), calcium phosphate (CaP) bone substitute (β-tricalcium phosphate (β-TCP) or biphasic CaP (BCP)), 
or stem-cell supplemented CaP bone substitute (β-TCP + stromal vascular fraction (SVF) or BCP + SVF) 
were used as bone grafting material in MSFE. Highest bone volume was observed in retromolar bone graft, 
and lowest in CaP bone substitute. Similar bone volume was observed in tuberosity bone graft and CaP 
bone substitute + SVF. Highest vascularization was observed in tuberosity bone graft, and lowest in CaP 
bone substitute. Similar vascularization was observed in retromolar bone graft and CaP bone substitute 
+ SVF. Highest osteoid volume was observed in tuberosity bone graft, and lowest in CaP bone substitute. 
Similar osteoid volume was observed in retromolar bone graft and CaP bone substitute + SVF. SVF-sup-
plementation increased vascularization and osteoid volume in CaP bone substitute to a similar level of 
using retromolar bone graft in patients who had undergone MSFE. Therefore, SVF-supplementation might 
accelerate dental implant placement and loading (iIlustrations were adapted from the ITI Foundation, 
Basel, Switzerland). BCP, biphasic calcium phosphate; β-TCP, β-tricalcium phosphate; CaP, calcium phos-
phate; SVF, stromal vascular fraction.
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GENERAL DISCUSSION

The overall aim of this thesis was to investigate bone formation and vascularization in jaw bone 

regeneration using different bone grafting materials, either or not supplemented with stromal 

vascular fraction (SVF), for dental implant placement.

In this thesis (Chapters 3–6), we used the maxillary sinus floor elevation (MSFE) as a human 

experimental model for the application and evaluation of different bone grafting materials 

(Figure 1). Moreover, we used MSFE as a human “split-mouth” model for the application of 

a calcium phosphate bone substitute supplemented with SVF in jaw bone regeneration 

(Chapters 5 and 6). The MSFE model allows histological examination of biopsies that have been 

collected prior to dental implant placement without interfering with the clinical routine, as well 

as intra-patient treatment comparison when using a “split-mouth” design. MSFE is a suitable 

model to investigate bone regeneration without comorbidities of the surgical technique itself, 

since it has a low graft-failure rate (1.9%).1 The maxillary sinus model provides a non-pathologic 

osteogenic chamber to assess the additive value of cellular bone tissue engineering for bone 

regeneration.

At present, there is no bone substitute available that has similar or superior biological 

properties compared with autologous bone graft, which is still considered the ‘gold standard’ 

graft material in MSFE. However, it is widely overlooked that even autologous bone may have 

varying efficacies depending on the harvesting site. This issue was addressed in Chapter 3, 

where we compared the mandibular retromolar and maxillary tuberosity regions which are 

common autologous bone donor sites due to low morbidity compared to other intraoral sites.2–4 

Using histological and histomorphometrical analysis, we evaluated the bone regeneration 

potential and vascularization (number of blood vessels) of both bone grafts. This is, to our 

knowledge, the first time that this comparison is made. We found that maxillary tuberosity bone 

(cancellous) graft compared to mandibular retromolar bone (cortical) graft, showed increased 

bone vitality and vascularization 4 months post-MSFE, likely due to faster bone remodeling 

or earlier start of new bone formation (Figure 1). This is in agreement with findings by others 

that cortical bone graft, compared to cancellous bone graft, show delayed vascularization due 

to lack of porosity and consequent inhibition of vascular ingrowth.5 It would be highly inter-

esting to also investigate the bone regenerating process in biopsies taken at later time-points 

post-MSFE. Further studies are recommended to assess whether bone vitality and vascular-

ization at the dental implant site affect clinical outcomes, e.g. primary stability, and implant 

survival and success. Based on those results, dental implant placement and loading protocols 

might be adjusted. Earlier dental implant placement and/or loading may lead to higher patient 

satisfaction. It might also stimulate the bone remodeling process and lamellar bone formation 

around the implant.6

In Chapter 3, we also showed that the number of osteocytes in the grafted area after MSFE 

is related to the type of autologous bone graft. A lower total number of osteocytes was found 

in the grafted area of the retromolar graft compared to the tuberosity graft, which may be the 

result of reduced diffusion of oxygen and nutrients due to delayed vascularization in the retro-

molar bone graft. Since mechanosensitive osteocytes play a crucial and governing role in the 

7
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micro-environment (niche) of the bone regeneration site,7 the bone regeneration niche may be 

improved effectively and rapidly when osteocytes are optimally stimulated.

In Chapter 4, we demonstrated significant local differences in osteocyte surface area 

and orientation in residual native jaw bone after MSFE using ß-tricalcium phosphate (ß-TCP) 

bone substitute, which seemed to relate to local differences in tensile strain magnitude and 

orientation. It was shown that the osteocyte surface area was 1.5-times larger in the gap (two 

teeth adjacent to the implant site), than in the free-ending locations (one tooth adjacent to the 

implant site). Osteocyte morphology has been related to its mechanosensitivity.8,9 Moreover, 

the elongated osteocytes in gap locations were more cranially-caudally oriented, resulting 

from high and uniformly directed tensile strain. Osteocytes are aligned to the collagen fiber 

orientation, which may correspond to the orientation of the tensile strain in the bone.10,11 

These findings suggest that the osteocytes in maxillary implant sites are affected by loading 

on adjacent teeth. Moreover, mechanical loading-regulated crosstalk between osteocytes and 

MSCs has been demonstrated.12,13 Note that mechanical loading may not only affect osteocyte 

function, but also (pre)osteoblast behavior.14,15 These findings suggest that accelerated 

dental implant loading might enhance the biomechanical stimulation of osteocytes and (pre)

osteoblasts in the micro-environment (niche) of bone regeneration sites. Therefore, optimal 

biomechanical stimulation of osteocytes and (pre)osteoblasts might lead to accelerated bone 

regeneration at the dental implant site. Future studies are needed to elucidate the mechanism 

underlying the effect of mechanical loading on local bone cells at the bone regeneration site. 

In addition, we demonstrated that tuberosity bone graft in MSFE showed enhanced number of 

blood vessels and osteocytes compared to retromolar bone graft (Chapter 3). These findings 

suggest that the type of bone grafting material in MSFE might affect the number of osteocytes 

in the grafted area by local vascularization potential. Therefore, vascularization strategies in 

jaw bone regeneration are highly recommended to be further investigated.

Bone formation has been related to angiogenesis in patients who underwent MSFE.16–18 

Autologous bone graft shows the highest bone regeneration potential compared to bone substi-

tutes in MSFE. It is generally thought that the use of autograft in bone regeneration supports 

the neovascularization between graft and recipient site.19 Vascularization of bone substitute 

in MSFE solely depends on the recipient’s vascularity by angiogenesis. Enhanced blood vessel 

formation has been observed in autologous bone graft versus bone substitute at 3-months 

post-MSFE,20 but similar blood vessel formation at 8–10 months post-MSFE.16,21 To improve blood 

vessel formation in bone substitutes to levels similar to autologous bone, cellular bone tissue 

engineering has recently been proposed and actively pursued. Cellular tissue engineering/

regenerative medicine for oral and maxillofacial bone regeneration is moving rapidly into 

clinical application, such as adult MSCs originating from bone marrow (BMSCs), adipose tissue 

(ASCs), or dental tissue (DSCs) for MSFE,22–26 alveolar cleft reconstruction,27–31 jaw defect recon-

struction,32 periodontal defect regeneration,33,34 mandibular condylar fracture regeneration,35 

and tooth socket preservation.36,37 The application of human embryonic stem cells38–40 and 

human induced pluripotent stem cells41 for bone regeneration in the oral and maxillofacial 

region has only been investigated in in vitro and/or in vivo animal studies, but not in human 

studies. In Chapter 2, we reviewed important advancements of stem cell application and vascu-
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larization in bone tissue regeneration in the oral and maxillofacial region. Cost-effectiveness 

and patient morbidity are challenges in clinical application of cellular bone tissue engineering. 

In this regard, the SVF of human adipose tissue is considered a promising single source for a 

heterogeneous population of essential cells with, amongst others, osteogenic and angiogenic 

potential. SVF-based vascularization strategies intend to enhance vascular ingrowth from the 

surrounding host tissue into the implanted graft by stimulating angiogenesis.17 SVF is obtained 

from adipose tissue by digestion during a 45-60 min period,22 providing a heterogenous 

population of cells showing osteogenic and angiogenic potential.17,22 SVF-seeded scaffolds are 

bioactivated through a highly heterogeneous cell population, including native ASCs, mature 

endothelial cells, and hematopoietic cells.42 SVF also contains macrophages, that secrete a 

multitude of vascular growth factors and cytokines.43 SVF overcomes multiple drawbacks of 

other adult stem cells, e.g. BMSCs and DSCs. In contrast to BMSCs and DSCs, SVF can be applied 

in a one-step surgical procedure without costly and time-consuming culture expansion, due 

to the large quantities that can be harvested. Moreover, the frequency and potential of ASCs, 

compared to BMSCs, are less prone to ageing44. In this thesis (Chapters 5 and 6), we inves-

tigated patients who had received SVF harvested through adipose tissue liposuction under 

general anesthesia in a previous phase-I study.22 General anesthesia has been used to avoid 

complications during adipose tissue procurement and MSFE surgery. Adipose tissue liposuction 

through local anesthesia could broaden the applicability of SVF by decreasing the treatment 

burden for the patients, and improving the cost-effectiveness of the treatment. Whether 

different types of local anesthesia do affect the osteogenic and angiogenic potential of SVF is 

not clear. Lidocaine anesthesia has been shown to result in contradictory results regarding ASC 

survival.45–48 Lidocaine buffered by sodium bicarbonate47, and ropivacaine48 has been suggested 

as alternatives for lidocaine, which might improve ASC survival. Future investigation of SVF 

survival and quality, e.g. osteogenic and angiogenic potential, after local anesthesia are needed 

before clinical application in cellular bone tissue engineering can be considered. SVF-supple-

mentation is more promising for clinical application than BMSCs and DSCs, since it is more 

cost-effective, and causes less patient morbidity.

