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fer significant physiological functions. However, the 
global prevalence of oral diseases, such as dental car-
ies, periodontal disease and tumours, is increasing, pri-
marily resulting in the destruction of hard tissues in this 
region.1,2 This leads to alterations in facial appearance 
and dysfunctions in chewing and speech. Consequently, 
enhancing the regeneration of oral maxillofacial hard 
tissues has become a critical focus in clinical interven-
tions.3,4

Adult stem cells play a central role in the homeosta-
sis and regeneration of postnatal tissues.5 They reside 
within a specific anatomical location called the adult 
stem cell niche, which supports their normal function 
and fate determination through various intercellular 
interactions.5 Typically, the adult stem cell niche is 
composed of cellular components (such as stem/pro-
genitor cells and non-stem niche cells) and acellular 
components (such as extracellular matrix and long-dis-
tance signals from blood vessels, neurons and immune 
cells) (Fig 1).6 When hard tissue is lost due to trauma, 
stem cells undergo asymmetrical division and differ-
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Lineage Tracing Identified Cell Populations within Adult 
Stem Cell Niches for Oral Maxillofacial Hard Tissue 
Formation
Shuang YANG1, Chang Hao YU1,2, Fei Fei LI1,3, Yu SHI1, Hui WANG1, Wei Dong TIAN1, 
Quan YUAN1, Ling YE1,2, Fan Yuan YU1,2

The regeneration of oral maxillofacial hard tissues is currently one of the issues of most concern 
in public health. This complex process involves a variety of cell types residing in a specialised 
microenvironment known as the adult stem cell niche in living organisms. Within this niche, 
adult stem cells are considered to play a central role in the regeneration of hard tissues, which 
undergo rapid proliferation and differentiation into progenitor cells to replace lost tissue, 
throughout postnatal life. Their fate is tightly regulated by the niche factors secreted by the non-
stem niche cells present within the same microenvironment. Over the past decades, the advent 
of lineage tracing techniques has revolutionised the in vivo study of cell dynamics. Through 
tissue- and temporally-specific labelling of Cre-expressing cells, this method enables researchers 
to depict the defined cell fates and differentiation trajectories. The present review summarises 
the progress made in lineage tracing studies of hard tissue formation cell populations residing 
in the oral and maxillofacial regions, with a focus on stem cells, progenitor cells and niche cells. 
The aim is to provide new clues for future research endeavours.
Keywords: adult stem cell niche, hard tissue formation, lineage tracing, niche cell, oral 
 maxillofacial region, progenitor cell, stem cell
Chin J Dent Res 2025;28(2):89–104; doi: 10.3290/j.cjdr.b6260563

The oral maxillofacial region is a prominent anatom-
ical area with the jaw as the principal skeletal support. 
Its complex structures, including the teeth, jawbones, 
temporomandibular joints and various soft tissues, con-
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entiate into lineage-committed progenitor cells that 
further differentiate into specific hard tissue–forming 
cells, contributing to the repair of damaged tissues.7 
Moreover, niche cells play a vital role in regulating 
stem cell activity through paracrine signalling pathway 
during this process.6 However, due to the inability to 
replicate the intricate microenvironment within a liv-
ing organism, previous in vitro studies failed to accur-
ately capture the characteristics of the cell population 
in vivo.8 As a consequence, some stem cells exhibit 
enhanced plasticity and proliferation capabilities when 
isolated from the in vivo environment, even if they are 
not normally involved in homeostasis maintenance.9,10

Advances in transgenic animals have revolutionised 
the investigation of cell fate in vivo.11 The lineage trac-
ing technique utilising the Cre/loxP system has been 
widely employed in the study of oral maxillofacial 
hard tissues. Targeted gene-driven Cre  recombinase 
enters the nucleus and specifically recognises the loxP 
sequences.12 The stop codon flanked by loxP sequences 
is then removed to allow downstream fluorescent pro-
tein gene expression, achieving spatial-specific label-
ling of cell populations.12 When the Cre recombinase is 
further fused with the ligand-binding domain of oestro-
gen receptor (ER), CreER recombinase can change con-
formation and enter the nucleus to exert recombinase 
activity only with the addition of tamoxifen, further 
realising the temporal-specific regulation of cell label-
ling.13 This method enables the permanent labelling 
and visualisation of Cre- or CreER-expressing cells and 
their progeny. By virtue of its high efficiency, specificity, 
continuity and controllability, lineage tracing provides 
fresh perspectives on realistic cell activities in vivo, thus 
expanding understanding of cell fate determin ation 
during tissue formation and regeneration.

Currently, the lineage tracing technique has identi-
fied various cell populations within adult stem cell 
niches that are involved in the formation of oral maxillo-
facial hard tissues (Fig 2). In this review, the present 
authors summarise discoveries obtained through line-
age tracing regarding the cellular components of adult 
stem cell niches, including stem, progenitor and niche 
cells. The aim of this review is to enhance comprehen-
sion of the ongoing research on adult stem cell niches 
in vivo, and to provide insight into the processes of 
development, homeostasis and regeneration of hard 
tissues in the oral maxillofacial region.

Stem cells

Adult stem cells possess the unique ability to undergo 
continuous self-renewal and differentiate into specific 
cell types associated with particular tissues.14 The iden-
tification of stem cells through lineage tracing typical-
ly requires that all cells within the hierarchy be per-
manently labelled over an extended tracing period.14 
Current findings have led to the recognition of sev-
eral well-defined populations of stem cells in the oral 
maxillo facial regions.

Sox2+ cells

Sox2 is a member of the Sox family of transcription 
factors with highly conserved HMG-box DNA-binding 
domains.15 It is expressed prominently in epithelial 
tissues across various organs and is established as an 
iconic marker of epithelial stem cells.16,17 Recent stud-
ies have highlighted the pivotal role of Sox2+ dental epi-
thelial stem cells (DESCs) in tooth development.
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Rodent incisors retain the ability of continuous 
growth after birth due to the presence of the labial cer-
vical loop (laCL), a well-known adult stem cell niche at 
the proximal end of the incisor.18,19 Research by Juuri et 
al20 indicated a gradual localisation of Sox2 expression 
from the entire oral epithelium to the laCL, followed 
by postnatal generation of all epithelial cell lineages, 
including ameloblasts, outer enamel epithelium, stel-
late reticulum and stratum intermedium, which were 
also generated by Sox2+ cells in adult mouse incisors. 
Conversely, in mouse molars, Sox2+ cells are transiently 
present during the embryonic period and contribute to 
all epithelial cell lineages, but disappear after birth syn-
chronously with the loss of cervical loops.21 Therefore, 
the different fates of Sox2+ DESCs in the murine incisor 
and molar provide an acceptable explanation for dif-
ferent postnatal growth potential at the cellular level.

Prx1+ cells

Paired related homeobox 1 (Prx1 or Prrx1) is a transcrip-
tion factor expressed in the mesenchymal tissues.22 
Prx1+ cells are well recognised as important mesenchy-
mal stem cells (MSCs) in long bones and calvaria.23,24 
Application of lineage tracing in oral maxillofacial hard 
tissues has yielded valuable insight into the functions of 
Prx1+ MSCs.

Prx1+ cells may be responsible for tooth morpho-
genesis

Teeth are different shapes to accommodate a wide var-
iety of functions.25 In tapered mouse incisors, Prx1+ 
cells nest in the dental follicle and dental pulp, but not 
in epithelial lineage cells.26,27 Intriguingly, Prx1+ cells 

exhibit varying distributions in different molars: they 
are widely present within the dental pulp of the first 
molar (M1), have a reduced distribution in the second 
molar (M2) and are nearly absent in the third molar (M3) 
during early tooth development.26,28 Given the morpho-
logical differences among murine molars, it is tempting 
to speculate about a potential correlation between Prx1+ 
MSCs and tooth morphogenesis.

Prx1+ cells support the formation of jawbone

Prx1+ cells also engage in jawbone development and the 
maintenance of homeostasis after birth. Cui et al27 iden-
tified a large number of Prx1+ cells surrounding incisors 
and at the molar base that subsequently differentiated 
into osteocytes in neonatal Prx1-Cre mice. However, 
in adult Prx1-CreER mice, only a few Prx1+ cells were 
detected in the periodontal ligament (PDL), supporting 
the turnover of periodontal tissues.29 Overall, the contri-
bution of Prx1+ cells to alveolar bone formation appears 
to be more significant in infancy.

Nevertheless, Prx1+ cells remain crucial for alveo-
lar bone remodelling and regeneration in adulthood. 
The most recent study by Feng et al30 demonstrated 
the necessity of Prx1+ cells for implant osseointegra-
tion. To investigate the role of Prx1+ cells in jawbone 
regeneration, Zhao et al31 established a full-thickness 
mandibular defect model by osteotomy, and found that 
Prx1+ cells were activated and clustered on the surface 
of trabecular bone in the defect area. In contrast, abla-
tion of Prx1+ cells by inducing endogenous cytotoxic 
diphtheria toxin A resulted in impaired alveolar bone 
repair in non-critical size periodontal defects, suggest-
ing the significance of Prx1+ MSCs in the process of 
jawbone damage repair.29

-
tions within different adult stem cell niches in the oral maxillo-
facial region.
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LepR+ cells

The leptin receptor (LepR) has been identified as a 
marker of adult bone marrow mesenchymal cells in 
long bones.32,33 LepR+ cells serve as a significant source 
of osteoprogenitor cells and are capable of secreting 
various cytokines to maintain a conducive microenvir-
onment for hematopoietic stem cells, thereby sup-
porting the maintenance of adult bone homeostasis 
and facilitating timely fracture repair.34,35 In the oral 
maxillo facial region, the functions of LepR+ cells have 
also garnered increasing attention.

LepR+ cells play a minor role in cementum 
 formation

Under physiological conditions, LepR+ cells are pre-
dominantly located in the apical region of the PDL in 
4-week-old juvenile LepR-Cre mice, with a smaller pres-
ence in the gingiva, alveolar bone marrow cavity and 
dental pulp.9,36 Remarkably, all cementocytes are nega-
tive for LepR at the juvenile stage.36 Extending the trac-
ing period up to 1 year, the progeny of LepR+ PDL cells 
gradually increase and differentiate into cementocytes 
at a low frequency.36 In adult LepR-CreER mice, LepR+ 
cells also show minimal contribution to cementocytes, 
even though the ablation of LepR+ cells lead to distur-
bances in periodontium homeostasis and ultimately 
result in cementum dysplasia.9 Based on the existing 
findings, the contribution of LepR+ cells to cementum 
formation is minor.

LepR+ cells have a limited effect on the formation 
of alveolar bone

A quiescent population of LepR+ cells within the bone 
marrow (BM) can give rise to osteoblastic lineage cells 
physiologically and contribute to the regeneration of al-
veolar bone after tooth extraction.37,38 Ablation of LepR+ 
BM cells brought about attenuated healing of extraction 
sockets.37 

PDL stem cells (PDLSCs) have a high differentiation 
potential to promote alveolar bone regeneration.39 The 
role of LepR+ PDLSCs in the development and homeo-
stasis of alveolar bone has been revealed recently.9,36 
However, research by Oka et al36 demonstrated a defi-
nite but limited effect of LepR+ PDLSCs on new bone 
formation in tooth extraction sites, with the LepR- PDL 
cell subpopulation showing a greater contribution to 
alveolar bone regeneration. Taken together, the insig-
nificant contribution of LepR+ PDLSCs to both cemen-
tum and alveolar bone indicates that they are not the 

primary source of cells forming oral maxillofacial hard 
tissues.

CD90+ cells

CD90, also known as Thy1, is a glycophosphatidylino-
sitol-anchored cell membrane protein essential for the 
pluripotency of MSCs.40 An et al41 identified a CD90+ 
MSC subset responsible for supplying cells for the rapid 
growth of incisors during early postnatal development 
and adult clipped incisors regeneration, while only 
very few were detected during homeostasis. Notably, 
the reappearing CD90+ cells in clipped incisors were 
generated by a small and quiescent Celsr1+ cell popula-
tion located proximal to MSCs, suggesting a potential 
role of Celsr1+ cells as a stem cell reservoir.41 Although 
researchers hypothesised that the blooming of CD90+ 
cells during incisor regeneration might be related to the 
loss of occlusal force, the unloaded incisor did not ex-
hibit accelerated growth when clipping the opposing 
incisor, indicating that Celsr1+ cells were likely triggered 
by other currently unidentified signals rather than oc-
clusal force change.41

Apart from the incisor pulp, a recent study by Zhao 
et al42 demonstrated the differentiation of CD90+ cells 
into cementoblasts in the developing molar PDL and 
the decreased number in adults. In mild periodontitis, 
CD90+ cells regain their ability to differentiate into 
cementoblasts.42 However, Nagata et al43 reported no 
detectable upregulation of CD90 in cementoblasts based 
on single-cell transcriptomic analysis. This discrep-
ancy may be attributed to variations in experimental 
methodologies, necessitating further investigation to 
definitively delineate the lineage hierarchy of cells in 
periodontal tissues.

+ cells

common marker of stem cells.44

tdTomato mice could label the majority of dental pulp 
cells, whereas only a small number of osteocytes in the 
alveolar bone and very few PDL cells were labelled.45 
Specifically, Yao et al46 identified a population of 
CD51+ + cells that gradually declined with age in 
the odontoblast layer and pulp core in murine molars. 
However, the specific role of these cells in tooth homeo-
stasis and age-related changes remains largely unex-
plored, warranting further research to decipher the 
mechanisms involved.
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Stem/progenitor cells

The characterisation of stem cell markers is notably 
intricate, making it challenging to differentiate these 
cells accurately based solely on a single marker.47 Con-
sequently, the cells labelled by a singular recombinase 
system are expected to represent a heterogeneous popu-
lation exhibiting stem-like properties. Furthermore, the 
absence of data from long-term lineage tracing compli-
cates the direct classification of certain cells as stem 
cells. Therefore, this review will collectively address 
these cells in this section for further discussion.

+ cells

As a characteristic protein of myofibroblasts, alpha-
-

ment and contraction of blood vessels.48,49 Additionally, 
-

enchymal stem/progenitor cells.

+ cells are responsive to dental tissues in-
jury

+ cells have been detected in 
dental pulp, PDL and the alveolar bone surrounding 
incisors or molars.45,50,51 CD31 antibody staining indi-

+ cells typically reside in perivascular 
regions.52 These cells are recognised for their signifi-
cant involvement in the process of tissue repair. Roguljic 
et al50 observed the proliferation and differentiation 

+ PDL cells into various cell types, including 
cementoblasts, osteoblasts and fibroblasts, in a murine 
PDL injury model. Additionally, Vidovic et al51-53 also 

+ cells in dental pulp were sub-
stantially activated and differentiated into odontoblasts 
in response to experimental dentine injury and pulp 
exposure.

+ cells are fibrocartilage stem cells residing 
in the condyle cartilage superficial zone

The condylar cartilage is characterised by highly organ-
ised cellular zones, which are sequentially arranged 
from the surface to the interior as the fibrous superficial 
zone, the proliferative zone, the chondrocyte zone and 
the mature hypertrophic chondrocyte zone.54 Research 
by Embree et al55 + 
cells in the superficial zone could spontaneously dif-
ferentiate into mature chondrocytes, thus maintaining 
the steady state of condylar cartilage. Therefore, this 
observation provides powerful evidence for the notion 

that the superficial zone may serve as a conducive adult 
stem cell niche for fibrocartilage stem cells (FCSCs).

Gli1+ cells

Hedgehog (Hh) signalling regulates the proliferation 
and differentiation of stem cells in the nervous, skeletal, 
digestive and reproductive systems.56 As an essential 
transcription factor in Hh signaling, Gli1 serves as a re-
liable stem/progenitor cell marker.57 Recently, a series 
of studies have demonstrated the significance of Gli1+ 
stem/progenitor cells in the formation, homeostasis and 
regeneration of oral maxillofacial hard tissues.

Gli1+ cells are heterogeneous populations 
involved in tooth formation

Tooth formation is a complex process involving recip-
rocal interactions between the epithelium and mesen-
chyme.58 As mentioned above, the laCL is recognised 
as a niche for DESCs in the mouse incisor.18,19 Seidel et 
al59 identified the label-retaining Gli1+ DESCs in the laCL 
that gave rise to ameloblasts. The neurovascular bundle 
(NVB) situated in the mesenchyme adjacent to laCL also 
harbours Gli1+ MSCs, which continuously generate tran-
sit-amplifying progenitors that actively undergo mitosis 
and differentiate into odontoblasts or dental pulp cells 
to maintain dental homeostasis.60 In summary, Gli1+ 
cells play a crucial role in both epithelial and mesen-
chymal cell lineages during incisor formation.