We have previously shown that SVF supplementation of calcium phosphate bone substitute 

has a pro-angiogenic effect in patients treated with MSFE, compared to calcium phosphate bone 

substitute only.17 To the best of our knowledge, differences in blood vessel formation and bone 

regeneration potential between bone substitute, either or not supplemented with SVF, and 

autologous bone graft (‘gold standard’) in MSFE are unknown. 49 In Chapter 5, we demonstrated 

that the highest osteoid volume was observed in tuberosity bone graft, and lowest in calcium 

phosphate bone substitute at 4–6 months post-MSFE (Figure 1). Similar osteoid volume was 

observed in retromolar bone graft and calcium phosphate bone substitute with SVF-supple-

mentation (Figure 1). Highest bone volume was observed in retromolar bone graft, and lowest 

in calcium phosphate bone substitute at 4–6 months post-MSFE (Figure 1). Similar bone volume 

was observed in tuberosity bone graft and calcium phosphate bone substitute with SVF-sup-

plementation (Figure 1). SVF-supplementation increased vascularization and osteoid volume 

in calcium phosphate bone substitute to a similar level of using retromolar bone graft at 4–6 

months post-MSFE (Figure 1). This suggests that SVF-supplementation enhanced the vascu-

7
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larization and bone regeneration potential of calcium phosphate bone substitute to a similar 

extent as retromolar bone graft at 4–6 months post-MSFE.

Although the potential of ASCs evokes high expectations for the application of cellular bone 

tissue engineering (Chapter 2), clinical evidence of abdominal derived-ASC-application for oral 

and maxillofacial bone regeneration is limited to a few successful short-term outcomes (≤3-year 

follow-up).22,35,50 To the best of our knowledge, no long-term results have been reported. Stem 

cell-application in regenerative medicine has raised safety concerns, e.g. tumorigenic potential 

and biodistribution.51 Therefore, clinical studies investigating long-term safety and efficacy 

are crucial before continuing with clinical application of (adipose) stem cells. In Chapter 6, 

we demonstrated for the first time the 10-year safety of SVF-supplementation in combination 

with calcium phosphate bone substitute in patients who underwent MSFE for jawbone recon-

struction. No adverse effects or pathology were found based on general health questionnaires, 

clinical and radiological assessments. None of the patients report any graft-related problems 

after MSFE, and showed 92.9–100% dental implant survival rate (100% following 6-months 

follow-up), which confirmed the successful long-term clinical outcomes after SVF-supple-

mentation in jawbone reconstruction. Our long-term results were in contrast to unsatisfying 

long-term results (≥6-year follow-up) of ASC-application in cranioplasty, i.e. graft resorption and 

late infection.52 Regardless of stem cell-application, it should be noted that compared to MSFE, 

the cranioplasty surgical site has a different nature, i.e. large critical sized, tumorigenic defect.52 

The encouraging finding that SVF-supplementation showed enhanced bone regeneration in the 

short-term (previous phase-I study22), and led to no abnormalities, clinically and radiologically, 

in the long-term, warrants further studies to investigate whether further optimizations can 

be accomplished, e.g. by higher dosages of SVF, altering scaffold properties, or application of 

other adipose tissue processing methods. These will be addressed in more detail in the “future 

perspectives” section.

In summary, the results presented in this thesis provide new insights in bone formation and 

vascularization in jaw bone regeneration using different bone grafting materials, either or not 

supplemented with SVF, for dental implant placement. These new insights could have important 

implications for the development of new strategies in cellular bone tissue engineering in the 

fields of oral and maxillofacial surgery and orthopedics.
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LIMITATIONS OF THE STUDIES

Chapters 3, 4 and 5 were retrospectively conducted studies, which resulted in several limita-

tions related to the study design. Patients underwent MSFE using autologous bone graft or 

calcium phosphate bone substitute only, were treated unilaterally. To exclude inter-patient 

variation, a “split-mouth” model would be more favorable to compare different bone grafting 

materials. To reduce possible patient-related confounders in the comparison between the 

different bone grafting materials, we monitored several parameters, e.g. sex, age, and residual 

bone height pre-MSFE. No statistical differences were found. Therefore, we assumed that these 

possible patient-related confounders did not affect our results. Moreover, the surgeons were 

not blinded for the type of bone grafting material during MSFE, which might result in potential 

observer bias. Unfortunately, blinding of surgeons for the intervention was not possible. To 

exclude bias, data collection and analysis were performed blinded for bone grafting material. 

Another limitation was that we were only able to analyze biopsies harvested at one time point, 

preventing to assess the dynamics of the remodeling process in the different types of bone 

grafting materials. However, the observed differences in bone formation and vascularization 

between different bone grafting materials in MSFE, based on (immuno)histological data at 4–6 

months post-MSFE (Chapters 3 and 5), warrant future studies investigating the bone regen-

eration process at different time points. No clinical follow-up was carried out for the patients 

treated with MSFE using autologous bone graft or only calcium phosphate bone substitute 

(Chapters 3–5). Therefore, our conclusions were only based on (immuno)histological data. 

These data revealed highly interesting and relevant results on the cellular level regarding jaw 

bone regeneration that warrant future studies combining clinical follow-up with (immuno)

histological data.

Chapter 6 was a long-term follow-up of patients who participated in an earlier conducted 

phase-I clinical study.22 The design of the earlier phase-I clinical study resulted in several limita-

tions of the long-term follow-up study. During the earlier phase-I clinical study, the surgeons 

were not blinded for the type of graft during MSFE, and had prior knowledge of the research 

aims. This possibly resulted in potential observer bias. Unfortunately, blinding of surgeons for 

the intervention was not possible. To exclude bias at 10-year follow-up, data collection and 

analysis at 10-year follow-up were performed blinded. Another limitation was that no baseline 

radiographic and probing data after the first year of dental implant loading were recorded. 

These data were only retrieved at 10-year follow-up, preventing determination of onset and 

progression of peri-implant disease. Our conclusion was not affected by lacking baseline data, 

since there was no difference in the prevalence of peri-implantitis between study and control 

sides. Therefore, SVF-supplementation did not affect the prevalence of peri-implantitis at 

10-year follow-up.

7
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CONCLUSIONS

The clinical studies in this thesis have contributed to new insights in bone formation and 

vascularization in jaw bone regeneration using different bone grafting materials, either or not 

supplemented with SVF, for dental implant placement. SVF-supplementation increased vascu-

larization and osteoid volume in calcium phosphate bone substitute to a similar level of using 

retromolar bone graft in patients who had undergone MSFE. Therefore, SVF-supplementation 

might accelerate dental implant placement and loading. The successful 10-year long-term 

clinical and radiological follow-up of patients treated with MSFE using SVF-supplemented 

calcium phosphate bone substitute, provides powerful leads to extent the clinical application 

of SVF.
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FUTURE PERSPECTIVES

The overall aim of this thesis was to investigate bone formation and vascularization in jaw bone 

regeneration using different bone grafting materials, either or not supplemented with SVF, for 

dental implant placement. Therefore, we conducted several clinical studies investigating the 

application of autologous bone grafts, bone substitutes, and adipose stem cells in MSFE. Our 

findings showed that autologous bone grafts are superior in bone formation and vascularization 

potential compared to a calcium phosphate bone substitute, and should still be considered the 

‘gold standard’ bone grafting material in MSFE. Calcium phosphate bone substitutes supple-

mented with SVF showed enhanced vascularization compared to calcium phosphate bone 

substitute only. SVF-supplementation enhanced bone regeneration in the short-term, and 

demonstrated to be safe during 10-year follow-up. Therefore, SVF-supplementation in combi-

nation with calcium phosphate bone substitutes is promising for future clinical applications in 

jaw bone regeneration. Further optimization of SVF-supplementation with calcium phosphate 

bone substitute in jaw bone regeneration may, therefore, be assessed as follows:

1. Higher SVF-dosages and different time-points of biopsy harvesting in a new phase-I study 

to find the most effective and safe SVF-dosage in MSFE. Our data demonstrated 10-year 

long-term safety of SVF-supplementation with calcium phosphate bone substitute in 

patients treated with MSFE. One SVF dosage was chosen based on feasibility, safety, and 

efficacy studies of the one-step surgical procedure using SVF in a goat spinal fusion model.53 

To broaden our understanding of the bone regeneration process after SVF-supplemen-

tation, different time-points of biopsy harvesting are recommended.

2. Bioactive stimulation of SVF by growth factors, functionalized proteins and/or cellular 

matrix-derived peptides to enhance bone formation and vascularization potential of SVF. 

Our data demonstrated enhanced bone formation of SVF-supplementation to calcium 

phosphate bone substitute (ß-TCP/BCP) in patients treated with MSFE. Osteogenic growth 

factor, e.g. BMP-2 and 1,25-dihydroxyvitaminD
3
,

 
pre-incubation of human-ASCs seeded 

on ß-TCP and BCP scaffolds had a long-lasting stimulating effect on osteogenic differ-

entiation.54,55 Thus, it may be hypothesized that osteogenic “priming” of ASCs improves 

osteogenic differentiation of ASCs within the SVF, which may be particularly relevant 

in loading-compromised areas. Angiogenic growth factors and proteins, e.g. vascular 

endothelial growth factor, basic fibroblast growth factor, platelet-derived, growth factor, 

and angiogenin, might benefit the vascularization potential of SVF. Bioactive peptides are 

suggested to have similar potency, but more stability than growth factors and proteins.56

3. Enhancing bioactivation of SVF-seeded scaffolds by adding microvascular fragments to 

increase vascularization potential. Our data suggest enhanced vascularization potential of 

SVF-supplementation to calcium phosphate bone substitute (ß-TCP/BCP) in patients treated 

with MSFE. Recently, it was shown that digestion of adipose tissue for only 10 min provides 

a mixture of single cells and microvascular fragments.57,58 These microvascular fragments 

exhibit the unique feature of rapidly reassembling into new microvascular networks 

following transplantation, since they still represent intact vessel segments. Microvascular 

fragments have been suggested to stimulate vascular ingrowth as well as outgrowth.57,59,60 

7
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Therefore microvascular fragments might possess higher vascularization potential than 

SVF.57,58 We postulate that adding of adipose tissue-derived microvascular fragments might 

increase the vascularization potential of the graft, by stimulating vascularization (angio-

genesis and vasculogenesis) from the graft towards the host. Further in vitro and in vivo 

research needs to confirm these findings.

4. Enzymatic preparation of ASC is still the most used method which in most countries is, 

however, considered as “more than minimal manipulation”.61 An alternative method is by 

disaggregating the adipose tissue mechanically into small fat particles, so-called microf-

ragmented fat (MFAT).62 Intact microarchitecture of MFAT preserves a similar or even higher 

number of regenerative cells than the enzymatically derived stromal vascular fraction 

(SVF).63 This approach is now being investigated for bone reconstruction in alveolar cleft 

patients by combining BCP granules with MFAT derived from intraoperatively harvested 

adipose tissue from the buccal fad pad,64 and may represent an interesting and cost-ef-

fective alternative for enzymatically digested adipose tissue.

5. Biomechanical stimulation of osteocytes at the bone regeneration site (niche). Our data 

indicated local differences in osteocyte surface area and orientation in maxillary jaw bone 

in patients treated with MSFE, which may be related to tensile strain magnitude and orien-

tation. The exact underlying mechanisms are unclear. Moreover, mechanical loading-reg-

ulated crosstalk between osteocytes and MSCs has been demonstrated.12,13 The maxillary 

sinus area is considered as a loading-compromised area. Therefore, increased biome-

chanical stimulation of osteocytes, e.g. by accelerated dental implant placement and 

loading protocols, may effectively improve the bone regeneration site (niche).
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Appendix

SUMMARY

The demand for dental implants to replace missing teeth has strongly increased over the last 

30 years, and is expected to further increase in the next decade. Insufficient local jaw bone 

volume resulting from bone loss due to systemic or local causes, is a common problem for 

dental implant placement. Maxillary sinus floor elevation (MSFE) is carried out to restore insuf-

ficient alveolar bone height in the lateral maxilla to allow dental implant placement. Autograft 

(autologous bone graft), allograft, xenograft, and/or synthetic bone substitute, are currently 

used bone grafting materials in MSFE. Autologous bone graft results in more satisfactory jaw 

bone regeneration outcomes compared to bone substitute. Their associated drawbacks, e.g. 

patient morbidity and limited availability, encourage the search for suitable alternatives with 

similar bioactivity. The ideal bone regeneration material with sufficient biomimetic properties, 

excellent bone regeneration potential, and limited drawbacks, e.g. low patient morbidity, suffi-

cient availability, and low cost, has not been developed yet.

Cellular bone tissue engineering using mesenchymal stem cells (MSCs) seeded on bone 

substitute in patients treated with MSFE has shown to increase bone formation compared to 

bone substitute only. A major challenge in cellular bone tissue engineering is still the vascular-

ization of the implanted graft. The stromal vascular fraction (SVF) containing adipose tissue-de-

rived mesenchymal stem cells (adipose stem cells; ASCs) is currently considered as a highly 

promising source of adult stem cells with osteogenic and angiogenic potential for cellular bone 

tissue engineering. Moreover, mechanosensitive osteocytes play a crucial role in the micro-en-

vironment (niche) of the bone regeneration site. Therefore, increased understanding of the 

relation between mechanical loading and osteocytes is needed to develop future strategies 

using MSCs to induce functional bone tissue for dental implant placement. It is desirable that 

SVF containing ASCs shows similar bioactivity as autologous bone graft, as well as long-term 

safety, to be a suitable alternative for the currently used bone grafting materials, i.e. autologous 

bone graft and/or bone substitute, in jaw bone regeneration.

In this thesis, we investigated bone formation and vascularization in jaw bone regeneration 

using different bone grafting materials, either or not supplemented with SVF, for dental implant 

placement. MSFE was used as a human experimental model for the application of different 

bone grafting materials. MSFE was also used as a human split-mouth model to compare the 

application of SVF-supplemented calcium phosphate bone substitute with calcium phosphate 

bone substitute only in jaw bone regeneration.

In Chapter 2, the advancements in stem cell application, vascularization, and bone regen-

eration in the oral and maxillofacial region, with emphasis on the human jaw, were reviewed.

Important advancements have been made in stem cell application, but adequate graft 

vascularization is still a major challenge. The clinically applied sources of stem cells for bone 

tissue engineering originate from bone marrow, adipose tissue, and dental tissues. The SVF of 

human adipose tissue is a promising single source for a heterogeneous population of essential 

cells for osteogenesis and angiogenesis. Besides, adipose tissue-derived microvascular 

fragments (MF) are suggested as a promising cell source for vascularization strategies, due to 

their correct native cell ratios. Enhanced vascularization of tissue-engineered grafts can be 
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achieved by different mechanisms: vascular ingrowth directed from the surrounding host tissue 

to the implanted graft, vice versa, or concomitantly. The classical vascularization strategies 

focus on enhancing vascular ingrowth into the implanted graft directed from the surrounding 

host tissue to the implanted graft. MF may have stimulating actions on both vascular ingrowth 

and outgrowth, since they contain angiogenic stem cells as well as vascularized matrix 

fragments. Both adipose tissue-derived SVF and MF are cell sources with clinical feasibility 

due to their large quantities that can be harvested and applied in a one-step surgical procedure. 

Furthermore, appropriate in vitro models to study bone tissue engineering are lacking. The 

development of engineered in vitro 3D models mimicking the bone defect environment would 

facilitate new strategies in bone tissue engineering. Successful clinical application of stem cell 

applied cellular bone tissue engineering requires innovative future investigations enhancing 

vascularization.

In Chapter 3, we demonstrated that compared to retromolar bone, tuberosity bone graft 

showed increased bone vitality and vascularization (number of blood vessels) in patients 

treated with MSFE. (Immuno)histomorphometrical analysis of bone biopsies taken 4 months 

post-MSFE prior to dental implant placement were carried out. The use of tuberosity bone graft 

in MSFE resulted in 10% higher osteoid volume in the center and at the cranial side of the grafted 

area, and 150%–300% higher total number of blood vessels in the total grafted area compared 

to retromolar bone graft. We hypothesized that the increased bone vitality and vascularization 

in tuberosity bone graft, was likely due to faster bone remodeling or earlier start of new bone 

formation in tuberosity than retromolar bone graft. Therefore, our histological data suggest 

that tuberosity bone graft might perform better in enhancing bone regeneration than retro-

molar bone graft, since more osteoid was deposited, more blood vessels were formed, and a 

more active remodeling process was initiated. A shorter healing period before dental implant 

placement and loading might be feasible, if tuberosity bone graft is used in MSFE.

In Chapter 4, we demonstrated differences in the surface area and orientation of osteo-

cytes, in particular, in the areas of the maxillary bone that are related to the tensile strain 

magnitude and orientation. Gap and free-ending implant locations of patients treated with 

MSFE using β-tricalcium phosphate bone substitute (ß-TCP) were compared, using three-dimen-

sional finite element modeling and histomorphometrical analysis of bone biopsies retrieved 8 

months post-MSFE prior to dental implant placement. Firstly, the finite element model of the 

maxilla predicted larger, differently directed tensile strains in the gap versus free-ending implant 

locations. Secondly, a more cranial-caudal orientation and a larger surface area of osteocytes in 

the single gap than in the free-ending implant locations were found. No differences were found 

in mineralized residual native bone volume and the number and morphology of the osteocytes 

between single gap and free-ending implant locations. Our data provide, for the first time, a 

view on the relationship between tensile strain and osteocyte morphology and orientation in 

maxillary bone, which might contribute to a better understanding of the cellular processes that 

lead to different bone qualities in various dental implant positions, and eventually to the success 

of dental implants in the maxilla. The exact implication of the osteocyte orientation on dental 

implant success, however, is complex and deserves further investigation.