Moreover, Gli1+ cells are also involved in the devel-
opment of molar roots. Wen et al61 reported the distri-
bution of Gli1+ cells in the molar apical mesenchyme 
and dental epithelium in postnatal 7.5-day-old mice. 
Upon completion of root development at 3 weeks old, 
the main structures, including odontoblasts, dental 
pulp, PDL and the remaining dental epithelium, were 
found to be tdTomato+ cells derived from Gli1+ cells.61 
Additionally, a study by Xie et al62 also asserted the 
involvement of Gli1+ cells in the formation of both 
cellular and acellular cementum. Ablation of Gli1+ 
cells resulted in a noticeable cementum hypoplasia 
phenotype.62 Overall, these results provide compelling 
evidence to support the heterogeneity of Gli1+ stem/
progenitor cells in the formation of dental hard tissues.

Gli1+ cells function in alveolar bone regeneration

In the jawbone, Gli1+ BM cells mainly reside along blood 
vessels within the furcation area of the molar roots.63 
Additionally, a minor population of Gli1+ cells scatter 
in the periosteum of the mandible.64 These two distinct 
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populations of Gli1+ cells participate in the maintenance 
of local bone homeostasis. Despite lacking various dif-
ferentiation markers physiologically, Gli1+ BM cells pos-
sess the potential to be stimulated into proliferation and 
differentiation into osteocytes following tooth extrac-
tion, contributing to extraction socket healing and im-
plant osseointegration.63 As a complement, the ablation 
of Gli1+ BM cells leads to a significant reduction in bone 
volume around the implant, emphasising the import-
ance of Gli1+ cells in alveolar bone regeneration.63

The engagement of Gli1+ PDL cells should not be 
ignored. Shalehin et al10 transplanted the maxillary 
first molars from Gli1-CreERT2 mice into the abdomi-
nal subcutaneous connective tissues of wild-type mice, 
and the results showed that Gli1+ PDL cells were cap-
able of osteogenic differentiation. They also demon-
strated that Gli1+ cells in the tooth socket were positive 
for Periostin 1 day after tooth extraction, indicating the 
contribution of Gli1+ cells originating from PDL to al-
veolar bone regeneration.65

A notable characteristic of PDLSCs is their respon-
siveness to mechanical forces.66 Orthodontic tooth 
movement (OTM) serves as a well-defined model for 
investigating the regulatory factors in mechanical-force 
mediated bone remodelling.67 Liu et al68 first revealed 
a substantial increase in the number of Gli1+ PDL cells 
on the tension side following 7 days of OTM, contrast-
ing with restricted decreased Gli1+ cells on the pressure 
side. Subsequent evidence from Seki et al69 also sug-
gested that Gli1+ PDL cells on the tension side exhibited 
immediate proliferation in response to tensile stress 
and further differentiated into mature osteoblasts. 
Intriguingly, a similar level of increased Gli1+ PDL 
cells on the pressure side was observed 10 days after 
OTM, with these cells differentiating into fibroblasts to 
contribute to PDL reconstruction.69 Conversely, when 
unloading the occlusal forces by extracting the oppos-
ing teeth, Men et al45 observed a significant decrease in 
Gli1+ PDL cells, accompanied by notably reduced alveo-
lar bone height and relative bone density. Collectively, 
these studies provide sufficient evidence for the diverse 
responses of Gli1+ stem/progenitor cells to distinct 
mechanical forces.

Gli1+ cells orchestrate the osteogenesis and chon-
drogenesis of the condyle

Postnatal Gli1+ cells in the condyle are spatially distribut-
ed in two different domains, namely the superficial zone 
of the cartilage and the subchondral bone immediately 
beneath the cartilage (chondro-osseous junction).70,71 
The superficial zone provides a niche for FCSCs.72 Gli1+ 

FCSCs here could proliferate and migrate into two to 
four cell layers deeper.71 However, they do not typical-
ly migrate into the mature hypertrophic chondrocyte 
zones even after 1-year tracing.71 In contrast, Gli1+ cells 
at the chondro-osseous junction lack expression of Sox9 
and Aggrecan, indicating that they do not belong to the 
cartilage lineage.71 Instead, they extend towards the tra-
becular bone and subsequently exhibit colocalisation 
with Osterix+ osteoblasts, which verify their osteogenic 
differentiation ability in the subchondral bone.70,71 In 
summary, two unique populations of Gli1+ cells contrib-
ute to the growth and development of the condyle, each 
with distinct characteristics and functions.

Building upon this groundwork, researchers have 
delved into the contribution of these two Gli1+ cell 
popu lations to tissue repair and the adaptive remodel-
ling process. Firstly, Chen et al70 conducted experi-
ments on a murine condylar fracture model and found 
that Gli1-lineage cells originating from the chondro-
osseous junction could differentiate into osteoblasts 
and chondrocytes at the fracture site. In a separate 
study involving a murine model of temporomandibular 
joint osteoarthritis (TMJOA) induced by partial discec-
tomy, Lei et al71 demonstrated that the abnormal mech-
anical loading triggered osteoclast-mediated subchon-
dral bone resorption. This subsequently led to aberrant 
subchondral bone formation due to the overexpansion 
of Gli1+ cell progeny, highlighting the significant func-
tion of Gli1+ cells at the chondro-osseous junction in 
response to mechanical stress.71 Meanwhile, investi-
gations focusing on Gli1+ FCSCs in a murine TMJOA 
model induced by anterior disc displacement surgery 
also revealed the activation of the chondrogenic cap-
acity of Gli1+ FCSCs.73 Collectively, these findings 
underscore the indispensable role played by Gli1+ stem/
progenitor cells in preserving the structural and func-
tional integrity of the condyle.

Plap-1+ cells

PDL associated protein-1 (Plap-1) is an extracellular 
matrix protein that is highly expressed in the PDL and 
participates in balancing bone metabolism.74,75 Iway-
ama et al76 documented Plap-1 as a molecular mark-
er that selectively labelled the lineage of periodontal 
fibroblasts. Through lineage tracing, Plap-1+ cells were 
detected within the fibroblastic zone in a 3-month trac-
ing period when the PDL turnover was completed, 
which indicated their identity as stem/progenitor cells 
involved in PDL homeostasis.76 Moreover, they were 
also observed in the cementoblastic and osteoblastic 
zone during homeostasis maintenance and periodon-
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titis repair, suggesting that this is a heterogeneous cell 
population.76 As a result, a “PDL single-cell atlas” was 
conducted and eventually identified a distinct popula-
tion of Ly6a+ Plap-1 clusters situated in the apical region 
of the PDL that might represent PDLSCs to serve as a 
potential source for other PDL cells.76

NG2+ cells

Neuron-glial antigen 2 (NG2) is a proteoglycan that is 
predominantly expressed in mammalian glial cells 
and pericytes.77 In recent years, the heterogeneity of 
NG2+ cells has garnered increasing interest. Lineage 
tracing investigations have provided compelling evi-
dence that NG2+ pericytes serve as the cellular origin 
for a minor population of MSCs within the odontogen-
ic mesenchyme.78 Throughout the development and 
maintenance of mouse incisors, NG2+ cells primarily 
contribute to the vascular system, with only a sparse 
distribution in the pulp and odontoblast layers.60,78,79 
These observations are similarly applicable to mouse 
molars.45,60 In response to incisor tooth injury, NG2+ 
cells exhibit a rapid reaction by proliferating and differ-
entiating into odontoblast-like cells, thereby producing 
reparative dentine-like tissue.60,78,80 Nevertheless, the 
degree to which blood vessels and nerves contribute to 
the population of stem/progenitor cells remains largely 
unexplored.

Progenitor cells

Progenitor cells, which exhibit a more defined differen-
tiation trajectory while retaining a degree of stemness, 
can be labelled with multiple lineages during short-term 
lineage tracing experiments as well.14 Nevertheless, the 
absence of unlimited self-renewal capacity in these 
labelled progenitor cells results in their eventual disap-
pearance following prolonged tracing periods, thereby 
differentiating them from stem cells.14

+ cells

for the development of hard tissues, and Axin2 is the dir-
ect transcriptional target gene within this pathway.81-83 
Thus far, Axin2+ cells have been acknowledged as im-
portant progenitor cells in the formation and regener-
ation of oral maxillofacial hard tissues.

Axin2+ cells are widely involved in tooth forma-
tion and restoration

Axin2-LacZ reporter mice have become a valuable tool 
for in vivo studies of Axin2 expression patterns.84,85 In 
incisors, X-gal staining showed the extensive expression 
of Axin2 in the dental mesenchyme, particularly in the 
proximal regions of incisors.86,87 After a 1-week line-
age tracing in 3 week-old mice, almost all odontoblasts 
were labelled as tdTomato+ cells, indicating that Axin2+ 
cells were important cell sources for odontoblasts dur-
ing postnatal tooth development.86 However, the fluo-
rescent signals vanished upon prolonging the tracing 
duration to 1 month.87 Thus, Axin2+ cells in the mouse 
incisor mesenchyme represent a rapidly proliferating, 
non-self-renewing population of progenitors.

In mouse molars, Axin2 also labels odontoblasts and 
dental pulp cells during homeostasis.88,89 In addition, 
Axin2+ cells present in the PDL are essential for cemen-
tum formation because the ablation of Axin2+ PDL cells 
leads to severe cementum hypoplasia.42,90-92 A study by 
Xie et al90 further demonstrated that Axin2+ PDL cells 
were a shared progenitor source of both cellular and 
acellular cementum, which promotes a better under-
standing of the cell origin and formation processes of 
dental hard tissues.

The pathological change in dentine due to damage 
is the formation of tertiary dentine at the injury site, 
which can be further divided into reactionary dentine 
and reparative dentine according to the degree of dam-
age.93 Specifically, Axin2+ odontoblasts are triggered 
to secrete more matrix for reactionary dentine forma-
tion following superficial dentine trauma.88 Under 
severe pulp exposure, however, a substantial number 
of odontoblasts undergo cell death.93 Axin2+ pulp cells 
proliferate and differentiate into new odontoblast-like 
cells to form reparative dentine as a protective re-
sponse to injury.94 These observations highlight the 
pronounced contribution of Axin2+ progenitor cells in 
both tooth development and reparative processes fol-
lowing tooth injury.

Axin2+ cells are supporting actors in alveolar 
bone regeneration

In addition to pulp Axin2+ cells, PDL-derived Axin2+ 
cells contribute to alveolar bone regeneration in mul-
tiple models. Following tooth extraction, Yuan et al95 
found that Axin2+ PDL cells proliferated, migrated to 
the tooth socket and subsequently differentiated into 
osteoblasts to generate new bone. Additionally, Wang 
et al96 delineated the property of Axin2+ PDL cells to 
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be activated in response to mechanical force in mice 
that underwent OTM. Despite the osteogenic potential 
demonstrated by Axin2+ PDL cells in multiple models, 
Xie et al92 pointed out that their contribution to alveolar 
bone regeneration was very limited, suggesting Axin2+ 
cells might not function as the dominant driving force 
in this process.

+ cells

Aggrecan (Acan) is an important proteoglycan in carti-
lage extracellular matrix, known for its interaction with 
hyaluronic acid, which endows cartilage with its elas-
ticity and load-bearing properties.97,98 Recent lineage 
tracing studies utilising Acan-CreER mice have revealed 
the developmental trajectory of chondrocyte progenitor 
cells within the condyle.

Aggrecan+ cells contribute to chondrocytes in all 
layers of the condyle

The distribution of Acan+ cells in condylar cartilage 
is non-uniform during homeostasis, characterised by 
a higher density observed in the anterior and middle 
regions compared to the posterior region.99-101 Add-
itionally, the interspaced patches of Acan+ cells and 
Acan- cells respectively extend deeply into the carti-
lage and reach the hypertrophic chondrocyte layer.101 
These observations indicate the ability of Acan+ cells 
to generate chondrocytes across different layers and 
suggest a regional variation in cellular composition in 
condylar cartilage. In line with this phenomenon, the 
reduction in chondrocyte count is more pronounced 
in the anterior and middle regions of Acan+ cells abla-
tion mice.100,101 More importantly, despite the surviving 
cells subsequently initiating proliferation to restore the 
cell count, these newly-formed cells exhibit a clustered 
distribution on the surface without extending into the 
cell-depleted areas in the hypertrophic chondrocyte 
layers.101 Further study of the mechanisms involved 
may enrich knowledge of the pathogenesis of osteo-
arthropathy.

Aggrecan+ cells transdifferentiated into 
 osteocytes

It was traditionally believed that chondrocytes under-
went apoptosis prior to endochondral ossification.102 
However, by tracing Acan+ cell lineage, Jing et al103 dem-
onstrated that chondrocytes could directly transdiffer-
entiate into bone lineage cells in vivo, bypassing apopto-
sis, which greatly promoted understanding of cartilage 

cell transdifferentiation. Furthermore, in a study con-
ducted on mice with unstable mandible ramus fracture, 
Wong et al104 also observed the transdifferentiation of 
Acan+ chondrocyte cells into osteoblasts contributing 
to the formation of fracture callus, which underscored 
the significance of Acan+ progenitor cells in the regen-
eration process of condylar fractures.

Osterix+ cells

Osterix (Osx), also known as specificity protein 7 (Sp7), 
is an osteoblast-specific transcription factor that deter-
mines the directional differentiation of osteoblasts.105 
Recent research has expanded understanding of Osx+ 
cells beyond their involvement in osteoblast differenti-
ation to their contribution to root morphogenesis.

Tracing Osx-Cre mice from birth until postnatal day 
30, cells originating from the odontogenic mesenchyme 
within the dental follicle and dental papilla of incisors/
molars were predominantly labelled, whereas odon-
togenic epithelium-derived cells, such as ameloblasts 
and epithelial root sheaths, remained unmarked.106-108 
Additionally, Rakian et al109 observed the temporal 
emergence of the Osx+ cells from M1 to M3, suggesting 
a strong link between Osx activity and tooth develop-
ment stage.

Root morphogenesis commences with the formation 
of a bilayered epithelial structure known as the Hertwig 
epithelial root sheath (HERS).110 Notably, some Osx+ 
cells were observed in close proximity to the HERS of 
neonatal mice.111,112 A long-term tracing experiment 
revealed that these Osx+ cells eventually differentiated 
into odontoblasts and cementoblasts, contributing to 
root maintenance even after the completion of root 
development.112

PTHrP+ cells

Parathyroid hormone-related protein (PTHrP) is a 
locally acting autocrine/paracrine ligand that is widely 
expressed in a variety of tissues, including teeth and 
bones.113,114 It plays a unique biological role by bind-
ing to parathyroid hormone type 1 receptor (PTH1R).115 
Recent in-depth studies have progressively elucidated 
an inseparable relationship between PTHrP+ cells and 
Osx+ cells.

PTHrP+ cells represent a more localised subpopula-
tion of dental mesenchymal cells compared to Osx+ 
cells. To be specific, PTHrP+ cells are exclusively 
found in the dental follicle but absent from the den-
tal papilla and pulp.43,111,116 At postnatal day 7, when 
molar root formation begins, PTHrP+ cells show active 
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proliferation in the immediate vicinity of the HERS 
in the dental follicle and then differentiate into PDL 
cells, cementoblasts and alveolar cryptal bone osteo-
blasts.111,116 Even after tooth eruption, PTHrP+ cells 
persist on the root surface, predominantly on the acel-
lular cementum.111,116

Ctsk+ cells

Cathepsin K (Ctsk), a member of the papain family of 
cysteine proteases, was initially discovered as a colla-
genase expressed by activated osteoclasts to degrade 
collagen and other matrix proteins during bone resorp-
tion.117,118 Remarkably, Ctsk+ cells exemplify the hetero-
geneity of osteogenesis progenitor cells.

Under physiological conditions, Ctsk-Cre extensively 
labelled periosteum cells in the mandible, with a frac-
tion of Ctsk+ cells present in the bone marrow and a 
small number in the dental pulp and odontoblasts.119,120 
Notably, Ctsk+ cells in the periosteum were positive for 
stem cell markers and osteogenic markers.120 The 
diphtheria toxin receptor-mediated ablation of Ctsk+ 
cells resulted in decreased Ctsk+ cells and delayed bone 
defect healing.120 Thus, Ctsk+ cells are considered to be 
an important population responsible for intramembra-
nous osteogenesis in the jawbone.

The identification of Ctsk+ cell subtype significantly 
advocates the heterogeneity within Ctsk+ cells. For 
example, Ding et al120 identified a specific subset of 
Ly6a+Ctsk+ cells restricted to the jawbone periosteum. 
These Ly6a+Ctsk+ periosteal cells could aggregate in 
the callus and differentiated into osteogenic lineages in 
response to jaw defects.120 Given the reported involve-
ment of Ly6a+ cells in angiogenesis, whether Ly6a+Ctsk+ 
cells make more multifaceted contributions to the 
repair of hard tissue injury requires further research. 
Additionally, Weng et al121 documented a subpopula-
tion of Krt14+Ctsk+ osteoprogenitor cells with dual 
epithelial and mesenchymal properties around the 
mucosa–bone interface. These Krt14+Ctsk+ cells con-
tributed to alveolar bone homeostasis and especially 
osteogenesis induced by maxillary sinus floor lifting, 
which highlighted the potential contribution of epithe-
lium-derived cells to the process of bone formation.121 
Intriguingly, during the formation and maturation of 
new bone tissue, these Krt14+Ctsk+ cells underwent 
a transformation into Krt14-Ctsk+ cells, accompanied 
by enhanced osteogenic capacity.121 To investigate the 
physiological significance of this shift in cellular iden-
tity and function, further studies are warranted regard-
ing the unidentified regulatory mechanisms involved 
in this process.