A
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In Chapter 5, we demonstrated differences in vascularization and bone regeneration 

potential between calcium phosphate bone substitute either or not supplemented with SVF 

versus autologous bone graft 4–6 months post-MSFE. Histological analysis was carried out 

on human bone biopsies retrieved 4–6 months post-MSFE prior to dental implant placement. 

Patients treated with MSFE using retromolar bone graft, tuberosity bone graft, ß-TCP, biphasic 

calcium phosphate bone substitute (BCP), ß-TCP supplemented with SVF, and BCP supple-

mented with SVF (n=5) were compared. Calcium phosphate bone substitute supplemented with 

SVF in MSFE resulted in similar blood vessel number and osteoid volume as retromolar, but not 

as tuberosity bone graft 4–6 months post-MSFE. Blood vessel number and osteoid volume were 

lower in calcium phosphate than autologous bone graft biopsies in the cranial area. Moreover, 

bone volume was lower in calcium phosphate bone substitute than autologous bone graft 

biopsies. Bone volume was similar in calcium phosphate bone substitute supplemented with 

SVF as in tuberosity, but lower than in retromolar bone graft biopsies. We hypothesized that 

the similar vascularization and bone regeneration potential observed in calcium phosphate 

bone substitute supplemented with SVF and retromolar bone graft, was due to a potential 

vasculogenic, angiogenic, and osteogenic effect of SVF-supplementation. Our histological 

data suggest that calcium phosphate bone substitute supplemented with SVF might perform 

similarly as retromolar bone graft in MSFE, since comparable blood vessel number and osteoid 

were observed. Therefore, calcium phosphate bone substitute supplemented with SVF might 

be promising to replace autologous bone graft for enhanced bone regeneration in MSFE.

In Chapter 6, we demonstrated for the first time the 10-year safety of SVF-supplementation 

in combination with calcium phosphate bone substitute in patients treated with MSFE using the 

lateral window technique for jawbone reconstruction. All 10 patients previously participating 

in a phase-I trial were included in this 10-year follow-up. They received either ß-TCP (n=5) or 

BCP (n=5) with SVF-supplementation on one side (study). Bilaterally-treated patients (6 of 10; 

3 ß-TCP, 3 BCP) received only calcium phosphate on the opposite side (control). Clinical and 

radiological assessments were performed on 44 dental implants at 1-month pre-MSFE, and 

0.5–10-year post-MSFE. No adverse effects and pathology were found based on general health, 

clinical, and radiological assessments. Forty-three dental implants (98%) remained functional. 

One dental implant failure was observed, which was unlikely related to SVF-supplementation. 

Control and study sides showed similar peri-implant soft tissue quality, sulcus bleeding index, 

probing depth, plaque index, keratinized mucosa width, as well as marginal bone loss (0–6 

mm), bone graft height loss (0–6 mm), and bone graft volume reduction. Peri-implantitis was 

observed around six implants in three patients (control: 4; study: 2). In conclusion, SVF-sup-

plementation showed enhanced bone regeneration in the short-term (previous study), and 

led to no abnormalities clinically and radiologically in the long-term. Future studies with more 

patients and higher SVF-dosages are recommended to improve efficacy and open new possi-

bilities for a variety of cell-based bone tissue engineering applications.

In conclusion, the results of the clinical studies in this thesis have contributed to new insights 

in bone formation and vascularization in jaw bone regeneration using different bone grafting 

materials, either or not supplemented with SVF, for dental implant placement. SVF-supplemen-

tation increased vascularization and osteoid volume in calcium phosphate bone substitute to 
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a similar level of using retromolar bone graft in patients who had undergone MSFE. Therefore, 

SVF-supplementation might accelerate dental implant placement and loading. The successful 

10-year clinical and radiological follow-up of patients treated with MSFE using SVF-supple-

mented calcium phosphate bone substitute, provides powerful leads to extent the clinical 

application of SVF. The new insights provided in this thesis could have important implications 

for the development of new strategies in cellular bone tissue engineering in the fields of oral 

and maxillofacial surgery and orthopedics.

A



172

Appendix

SAMENVATTING

De vraag naar tandheelkundige implantaten ter vervanging van ontbrekende gebitselementen 

is de laatste 30 jaar sterk toegenomen. Naar verwachting zal deze vraag komend decennium 

nog verder stijgen. Onvoldoende kaakbotvolume als gevolg van botverlies door systemische 

of lokale oorzaken, is een veelvoorkomend probleem bij het plaatsen van tandheelkundige 

implantaten. Een sinusbodemelevatie (SBE) wordt uitgevoerd om het verticale botvolume 

in de zijdelingse delen van de bovenkaak te vergroten ten behoeve van het plaatsen van een 

tandheelkundig implantaat. Autoloog bottransplantaat, allogeen, xenogeen en/of synthetisch 

botsubstituut zijn bottransplantatiematerialen die worden gebruikt voor een SBE. Het gebruik 

van autoloog bottransplantaat resulteert in een betere kaakbotregeneratie dan wanneer alleen 

botsubstituut wordt gebruikt. De nadelen van het gebruik van een autoloog bottransplantaat, 

zoals donorplaats morbiditeit en beperkte beschikbaarheid, leiden ertoe dat er naar geschikte 

alternatieve botregeneratiematerialen met vergelijkbare bioactiviteit gezocht wordt. Het ideale 

botregeneratiemateriaal met adequate biomimetische eigenschappen, uitstekend botregene-

ratiepotentieel, en weinig nadelen, zoals lage morbiditeit, voldoende beschikbaarheid en lage 

kosten, is tot op heden nog niet ontwikkeld.

Het is aangetoond dat het toevoegen van mesenchymale stamcellen (MSC’s) aan een 

botsubstituut bij patiënten die een SBE ondergaan, meer botvorming geeft dan het gebruik 

van alleen een botsubstituut. Een grote uitdaging bij de bot tissue engineering is nog steeds 

het verkrijgen van een goede vascularisatie van het geïmplanteerde materiaal. De stromale 

vasculaire fractie (SVF), die uit vetweefsel afkomstige mesenchymale stamcellen (vetstam-

cellen; ASC’s) bevat, wordt momenteel beschouwd als een veelbelovende bron van volwassen 

stamcellen met osteogeen en angiogeen potentieel voor cellulaire bot tissue engineering. 

Bovendien spelen mechanosensitieve osteocyten een cruciale rol in de micro-omgeving (niche) 

van het botregeneratiegebied. Daarom is een beter begrip van de relatie tussen mechanische 

belasting en osteocyten nodig, om toekomstige behandelstrategieën te ontwikkelen waarbij 

MSC’s worden gebruikt om functioneel botweefsel te induceren ten behoeve van de plaatsing 

van tandheelkundige implantaten. De toepassing van SVF (met daarin ASC’s) kan een geschikt 

alternatief zijn voor de huidige kaakbotregeneratiematerialen, d.w.z. autoloog bottransplantaat 

en/of botsubstituut, indien het op de lange termijn vergelijkbare biologische activiteit en 

veiligheid vertoont met een autoloog bottransplantaat.

Dit proefschrift is gericht op de vascularisatie en botvorming bij kaakbotregeneratie waarbij 

verschillende bottransplantatiematerialen worden gebruikt, al dan niet aangevuld met SVF, ten 

behoeve van de plaatsing van tandheelkundige implantaten. De SBE werd als model gebruikt 

om verschillende botregeneratiematerialen te onderzoeken. Tevens werd het SBE-model 

gebruikt als een humaan “split-mouth” model om het gebruik van een calciumfosfaat botsub-

stituut met de toevoeging van SVF te vergelijken met enkel calciumfosfaat botsubstituut bij 

kaakbotregeneratie.

In Hoofdstuk 2 wordt de huidige stand van zaken beschreven met betrekking tot het 

aanbrengen van stamcellen, de vascularisatie en de botregeneratie in het orale en maxillofa-

ciale gebied, met de nadruk op de humane kaak. Er zijn belangrijke vorderingen gemaakt bij 
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de toepassing van stamcellen, maar een adequate vascularisatie van het betreffende bottrans-

plantaat blijft een grote uitdaging. Stamcellen voor bot tissue engineering kunnen worden 

verkregen uit beenmerg, vetweefsel en tandweefsel. SVF uit menselijk vetweefsel levert een 

veelbelovende heterogene populatie van essentiële cellen op voor de osteogenese en angio-

genese. Bovendien worden van vetweefsel afgeleide microvasculaire fragmenten (MF) gesugge-

reerd als een veelbelovende bron van cellen voor het stimuleren van vascularisatie, vanwege de 

juiste natuurlijke verhoudingen van de cellen. De vascularisatie van tissue engineered transplan-

taten kan op verschillende manieren worden verbeterd: vasculaire ingroei van het omliggende 

gastheerweefsel naar het geïmplanteerde transplantaat, en/of vice versa. De klassieke strate-

gieën om de vascularisatie te verbeteren, richten zich op het versterken van de vaat ingroei 

van het omliggende gastheerweefsel in het geïmplanteerde transplantaat. MF kunnen een 

stimulerende werking hebben op zowel vaat in- als uitgroei, aangezien MF zowel angiogene 

stamcellen als gevasculariseerde matrixfragmenten bevatten. Van vetweefsel afgeleide SVF 

en MF zijn beide celbronnen met klinische toepasbaarheid vanwege de grote hoeveelheid die 

kan worden geoogst en toegepast in een éénstaps chirurgische procedure. Geschikte in vitro 

modellen om bot tissue engineering te bestuderen ontbreken momenteel. De ontwikkeling van 

geconstrueerde in vitro 3D-modellen die de omgeving van een botdefect nabootsen, zou nieuwe 

strategieën voor cellulaire bot tissue engineering mogelijk kunnen maken. Succesvolle klinische 

toepassing van op stamcellen gebaseerde cellulaire bot tissue engineering vereist innovatief 

toekomstig onderzoek dat de vascularisatie zou kunnen verbeteren.

In Hoofdstuk 3 hebben we aangetoond dat een bottransplantaat uit het tuber maxillae, 

in vergelijking met retromolaar bot, een verhoogde botvitaliteit en vascularisatie laat zien bij 

patiënten die een SBE hebben ondergaan. We hebben een (immuno)histomorfometrische 

analyse uitgevoerd op botbiopten die 4 maanden na de SBE, voorafgaand aan het plaatsen 

van een tandheelkundig implantaat, werden genomen. We zagen dat het gebruik van een tuber 

maxillae-bottransplantaat bij SBE resulteerde in een 10% hoger osteoïd volume in het midden 

en aan de craniale zijde van het getransplanteerde gebied, en een 150%–300% hoger (totaal) 

aantal bloedvaten in het gehele getransplanteerde gebied in vergelijking met een retromolaar 

bottransplantaat. Onze hypothese was dat de verhoogde vitaliteit en vascularisatie bij een tuber 

maxillae-bottransplantaat waarschijnlijk het gevolg is van een snellere botremodellering of een 

eerdere start van nieuwe botvorming in het tuber maxillae-bottransplantaat dan in retromolaar 

bottransplantaat. Onze histologische gegevens suggereren dat een tuber maxillae-bottrans-

plantaat tot een betere botregeneratie leidt dan een retromolaar bottransplantaat, aangezien 

er meer osteoïd wordt afgezet, meer bloedvaten worden gevormd en een actiever remodel-

leringsproces wordt geïnitieerd. Wanneer tuber maxillae-bottransplantaat wordt gebruikt bij 

een SBE, is mogelijk een kortere genezingsperiode haalbaar vanaf SBE tot het moment van 

tandheelkundige implantaat plaatsing en belasting.

In Hoofdstuk 4 hebben we verschillen aangetoond in het oppervlak en de oriëntatie 

van osteocyten, met name in regio’s van het maxillaire kaakbot gerelateerd aan de grootte 

en oriëntatie van de trekkracht. De implantaatposities in een diasteem en vrij-eindigende 

situatie werden vergeleken bij patiënten die een SBE hebben ondergaan met β-tricalcium-

fosfaat (ß-TCP) als bottransplantatiemateriaal. In dit onderzoek werd gebruik gemaakt van 
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driedimensionale eindige-element analyse (finite element analysis) en werd een histomorfo-

metrische analyse uitgevoerd van botbiopten die acht maanden na SBE, vóór plaatsing van 

een tandheelkundig implantaat, werden genomen. Ten eerste voorspelde de eindige-element 

analyse van de bovenkaak grotere trekspanningen met een andere oriëntatie in het diasteem 

dan in de vrij-eindigende implantaatposities. Ten tweede zagen we dat osteocyten in een 

enkelvoudig diasteem een meer craniale-caudale oriëntatie en een groter oppervlak hadden 

dan osteocyten in vrij-eindigende implantaatlocaties. Er waren geen verschillen in geminerali-

seerd residuaal natief botvolume, en in osteocyt aantal en morfologie tussen een enkelvoudig 

diasteem en vrij-eindigende implantaatlocaties. Onze bevindingen geven inzicht in de relatie 

tussen trekspanning en osteocyt morfologie en oriëntatie in maxillair bot, hetgeen zou kunnen 

bijdragen aan een beter begrip van de cellulaire processen die leiden tot verschillen in botkwa-

liteit op verschillende implantaatposities en uiteindelijk tot het succes van tandheelkundige 

implantaten in de bovenkaak. De exacte betekenis van de oriëntatie van osteocyten bij het 

succes van tandheelkundige implantaten is echter complex en vergt nader onderzoek.

In Hoofdstuk 5 hebben we verschillen aangetoond in de vascularisatie en het botrege-

nererend vermogen tussen een calciumfosfaat botsubstituut, al dan niet aangevuld met SVF, 

versus een autoloog bottransplantaat 4–6 maanden na een SBE. Een histologische analyse 

werd uitgevoerd op botbiopten die 4–6 maanden na de SBE, vóór plaatsing van het tandheel-

kundige implantaat, werden verkregen. Patiënten die een SBE ondergingen met retromolaar 

bottransplantaat, tuber maxillae-bottransplantaat, ß-TCP, bifasisch calciumfosfaat (BCP), ß-TCP 

aangevuld met SVF en BCP aangevuld met SVF werden vergeleken. Het gebruik van een calcium-

fosfaat botsubstituut aangevuld met SVF bij SBE resulteerde in een vergelijkbaar aantal bloed-

vaten en osteoïdvolume met retromolaar bot, maar minder dan bij tuber maxillae-bottrans-

plantaat 4–6 maanden na de SBE. Het aantal bloedvaten en het osteoïdvolume waren lager in 

het craniale gedeelte van het botbiopt bij gebruik van een calciumfosfaat botsubstituut dan een 

autoloog bottransplantaat. Bovendien was het botvolume lager in de onderzochte botbiopten 

bij gebruik van een calciumfosfaat botsubstituut dan bij een autoloog bottransplantaat. Bij 

gebruik van een calciumfosfaat substituut aangevuld met SVF en tuber maxillae-bot was het 

botvolume vergelijkbaar, maar lager dan bij een retromolaar bottransplantaat. Vergelijkbare 

vascularisatie- en botregeneratie potentie werd waargenomen bij gebruik van calciumfosfaat 

botsubstituut aangevuld met SVF en retromolaar bottransplantaat. Dit is mogelijk het gevolg 

van een vasculogeen, angiogeen en osteogeen effect van de SVF-toevoeging. Onze histologische 

gegevens suggereren dat calciumfosfaat botsubstituut aangevuld met SVF dezelfde uitkomst 

zou kunnen geven als retromolaar bottransplantaat bij SBE, aangezien een vergelijkbaar aantal 

bloedvaten en osteoïdvolume werd waargenomen. Daarom zou calciumfosfaat botsubstituut 

aangevuld met SVF veelbelovend kunnen zijn om een autoloog bottransplantaat te vervangen 

voor een betere botregeneratie bij SBE.

In Hoofdstuk 6 hebben we de lange termijn-veiligheid (follow-up van 10 jaar) aangetoond 

van SVF-toevoeging in combinatie met een calciumfosfaat botsubstituut bij patiënten die een 

SBE ondergingen. Alle 10 patiënten die eerder hadden deelgenomen aan een fase I-studie 

werden opgenomen in deze 10-jaar follow-up studie. Ze kregen ofwel ß-TCP (n=5) ofwel BCP 

(n=5) met SVF-toevoeging aan één zijde (studie). Bilateraal behandelde patiënten (6 van de 
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10; 3 ß-TCP, 3 BCP) kregen daarnaast calciumfosfaat aan de andere zijde (controle). Klinische 

en radiologische beoordelingen werden uitgevoerd op 44 tandheelkundige implantaten 1 

maand vóór de SBE en 0.5 tot 10 jaar na de SBE. Er werden geen nadelige effecten en patho-

logie gevonden op basis van algemene gezondheids-, klinische en radiologische beoordelingen. 

Drieënveertig tandheelkundige implantaten (98%) bleven functioneel. Eén tandheelkundig 

implantaat faalde, hetgeen niet gerelateerd was aan de SVF-toevoeging. Controle- en onder-

zoekszijden toonden vergelijkbare kwaliteit van de peri-implantaire mucosa, bloedingsindex, 

pocketdiepte, plaque-index, breedte van de gekeratiniseerde mucosa, evenals peri-implantair 

botverlies (0–6 mm), verlies van bottransplantaathoogte (0–6 mm) en vermindering van het 

bottransplantaatvolume. Peri-implantitis werd waargenomen rond zes implantaten bij drie 

patiënten (controle-zijde: 4; studie-zijde: 2). Concluderend, SVF-toevoeging toont een verbe-

terde botregeneratie op de korte termijn (eerdere fase-I studie) en leidt op de lange termijn 

niet tot afwijkingen, noch klinisch noch radiologisch. Toekomstige studies met meer patiënten 

en hogere SVF-doseringen zijn nodig om de werkzaamheid van SVF te verbeteren en nieuwe 

mogelijkheden te exploreren voor een verscheidenheid aan cellulaire bot tissue engineering.