Niche cells

In contrast to stem cells and progenitor cells, certain 
cell types within the stem cell niche lack the character-
istic properties of stemness.6 Although these cells do 
not engage in tissue homeostasis and repair through dir-
ect differentiation into terminally differentiated cells, 
they play a crucial role in supporting the survival and 
functionality of stem and progenitor cells via paracrine 
signalling and other mechanisms.6 Consequently, these 
cells warrant particular consideration in the study of 
stem cell biology.

Runx2+ cells

Runt-related transcription factor 2 (Runx2) is a bone-
specific transcription factor that is essential for the 
differentiation commitment of MSCs to osteoblasts.122 
Surprisingly, Chen et al123 found a subpopulation of 
Runx2-expressing mesenchymal cells in the proximal 
region of mouse incisors, located adjacent to MSCs and 
transit-amplifying progenitors. Under physiologic al con-
ditions, these Runx2+ cells maintain a quiescent state.123 
Additionally, no significant changes were observed in 
their distribution or quantity during the injury repair 
process for clipped incisors.123 Furthermore, EdU stain-
ing also revealed their low proliferative activity.123 Thus, 
Runx2+ cells were identified as non-stem niche cells. 
Mechanistic studies further revealed that these Runx2+ 
cells can secret insulin-like growth factor binding-pro-
tein-3 (Igfbp3) to activate insulin-like growth factor-2 
(IGF-2) signalling, regulating the proliferation and differ-
entiation of transit-amplifying cells, to maintain niche 
homeostasis and promote incisor growth.123

+ cells

protein primarily present in vascular smooth muscle, 
visceral smooth muscle and myofibroblasts.124,125 Pre-
vious studies have demonstrated the important role 

+ cells in vascular homeostasis and 
remodelling.126 However, understanding of the behav-

+ cells in oral maxillofacial hard tissues 
is still in its inception. A recent study by Zhou et al127 
demonstrated the proliferation of a physiologically qui-

+ cell population at the tooth extraction 
socket, engaging in intramembranous bone regener-

+ cells did not express clas-
sical MSC markers or differentiate into osteocytes for 
new bone formation.127 Instead, they were identified as 
niche cells indirectly supporting bone regeneration by 
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secreting H2 127 Over-
all, these findings serve as a reminder to emphasise the 
indispensable contribution of niche cells to the regen-
eration of oral maxillofacial hard tissues.

Discussion

In this review, the present authors have discussed line-
age tracing-identified cell populations in the oral maxil-
lofacial region. In addition to these extensively studied 
cells, recent years have also witnessed other scattered 
reports on potential stem and progenitor cell popula-
tions associated with oral and maxillofacial hard tissue 
formation, such as rapidly dividing Lgr5+ cells in laCL,128 
Bmi1+ epithelial stem cells in incisors129 and glia-derived 
PLP+ mesenchymal stem cells.130 These findings further 
contribute to the growing body of research in stem cell 

framework for the adult stem cell niche in the context of 
hard tissue homeostasis and regeneration. These find-
ings are underpinned by advancements in lineage trac-
ing methodologies, which continuously update compre-
hension of adult stem cells and guide us in the pursuit of 
future investigative endeavours.

The progress of lineage tracing methodology brings 
about new insights

Lineage tracing has become the cornerstone technique 
for studying cellular dynamics in vivo. In its infancy, 
the non-inducible Cre system was pervasive due to 
its straightforward operability and high efficiency in 
genetic recombination.12 However, the constitutively 
expressing recombinases are associated with several 
challenges, such as unspecific postnatal labelling, 
spatio temporal administration difficulty and risk of ger-
mline leakage.131,132 To address these issues, there has 
been a shift towards the adoption of the inducible CreER 
system, which is exemplified by the tamoxifen adminis-
tered genetic recombination.13 Consequently, the extent 
of labelled cells through these two methodologies exhib-
its dominant discrepancies. As described by Ono et al,111 
2 days after tamoxifen injection on postnatal day 3, Osx-
CreER tagged Osx+ cells were primarily distributed in 
the odontoblast layer of the mandibular M1, with sparse 
presence in the dental follicle and papilla. Conversely, 
Osx-Cre labelled most mesenchymal cells in the den-
tal follicle and dental papilla by postnatal day 5.111 This 
extent discrepancy amplifies as the mice grow older. 
Thus, the validity of findings from some non-inducible 
Cre designated studies in the adult stem cell niche may 
be questionable (Table 1).

Despite these improvements, the side effects of 
tamoxifen with regard to interference with bone metab-
olism remain concerning. As an oestrogen analogue, 
tamoxifen inevitably stimulates the growth of both 
cortical and trabecular bone in a dose-dependent 
manner.133

depletion in Prx1+ cells on osteogenesis was even 
reversed by higher doses of tamoxifen.134 The impact 
of tamoxifen induction is also associated with changes 
in osteoclast activity.134 Thus, a systematic tamoxifen 
injection guideline serves as a necessary basis for 
obtaining reliable results. Nevertheless, the lack of 
standardised protocols for tamoxifen administration 
results in varying administration regimens across dif-
ferent studies, further complicating the interpretation 
of experimental outcomes (Table 2).

On the other hand, the choice of reporter gene also 
matters. Initially, the LacZ gene was substantially used 
in murine embryonic development research, whereas 
its limitations, such as its technical sensitivity, non-
quantitative nature and incompatibility with immuno-
histochemistry, restricted its broader application.135,136 
The groundbreaking discovery of fluorescent proteins 
opens up new possibilities for cell labelling, with tdTo-
mato being the most extensively employed reporter 
protein in diverse studies.137 However, as research 
evolves, the limitations of monocolour reporter sys-
tems have become apparent. Specifically, these systems 
are unable to distinguish the differentiation trajector-
ies of individual progeny cells. Thus, the innovation 
of multicolour reporter gene systems is necessary to 
accurately depict the lineage origins of each prog-
eny cell.138 Up to now, a dual recombinases-mediated 
double labelling lineage tracing approach has allowed 
researchers to track the transition of Krt14+Ctsk+ cells 
into Krt14-Ctsk+ cells that exhibit a stronger capacity for 
osteogenic differenti ation in the oral and maxillofacial 
region.121 Similarly, in the study of long bones, the 
utilisation of Rainbow mice has facilitated the identi-
fication of distinct skeletal stem cell populations that 
play a critical role in postnatal bone homeostasis and 
regeneration.139,140 Given their vast potential, multicol-
our reporter gene systems are anticipated to serve as a 
countermeasure to elucidate the hierarchical relation-
ships between different cell populations.

The utilisation of transgenic tools has facilitated the iden-
tification of cell populations residing in the adult stem 
cell niche in the oral maxillofacial region. Nevertheless, 
some subjects still require additional investigation. First, 
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System Driver Application fields References

Non-inducible 

Prx1-Cre Development, homeostasis, regeneration 26-28,31,142

LepR-Cre Development, homeostasis, regeneration 36,37,45

CD90-Cre Development, homeostasis, regeneration 41,42

NG2-Cre Development, homeostasis, regeneration 60,78,79

Osx-Cre Development 106,107,109,111,142

Ctsk-Cre Development, homeostasis, regeneration, inflammation 119,120

Regeneration 127

Inducible 

Sox2-CreERT2 Development, homeostasis 20

Prx1-CreER Development, regeneration 29

LepR-CreER Development, homeostasis, mechanical remodelling 9

Homeostasis, aging 45,46

Gli1-CreERT2
Development, homeostasis, regeneration, OTM, implant osse-
ointegration, TMJOA, periodontitis

10,59-65,68-73,143,144

Development, homeostasis, dentine injury 45,50-53,55

Plap-1-CreER Homeostasis, periodontitis 76

NG2-CreERT Homeostasis, regeneration 45,80

Axin2-CreERT2 Development, homeostasis, regeneration, OTM 86-92,94-96

Acan-CreERT2 Development, homeostasis, regeneration 99-101,103,104,145-147

Osx-CreERT2 Development 108,111,112

PTHrP-CreER Development 43,116

Ctsk-CreER Maxillary sinus floor lifting 121

CreERT and CreERT2 are modified variants of CreER.
OTM, orthodontic tooth movement; TMJOA, temporomandibular joint osteoarthritis.

the heterogeneity of the same marker identified cell 
population in different niches remains unresolved. In 
the case of Gli1+ cells, they play diverse roles in the oral 
maxillofacial region: as DESCs in laCL,59 as MSCs in the 
incisor proximal niche,60 and as FCSCs in the superficial 
zone of condylar cartilage.71 While their differentiation 
trajectories are radically distinct, the elucidation of how 
divergent cell fate is determined remains insufficient.

Another expansive area of research involves explor-
ing the relationship and interplay between different 
cell populations within a shared location. As described 
above, various cell populations identified by distinct 
markers are frequently detected within the same niche, 
and they exhibit similar functions in maintaining 
homeostasis and facilitating regeneration. For instance, 
Osx+ cells and PTHrP+ cells within the dental follicle 
and dental papilla both play crucial roles in postnatal 
root morphogenesis in a comparable fashion,111,112 

+ cells and Axin2+ cells in dental pulp 
are actively engaged in the formation of the tertiary 
dentine following dentine injury.51,94 The question of 
whether they represent distinct cell populations exhib-
iting synergistic effects, subgroups of the same func-
tional cell population characterised by different mark-
ers or derived cells situated at different levels of the 
differentiation hierarchy requires additional empirical 
research for clarification.

Investigating and effectively harnessing the regula-
tory mechanisms that govern cell activity is essential 
for translating basic research into practical applica-
tions, particularly when considering various identities 
and functions of different cell types. The challenge 
arises from the intricate regulatory network of overlap-
ping signalling pathways. While a singular signal can 
widely influence the biological functions of multiple 
cell populations, the activity of a specific cell popula-
tion is concurrently modulated by signals originating 
from diverse sources.29,62,90 Furthermore, there has 
been growing recognition of the role played by neu-
rovascular regulation within the adult stem cell niche. 
Notable examples include the Hh signal activated by 
NVB sensory nerves and the PDGF signal provided by 
arterial cells.60,141 Consequently, it is imperative that 
further investigation be carried out into the mechan-
isms that govern cell behaviour within the niche, as 
such insights could enhance current clinical attempts 
substantially.

Conclusion 

In summary, current lineage tracing on cell fate deter-
mination in the oral maxillofacial region has yielded sig-
nificant advancements, greatly enhancing comprehen-
sion of the adult stem cell niche. However, the potential 
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Driver Application fields Time of induction Number of injections Dosage of tamoxifen References

Prx1-creER
Development Postnatal day 3 10 consecutive days 40 mg/kg b.w 29

Regeneration 7–9 weeks old 10 consecutive days 40 mg/kg b.w 29

LerR-CreER
Development

Postnatal day 5
2 consecutive days 1 mg 9

Postnatal day 21
Mechanical remodelling 6 weeks old 5 consecutive days 1 mg 9

Homeostasis 3 months old 5 consecutive days 1 mg 9

Homeostasis
5–8 weeks old45 1 time46 70 mg/kg b.w46

45,46
3 months old46 2 consecutive days45 1.5 mg/10 g b.w45

Aging 14 months old46 1 time46 70 mg/kg b.w46 46

Gli1-CreERT2

Development

Postnatal day 0.570

1 time61,62,70,143

2 consecutive days64,72

75 mg/kg b.w62,72

1.5 mg/10 g b.w61,70,143

1.5 mM/g b.w64

61,62,64,70,72,143

Postnatal day 3.561

Postnatal day 1272

postnatal day 1364

Postnatal day 16143

Postnatal day 2162

Homeostasis
4–6 weeks old60 1 time59

10 mg59,60

1.5 mg/10 g b.w45
45, 59, 605–8 weeks old45 2 consecutive days45

8–10 weeks old59 3 consecutive days60

Tooth extraction
4 weeks old65

2 consecutive days10,65 10 mg10,65 10,65
8 weeks old10

OTM
8 weeks old69 2 consecutive days69 10 mg69

68,69
10–12 weeks old68 3 consecutive days68 68

Implant osseointegration 6 weeks old 2 consecutive days 1.5 mg/10 g b.w 63

TMJOA
4 weeks old73 2 consecutive days73 75 mg/kg b.w73

71,73
6 weeks old71 3 consecutive days71 1.5 mg/10 g b.w71

Periodontitis 6–8 weeks old 2 consecutive days 4 mg 144

Development
Postnatal day 1655 1 time55 50

50,55
3–4 weeks old50 2 consecutive days50 62.5 mg/g b.w55

Homeostasis 5–8 weeks 2 consecutive days 1.5 mg/10 g b.w 45

Dentine injury
Postnatal day 451 2 consecutive days51

51-53 51-53
4 weeks old52,53 2 at 24-h intervals52,53

NG2-CreER
Homeostasis 5–8 weeks old 2 consecutive days 1.5 mg/10 g b.w 45

Regeneration 6 weeks old 5 consecutive days 75 mg/kg b.w 80

Axin2-CreERT2

Development

Postnatal day 12143

1 time89,90,92,143

3 consecutive days42,86,88,91

75 mg/kg b.w86,89,90,92

42,86,88-92,143

Postnatal day 1442 2 mg/30 g b.w42

Postnatal day 2186,89,92 0.15 mg/g b.w143

Postnatal day 2890 4 mg/25 g b.w88,91

1 month old91

Postnatal day 9088

Homeostasis Adult42 3 consecutive days42 2 mg/30 g b.w42 42

Dentine injury
6 weeks94

3 consecutive days88,94 0.1 mg/g b.w94
88,94

Adult88 4 mg/25 g b.w88

Tooth extraction Adult 3 consecutive days 4 mg/25 g b.w 95

OTM Postnatal day 28 1 time 75 mg/kg b.w 96

Acan-CreERT2

Development
Postnatal day 3145,147

1 time103,145-147

3 consecutive days101

1.5 mg/10 g b.w101,103

101,103,145-147Postnatal day 7101 1 mg/13 g b.w146

Postnatal day 14103,146 75 mg/kg b.w147

Homeostasis
5 weeks old99 3 consecutive days100 1 mg/10 g b.w99

99,100
9 weeks old100 5 consecutive days99 150 mg/kg b.w100

Regeneration 10–16 weeks old 5 consecutive days 75 mg/kg b.w 104

CreERT2 is a modified variant of CreER with three points mutations.
b.w, body weight; OTM, orthodontic tooth movement; TMJOA, temporomandibular joint osteoarthritis.
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systematic errors in the current experiments need to 
be ruled out by rigorous experimental design. Further 
questions about the hierarchical relationship and the 
interaction between different cell populations have not 
been answered precisely due to the limitations of the 
tools. It is anticipated that improvements in techno-
logy and methodology will further reveal the enigmatic 
nature of cell populations in the formation of oral maxil-
lofacial hard tissues, thus making a significant contribu-
tion to the rapid development of regenerative medicine.
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disease (AD) through pathogenic microorganisms and 
inflammation in both mice and humans.1,2 Cognitive 
disorders mainly occur in individuals who are aged over 
60 years, with an incidence rate of up to 10%.3 As the 
population ages worldwide, the prevalence of these dis-
eases is expected to increase. Currently, effective treat-
ment strategies for both periodontitis and cognitive dis-
orders are lacking. Thus, investigating the mechanisms 
through which periodontitis influences the develop-
ment of cognitive disorders and identifying preventive 
measures could mitigate the risk they pose.

Recent studies have revealed a strong correlation 
between periodontitis and AD. Individuals with higher 
levels of periodontitis exhibit faster hippocampal atro-
phy and cognitive deterioration.4 Periodontitis can 
facilitate the infiltration of pathogenic bacteria, viru-
lence factors and inflammatory mediators into the 
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Periodontitis Exacerbates Cognitive Impairment via 
Endothelial Inflammation: Insights from Single-Nucleus 
Transcriptomics
Zong Shan SHEN1,#, Ji Chen YANG1,#, Chuan Jiang ZHAO1, Bin CHENG1

Objective: To explore the underlying mechanisms of the association between periodontitis and 
cognitive impairment.
Methods: Single-nucleus transcriptomics of mice were used to investigate the impact of peri-

processing, functional enrichment, pathway analysis and cell-cell communication analysis 

Results: The present authors identified endothelial inflammation as a key factor in periodon-

cells was linked to increased antigen presentation and exacerbated neuroinflammation, poten-

-

Conclusion: -
pal endothelial inflammation and antigen presentation in cognitive impairment. This research 
will enhance the understanding of how periodontitis impacts cognition and explore potential 
therapeutic strategies to alleviate periodontitis-associated cognitive impairment.
Keywords:
nucleus transcriptomics
Chin J Dent Res 2025;28(2):105–114; doi: 10.3290/j.cjdr.b6260577

Periodontitis is an inflammatory disease caused by 
plaque microbiota and results in the degradation of 
tooth-supporting tissues, which in turn leads to tooth 
mobility and loss. It has also been reported to be closely 
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brain via the blood-brain barrier (BBB).5-7 These sub-
stances then change the brain microenvironment, 
triggering neuroinflammation and neurodegeneration, 
ultimately leading to cognitive decline. The present 

impairs macrophage function and promotes reactions 
of hippocampal cells to virulence factors and bacteria, 
inducing astrocyte abnormalities and neuroinflamma-
tion.8 Nevertheless, the precise mechanisms by which 
factors damage the BBB and change the microenvir-
onment in the hippocampus require further research.