Concluderend kan gesteld worden dat de resultaten van de klinische studies in dit proef-

schrift meer inzicht hebben gegeven in de vascularisatie en botvorming bij kaakbotregeneratie, 

door gebruik te maken van verschillende bottransplantatiematerialen, al dan niet aangevuld 

met SVF, ten behoeve van de plaatsing van tandheelkundige implantaten. SVF-toevoeging 

verhoogde de vascularisatie en het osteoïdvolume bij het gebruik van calciumfosfaat botsub-

stituten tot een vergelijkbaar niveau als retromolaar bottransplantaat bij patiënten die SBE 

hadden ondergaan. Derhalve kan SVF-toevoeging mogelijk de botregeneratie versnellen, zodat 

het plaatsen en belasten van tandheelkundige implantaten eerder mogelijk wordt. De lange 

termijn patiëntveiligheid van calciumfosfaat botsubstituten met SVF-toevoeging bij SBE werd 

aangetoond door de 10-jarige klinische en radiologische follow-up van patiënten. Deze succes-

volle uitkomst biedt nieuwe aanknopingspunten voor klinisch vervolgonderzoek met SVF. De 

inzichten in dit proefschrift zouden van groot belang kunnen zijn voor de ontwikkeling van 

nieuwe strategieën voor cellulaire bot tissue engineering binnen de kaakchirurgische en ortho-

pedische disciplines. A



176

Appendix

AUTHORS’ CONTRIBUTIONS

Chapter 2 was published in: Stem Cells International 2019;2019:6279721

Bone tissue regeneration in the oral and maxillofacial region: A review on the application of 

stem cells and new strategies to improve vascularization

Authors:

Vivian Wu (VW), Marco N. Helder (MH), Nathalie Bravenboer (NB), Christiaan M. ten Bruggenkate 

(CB), Jianfeng Jin (JJ), Jenneke Klein-Nulend (JK), Engelbert A.J.M. Schulten (ES)

Authors’ contributions:

Conceptualization, VW, MH, NB, CB, JK, ES; Investigation, VW; Supervision, MH, NB, CB, JK, ES; 

Writing-original draft preparation, VW; Writing-review and editing, MH, NB, CB, JJ, JK, ES; All 

authors have read and agreed to the published version of the manuscript.

Chapter 3 was published in: International Journal of Oral Science 2018;10(1):2

Osteocyte morphology and orientation in relation to strain in jaw bone

Authors:

Vivian Wu (VW), René F.M. van Oers (RO), Engelbert A.J.M. Schulten (ES), Marco N. Helder (MH), 

Rommel G. Bacabac (RB), Jenneke Klein-Nulend (JK)

Authors’ contributions:

Conceptualization, VW, RO, ES, MH, RB, JK; Funding acquisition, JK, ES, MH, RB; Investigation, 

VW, RO; Supervision, VW, ES, MH, JK; Writing-original draft preparation, VW; Writing-review 

and editing VW, RO, ES, MH, RB, JK; All authors have read and agreed to the published version 

of the manuscript.

Chapter 4 was published in: Clinical Implant Dentistry and Related Research 2023;25(1):141–151

Bone vitality and vascularization of mandibular and maxillary bone grafts in maxillary sinus 

floor elevation: A retrospective cohort study

Authors: Vivian Wu (VW), Engelbert A.J.M. Schulten (ES), Marco N. Helder (MH), Christiaan M. 

ten Bruggenkate (CB), Nathalie Bravenboer (NB), Jenneke Klein-Nulend (JK)

Authors’ contributions:

Conceptualization, VW, ES, MH, CB, NB, JK; Funding acquisition, JK, ES, MH, NB, CB; Investi-

gation, VW, ES, MH, CB, NB, JK; Supervision, ES, MH, CB, NB, JK; Writing-original draft prepa-

ration, VW; Writing-review and editing, ES, MH, CB, NB, JK; All authors have read and agreed to 

the published version of the manuscript.

Chapter 5 was prepared as:

Vascularization and bone regeneration potential of calcium phosphate bone substitutes either 

or not adipose stem cell-supplemented versus autologous bone grafts in maxillary sinus floor 

elevation: A retrospective cohort study

Authors:

Vivian Wu (VW), Marco N. Helder (MH), Engelbert A.J.M. Schulten (ES), Christiaan M. ten 

Bruggenkate (CB), Jenneke Klein-Nulend (JK), Nathalie Bravenboer (NB)



177

Authors’ contributions

Authors’ contributions:

Conceptualization, VW, MH, ES, CB, JK, NB; Funding acquisition, JK, ES, MH, NB, CB; Investi-

gation, VW; Supervision, MH, ES, CB, JK, NB; Writing-original draft preparation, VW; Writing-

review and editing, MH, ES, CB, JK, NB; All authors have read and agreed to the final version of 

the manuscript.

Chapter 6 was published in: Stem Cells Translational Medicine 2023;szad045

Long-term safety of bone regeneration using autologous stromal vascular fraction and calcium 

phosphate ceramics: A 10-year prospective cohort study

Authors:

Vivian Wu (VW), Jenneke Klein-Nulend (JK), Nathalie Bravenboer (NB), Christiaan M. ten 

Bruggenkate (CB), Marco N. Helder (MH), Engelbert A.J.M. Schulten (ES)

Authors’ contributions:

Conceptualization, VW, JK, NB, CB, MH, ES; Funding acquisition, JK, ES, MH, NB, CB; Investi-

gation, VW, CB, ES; Supervision, JK, NB, CB, MH, ES; Writing-original draft preparation, VW; 

Writing-review and editing JK, NB, CB, MH, ES; All authors have read and agreed to the final 

version of the manuscript.

A



178

Appendix

LIST OF ABBREVIATIONS

AB autologous bone

ASC adipose stem cell

B.Ar bone area

bFGF basic fibroblast growth factor

Bloodves bloodvessels

BMP bone morphogenetic protein

BMSC bone marrow stem cell

β-TCP β-tricalcium phosphate

BCP biphasic calcium phosphate

CaP calcium phosphate

CBCT-scan cone beam computed tomography scan

Micro-CT micro-computed tomography

CGF concentrated growth factor

COL collagen sponge

DBBM demineralized bovine bone matrix

DSC dental stem cell

EPC endothelial progenitor cell

EPSC embryonic stem cell

FDBA freeze dried bone allografts

FE finite element

GMP good manufacturing practice

GMSF grafted maxillary sinus floor

HA hydroxyapatite

IPSC induced pluripotent stem cell

IL interleukin

KM keratinized mucosa

Lac osteocyte lacunae

MF microvascular fragments

MFAT/NFAT microfragmented adipose tissue/nanofat

MSC mesenchymal stem cell

MSFE maxillary sinusfloor elevation

NB native bone

O.Ar osteoid area

PI plaque index

PD probing depth

PDGF platelet derived growth factor

PLGA poly(lactic-co-glycolic acid)

PRF platelet-rich fibrin

PRP platelet-rich plasma

RNB residual native bone
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List of abbreviations

RI region I

RII region II

RIII region III

Ocl osteoclasts

Ot octeocytes

Pt patient

RANKL receptor activator of nuclear factor-κB ligand

ROI region of interest

SBE sinusbodemelevatie

SBI sulcus bleeding index

SEM standard error of the mean

SD standard deviation

SI silica

SVF stromal vascular fraction

TNF-α transforming necrosis factor-α

TRAcP tartrate-resistant acid phosphatase

T.Ar total area

TZ transition zone

VEGF vascular endothelial growth factor
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DANKWOORD

Doctor of Philosophy (PhD) is een Anglo-Amerikaanse variant op  

de academische titel doctor, de hoogste academische graad.  

Philosophy omvat hier de bredere en originele betekenis van het 

Oudgriekse woord philosophia (φιλοσοφία), wat letterlijk betekent  

liefde voor wijsheid.

Nog voordat ik tandarts werd, wist ik dat ik mij wilde specialiseren in de implantologie én 

dat ik wilde promoveren uit liefde voor wijsheid. Het eerste is reeds succesvol geschied. Het 

bewijsstuk van het tweede ligt voor u: de thesis gebaseerd op het verrichte onderzoek van de 

afgelopen vier jaar. Toen ik in 2019 aan mijn wetenschappelijke avontuur startte, besefte ik mij 

nog niet dat het promotietraject een “project of life” zou worden. Vele avonden, weekenden 

en vakanties heb ik hieraan opgeofferd. Ik ben gepast trots en tevreden met het eindresultaat.

“You can’t be what you can’t see” is een gevleugelde uitspraak over hoe het werkt met 

rolmodellen: iemand moet je voorgaan, zodat je kunt zien wat er mogelijk is. Mijn rolmodellen 

in mijn persoonlijke en professionele leven hebben mij geholpen om anders naar het leven te 

leren kijken. Zij hebben mij geleerd hoe ik kan nadenken over wie ik ben, wat ik doe en wat ik wil. 

Ik ben ontzettend dankbaar voor alle rolmodellen en kansen die ik heb gekregen in de verschil-

lende fases van mijn leven. Ik wil mijn familie, vrienden, kennissen, opleiders, collegae en 

patiënten hartelijk danken voor het vertrouwen, de steun en de wijsheid die hebben bijge-

dragen tot de totstandkoming van dit proefschrift. Dit proefschrift is een ode aan eenieder die 

in mij heeft geloofd.

Prof.dr. J. Klein Nulend, Beste Jenneke, In 2013 had ik, als student Tandheelkunde, het geluk 

om met u kennis te maken. U heeft mij begeleid bij mijn eerste stappen in de wetenschap, mijn 

master thesis. Dit werk leverde uiteindelijk mijn eerste wetenschappelijke publicatie op in een 

vooraanstaand wetenschappelijk tijdschrift en nominaties voor verschillende wetenschappe-

lijke prijzen. Toendertijd is mijn wens om te promoveren ontstaan. Ik ben u ontzettend dankbaar 

voor al uw tijd en energie die u in mij en mijn promotietraject heeft gestoken, en het vertrouwen 

dat u mij heeft gegeven. Ik prijs mezelf gelukkig dat ik u als mijn eerste promotor had. U heeft 

mij geleerd wat nodig is om te excelleren in de wetenschap. Dit zal ik de rest van mijn carrière 

bij mij dragen.

Prof.dr. E.A.J.M Schulten, Beste Bert, U bent voor mij een rolmodel van een vooraanstaande 

clinicus die hoogstaand wetenschappelijk onderzoek verricht. Tijdens mijn master thesis en 

promotietraject inspireerde u mij met de translatie van klinische vraagstukken naar funda-

menteel onderzoek, en vice versa. Ik ben u zeer dankbaar voor uw toewijding aan mijn promo-

tietraject als tweede promotor. Niet alleen inhoudelijk, maar ook textueel, leidde u mij naar 

precisie en correctheid.
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Dr. M.N. Helder, Beste Marco, Als expert op het gebied van de toepassing van stamcellen bij 

botregeneratie, inspireerde jij mij veelal met vernieuwende wetenschappelijke inzichten. Jij 

was als mijn copromotor, kritisch maar ondersteunend in mijn promotietraject. Door cruciale 

vragen te stellen en logisch te redeneren leerde jij mij wetenschappelijk onderzoek te verrichten 

op een hoog niveau.

Dr. N. Bravenboer, Beste Nathalie, Mijn histologische kennis, inzicht en vaardigheden heb ik 

onder jouw vleugels kunnen ontwikkelen. Een groot deel van mijn promotieonderzoek heb ik op 

jouw prachtige lab mogen uitvoeren. Naast jouw professonele begeleiding als copromotor, ben 

ik erg dankbaar voor jouw persoonlijke steun afgelopen jaren. De deur naar jouw kamer stond 

altijd open. Je bent voor mij een voorbeeld van een succesvolle vrouwelijke wetenschapper die 

zeer prettig is in de omgang: “hard on the issue, soft on the person”.

Prof.dr. C.M. ten Bruggenkate, Beste Chris, Het was een eer om u als supervisor tijdens mijn 

promotietraject te hebben. U bent zowel klinisch als wetenschappelijk een groot voorbeeld 

voor mij. Uw ervaring in de implantologie is van onschatbare waarde. Ik ben ontzettend 

dankbaar voor uw betrokkenheid bij mijn promotietraject, ondanks de belemmeringen van de 

‘Coronatijd’ trachtte u mijn promotietraject zoveel mogelijk te bespoedigen.

Hooggeleerde en zeergeleerde leden van mijn promotiecommise: dr. A.D. Bakker,  

prof.dr. G.M. Raghoebar, prof.dr. K. de Groot, prof.dr.ir. S.C.G. Leeuwenburgh,  

prof.dr. J.W.M. Niessen, prof.dr. P.A. Nolte, prof.dr. I. Heyligers, Ik dank u hartelijk voor het 

lezen en beoordelen van mijn proefschrift. Ik voel me vereerd dat ik mijn promotietraject mag 

eindigen met zo’n vooraanstaande promotiecommissie.

Dr.ir. R.F.M. van Oers, Beste René, Veel dank voor onze interdisplinaire samenwerking  en 

jouw technische inzichten over ‘finite element analysis’, die uiteindelijk hebben geleid tot mijn 

master thesis en eerste wetenschappelijke publicatie. Ik heb jouw begeleiding als zeer prettig 

en leerzaam ervaren.

Prof.dr. R.G. Bacabac, Dear Mel, It was a great honour working with you. Our interdisciplinary 

and international cooperation was truly inspiring. I am grateful for your time and effort.

H.W. van Essen, Beste Huib, Veel dank voor jouw geduldige begeleiding bij de immunokleu-

ringen in het lab. Dankzij jouw hulp heb ik een totaal onbekende vaardigheid eigen kunnen 

maken, die ik veelvulldig heb toegepast in mijn promotietraject.

M.A. van Duin, Beste Marion, Hartelijk dank voor al jouw hulp bij het gereedmaken van mijn 

biopten en coupes. Tijdens mijn master thesis en promotietraject heb jij mij tevens geleerd om 

met de microscoop te werken. Een essentiële vaardigheid tijdens mijn promotietraject.

A



182

Appendix

Dr. F.A.S. van Esterik en Dr. E. Farré-Guasch, Beste Francis en Elisabet, Veel dank voor het 

verschaffen en uitleggen van data uit eerdere studies. Jullie eerdere werk was voor mij een 

inspiratiebron.

Mijn OCB-collegae wil ik hartelijk danken voor de samenwerking, adviezen en steun. Jinfeng 

en Wei, ik wil jullie in het bijzonder danken voor jullie directe hulp en betrokkenheid bij de 

totstandkoming van mijn proefschrift. Sue, Teun, Ton, Victor, Tijmen, Chen, Yuanyuan, 

Ivana, Carolyn en Cindy met plezier kijk ik terug op een inspirerende en gezellige tijd met 

jullie. Behrouz, Jolanda, Ineke en Cor, veel dank dat jullie deur altijd openstond voor hulp.

Dr. H. Brand en Dr. J.A.M. Korfage, Beste Henk en Hans, Hartelijk dank voor al jullie hulp en 

steun achter de schermen bij de totstandkoming van mijn proefschrift.

Dr.ir. G.J. Streekstra en dr.ir. J.G.G. Dobbe, Beste Geert en Iwan, Dankzij jullie heb ik 

inmiddels een ander besef van ‘3D’. Ik waardeer jullie tijd en inzet enorm die jullie in mijn promo-

tietraject hebben gestoken.

Dr. R.G. Gorter, Beste Ronald, Via het honours programme bracht jij mij in contact met Jenneke, 

wat uitiendelijk het begin was van dit proefschrift. Ik ben jou dankbaar voor alle kansen die jij 

mij in het honours programme hebt geboden.

Oud-opleiders in de orale implantologie: Prof.dr. D. Wismeijer, Beste Daniël, Ik ben jou zeer 

dankbaar voor de kans die jij mij hebt gegeven om de opleiding MSc. Orale Implantologie en 

Prothetiek te volgen. Vanzelfsprekend, speel jij een onontbeerlijke rol in mijn carrière als implan-

toloog. Dr. Tahmaseb, Beste Ali, Mijn eerste dierexperiment en ITI-consensus meeting was onder 

jouw vleugels. Veel dank voor alle leerzame momenten en steun. Dr. E. Blom, Beste Erik, Jij 

bent een voorbeeld voor mij op veel vlakken. Het belang van klinisch handelen met wetenschap-

pelijk inzicht heb jij altijd onderstreept. Onze nervus lateralisatie was memorabel! J.H.P. Cossé, 

Beste Johan, Ik hoor nog steeds jouw stem in mijn gedachte, wanneer ik een patiënt aan het 

behandelen ben. Ik heb veel bewondering voor jou als chirurg en jouw nuchtere benadering 

van het vak. Wellicht hoor ik ook ooit nog eens jouw stem tijdens het rijden (911). P.W. van Elsas, 

Beste Pieter, Als mijn mentor tijdens de opleiding heb jij mij vanaf dag één scherp gehouden 

door kritische vragen te stellen gestoeld op wetenschap. Veel dank dat ik mocht delen in jouw 

onuitputbare kennis en ervaring. E. Rikken, Beste Enrique, Mijn eerste laterale sinusbodeme-

levatie was onder jouw vleugels. Je kwam speciaal ervoor op een donderdag naar ACTA, een 

bijzonder moment. Hartelijk dank voor alle toewijding aan mijn opleiding. H. Kuit, Beste Haakon, 

Als opleider inspireerde, motiveerde en steunde je mij, veel dank hiervoor. Je bent een groot 

voorbeeld voor mij als vooraanstaande clinicus en “pink tissue-expert”, en wellicht ook als golfer 

binnenkort. J. Huigen, Beste Jeroen, Mijn eerste implantaat heb ik met jou geplaatst. Veel dank 

voor alle leerzame momenten en fijne begeleiding. S. Umanjec-Korac, Beste Sanja, Ik heb 

veel ontzag voor hoe jij jouw carrière hebt ontwikkeld. Je bent een voorbeeld voor veel (jonge) 
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vrouwen. H.R. Hoogeveen, Beste Robin, Kort maar krachtig was jij mijn opleider. Ik bewonder 

jouw “down-to-earth” mentailiteit. Veel dank voor alle constructieve feedback.