The brain microvasculature has been proven to be a 
key player in the development of AD. Previous studies 
have shown vascular disruption in early AD develop-
ment.9,10 Endothelial cells (ECs) are crucial for cleaning 

the central nervous system, whereas inflammation in 
11 Furthermore, ECs can 

secrete cytokines and directly activate dysfunction of 
surrounding neurons, astrocytes and microglia, leading 
to neuroinflammation and cognitive impairment.12-14 
However, the precise mechanisms underlying damage 
to the brain endothelium from initial contact with peri-
odontitis pathogens and toxins remain unclear.

Single-nucleus transcriptomics enables the exam-
ination of cellular changes, shedding light on the 
mechanisms by which periodontitis impacts cognitive 
function. In the present study, the authors generated 
single-nucleus maps of the brain and hippocampus, 
delineating key cell populations in these regions, and 
revealed that periodontitis upregulates genes in hip-
pocampal ECs linked to AD and suppresses neurogene-
sis. Specifically, periodontitis induces the upregulation 
of monoacylglycerol lipase (MGLL) expression in ECs, 
leading to neuroinflammation. The authors demon-
strated that increasing antigen presentation through 
MGLL-related pathways in ECs while inhibiting MGLL 
expression improved periodontitis-induced endothe-
lial dysfunction. This research not only elucidates the 
pathogenesis of cognitive dysfunction associated with 
periodontitis but also lays the groundwork for targeted 
therapeutic interventions for cognitive impairment.

Materials and methods

Data acquisition

The methods used were described in a previous study 
by the present authors.8 In brief, male C57BL/6 mice for 
sequencing were purchased from the National Resource 
Center of Model Mice (Nanjing, China) and housed in a 

specific pathogen-free facility at the Laboratory Animal 
Center of Sun Yat-sen University. The 12-month-old mice 
were separated into two groups (n = 6 in each group): the 
healthy group (Heal), which acted as a control, and the 
periodontitis group (PD). Ligature-induced periodontitis 
models were generated in PD group mice. After 6 weeks, 
they were euthanised by CO2 inhalation for brain and 
hippocampus collection. All experiments were approved 
by the Animal Care and Use Committee of Sun Yat-sen 
University (SYSU-IACUC-2018-109 000135).

Single-nucleus RNA sequencing (snRNA-seq) was 
performed by the DNBelab C Series High-Throughput 
Single-Cell System from MGI (Shenzhen, China) and 
pre-processed by STAR (v2.5.3). The data were uploaded 
to the National Genomics Data Center (NGDC).

Data processing

The present authors used the Seurat (v5.1.0) package 
of R (v4.4.0) for subsequent processing.15 We selected 
cells that contained between 500 and 4,000 genes and 
had less than 10% mitochondrial DNA and normalised 
the data with the SCTransform function (Fig S1, provided 
on request). After data integration and principal com-
ponent analysis (PCA), we removed batch effects from 
the data with the RunHarmony function of the Harmony 
(v1.2.0) package16 and used uniform manifold approxi-
mation and projection (UMAP) for dimensionality re-
duction in the PCA embeddings. Then, we annotated 
cell clusters based on marker genes identified by the 

 function (Fig S2, provided on request) 
and mentioned in previous studies.8,17-20

Functional enrichment, pathway analysis  
and scoring

Differentially expressed genes (DEGs) were identified 
by the  Seurat function with a Wilcoxon 
test (P < 0.05). DEGs in the brain and hippocampal ECs 
between the PD group and Heal group were selected 
with a minimum expression ratio of 0.2 and an average 
log fold change (avg logFC) of positive number. DEGs 
of hippocampal ECs with high  expression (expres-
sion > 0) were selected with a minimum average log fold 
change (avg logFC) of 3 or a maximum average log fold 

pathway analyses were performed using Metascape 
(https://www.metascape.org) based on the selected 
DEGs to identify enriched functional terms.21 Then, we 
integrated the results and visualised them in R with the 
Treemapify (v2.5.6) package. We chose visualised terms 
with the 10 highest counts. In addition, we calculated 
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module scores of significant functional terms with the 
 Seurat function.

Cell-cell communication analysis

We analysed cell-cell communication with the Cell-
PhoneDB (v5.0.0) package in Python (v3.12.0),22 then inte-
grated the results and visualised them in R with Ggallu-
vial (v0.12.5). We chose visualised receptors with the five 
highest significant means and corresponding ligands.

Cell culture

The immortalised human cerebral microvascular 
endothelial cell line (HCMEC/D3) and human umbili-
cal vein endothelial cell line (PUMC-HUVEC-T1) were 
purchased from Pricella (Wuhan, China) and cultured 
in complete culture medium for ECs from Pricella in a 
37°C humidified incubator with 5% CO2. The cells were 
expanded through three passages and seeded in 6-well 
culture plates with 1,000,000 cells per well.

Lipopolysaccharide (LPS) from Porphyromonas gingi-
valis was purchased from Sigma-Aldrich (St Louis, MO, 
USA) and stored as a 1 mg/ml stock solution in HBSS at 

TX, USA) and stored as a 20mM stock solution in DMSO 

with healthy, 200ng/ml LPS, or 200ng/ml LPS + 10μM 
ABX-1431 for 12 hours.

Real-time quantitative polymerase chain reaction 
(RT-qPCR)

Total RNA was collected using an RNA quick extraction 
kit from GOONIE (Guangzhou, China) according to the 

cDNA was obtained with a PrimeScript RT reagent kit 
(Takara, Kusatsu, Japan) according to the manufactur-

Taq Pro Universal SYBR qPCR Master Mix (Vazyme, Nan-
jing, China) and a QuantStudio 7 Flex Real-Time PCR 
System (Thermo Fisher Scientific, Waltham, MA, USA) 

were synthesised by Tsingke Biotech (Beijing, China), 
and the sequences are listed in the supplemental infor-
mation (Table S1, provided on request).

conducted with an ELISA Kit (MEIMIAN, Yancheng, 

The optical density (OD) at 450 nm was detected using a 
microplate reader (BioTek, Winooski, VT, USA).

Statistical analysis

Statistical analyses of the snRNA-seq data were per-
formed in R with default parameters. A Wilcoxon test 
was employed to compare differences of  expres-
sion, and an unpaired Student t test was used to compare 
differences of module score in violin plots. Differences 
with P < 0.05 were considered to indicate statistical sig-
nificance. Statistical analyses of the cellular experi-
ments were performed in GraphPad Prism (v10.1.2; Dot-
matics, Boston, MA, USA) and are presented as means 
± standard errors of the means (SEMs). A one-way ana-
lysis of variance (ANOVA) followed by a Tukey multiple 
comparisons test was used for multiple comparisons. 
Differences with P < 0.05 were considered to indicate 
statistical significance.

Results

Construction of the single-nucleus transcriptomic 
atlases of mouse brains and hippocampi

To investigate disorders in the brain and hippocampus 
caused by periodontitis, the present authors obtained 
single-nucleus transcriptomic data from the brains and 
hippocampi of healthy mice and those with experimen-
tal periodontitis (Fig 1a). We successfully constructed 
the cell atlases of the brain (Fig 1b and c) and hippo-
campi (Fig 1d and e) of mice with periodontitis. The 
present study identified cells as eight clusters accord-
ing to known markers, including inhibitory neurons (In) 
(Gad1+, Gad2+), excitatory neurons (Ex) (Slc17a7+, Cam-
k2a+), astrocytes (Ast) ( +, Gfap+), oligodendrocytes 
(Oli) ( +, +), oligodendrocyte progenitor cells 
(OPCs) (Olig1+, Olig2+), microglia (Mic) (Csf1r+, P2ry12+) 
and endothelial cells (ECs) (Flt1+, Cdh5+). The present 
authors also revealed that the proportions of inhibitory 
neurons, microglia and ECs were decreased in both the 
brain and hippocampus, that of excitatory neurons and 
astrocytes was increased, and that of the entire neu-
ral population was slightly decreased (Fig 1f and g). 
This finding suggests that periodontitis can affect the 
brain and hippocampus in a similar pattern. The atlases 
formed the basis of the subsequent analyses.

CJDR_2502.indb   107 03.06.25   14:54



108 Volume 28, Number 2, 2025

Shen et al

Changes in the function of brain and hippocampal 
 

neighbouring cells in the hippocampal area

To explore the initiating mechanism of cognitive disor-
ders in the hippocampus, the present authors compared 
the functions of activated ECs in both the brain and hip-
pocampus of mice with periodontitis through functional 
enrichment and pathway analysis (Fig 2a and b). ECs 
form the BBB as the first line of defence with pericytes 

and fibroblasts in every area of the brain.23 The present 
research revealed that ECs in the hippocampus have dif-
ferent gene expression patterns and functions from those 
in other areas of the brain when affected by periodon-
titis. The upregulated genes in ECs of the hippocampus 

 
 The present study suggests that ECs in the hippocampus 
may initiate the development of periodontitis-induced 
AD.

transcriptomic atlases of the 
mouse brain and hippocam-
pus. Overview of the process-
ing of snRNA-seq data (a); 
UMAP showing cell clusters in 
the brain (b); dot plots show-
ing marker genes of every 
cluster in the brain (c); UMAP 
showing cell proportions in 
the hippocampus (d); dot plots 
showing marker genes of every 
cluster in the hippocampus (e); 
proportions of different cell 
types in the brain (f) and the 
hippocampus (g). 
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The present authors also investigated the interac-
tions between ECs and other significant clusters in 
the neurovascular unit, and observed that ECs in the 
hippocampus of mice with periodontitis had disrupted 
communication with neurons, astrocytes and microglia 
compared to those in healthy mice. Specifically, in ECs, 
FLRT2 expression was upregulated, and expression of 
FLRT2 receptor was correspondingly upregulated on 
neurons (Fig 2c and d). FLRT2 can regulate synapse 
formation, which may contribute to the imbalanced 

activation of neurons.24,25 For ligands to astrocytes, ECs 
downregulated the expression of CLSTN2,  and 

, whereas  and PTN expression increased 
(Fig 2e). Moreover, ECs heightened the expression of 
PTN and  ligands as well as matching receptors 
on microglia (Fig 2f). These findings suggest that peri-
odontitis alters intercellular communication between 
hippocampal ECs and neighbouring cells, potentially 
contributing to cognitive impairment.

function of brain and hippocam-
pal ECs and communication be-
tween the ECs and neighbouring 
cells in the hippocampal area. 
Tree maps showing functional 
analyses of upregulated genes 
in the brain and hippocampus 
with periodontitis ; 
alluvial plots showing the main 
interactions between endothe-
lial cells and surrounding cells, 
including inhibitory neurons (c), 
excitatory neurons (d), astro-
cytes (e) and microglia (f), in 
the hippocampus of different 
groups. 
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with periodontitis

The present authors then conducted a detailed analysis 
of the key genes involved in pathways associated with 
cognitive dysfunction upregulated in hippocampal ECs 
in response to periodontitis. The examination of these 
pathways revealed a significant upregulation in the AD 
pathway (Fig 3a). Pathways related to the negative regu-
lation of angiogenesis, neurogenesis and macrophage 
activation were also upregulated in ECs affected by peri-
odontitis. Heatmap visualisation highlighted specific 
genes linked to the AD pathway, such as , Calm1, 
Ppp3ca, Calm2,  and Ndufa2, whereas  exhib-
ited the greatest increase in expression (Fig 3b and c). 
The analysis also indicated that  is predominantly 
expressed in hippocampal astrocytes and ECs under the 
influence of periodontitis, whereas its upregulation in 
ECs was most notable (Fig 3d). Consequently, the pres-
ent authors focused on the expression of , as its 
upregulation could potentially disrupt endothelial func-
tion and impact cellular communication. These find-
ings suggest that  is activated in the hippocampal 
ECs in mice with periodontitis.

The present authors further investigated the impact of 
 activation on the functions of ECs by comparing the 

gene expression profiles of ECs with high and low  
levels. Enrichment analysis of differentially expressed 
genes revealed that genes associated with the immune 
response, apoptotic signalling regulation and antigen 
presentation via MHC class II were upregulated in ECs 
with high Mgll expression, whereas genes associated 
with developmental growth pathways were downregu-
lated in those cells (Fig 4a and b). Statistical analysis con-
firmed the significant upregulation of immune response 
and apoptotic signalling regulation and the downregula-
tion of developmental growth in high -expressing 
cells (Fig 4c). Examination of immune-related genes in 
high -expressing cells identified H2-Eb1, Cd74 and 
H2-Aa as the top three genes with significantly increased 
expression compared to -negative cells, indicating 
enhanced MHCII complex regulation and inflammatory 
functions in ECs with high  expression (Fig 4d and 
e). The activation of proinflammatory ECs was found to 
exacerbate neuroinflammation and cognitive dysfunc-

the Mgll in the hippocampal 
ECs with periodontitis. Mod-
ule scores of significantly 
enriched pathway genes in 
the hippocampal endothelial 
cells with periodontitis (a); 
heatmap showing DEGs high-
ly enriched in AD in the hip-
pocampal ECs with periodon-
titis (b); violin plots showing 
the top three most highly 
expressed genes enriched in 
AD in hippocampal ECs in dif-
ferent groups (c); bar plots of 
Mgll expression in different 
hippocampal cell types (d). 
*P < 0.05.
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tion by stimulating T cells and microglia. These findings 
suggest that  activation amplifies inflammation and 
antigen presentation in hippocampal ECs.

-

ECs exhibiting high  expression demonstrate 
heightened proinflammatory and enhanced antigen 
presenting properties; however, the precise mechan-
isms through which  governs these EC functions 
remain ambiguous. Therefore, the present authors 
investigated the impact of LPS on simulating bacteria on 
HCMEC/D3 cells (Fig 5) and PUMC-HUVEC-T1 cells (Fig 
S3, provided on request). After LPS stimulation, elevated 
expression levels of type 2 cannabinoid receptors ( ) 
were observed, as well as the proinflammatory and 
antigen presenting genes  and  (Fig 5a). 

 expression had no significant change, which cor-
responded to a previous study.26 2-arachidonoylglycerol 
(2-AG) is the ligand of cannabinoid receptors, the activa-
tion of which is known to significantly mitigate neuro-
inflammation and aid disease-related damage repair.27 
MGLL predominantly hydrolyses 2-AG to arachidonic 

acid (AA), which induces cannabinoid receptors to exert 
inhibitory effects.26 AA can also attribute to neuroin-
flammation.28 The present authors observed consistent 
results, which affirmed that MGLL played an important 
role in the endothelial inflammation (Fig 5b). ABX-1431 
is a common MGLL inhibitor.29 Notably, treatment with 
ABX-1431 suppressed 2-AG hydrolysation, decreasing 
the expression of  and  and restoring 
the expression of CB2 (Fig 5b). The present findings 
clarified that MGLL decreased the levels of 2-AG and 
CB2, attributing to increased CIITA and MHCII expres-
sion, leading to neuroinflammation in surrounding 
cells (Fig 5c). These results suggest that MGLL inhibitors 
can diminish the inflammatory and antigen-presenting 
capacities of ECs by augmenting 2-AG levels and sup-
pressing CIITA and MHCII expression, which could be 
potential therapies for periodontitis-associated AD.

Discussion

By utilising single-nucleus transcriptomics of brain and 
hippocampal cells, the present study revealed that peri-
odontitis exacerbates cognitive impairment by inducing 
endothelial inflammation and dysfunction of antigen 

Mgll exacerbates inflamma-
tion and antigen presentation 
in the hippocampal ECs. Tree 
maps showing functional 
analyses of upregulated (a) 
and downregulated genes 
(b) in hippocampal ECs with 
high Mgll expression; module 
scores of significant pathway 
genes in functions enriched 
in the hippocampal ECs with 
high Mgll expression (c); bar 
plot showing the relative 
expression of genes that pos-
itively regulate the immune 
response in hippocampal ECs 
with high Mgll expression 
(d); bar plot showing the top 
three genes with the greatest 
changes in the expression of 
genes associated with posi-
tive regulation of the immune 
response in hippocampal ECs 
with high Mgll expression (e). 
*P < 0.05.
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presentation through upregulation of  expression. 
This study offers valuable perspectives for the advance-
ment of precise therapeutic interventions for cognitive 
impairment.