Lieve collegae van de Orfeokliniek, Ik wil jullie hartelijk danken voor de collegiale samen-

werking, en een aantal collegae in het bijzonder: R.M. Mulié, Beste Mul, de beste ortho van 

Nederland! Veel dank voor uw vertrouwen in mij. Ik ben u zeer dankbaar voor alle kansen 

en grote steun die u mij heeft gegeven afgelopen jaren. Het is een eer om met u te mogen 

samenwerken en van uw jarenlange kunde en kennis te leren. Albert, veel dank voor de fijne 

en leerzame samenwerking. Jij hebt mij in het zadel hebt geholpen in mijn opstartfase in 

de kliniek. Calin en Zoï, jullie zijn mijn zeer gewaardeerde endo-buddies, veel dank voor de 

collegiale samenwerking en gezelligheid. Henry en Herman, hartelijk dank voor de feilloze 

ortho-implanto samenwerking. Kees, bedankt voor de gezelligheid en collegialiteit die jij hebt 

meegebracht op de werkvloer. Liesbeth, hartelijk dank voor jouw ontzettend positieve steun 

en collegialiteit. Selma en Sandra, jullie zijn de duizendpoten in de kliniek. Veel dank dat ik 

jullie altijd mag storen met verzoeken voor hulp en de gezelligheid en gekkigheid die mijn dag 

maken. Claire, Lucinda en Mariesa, dankzij jullie professionele contact met de patiënten en 

verwijzers is de implantologie hard gegroeid. Dreamteam Gill en Margreth, teamwork makes 

the dream work! Ik ben jullie veel dank verschuldigd voor jullie tomeloze inzet dag in, dag uit. 

Dankzij jullie hebben ik implantologische successen kunnen behalen en hebben wij daarmee 

veel patiënten geholpen. Samen presteren wij op top niveau. En dat ik er soms moe uit zag, 

komt dus door dit proefschrift. Caro, Je past feilloos in het dreamteam. Ik vind je een geweldige 

assistent. Dorleen, Floor, Elly, Fahima en Patricia, dank voor al jullie inzet bij mijn behande-

lingen. Babette, dank voor alle gezelligheid op de werkvloer en het delen van al jouw ervaringen 

in toerisme. Chantel, Rosita en Gustavo, veel dank dat jullie er (achter de schermen) voor 

zorgen dat mijn implantologische behandelingen soepel kunnen verlopen. Matthieu, hartelijk 

dank voor jouw vertrouwen en het in goede banen leiden van de kliniek.

Verwijzers, ik wil jullie hartelijk danken voor het vertrouwen dat jullie mij hebben gegeven, 

en in het bijzonder: Hans Man in ’t Veld, Ghizlane Aarab, Arlies Nieuwenhuijse, Magchiel 

Hoogendoorn, Paul Delsing, Jos Crooijmans, Tajana Westerhof, Menar Handy, Pim Smits, 

Kiki Oei, Angelique Dao, Ivy Liu en Yu Ming Chung. Zonder jullie, als verwijzers van het eerste 

uur, had ik mijn carrière in de implantologie niet kunnen opstarten. Het is een eer om jullie 

patiënten te mogen behandelen.

Lieve ACTA-vriendinnen (est. 2010): Daniëlle, wij zijn vriendinnen sinds dag 1 van onze opleiding 

Tandheelkunde op ACTA. Woorden schieten tekort als ik mijn waardering van onze vriendschap 

wil beschrijven. Jij hebt naast mij gestaan op verschillende moeilijke en mooie momenten in 

mijn leven. Ik ben trots dat jij wederom, als paranimf, aan mij zij staat tijdens mijn promotie. 

Veel dank voor alle steun en hulp. Lieneke, als partners hebben wij samen onze eerste 

tandheekundige behandelingen uitgevoerd op ACTA. Mijn waardering is groot dat ik nog steeds 

jouw patner mag zijn op implantologisch gebied. Als collega bewonder ik jouw ondernemer-

schap, als vriendin bewonder ik jouw hart van goud. Fleur, wij zijn een fantastisch team, of het 
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nou gaat om het schrijven van een bachelor scriptie, filosoferen over onze levens of opzetten 

van een vakantie. Ik hoop dat ik nog heel lang van jouw positieve energie en aligner-restaura-

tieve tandheelkundige kennis mag genieten. Eveline, jij bent mijn favoriete “gele persoon”. 

Jouw enthousiasme en sociale vaardigheden zijn een groot voorbeeld voor mij. Je bent een 

geweldige tandarts. Ik waardeer enorm dat wij op implantologisch gebied samenwerken, veel 

dank voor jouw vertrouwen. Janine, wij hebben samen veel meegemaakt op het land en water. 

Onze vriendschap is hartverwarmend. Ik heb me erg gesteund gevoeld door jouw oprechte 

interesse in mij en mijn promotietraject. Valerie, ondanks dat je niet meer om de hoek woont, 

voelt het altijd als ik jou spreek en/of zie dat er geen dag voorbij is gegaan. Veel dank dat je altijd 

voor me klaar staat. Ik heb veel ontzag voor hoe je je eigen weg hebt gevonden en alle ballen 

hoog houdt, wat ben je een doorzetter.

Lieve Leydse Liefs (est. 2004): Elisa, Merle, Meret, Amy, Nikki en Barbara, we go way back. Ik 

vind het ontzettend bijzonder dat wij nog steeds de belangrijke momenten in ons leven met 

elkaar delen. We zitten allemaal in verschillende professies, fases van ons leven en zelfs in 

verschillende landen, maar onze vriendschap brengt ons weer samen terug naar Leiden. Ik 

heb mij altijd erg gesteund gevoeld door onze vriendschap.

Lieve Raissa en Annemiek, Afgelopen 10 jaar is onze vriendschap sterk gegroeid. Jullie steun 

in mijn persoonlijke en professionele leven betekent veel voor mij. Jullie zijn voorbeelden van 

twee succesvolle carrière vrouwen die tevens weten te genieten van het leven. Rais, extra dank 

voor de PhD-related “onderonsjes”. Deze waren een grote steun voor mij. Ik kijk uit naar nog 

veel leuke momenten met julie. Ik ben trots om jullie vriendin te zijn!

Lieve Aisha, Sinds de opleiding zijn we dikke maatjes in de implantologie en privé. Samen 

struinen we congressen af voor een gezonde mix van work en pleasure. Ik bewonder hoe jij 

jouw carrière combineert met jouw gezinsleven. Ik vind dat je het fantastisch doet!

Lieve Michael en Femke, Steven en Jessica, Philip en Annemijn, Reynier en Quirine, Rutger 

en Kaire, Dank voor jullie vriendschap en interesse in mijn promotieonderzoek.

Lieve oom Klaas en tante Gien, Jullie hebben vanaf mijn geboorte een belangrijke rol gespeeld 

in mijn leven. Ik ben ontzettend dankbaar dat jullie mijn peetouders zijn, en op belangrijke 

momenten in mijn leven als familie voelen. Heel veel dank voor al jullie betrokkenheid, wijze 

raad en steun.

Lieve Gerlof, Loes, Fokke, Katja, Fedde en Kee, Ik prijs mij gelukkig met het liefdevolle en 

warme bad waarin ik ben terecht gekomen. Veel dank voor alle mooie en fijne momenten van 

samenzijn en jullie oprechte steun en interesse in mij en mijn promotietraject.

Lieve Duco, Corona heeft de wereld veranderd, maar ook ons leven. Ons leven is nu samen. 

En samen zijn wij op ons best: yinyang. Ik heb zin in de dag van morgen, omdat ik benieuwd 
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ben wat ons dat gaat brengen. Ik put veel liefde, energie en vertrouwen uit onze relatie. Ik ben 

dankbaar voor jouw directe en indirecte bijdrage aan de totstandkoming van mijn proefschrift. 

Jij bent mijn wandelende textuele hulp en mijn emotionele steun en toeverlaat. 2023 is een 

mijlpaal voor ons beiden. Ik ben heel trots op jou en ons, en kijk uit naar een toekomst vol 

geluk. Ik hou van je!

Lieve George, Vroeger was ik altijd jouw grote zus, nu ben jij vaak mijn grote broer! Bedankt dat 

je onvoorwaardelijk voor mij klaarstaat. Ik heb respect voor jouw technische inzichten, doorzet-

tingsvermogen en sociale vaardigheden. Jij hebt een bewonderingswaardige bachelor thesis 

geschreven over de osteocyt, toen nog onwetende dat jou een wetenschappelijke opleiding 

te wachten staat. Je zult een geweldige tandarts worden. Ik kijk er naar uit om in de toekomst 

nauw met je samen te gaan werken. 

Lieve Papa en Mama, Jullie zijn mijn grootste rolmodellen. Jullie hebben mij van jongs af aan 

aangemoedigd om groots te durven dromen, en mij het vertrouwen gegeven dat ik alles kan 

bereiken wat ik wil. Oneindige dank en waardering voor al jullie zorgen en de kansen die jullie 

mij hebben gegeven. Alle inspirerende gesprekken aan de keukentafel hebben mijn carrière een 

vliegende start gegeven. Zonder jullie had ik nu niet gestaan, waar ik nu sta. Bedankt voor het 

liefdevolle en zorgeloze gezin waarin ik mocht opgroeien, en nog steeds in thuis mag komen. 

Ik hou van jullie!
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