The present study revealed the key role of endothe-
lial inflammation as a significant contributor to per-
iodontitis-associated cognitive impairment. Previous 
research has emphasised the importance of endothe-
lial dysfunction during the development of AD, but 
has not precisely explored the connection between 
endothelial dysfunction and periodontitis-associated 
AD. Abnormalities of brain ECs contributing to cogni-
tive impairment have been observed in morphology, 
metabolism and immunity.30,31 Periodontitis involves 
sophisticated mechanisms that can damage systemic 
health,32-34 and may play a pivotal role in brain endothe-
lial abnormalities that exacerbate neuroinflammation 
and cognitive decline; however, changes in brain ECs 
underlying periodontitis are unclear. Through the snR-
NA-seq of brain and hippocampal cells, the present 
authors identified the distinct pathways upregulated 
in the hippocampal ECs of mice with periodontitis that 
are linked to AD. Subsequent analysis of cell commu-
nication revealed aberrant interactions between ECs 
and surrounding cells involving neurons, astrocytes 
and microglia in the hippocampus, which may have 
intensified neuroinflammation. In summary, the pres-
ent study provides a comprehensive understanding of 
the impact of periodontitis on hippocampal ECs and 
elucidates potential mechanisms that contribute to the 
exacerbation of neuroinflammation.

The present authors also identified the potential 
mechanism through which periodontitis exacerbates 
neuroinflammation via endothelial cell dysfunction. 
MGLL was identified as one of the key molecules lea-
ding to endothelial cell dysfunction. It can participate 
in endocannabinoid signalling, cause dysfunction of 
astrocytes and microglia and augment inflammatory 
mediators such as prostaglandin.28 Previous studies 
have shown an imbalanced endocannabinoid system 
in gingival crevicular fluid in individuals with peri-
odontitis.35,36 In the central nervous system, a recent 
study observed elevated MGLL expression in protein 
extracts from the frontal cortex in cases of depression 
combined with periodontitis;37 however, its contribu-
tion and underlying mechanisms in the hippocampus 
with periodontitis-associated AD is unclear. Thus, the 
present authors focused on its function by comparing 
cells that exhibited high and low  expression in 
the hippocampal data of periodontitis-afflicted mice. 
Analysis of upregulated genes involved in AD-related 
pathways revealed the predominant expression of 
in ECs and astrocytes, and the most significant upregu-
lation was observed in the ECs. Interestingly, the pres-
ent authors observed an accompanying increase in the 
expression of genes associated with MHCII molecules, 
including a notable increase of more than sevenfold 
in the expression of , Cd74 and . MHCII 
molecules play a crucial role in the antigen presenta-
tion function of ECs, contributing to the activation of T 
cells and macrophages and the exacerbation of tissue 
inflammation.38,39 The present authors infer that peri-

-
tor mitigated inflammation 
and antigen presentation in 
HCMEC/D3. RT-qPCR analy-
ses of MGLL associated 
genes in different groups (a); 
ELISA analysis of 2-AG and 
AA in different groups (b); 
overview of the mechanisms 
by which MGLL induces neu-
roinflammation during the 
process by which periodon-
titis exacerbates AD (c). ABX: 
ABX-1431. Error bars indi-
cate the standard error of the 
mean (SEM). *Adjust P < 0.05.
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odontitis may aggravate neuroinflammation and cogni-
tive impairment by activating the antigen presentation 
of ECs, leading to the activation of microglia, astro-
cytes and other cell types. Periodontitis may aggravate 
MGLL expression through inflammatory signalling, 

studies,40-42 which should be studied further. Further 
experimental validation is imperative to substantiate 
the direct connection between periodontitis, MGLL ac-
tivation in hippocampal ECs and upregulated antigen 
presentation. 

Specifically, the present authors elucidated that the 
MGLL-2AG-CB2 pathway activates antigen presenta-
tion and inflammatory phenotypes in ECs. MGLL can 
hydrolyse 2-AG to AA, while the expression of the 
2-AG receptor CB1 and CB2 decreases in surrounding 
environment.28 CB2 has been shown to play a crucial 
role in regulating inflammation and neuronal modula-
tion in the brain, including the transition of microglia 
and astrocytes to the M2 phenotype, and the release 
of excitatory and inhibitory neurotransmitters.43 CB2 
is also widely expressed on immune cells such as 
macrophages and dendritic cells, which suggests that 
it may participate in antigen presentation.44,45 In the 

CB2 suppresses CIITA expression and reduces MHCII 
levels, while decreasing CB2 expression can augment 
anti-inflammatory antigen presentation in ECs, trig-
ger tissue inflammation and worsen tissue damage. 
Therefore, the present authors investigated whether 
inhibiting MGLL could enhance CB2 expression and 
decrease CIITA and MHCII levels in ECs. The findings 
revealed that MGLL inhibition increases 2-AG levels, 
activates endothelial CB2 and subsequently downregu-
lates CIITA and MHCII. Targeting MGLL to reduce the 
anti-inflammatory antigen presentation and inflamma-
tory profiles of ECs could represent a potential strategy 
for mitigating periodontitis-induced neuroinflamma-
tion and cognitive impairment; however, the use of LPS 
as a model of inflammation may not fully recapitulate 
the complex microbial and host interactions in vivo. 
Further experimental validation is also necessary to 
confirm the efficacy and feasibility of this approach, 
which will be the focus of follow-up studies.

Conclusion

In summary, with analyses of snRNA-seq data from 
brain and hippocampal cells, this study reveals the role 
of the MGLL-2AG-CB2 pathway in linking periodontitis 
to inflammation and antigen presentation of ECs, lea-
ding to neuroinflammation and cognitive impairment. 

These insights offer a foundation for targeted thera-
peutic approaches for cognitive impairment.
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proportion, size and shape of these fillers, significant 
enhancements in mechanical, physical and aesthetic 
properties can be achieved, allowing composite resins 
to meet the demands of a wide array of dental applica-
tions.2

Despite their widespread use, composite resins have 
not yet reached their full potential, and research efforts 
continue to focus on improving their clinical perform-
ance.2,3 Innovations in the resin matrix predominantly 
involve the development of new monomer systems,4-6 
whereas advancements in fillers focus on optimising 
loading capacity, particle size and surface treatment, 
and exploring novel particulate or fibre technolo-
gies.7-10 These areas of study are particularly important, 
as the filler content and particle size significantly influ-
ence many properties of dental composites.7,8
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Objective:
particulate fillers on specific properties of microfilled composite resin.
Methods: -

gradually using a high-speed mixing machine. For each composite resin, flexural properties (n = 

-

was applied to interpret the results statistically, then a post hoc Tukey analysis was performed.
Results:

Conclusion: -
sential to assess the proportion ratio carefully. Optimising all the properties of composite resin 
at once with just one formulation is challenging.
Keywords: microfilled composite resin, nanofiller fractions, properties
Chin J Dent Res 2025;28(2):115–122; doi: 10.3290/j.cjdr.b6260583

Composites resins have become essential in restorative 
dentistry due to their versatility and the continuous im-
provement of their material properties. They typically 
consist of a polymeric matrix reinforced with fillers, 
where the filler–matrix interface, often mediated by 
silane coupling agents, plays a crucial role in the over-
all performance of the material.1 By manipulating the 
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One of the most promising advancements in this field 
is the integration of nanotechnology. Nanotechnology 
involves manipulating materials on a nanoscale (5 to 
200 nm) to enhance specific properties through various 
physical and chemical approaches.11 The incorporation 
of nanometre-sized fillers into microfilled compos-
ite resins has garnered significant attention, as these 
nanofillers occupy voids between larger microfillers, 
increasing the overall filler content and improving 
material performance.12 Given that the resin matrix 
typically exhibits lower mechanical strength compared 
to the fillers, reducing the inter-filler voids is essential 
to improve the strength, hardness and wear resistance 
of the composite.7,13 Furthermore, nanofillers offer 
additional benefits in dental composites, particularly 
by enhancing optical properties, which are critical for 
achieving highly aesthetic restorations.14,15

Despite these advancements, significant challeng-
es remain with regard to optimising the mechanical 
and surface properties of composite resins, especially 
in high-stress areas. The relationship between filler 
size, shape, distribution and composite performance 
remains a critical focus of ongoing research.2 Gaining 
a deeper understanding of how these variables influ-
ence material behaviour is essential for developing 
next-generation composite resins that combine super-
ior aesthetics with long-lasting durability. Thus, this 
study aims to explore the optimal weight fraction of 
nanometre-sized particulate fillers that can signifi-
cantly enhance the physical, mechanical and aesthetic 
properties of microfilled composite resins. 

Materials and methods

The dimethacrylate (BisGMA 50% [bisphenol A-glycidyl 
dimethacrylate] and TEGDMA 50% [triethylenglycol 
dimethacrylate]) monomer resin system and radiopaque 
fillers of BaAlSiO2 (0.4 μm in size) (UltraFine, Schott, 
Landshut, Germany) were used. Nanofillers (SiO2, 180 
nm in size) with various weight fractions (NanoFine, 
Schott) were incorporated into the resin system. Both 
types of fillers were received silanated from the manu-
facturer. 

Preparation of the experimental composite resins

Experimental composite resins were prepared by mix-
ing 29 wt.% of resin matrix with 71 wt.% of BaAlSiO2 
radiopaque fillers. Then, various weight fractions of 

nanofillers (0, 10, 15, 20, 25, 30 and 35 wt.%) were added 
gradually to the mixture. Mixing was carried out using a 
high-speed mixing machine for 4 minutes at 3,500 rpm 
(SpeedMixer DAC, Hauschild, Hamm, Germany). 

All groups had the same resin matrix and a consist-
ent fraction of microfillers but varied in their nanofiller 
fractions (resulting in different total filler fractions). 
Composite resins were transferred from mixing cups 
to syringes and mixed in a centrifuge (SPR centrifuge, 
Beckman Coulter, Brea, CA, USA) until all entrapped air 
was eliminated.

Flexural strength and modulus

Specimens of specific dimension (2 × 2 × 25 mm3) were 
prepared for a three-point bending test from all evalu-
ated composites. By using a half-split stainless-steel 
mould and transparent Mylar sheets, bar-shaped speci-
mens were prepared. Light curing of dental composite 
was performed using a hand light-curing unit (Elipar 
DeepCure-L, 3M, St Paul, MN, USA) for a duration of 20 
seconds in four different parts through metal moulds on 
both sides. The light tip of the curing device was 1 mm 
away from the composite. The light intensity was 1600 
mW/cm2, with a wavelength ranging from 400 to 480 nm 
(Marc Resin Calibrator; BlueLight Analytics, Halifax, NS, 
Canada). Before testing, the specimens of each group 
(n = 8) were kept dry for 2 days in an incubator (37°C). 
According to ISO 4049, a three-point bending test was 
performed (test span 20 mm, crosshead speed 1 mm/
min, indenter 2 mm diameter, load cell 2500 N). Using 
a material-testing machine (model LRX, Lloyd Instru-
ments, Fareham, UK), all specimens were loaded, and 
software was used to record the load-deflection curves 
(Nexygenf4.0, Lloyd Instruments).

(Ef) were measured according to equations:
2)

Ef = SI3 /(4bh3)
Where Fm is the load applied (N) at the maximum point 
of the load-extension curve, I is the length of span (20 
mm), b is the width of the test specimens and h repre-
sents the thickness of the test specimens. S is the stiff-
ness (N/m) S = F/d where d represents the deflection 
that corresponds to load F at a particular point along the 
straight-line portion of the trace.

Degree of monomer conversion

Fourier transform infrared (FTIR)-spectroscopy was 
employed using an attenuated total reflectance (ATR) 
accessory (Spectrum One, Perkin-Elmer, Beaconsfield, 
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UK) for the quantification of carbon-carbon double bond 
conversion (DC%) both before and after photoinitiation 
of the polymerisation process. The assessment was con-
ducted within a mould with a thickness of 1.5 mm and a 
diameter of 4.5 mm, encompassing the analysis of com-
posite resins. The initial step involved the measurement 
of the spectrum of the non-polymerised specimen. Sub-
sequently, the composite resin underwent polymerisa-
tion using a manual light-curing unit (Elipar DeepCure-
L), with irradiation conducted through an upper glass 
slide for 40 seconds. Following the irradiation process, 
the FTIR spectrum of the specimen was subjected to 
scanning, then DC% was measured from the aliphat-
icfC = C peak at 1638 cm–1 and normalised against the 
aromaticfC = C peak at 1608 cm–1 following this formula:

Where the C aliphatic is the absorption peak at 1638 
cm–1 and C aromatic the reference peak of the poly-
merised specimen, whereas U aliphatic represents the 
absorption peak at 1638 cm–1 and U aromatic the refer-
ence peak of the unpolymerised specimen. Five trials 
were run for each experimental composite resin.

Surface gloss

Disk-shaped specimens (15 mm diameter and 2 mm 
thickness) were fabricated from each material using a 
metal mould (n = 5). One side of the specimen surface 
facing the mould was polished with 4,000-grit paper, and 
this side was named the polished side. The other side 
of the specimen facing the glass slide and mylar strip 
remained unpolished and was named the unpolished 
side. After polishing, specimens were rinsed with water 
and stored in dry conditions at room temperature before 
testing. The surface gloss was measured at an incidence 
angle of 60 degrees, using a calibrated infrared Gloss-
meter (Zehntner Testing Instruments, Germany) with 
a square measurement area of 6 x 40 mm. The mean of 
four measurements was recorded per surface.

Surface microhardness

The surface microhardness of each group was meas-
ured using the same polished disk-shaped specimens 
(n = 5) and a Duramin hardness microscope (Struers, 
Copenhagen, Denmark) equipped with a 40x objective 
lens. A load of 1.96 N was applied for 15 seconds to each 
specimen, with five indentations made on the surface 
of each one. The diagonal lengths of the impressions 

were measured, and the Vickers hardness values were 
automatically converted into microhardness values by 
the machine. Microhardness was calculated using the 
following equation:

where H is Vickers hardness in kg/mm2, P is the load in 
grams and d is the length of the diagonals in μm.

Two-body wear

The two-body wear test was applied according to pre-
vious studies16,17 to demonstrate the wear resistance 
of each composite. Two polished specimens (20 mm 
length × 10 mm width × 3 mm depth) of each compos-
ite were prepared in acrylic resin block. All specimens 
were immersed in distilled water at a temperature of 
37°C for 24 hours prior to testing. Wear assessments 
were conducted using a chewing simulator (CS-4.2, 
SD-Mechatronik, Feldkirchen-Westerham, Germany), 
consisting of two distinct chambers designed to rep-
licate vertical and horizontal masticatory movements 
sequentially, while operating within an aqueous envir-
onment. Each chamber composed of a lower sample 
holder for specimen insertion and an upper loading tip 
serving as the counteracting element to the specimens 
under examination. An upper antagonist, in the form of 
a steatite ball with a diameter of 6 mm, was employed. 
For each specimen, a total of 15,000 simulated chewing 
cycles were executed at a frequency of 1.5 Hz, employ-
ing a vertical load of 2 kg to emulate a chewing force 
of 20 N. Subsequent to the simulations, wear patterns 
were assessed via a 3D optical profilometer (ContourGT-
I, Bruker Nano, Tucson, AZ, USA). The mean wear depth 
(in μm) was calculated based on the examination of 
the deepest points among six wear profiles from each 
group, representing a comprehensive measure of wear 
resistance (Fig 1).

To evaluate the microstructure of the investigated com-
posites, a scanning electron microscopy (SEM) (LEO, 
Oberkochen, Germany) was used. Polished specimens 
(n = 2) from the experimental composites (0 and 35 
wt.%) were kept dry in a desiccator for 24 hours. After 
that, specimens were gold coated in a vacuum evapora-
tor utilising a sputter coater (SCD 050 Sputter Coater, 
BAL-TEC, Balzers, Liechtenstein) prior to SEM inspec-
tion.
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Statistical analysis

Analysis of variance (ANOVA) with the level of signifi-
cance set at 0.05 was employed to statistically analyse 
the data with SPSS version 23 (IBM, Armonk, NY, USA). 
The results were primarily assessed using a Levene test 
to evaluate equality of variances. Tukey HSD post hoc 
analysis was used to ascertain the variations between 
tested groups. The Pearson correlation coefficient was 
calculated to examine the relationship between the 
investigated material properties and the nanofiller 
weight percentage.

Results

The results presented in Table 1 indicate that the fraction 
of nanofillers had a significant effect (P < 0.05) on flex-
ural modulus (positive correlation, R2 = 0.8), degree of 
conversion (DC%) (negative correlation, R2 = 0.9), micro-
hardness (positive correlation, R2 = 0.9), gloss (negative 
correlation, R2 = 0.8) and wear depth (negative correl-
ation, R2 = 0.9). However, the addition of nanofillers did 
not correlate with flexural strength values (R2 = 0.2).

The group without nanofillers exhibited the high-
est DC% (56.6%), gloss after polishing (76.2 GU) and 
wear resistance (24.2 μm). In contrast, the group with 
35 wt.% nanofillers showed the highest flexural modu-
lus (9 GPa) and microhardness (70 VH).

The polishing protocol used in this study (4,000 
grit) reduced the surface gloss of the composite sur-
faces compared to the unpolished surfaces polymerised 
against a mylar matrix strip (P < 0.05). Nanofillers had 
no effect on the gloss values of the unpolished speci-
mens.

Figure 1 illustrates a typical wear facet profile of 
specimens with and without nanofillers. The addition 
of nanofillers increased both the wear depth values and 
the size of the wear facet area. Moreover, SEM images 
(Fig 2) provide further insight into the structural dif-
ferences, showing that nanofillers effectively filled the 
spaces between micro-sized fillers, resulting in a more 
uniform material. Specimens without nanofillers, on 
the other hand, exhibited greater porosity, suggesting 
that these unfilled gaps could negatively impact certain 
material properties.

wear depth was calculated 
based on the examination 
of the deepest points 
among six wear profiles 
from each group (a). Ex-
ample of 2D surface pro-
files of the wear facet of a 
specimen without (a) and 
with nanofillers (c). a

b c
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Discussion

The use of inorganic particles as a reinforcement 
method for polymer-based materials is well-document-
ed, with various studies showing that incorporating 
nanofillers into polymer matrices enhances multiple 
properties of the resulting composites.18 In the present 
study, the effect of adding nanofillers on the properties 
of microfilled composite resin was explored by testing 
eight experimental composite groups, each containing 
varying amounts of nanofillers. The parameters were 
assessed in accordance with the dental standard ISO 
4094 or other reliable testing methods.19-21 Despite the 
experimental resin-based materials not being fully opti-
mised, the results indicated that the selected formula-
tions fell within the property range of standard com-
mercial products.21-23

The findings demonstrate the significant influence 
of nanofiller content on the mechanical and surface 

properties of the microfilled composite resins tested. 
Specifically, the positive correlation between the frac-
tion of nanofillers and the flexural modulus (R2 = 0.8) 
and microhardness (R2 = 0.9) suggests that increas-
ing the nanofiller content enhances the stiffness and 
surface hardness of the microfilled composite resin. 
Consistent with previous studies, the combination of 
micro- and nano-sized fillers allows for denser packing, 
which in turn increases the filler volume fraction of the 
composite resins.7,24,25

The flexural strength results (R2 = 0.2) indicate that 
there is no significant correlation between the addition 
of nanofillers and the flexural strength of the com-
posite. Although an initial increase in strength was 
observed at low nanofiller loadings (5 wt.%), a signifi-
cant decrease in strength occurred at higher filler load-
ings (Table 1). This suggests that while small amounts 
of nanofiller may enhance flexural strength, further 
increasing the filler content beyond a certain threshold 

(a and b), showing some porosity, and the group 
with 30 wt.% nanofillers (c and d)

a b

c d
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negatively impacts this property. This finding aligns 
with reports in the literature on particulate-filled com-
posite resins, where increasing nanofiller loading can 
counteract the expected reinforcement due to a higher 
concentration of particles.25,26 The observed decrease 
in strength is likely due to increased mechanical fail-
ure at the interface between the resin matrix and the 
inorganic fillers.27 In other words, the wettability of 
the nanofillers is reduced. Conversely, the negative 
correlation between nanofiller content and DC% (R2 = 
0.9), gloss (R2 = 0.8) and wear depth (R2 = 0.9) indicates 
that higher concentrations of nanofiller may hinder 
the polymerisation process, reduce the surface gloss 
and increase the susceptibility to wear. The reduction 
in DC% observed in groups with higher nanofiller 
content may be attributed to the increased viscosity 
of the composite resin, which restricts monomer mo-
bility and diminishes the efficiency of the curing 
process. The inclusion of nanofillers can increase the 
refractive index and reduce the extinction coefficient, 
which could hinder the polymerisation of monomers.28 
Additionally, the formation of a dense or highly filled 
structure (Fig 2) might impede light penetration or 
cause light scattering, particularly when the filler par-
ticle size is close to the wavelength of the light from the 
curing unit.29,30 As a result, increased scattering reduc-
es light intensity, further impacting the curing process.

high gloss typically indicating a smooth restoration sur-
face.31 In the present study, the gloss values of the com-
posite surface polymerised against a Mylar strip (unpol-
ished surface) were higher than those obtained after 
polishing. Similar findings have been reported in other 
studies.32,33 Although light curing against a Mylar sheet 
produces a smoother surface, restorations usually re-
quire finishing to remove excess material and recontour 
the surface, which decreases smoothness and necessi-

tates further polishing. The observed reduction in gloss, 
particularly after polishing, suggests that composites 
with higher nanofiller content may exhibit less reflectiv-
ity, likely due to increased surface roughness and the loss 
of filler particles during the polishing process.33

These results contrast with the findings of Valente 
et al,34 who reported that nanofilled composites (mean 
particle size Ø 175 nm) retained higher surface gloss 
both before and after brushing, suggesting that smaller 
inorganic fillers can better maintain aesthetic proper-
ties under oral conditions. However, Kaizer et al35 noted 
that there is no in vitro evidence to favour nanofilled 
composite resins over traditional microfilled compos-
ites in terms of superior surface smoothness or gloss.

The wear facet profiles shown in Fig 1 provide 
further insight into the effect of nanofillers on wear 
performance. The increased wear depth and facet 
area observed in the specimens containing nanofillers 
suggest that, despite enhancing certain mechanical 
properties, nanofillers can also make the composite 
more vulnerable to wear under specific conditions. 
This outcome is not unexpected, as previous studies 
have shown that flowable composite resins with lower 
filler content often exhibit better wear resistance than 
packable, highly filled composites.36,37 This may be 
partly attributed to the elastic deformation of the low-
viscosity composite matrix, which offers some shock-
absorbing properties.23,36 The literature presents mixed 
results: some studies report a positive38,39 or negative 
correlation23,37 between surface hardness and wear 
resistance, whereas others found no relationship.21,40 
Bayne et al41 emphasise that filler quantity is less 
critical than how it is distributed, with inter-particle 
spacing being a key factor in protecting the compos-
ite surface. However, the wear of composite materials 
remains a complex process, and no definitive conclu-
sions have been reached in the literature so far.

Group Flexural 
strength 
(MPa)

Flexural mod-
ulus (GPa)

DC% Surface gloss (GU) Hardness (VH) Wear (μm)
Unpolished Polished

0 wt.% a a a a a a a

5 wt.% b a a a a a b

10 wt.% a a b a a b c

15 wt.% c b b a a a d

20 wt.% d c b a b c d

25 wt.% e c c a b c e

30 wt.% f d d a b d f

35 wt.% g d d a c d g

The same superscript letter after the values indicates groups that were statistically similar (P > 0.05). 
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It is important to highlight that the nanofillers in 
the present study were well distributed throughout the 
matrix, as no agglomeration was observed in the SEM 
images (Fig 2). This uniform distribution is most likely 
attributable to the silane treatment. 

Conclusion 

In summary, the incorporation of nanofillers into com-
posite materials presents a complex balance of benefits 
and drawbacks. While nanofillers enhance flexural 
modulus and microhardness, they may also reduce the 
DC%, gloss and wear resistance. These findings empha-
sise the importance of carefully optimising nanofiller 
content in composite formulations to achieve the de-
sired combination of mechanical strength, surface qual-
ity and durability for specific applications. Further stud-
ies are needed to explore the mechanisms underlying 
these effects and to identify strategies for mitigating the 
negative impacts of nanofillers on composite perform-
ance.

Conflicts of interest

The authors declare no conflicts of interest related to 
this study.

Author contribution

Dr Enni PARPO contributed to the data collection/ana-
lysis and manuscript draft; Dr Lippo LASSILA contribut-
ed to the study design, data analysis/interpretation and 
manuscript revision; Dr contributed to the manuscript 
editing and revision; Dr Sufyan GAROUSHI contributed 
to the study design, manuscript writing and revision.

(Received Sep 29, 2024; accepted Nov 18, 2024)

References
1. Ferracane JL. Resin composite—State of the art. Dent Mater 

2011;27:29–38. 
2. Ferracane JL. A historical perspective on dental composite 

restorative materials. J Funct Biomater 2024;15:173.
3. Paolone G, Diana C, Cantatore G. 2023 state-of-the-art in resin-

based composites and future trends. Compend Contin Educ 
Dent 2023;44:98–100.

4. He J, Lassila L, Garoushi S, Vallittu P. Tailoring the monomers 
to overcome the shortcomings of current dental resin com-
posites - Review. Biomater Investig Dent 2023;10:2191621.

5. Lone SB, Zeeshan R, Khadim H, Khan MA, Khan AS, Asif A. 
Synthesis, monomer conversion, and mechanical properties 
of polylysine based dental composites. J Mech Behav Biomed 
Mater 2024;151:106398. 

6. Ma X, Zhang X, Huang X, Liu F, He J, Mai S. Performance of 
low shrinkage Bis-EFMA based bulk-fill dental resin compos-
ites. Dent Mater 2024:40:1378–1389.

7. Garoushi S, Lassila LV, Vallittu PK. Influence of nanometer 
scale particulate fillers on some properties of microfilled 
composite resin. J Mater Sci Mater Med 2011;22:1645–1651. 

8. Kontou E, Christopoulos A, Koralli P, Mouzakis DE. The 
effect of silica particle size on the mechanical enhance-
ment of  polymer nanocomposites. Nanomaterials (Basel) 
2023;13:1095. 

9. Rozza BY, El-Refai DA, Essawy HA, Alian GA. Effect of silaniza-
tion of poly (urea-formaldehyde) microcapsules on the flex-
ural strength and self-healing efficiency of an experimental 
self-healing dental resin composite (An in-vitro study). J Mech 
Behav Biomed Mater 2024;151:106372.

10. Chen H, Luo J, Yang J, Zeng C, Jiang X. Synthesis of pore-
size-tunable porous silica particles and their effects on dental 
resin composites. Biomolecules 2023;13:1290.

11. Schmalz G, Hickel R, van Landuyt KL, Reichl FX. Scien tific 
update on nanoparticles in dentistry. Int Dent J 2018;68: 
299–305.

12. Pavanello L, Cortês IT, de Carvalho RDP, et al. Physicochem-
ical and biological properties of dental materials and formula-
tions with silica nanoparticles: A narrative review. Dent Mater 
2024:40:1729–1741.

13. Torno V, Soares P. Tribological behavior and wear mechan-
isms of dental resin composites with different polymeric 
matrices. J Mech Behav Biomed Mater 2023;144:105962.

14. Cavalcante LM, Masouras K, Watts DC, Pimenta LA, Silikas N. 
-

brush abrasion. Am J Dent 2009;22:60–64.
15. Lassila LV, Nagas E, Vallittu PK, Garoushi S. Translucency of 

flowable bulk-filling composites of various thicknesses. Chin 
J Dent Res 2012;15:31–35.

16. Mangoush E, Garoushi S, Vallittu P, Lassila L. Load-bearing 
capacity and wear characteristics of short fiber-reinforced 
composite and glass ceramic fixed partial dentures. Eur J Oral 
Sci 2023;131:e12951.

17. Lassila L, Mangoush E, He J, Vallittu PK, Garoushi S. Effect 
of post-printing conditions on the mechanical and opti-
cal properties of 3D-printed dental resin. Polymers (Basel) 
2024;16:1713.

18. Kutvonen A, Rossi G, Puisto SR, Rostedt NK, Ala-Nissila T. In-
fluence of nanoparticle size, loading, and shape on the mech-
anical properties of polymer nanocomposites. J Chem Phys 
2012;137:214901. 

19. International Standardization Organization ISO 4049. Dentis-
try- Polymer based filling, restorative and luting materials. 
Geneva, Switzerland: International Standardization Organiza-
tion; 2000.

20. Ilie N, Hilton TJ, Heintze SD, et al. Academy of Dental Mater-
ials guidance-Resin composites: Part I-Mechanical proper-
ties. Dent Mater 2017;33:880–894.

21. Garoushi S, Lassila L, Vallittu PK. Impact of fast high-intensity 
versus  conventional light-curing protocol on selected prop-
erties of dental composites. Materials (Basel) 2021;14:1381. 

22. Ilie N, Hickel R. Investigations on mechanical behaviour of 
dental composites. Clin Oral Investig 2009;13:427–438 [erra-
tum 2009;13:485–487]. 

23. Oja J, Lassila L, Vallittu PK, Garoushi S. Effect of accelerated 
aging on some mechanical properties and wear of differ-
ent commercial dental resin composites. Materials (Basel) 
2021;14:2769.

CJDR_2502.indb   121 03.06.25   14:54



122 Volume 28, Number 2, 2025

Parpo et al

24. Masouras K, Silikas N, Watts DC. Correlation of filler con-
tent and elastic properties of resin-composites. Dent Mater 
2008;24:932–939. 

25. Rodríguez HA, Kriven WM, Casanova H. Development of 
mechanical properties in dental resin composite: Effect of 
filler size and filler aggregation state. Mater Sci Eng C Mater 
Biol Appl 2019;101:274–282.

26. Fu SY, Feng XQ, Lauke B, Mai Y. Effects of particle size, par-
ticle/matrix interface adhesion and particle loading on mech-
anical properties of particulate–polymer composites. Com-
pos B Eng 2008;39:933–961.

27. Wang R, Habib E, Zhu XX. Synthesis of wrinkled mesoporous 
silica and its reinforcing effect for dental resin composites. 
Dent Mater 2017;33:1139–1148.

28. Turssi CP, Ferracane JL, Vogel K. Filler features and their 
effects on wear and degree of conversion of particulate dental 
resin composites. Biomaterials 2005;26:4932–4937. 

29. Lehtinen J, Laurila T, Lassila LV, et al. Optical characteriza-
tion of bisphenol-A-glycidyldimethacrylate-triethyleneg-
lycoldimethacrylate (BisGMA/TEGDMA) monomers and 
co polymer. Dent Mater 2008;24:1324–1328.

30. Garoushi S, Vallittu PK, Watts DC, Lassila LV. Effect of nano-
filler fractions and temperature on polymerization shrink-
age on glass fiber reinforced filling material. Dent Mater 
2008;24:606–610.

31. de Melo TP, Delgado A, Martins R, et al. Can specular gloss 
measurements predict the effectiveness of finishing/polish-

linear mixed-effects prediction model. Oper Dent 2022;47: 
E131–E151. 

32. Cazzaniga G, Ottobelli M, Ionescu AC, et al. In vitro biofilm 
formation on resin-based composites after different finishing 
and polishing procedures. J Dent 2017;67:43–52. 

33. Lassila L, Dupont A, Lahtinen K, Vallittu PK, Garoushi S. 
Effects of different polishing protocols and curing time on 
surface properties of a bulk-fill composite resin. Chin J Dent 
Res 2020;23:63–69.

34. Valente LL, Peralta SL, Ogliari FA, Cavalcante LM, Moraes 
RR. Comparative evaluation of dental resin composites based 
on micron- and submicron-sized monomodal glass filler par-
ticles. Dent Mater 2013;29:1182–1187. 

35. Kaizer MR, de Oliveira-Ogliari A, Cenci MS, Opdam NJ, Moraes 
RR. Do nanofill or submicron composites show improved 

-
ies. Dent Mater 2014;30:e41–e78.

36. Lassila L, Novotny R, Säilynoja E, Vallittu PK, Garoushi S. 
Wear behavior at margins of direct composite with CAD/CAM 
composite and enamel. Clin Oral Investig 2023;27:2419–2426.

37. Hahnel S, Schultz S, Trempler C, Ach B, Handel G, Rosen-
tritt M. Two-body wear of dental restorative materials. J Mech 
Behav Biomed Mater 2011;4:237–244. 

38. Nagarajan VS, Jahanmir S, Thompson VP. In vitro contact 
wear of dental composites. Dent Mater 2004;20:63–71. 

39. He J, Garoushi S, Säilynoja E, Vallittu P, Lassila L. Surface in-
tegrity of dimethacrylate composite resins with low shrinkage 
comonomers. Materials (Basel) 2021;14:1614. 

40. Lazaridou D, Belli R, Petschelt A, Lohbauer U. Are resin com-

body wear. Clin Oral Investig 2015;19:1485–1492. 
41. Bayne SC, Taylor DF, Heymann HO. Protection hypothesis for 

composite wear. Dent Mater 1992;8:305–309.

CJDR_2502.indb   122 03.06.25   14:54



123Chinese Journal of Dental Research

The sagittal position of the maxillary incisors is con-
sidered crucial for treatment planning and facial profile 
evaluation. There are several methods for determining 
the ideal sagittal position of the maxillary incisors.1-3 
For example, Andrews1 proposed six elements of oro-
facial harmony, and suggested the facial-axis point of 
the maxillary central incisor should be located at the 
forehead anterior limit line; however, these methods 
often neglect the alveolar bone morphology surround-
ing the maxillary incisors, which limits tooth move-
ment. Exceeding these limits during maxillary incisor 
retraction can lead to alveolar bone defects, such as la-
bial fenestration and lingual dehiscence, as reported by 
several studies using CBCT.4,5 Thus, it is important to 
evaluate the alveolar bone morphology before initiating 
orthodontic treatment.

Current classification systems for assessing alveolar 
bone morphology surrounding the maxillary incisors 
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A New Classification System for Alveolar Bone Morphology 
around Maxillary Incisors in Adult Patients with Maxillary 
Protrusion
Qian Yi QIN1, Yun Fei ZHENG1, Yi Ping HUANG1, Yi Fan LIN2, Run Zhi GUO1, Wei Ran LI1

Objective: To develop a new alveolar bone morphology classification for maxillary incisors in 
patients with maxillary protrusion, and to investigate the association of alveolar morphology 
with skeletal patterns and alveolar bone defects following retraction.
Methods:
protrusion. The morphology of alveolar bone around maxillary incisors was classified into four 

(lingually inclined maxillary incisor in thick alveolar bone). The association of alveolar types 
with different skeletal patterns and the incidence of post-treatment alveolar bone defects were 
analysed.
Results: -

-

greater risk of severe lingual dehiscence.
Conclusion: This is the first alveolar bone morphology classification for maxillary incisors in 
patients with maxillary protrusion. The alveolar types exhibited a significant association with 
skeletal patterns and the incidence of alveolar bone defects after retraction.
Keywords: alveolar bone morphology, classification, maxillary incisor
Chin J Dent Res 2025;28(2):123–129; doi: 10.3290/j.cjdr.b6260618

For patients with maxillary protrusion, extraction of 
the maxillary premolars followed by maxillary incisor 
retraction may improve facial harmony and aesthetics. 
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are primarily focused on implant treatment. Kan et 
al6 and Lau et al7 classified alveolar bone morphology 
based on the labial and lingual bone thicknesses and 
tooth position and angulation for immediate implant-
ation. However, there is a lack of studies regarding the 
classification of alveolar bone morphology within the 
context of maxillary incisor retraction in patients with 
maxillary protrusion. 

The present study analysed the maxillary incisor 
position relative to the corresponding alveolar bone 
and introduced a new classification system for evalu-
ating alveolar bone morphology in patients with max-
illary protrusion. Due to the strong correlation of al-
veolar bone morphology, including alveolar thickness 
and tooth inclination, with sagittal and vertical skeletal 
patterns,8,9 the present authors further evaluated the 
distribution of alveolar types across different skeletal 
patterns and analysed the prevalence of alveolar bone 
defects following retraction in each alveolar type.

Materials and methods

Participants

This study was approved by the Ethics Committee of 
Peking University School and Hospital of Stomatology 
(PKUSSIRB-202168141). Written informed consent was 
obtained from all participants. The inclusion criteria 
were age > 18 years, skeletal Class I/II (0° < ANB angle 
< 8°), maxillary jaw protrusion (SNA angle > 81°),10 
upper lip in front of the E-line (> 1 mm), orthodontic 
extraction treatment with maxillary incisor retraction 

(> 3 mm) and available pre- and post-treatment CBCT 
images. The exclusion criteria were maxillary incisors 

crowns, moderate to severe root resorption, periodon-
titis, trauma, tumours, cleft lip and/or palate, systemic 
disease, smoking and use of medication related to bone 
metabolism. 

A total of 250 patients with maxillary protrusion from 
the Department of Orthodontics, Peking University 
School and Hospital of Stomatology were included ret-
rospectively. Three orthodontists (Li WR, Huang YP and 
Guo RZ) performed the orthodontic treatment using 
MBT brackets with a 0.022” × 0.028” slot (3M Unitek, 
Monrovia, CA, USA). Sliding mechanics and one-step 
retraction were used to retract the maxillary incisors 
with 0.019” × 0.025” stainless steel. The four maxillary 
incisors in one patient were analysed separately, result-
ing in a total of 1,000 maxillary incisors.

The CBCT images were generated using a CBCT unit 
(NewTom VGi, Quantitative Radiology, Verona, Italy) 
with axial slice thickness 0.25 mm, field of view 16 × 
16 cm and scan time 15 s. Raw DICOM data were then 
imported into Dolphin 3D Imaging software (Dolphin 
Imaging and Management Solutions, version 11.95 Pre-
mium, Chatsworth, CA, USA). The CBCT images of max-
illary incisors were orientated by adjusting the axial 
slice to pass through the cementoenamel junction, with 
the sagittal slice passing through the long axis of the 
maxillary incisor (a line connecting the midpoint of the 
incisal edge and the root apex). The sagittal view of the 
maxillary incisor acquired in this way was used for fur-
ther analysis.

To assess the pre-treatment sagittal root position of 
maxillary incisors relative to the surrounding alveolar 
bone, maxillary incisor to alveolar bone inclination and 
alveolar bone thickness (ABT) at the cervical and apical 
levels were assessed (Fig 1). The angle between the long 
axis of the tooth (a line connecting the midpoint of inci-
sal edge and the root apex) and the alveolar bone axis (a 
line connecting the midpoints of the alveolar bone at the 
crest and apical levels) was selected as maxillary incisor 
to alveolar bone inclination.

Alveolar bone defects of the maxillary incisor after 
retraction, including labial fenestration and lingual 
dehiscence, were analysed. Labial fenestration was 
defined as a bone defect involving exposure of the 

alveolar bone thickness; DE, apical alveolar bone thickness) 

between the line HG and the line CF). 
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labial root surface, lacking a cortical covering, but 
without involving the alveolar crest.11 Lingual dehis-
cence was defined as a defect where the crest of the 
labial alveolar bone was at least 4 mm apical to that of 
the interproximal alveolar bone, and was further clas-
sified into no or mild, moderate and severe categories 
(lingual alveolar crest within the cervical, middle and 
apical thirds of the root, respectively).12

New alveolar bone morphology classification

Based on the ABT, alveolar bone morphology of maxil-
lary incisors was initially classified into types A and B, 
having thin (ABT at apical level less than that at cervical 
level) and thick alveolar bone (ABT at apical level greater 
than that at cervical level), respectively. Subtype classi-
fication was based on the maxillary incisor to alveolar 
bone inclination, as reported by Jin et al13 and Petaibun-
lue et al.14 Subtype 1 included maxillary incisors that 
were upright above the alveolar bone (maxillary incisor 
to alveolar bone inclination < 20°), whereas subtype 2 
included lingually inclined maxillary incisors relative 
to the alveolar bone (maxillary incisor to alveolar bone 

there were no labially inclined maxillary incisors rela-
tive to the alveolar bone (maxillary incisor to alveolar 
bone inclination < 0°). Altogether, the classification sys-
tem for alveolar bone morphology of maxillary incisors 
comprised four alveolar types (A1, A2, B1 and B2) (Fig 2). 

Subgroup analysis

To analyse the distribution of the four alveolar types 
with different sagittal and vertical skeletal patterns, 
the 250 patients were divided into subgroups accord-
ing to ANB and SN-MP values. Skeletal Classes I and II 

-

ly. Average, low and high angle skeletal patterns were 

treatment alveolar bone defects among the four alveolar 
types was analysed.

Statistical analysis

Twenty patients were randomly selected for reproduci-
bility analysis. The pre-treatment alveolar bone morph-
ology classification and post-treatment alveolar bone 
defect diagnosis were assessed independently by two 
examiners (Guo RZ and Qin QY) and repeated after 2 
weeks. The intra- and inter-examiner agreements were 
assessed using a weighted Cohen kappa test. The new 
classification system showed excellent intra- and inter-
examiner agreement (0.962 and 0.974, respectively). For 
the diagnosis of post-treatment alveolar bone defects, 
the intra- and inter-examiner agreement was also sat-
isfactory (0.924 and 0.939, respectively). A chi-square 
test was applied to compare the distribution of alveo-
lar types among groups. Statistical analyses were con-
ducted using SPSS Statistics software (version 26; IBM, 
Armonk, NY, USA). The level of statistical significance 
was set at 0.05.

Results

Distribution of alveolar types among maxillary inci-
sors

The basic characteristics of the participants are shown 
in Table 1. The alveolar bone morphology surrounding 
the maxillary incisors was predominantly character-
ised as type A (61.9%), whereas type B accounted for 
38.1% (Table 2). Among the four types, A1 (33.4%) was 

schematic diagrams of four 
alveolar types (A1, A2, B1 
and B2).
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the most common, followed by A2 (28.5%), B1 (22.1%) 
and B2 (16.0%). The distribution of alveolar types varied 
significantly between the maxillary central and lateral 
incisors. Types A1 (33.6%) and B1 (34.4%) were most 
common around maxillary central incisors, whereas 
A2 (42.2%) and A1 (33.2%) were most common around 
maxillary lateral incisors.

-
terns

As shown in Table 3, the distribution of the four alveo-
lar types differed significantly between skeletal Class I 
and Class II patients for both the maxillary central inci-
sor (P = 0.038) and lateral incisor subgroups (P = 0.002). 
Skeletal Class II participants had a higher proportion of 
type 2 alveolar bone (maxillary central incisor 35.3%; 
maxillary lateral incisor 58.7%) compared to Class I pa-
tients (maxillary central incisor 23.2%; maxillary lateral 
incisor 52.3%). For maxillary lateral incisors, type A1 
was more common in skeletal Class I patients (37.3%), 
whereas type A2 was the most common alveolar type in 
skeletal Class II patients (46.7%).

Significant differences were also observed in alveolar 
type distribution among the vertical skeletal patterns 
(P < 0.001 for both maxillary central and lateral inci-
sors). For maxillary central incisors, type B accounted 
for 56.3%, 78.5% and 44.4% of the average, low and high 
angle patients, respectively. Regarding the subtypes, B1 
was the most common alveolar type in average (41.0%) 
and low angle (67.9%) patients, whereas A1 was the 
most common in high angle patients (41.2%). For max-
illary lateral incisors, type A was the most common 
alveolar type in all vertical skeletal patterns. Types A2 
(49.6%) and A1 (36.8%) accounted for the majority of 
high angle patients. Type B was more common in low 
angle patients (46.4%) compared to average (34.2%) and 
high angle (13.6%) patients.

Prevalence of alveolar bone defects among alveolar 
bone morphological types

Following maxillary incisor retraction, the “no or mild 
lingual dehiscence” category accounted for the majority 
of type B1 (maxillary central incisor 72.7%; maxillary 
lateral incisor 61.2%) and B2 cases (maxillary central 
incisor 62.8%; maxillary lateral incisor 41.9%) (Table 4). 
Compared to other types, A1 and A2 were at greater risk 
of severe lingual dehiscence (maxillary central incisor 
25.0% and 24.3%; maxillary lateral incisor 31.9% and 
40.8%, respectively). Type B1 had the lowest prevalence 
of labial fenestrations (maxillary central incisor 4.6%; 
maxillary lateral incisor 14.3%), whereas type B2 in 
maxillary lateral incisors had the highest prevalence of 
27.0%.

Discussion

For patients with maxillary protrusion, maxillary in-
cisor retraction can enhance aesthetics, but it poses a 
risk of alveolar bone defects. Several CBCT studies have 
reported a high incidence of alveolar bone defects fol-
lowing maxillary incisor retraction.15,16 The present 

-
gual cortical bone was a critical boundary for maxil-
lary incisor retraction, with lingual dehiscence occur-
ring once teeth breached this boundary.5 Consequently, 
there is an increasing emphasis on the use of CBCT for 
evaluating the pre-treatment alveolar bone morphology 
to minimise the occurrence of alveolar bone defects.17,18 

Existing classification criteria for alveolar bone 
morphology of maxillary incisors focus primarily on 
implant treatment, often taking ABT and tooth position 
into consideration. Kan et al6 previously proposed four 
types of alveolar bone morphology based on the labial 
and lingual ABT. The present classification system sim-
plified ABT into thin (type A) and thick (type B) types. 
A previous study reported predominantly thin labial 
alveolar bone in patients with maxillary protrusion, 
consistent with the present findings.19 The labial ABT 
was thin in both types A and B, whereas the lingual 
ABT in types A and B was thin and thick, respective-
ly. Due to alveolar bone remodelling, the labial ABT 
remained relatively stable and the lingual ABT signifi-
cantly decreased during maxillary incisor retraction. 
Regarding tooth position, Zhang et al20 classified it 
as the root being positioned against the labial cortex, 
against the lingual cortex or in the centre of the alveo-
lar housing. Orthodontic treatment aims to maintain 
an upright position of the maxillary incisors within the 
alveolar bone during retraction. Therefore, the present 

study.

Measurements Mean ± SD
Age (y)
Sex (male/female) 29/221
Angle classification (Class I/Class II) 191/59
Vertical overlap (mm)

SNA (°) 
ANB (°)
SN-MP (°)
U1-SN (°)
Nasolabial angle (°)
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authors first used the alveolar bone axis as a reference 
and classified the alveolar bone into two subtypes, i.e., 
upright maxillary incisors (subtype 1) and lingually 
inclined maxillary incisors (subtype 2), based on the 
angle between the long axis of the tooth and the alveo-

-
ledge, this is the first classification system for alveolar 
bone morphology around maxillary incisors in patients 
with maxillary protrusion.

-
tion system, significant differences in alveolar bone 
morphology were observed between maxillary central 
and lateral incisors. Studies have reported that maxil-
lary lateral incisors typically exhibit narrower alveolar 
bone widths compared with maxillary central incisors, 
particularly in the apical region, consistent with the 
present findings.20,21 The prevalence of type A was 

48.4% in maxillary central incisors and 75.4% in max-
illary lateral incisors. Jin et al13 reported that maxillary 
central incisors were positioned upright within the al-
veolar bone in 74.67% of men and 84.66% of women. 
The present results indicated that types B1 and A1 were 
more common in maxillary central incisors, whereas 
type A2 was more common in maxillary lateral incisors. 
Aside from the thinner alveolar bone, maxillary lateral 
incisors also exhibited a lingual inclination relative to 
the alveolar bone axis.

Differences in alveolar bone morphology among 
different skeletal patterns have been reported. Dalaie 
et al8 reported that high angle individuals often pre-
sented with thinner alveolar bone around maxillary 
central incisors. Similarly, Son et al22 demonstrated that 
Class II malocclusions with a high angle and normal 
maxillary incisor inclination were a risk factor for lin-

Tooth P value
Maxillary incisor 33.4% (334/1,000) 28.5% (285/1,000) 22.1% (221/1,000) 16.0% (160/1,000)
Maxillary central incisor 33.6% (168/500) 14.8% (74/500) 34.0% (172/500) 17.2% (86/500)

< 0.001
Maxillary lateral incisor 33.2% (166/500) 42.2% (211/500) 9.8% (49/500) 14.8% (74/500)

Skeletal pattern  Maxillary central incisor Maxillary lateral incisor
P value P value

Sagittal 
skeletal 
type

Skeletal 
Class I

34.3% 
(46/134)

11.9% 
(16/134)

42.5% 
(57/134)

11.3% 
(15/134)

0.038*

37.3% 
(50/134)

29.9% 
(40/134)

10.4% 
(14/134)

22.4% 
(30/134)

0.002*
Skeletal 
Class II

33.3% 
(122/366)

15.9% 
(58/366)

31.4% 
(115/366)

19.4% 
(71/366)

31.7% 
(116/366)

46.7% 
(171/366)

9.6% 
(35/366)

12.0% 
(44/366)

Vertical 
skeletal 
type

Average 
angle

27.0% 
(60/222)

16.7% 
(37/222)

41.0% 
(91/222)

15.3% 
(34/222)

< 0.001**

30.2% 
(67/222)

35.6% 
(79/222)

14.0% 
(31/222)

20.2% 
(45/222)

< 0.001**
Low 
angle

17.9% 
(5/28)

3.6% 
(1/28)

67.9% 
(19/28)

10.6% 
(3/28)

25.0% 
(7/28)

28.6% 
(8/28)

25.0% 
(7/28)

21.4% 
(6/28)

High 
angle 

41.2% 
(103/250)

14.4% 
(36/250)

24.8% 
(62/250)

19.6% 
(49/250)

36.8% 
(92/250)

49.6% 
(124/250)

4.4% 
(11/250)

9.2% 
(23/250)

*P < 0.05, **P < 0.001.

Alveolar type  No or mild lingual 
dehiscence

Moderate lingual 
dehiscence

Severe lingual de-
hiscence

Labial fenestration P value

Maxillary central 
incisor

Type A1 48.8% (82/168) 13.7% (23/168) 25.0% (42/168) 12.5% (21/168)

< 0.001Type A2 32.4% (24/74) 31.1% (23/74) 24.3% (18/74) 12.2% (9/74)
Type B1 72.7% (125/172) 16.9% (29/172) 5.8% (10/172) 4.6% (8/172)
Type B2 62.8% (54/86) 12.8% (11/86) 12.8% (11/86) 11.6% (10/86)

Maxillary lateral 
incisor

Type A1 27.1% (45/166) 19.3% (32/166) 31.9% (53/166) 21.7% (36/166)

< 0.001
Type A2 21.8% (46/211) 19.4% (41/211) 40.8% (86/211) 18.0% (38/211)
Type B1 61.2% (30/49) 18.4% (9/49) 6.1% (3/49) 14.3% (7/49)
Type B2 41.9% (31/74) 17.6% (13/74) 13.5% (10/74) 27.0% (20/74)
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gual bone loss. In line with these findings, the present 
study demonstrated that type A was more common in 
high angle patients, whereas type B was more common 
in those with average and low angle patterns. In high 
angle patients, A1 and A2 were the most common types 
in the maxillary central and lateral incisors, respect-
ively. Regarding the sagittal skeletal patterns, Class II 
patients had a higher proportion of type 2 alveolar bone 
compared to Class I patients because of the compensa-
tory lingual inclination of maxillary incisors in Class II 
patients. Thus, the vertical skeletal pattern primarily 
influenced the ABT, whereas the sagittal skeletal pat-
tern influenced the maxillary incisor position. 

  The incidences of alveolar bone defects, including 
lingual dehiscence and labial fenestration, among the 
four types were further evaluated. Compared to maxil-
lary incisors with type B alveolar bone, those with type 
A bone were at a greater risk of lingual dehiscence 
following retraction. In particular, the incidence rates 
of severe lingual dehiscence in maxillary lateral inci-
sors with type A1 and A2 bone were 31.9% and 40.8%, 
respectively. Sheng et al4 demonstrated that the apex 
to labiolingual ABT before orthodontic treatment was 
inversely related with the risk of bone defect occur-
rence. Hence, excessive retraction of maxillary inci-
sors with type A bone should be performed cautiously. 
Labial fenestration is another common alveolar bone 
defect during maxillary incisor retraction. The present 
authors found that the incidence of labial fenestration 
in maxillary lateral incisors was higher than that in 
maxillary central incisors. In addition, labial fenes-
tration was more common in maxillary incisors with 
subtype 2 compared to those with subtype 1. Subtype 
2 often requires torque control in maxillary incisors 
to mitigate the risk of labial fenestration during long-
distance retraction. Thus, a clear association was pres-
ent between the original alveolar bone morphology and 
the occurrence of alveolar bone defects after treatment. 
It is therefore essential to evaluate the initial condition 
of the alveolar bone using CBCT scans before proceed-
ing with orthodontic treatment. This classification 
system could enhance the predictability of alveolar 
bone defects following maxillary incisor retraction and 
facilitate clinical decision-making.

Several considerations require emphasis during the 
application of this classification. The retraction dis-
tance of maxillary incisors was not considered. Hence, 
the reported predictability of alveolar bone defects 
following maxillary incisor retraction was preliminary. 
Additionally, there were no cases of labial bone de-
hiscence or lingual bone fenestrations in this study. 
Consequently, these defects could not be analysed. In 

these 250 patients, there were no cases with labially 
inclined maxillary incisors relative to the alveolar bone. 
Further studies with larger sample sizes are needed to 
verify the present results and improve the classifica-
tion. Meanwhile, analysis of the association between 
the classification system and other factors, such as age 
and sex, will also be performed in further studies.

Conclusion 

A new classification of alveolar bone morphology 
around maxillary incisors for patients with maxillary 
protrusion was proposed in this study. A1 was the most 
frequently observed type, with A1 and B1 being com-
mon in maxillary central incisors, and A2 being more 
common in maxillary lateral incisors. The alveolar type 
surrounding the maxillary incisors was significantly as-
sociated with the skeletal patterns. Type A was the main 
alveolar type in high angle patients, whereas type B was 
more common in average and low angle patients. Skel-
etal Class II patients had a higher proportion of subtype 
2 compared to skeletal Class I patients. Pre-treatment al-
veolar type was significantly associated with the occur-
rence of alveolar bone defects after treatment. Maxillary 
incisors with type A bone, particularly lateral incisors 
with type A2 bone, had a higher risk of lingual dehis-
cence following retraction.
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anatomical knowledge about CS can cause pain, local 
infection and even paraesthesia.4 Thus, preventing 
injury during local anaesthesia and maxillofacial sur-
gery requires a comprehensive understanding of key 
anatomical reference points and areas in the oral and 
 maxillofacial regions, particularly regarding the CS.7

Individuals diagnosed with anterior maxillary intra-
osseous pathological lesions (IPLs) are likely to require 
surgical intervention, and the surgical risks related to 
the CS apply to these patients as well. Multiple stud-
ies on the prevalence of CS conducted in different 
countries using CBCT have acknowledged the clinical 
significance of the CS; however, none have assessed 
IPLs in the anterior maxilla as yet.1,6,8-14 Thus, adequate 
anatomical and clinical information regarding the CS in 
the anterior maxilla with pathological lesions is lack-
ing. The present study aimed to determine the clinical 
importance of the CS through CBCT images of patients 
diagnosed with anterior maxillary IPLs. Moreover, 
using the collected clinical data, the present authors 
aimed to identify and mitigate potential risks and com-
plications before surgery for pathological lesions in the 
anterior maxilla. 

1 Inonu University, Faculty of Dentistry, Department of Oral and 
Maxillofacial Radiology, Malatya, Turkey

Corresponding author:
Maxillofacial Radiology, Faculty of Dentistry, Inonu University, 44280, Malat-
ya, Turkey. Tel: 90-535-4808325; 90-422-3411106. Email: dedenu@gmail.com 

Assessment of the Canalis Sinuosus Using CBCT in 
Pathological Lesions
Numan 1 ALTUN1

Objective: To assess the canalis sinuosus (CS) in pathological lesions located in the anterior 

Methods:
termination points on the alveolar crest was evaluated. Subsequently, the consistency of the CS 
and CS–lesion relationships were determined based on the maximal diameter of the lesion and 
the presence of a cortical perforation.
Results: -

-
ence of CS was investigated in relation to cortical perforation status, a significant difference 

unrelated to the lesion.
Conclusion: The incidence of CS was high in anterior maxillary pathological lesions and even 

margin of the pathological lesion.
Keywords:
Chin J Dent Res 2025;28(2):131–137; doi: 10.3290/j.cjdr.b6260624

The nasopalatine canal in the anterior maxilla is con-
sidered highly important by dental clinicians because of 
its potential clinical impacts.1 Nevertheless, most clin-
icians are unaware of the canalis sinuous (CS) and lack 
knowledge regarding its diagnosis.2 The CS is a branch 
of the infraorbital canal enclosing the anterior super-
ior alveolar neurovascular structure, and the termin-
ation point of this intraosseous canal is in the anter-
ior maxilla.3-5 The neurovascular bundle within the CS 
innervates the anterior maxillary teeth, the floor of the 
nasal cavity and the maxillary sinuses. In the anterior 
maxilla, several procedures are conducted, including 
dental implant surgery, orthognathic surgery, extrac-
tion of impacted or supernumerary teeth, periodontal 
and endodontic surgery and cyst treatments.6 A lack of 
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Materials and methods

research and publication ethics committee (2023/4846). 

Study population

A total of 104 IPLs in the anterior maxilla of 83 patients 
were evaluated cross-sectionally. IPLs in the anterior 
maxilla were assessed using CBCT. In the images of the 

was disrupted and replaced by a hypodense appearance, 
it was considered an intraosseous pathology. The inclu-
sion criteria were as follows:
• intraosseous lesions between the maxillary right and 

left premolar regions; 
• extensive intraosseous lesions between the anterior 

and posterior maxilla; 
• intraosseous pathologies presenting a lesion centred 

in the posterior maxilla and extending to the anterior 
premolar region.

The exclusion criteria were as follows:
• individuals with cleft lip and palate;
• individuals with plates or miniscrews in the anterior 

maxilla resulting from trauma or other factors;
• individuals with dental implants in the anterior max-

illa;
• individuals having undergone grafting procedures or 

surgical operations;
• individuals with low quality CBCT records (caused by 

beam hardening and movement);
• individuals with conditions and medications that 

impact bone metabolism.

Images acquired using a NewTom 5G CBCT device (Vero-
na, Italy) were used in this study, and NNT software 

(NewTom) was employed for evaluation. The patients 
were placed in a supine position while being scanned on 
the device, which incorporates a gantry. The exposure 
parameters were 110 kv, 1-20 mA, with a scan time of 18 
seconds and exposure time of 3.6 seconds.  

The presence of CS was analysed in axial, coronal and 
sagittal sections in multiplanar reformat (MPR) images 
with voxel values of 0.3, 0.25 and 0.2 mm and cross-
sections with a thickness of 0.3, 0.25 and 0.20 mm. 
Subsequently, measurements were taken and other 
evalu ations were conducted on cross-sections with a 
thickness of 0.3, 0.25 and 0.2 mm. All evaluations were 
performed by a clinician (ND) with 12 years of experi-
ence in CBCT. 

The CS begins at the infraorbital foramen and or-
bital base, extending medially and inferiorly. It then 
proceeds from the front of the maxillary sinus to the 
lateral and inferior border of the nasal cavity, before 
reaching the anterior maxilla and ending at the acces-
sory foramen (AF), continuing from the lateral aspect 
of the nasal septum and the front of the incisive canal.1 

In the present study, when a pathological lesion was 
situated on the right or left side, the CS was assessed 
between the midline and the second premolar. The 
presence of CS was assessed between the right and left 
second premolars in patients with bilaterally extending 
pathological lesions. In scenarios with more than one 
lesion on one side of the anterior maxilla, CS was inves-
tigated between the midpoint of the intact bone and the 
second premolar and midline between the two lesions. 
The presence of CS was recorded separately for men 
and women. CSs were categorised into three groups 
based on their relationship with the pathologic lesion: 
CS in direct relation with the pathology, CS in contact 
with the lesion but with cortical bone separating the 
CS and the lesion, and CS not associated with the le-

related to (a), in contact 
with (b) and not associated 
with the bony tissue lesion 
(c) (star, IPL; arrow, ending 
of CS).
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sion with bony tissue between the CS and the lesion 
(Fig 1). The termination point of the CS was considered 
to be the AF and its diameter was measured. This value 
was recorded as less than or greater than 1 mm. The 
anatomical points along the dental arch where the CS 
termination point was present were categorised based 
on the Oliveria Santos classification (central incisor, 
between central and lateral teeth, lateral incisor region, 
canine region, first premolar, adjacent to the incisive 
foramen; posterior/anterior/lateral).8 Nonetheless, CSs 
in the second premolars were also deemed as pre-
molars because of the lesion expansion phenomenon. 
The vertical position of CS termination in the alveolar 
crest was categorised using the classification developed 
by Khojastepour and Akbarizadeh.12 The alveolar ridge 
was divided into four equal parts, extending from its 
highest point at the crest to the floor of the nasal cavity. 
Each section, from the base of the nasal cavity to the 
apex of the crest, was labelled with a numerical value 
from 0 to III (Fig 2). The section that contained the CS 
opening was recorded. Additionally, the palatal, buccal 
and crest apex termination of the CS in the alveolar 
ridge in the horizontal direction were recorded (Fig 3).6

The maximum diameters of the pathological lesions 
were measured. Moreover, lesions were sorted into 0 to 
10, 10 to 20, 20 to 30, 30 to 40 and > 40 mm groups based 
on their maximum diameter, and CS presence was 
assessed according to these groupings. Subsequently, 
cortical perforation in pathological lesions was exam-
ined, and CS presence was assessed based on the per-
foration status.

Statistical analysis

Descriptive analysis and chi-square tests were used 
to compare categorical independent variables across 
groups. A Bonferroni corrected Z test was used to ana-
lyse multiple comparisons of proportions. Maximum 
diameters of pathological lesions and CS termina-
tion diameters were remeasured for 40% of the data 2 
weeks later to analyse intraobserver agreement using a 
 Kappa test. The level of statistical significance was set 
at P < 0.05.

Results

This study assessed 104 pathological lesions in the max-
illa of 83 patients. In total, 66 patients had one lesion, 
13 had two lesions and 4 had three lesions. Of these 83 
patients, 49 (59%) were male and 34 (41%) were female 
(Table 1). Of the 104 pathological lesions assessed, 60 
(57.7%) were observed in men and 44 (42.3%) in women. 
Regarding the distribution of pathological lesions, 33 
(31.7%) were present on the right side, 44 (42.3%) on the 
left, and 27 (26%) on both sides (Table 1). At least one CS 
was detected in 82 (78.8%) of the 104 lesions, and in 47 
(57.3%) men and 35 (42.7%) women (Table 1). Addition-
ally, the presence of at least one CS did not reveal a stat-
istically significant difference between sexes (P = 0.881). 
Overall, 63 pathological lesions had one CS, 17 had two 
and two had three, to give 103 CSs in total (Table 1). The 
Kappa values for intraobserver agreement on the max-
imum diameter of the pathological lesion and CS diam-
eter were 0.96 and 0.88, respectively.

crest apex was shown with a numerical value ranging from 0 to III.

palatinal (a), buccal (b) and crest apex (c) (star, IPL; arrow, ending of CS).
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Cortical perforation was confirmed in 70 (67.3%) 
pathological lesions, whereas intact cortical borders 
were detected in 34 (32.7%) lesions. Cortical perfor-
ation was associated with CS in 51 (72.9%) pathological 
lesions, whereas CS without cortical perforation was 
observed in 31 (91.2%) lesions. A statistically significant 
difference (P = 0.032) was observed when the presence 
of cortical perforation in pathological lesions was com-
pared based on the presence of CS (Table 2). 

The pathological lesions were categorised accord-
ing to their maximal diameters: 0 to 10, 10 to 20, 20 to 
30, 30 to 40 and > 40 mm. CS was identified in all 29 
lesions (100%) in the 0 to 10 mm group, 32 (84.2%) of 
38 lesions in the 10 to 20 mm group, 11 (61.1%) of 18 
lesions in the 20 to 30 mm group, 8 (80%) of 10 lesions 
in the 30 to 40 mm group, and 2 (22.2%) of 9 lesions in 
the > 40 mm group. The groups, categorised based on 
lesion diameter, exhibited statistically significant dif-
ferences in terms of CS presence (P < 0.001). Significant 
differences were observed between the 0 to 10 mm and 
20 to 30 mm, 30 to 40 mm and > 40 mm, 10 to 20 mm 
and > 40 mm groups (Table 3).  

The mean diameter of the AF was 0.667 mm with 
a minimum of 0.2 mm, a maximum of 1.6 mm and 
standard deviation of ± 0.298 mm. Eleven patients 
(10.7%) had an AF diameter > 1 mm. CS termination 
regions were present in the central incisor for 36 (35%) 
patients, between the central and lateral incisor for 
8 (7.8%), lateral incisor for 18 (17.5%), canine for 17 
(16.5%) and premolar for 24 (23.3%). 

The localisation evaluation in the vertical orientation 
and apical-incisal direction revealed that the termina-
tion occurred in 9 (8.7%) cases of Type 0, 14 (13.6%) of 
Type I, 32 (31.1%) of Type II, and 48 (46.4%) of Type 
III. In the horizontal orientation, 87 (84.5%) of the CSs 
ended in the palatal direction, 6 (5.8%) in the buccal 
direction and 10 (9.7%) transversely. 

In the present study, 57 (55.3%) of the CSs were 
related to the lesion, 23 (22.3%) were in contact and 23 
(22.3%) were not related. 

Discussion

Differentiating the CS using conventional, two-dimen-
sional, panoramic and periapical radiography tech-
niques commonly employed in dentistry is highly chal-
lenging. CBCT is highly effective in assessing the CS and 
enables 3D evaluation of the path of the canal in the 
anterior maxilla across axial, coronal and sagittal sec-
tions.15 In the present study, CBCT was used to assess the 
CS. Furthermore, thin cross-sections aside from axial, 
coronal and sagittal sections were examined. The rec-
ommended slice thickness for CBCT evaluation of the CS 
is 0.5 to 1 mm.11 The present authors employed a more 
meticulous evaluation method by examining CBCT val-
ues with lower voxel sizes, namely 0.3 to 0.25 and 0.2 
mm. 

The presence of CS in the anterior maxilla is com-
mon; however, its proximity to surgical sites may cause 
pain and bleeding during and after surgical proced-

Variable Number Total

Patient 66 13 4 83
IPL 66 13 4 104
CS 63 17 2 103

Sex Female Male Total
Patient 34 49 83
IPL 44 60 104
At least one CS 47 35 82

Side Right Left Bilateral Total
IPL 33 44 27 104

Cortical status of IPL CS P value
Presence Absence

Cortical perforated lesion 51 (72.9%) 19 (27.1%)
0.032

Cortical intact lesion 31 (91.2%) 3 (8.8%)
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ures.1 Thus, the use of CBCT for identifying CSs prior 
to surgical procedures is crucial in preventing accidents 
and complications, such as dental implant failure, sen-
sory disturbances and bleeding.16,17 Moreover, nerve 
injury can be avoided by accurately determining the 
location of CSs through CBCT prior to implant surgery.4 
Research employing CBCT technology in patients with 
impacted canines scheduled for surgical interven-
tion found the mean distance between the CS and the 
impacted teeth to be approximately 5.27 mm, with the 
shortest measured distance being 0.75 mm.14 In the 
present study, 55.3% of the CSs were directly related 
to pathological lesions, whereas 22.3% were in close 
contact; thus, most CSs were located within or near the 
surgical margins of the pathological lesions. However, 
no clinical studies discussing whether these pathologic-
al lesions can lead to bleeding or paraesthesia during or 
after surgery were found in the literature.

According to CBCT studies conducted on maxil-
lae with no pathological lesions, the occurrence of 
CS ranges from 15.7% to 100%.1,8-15,18,19 The present 
study, the first in the literature in this field, examined 
anterior maxillae with IPLs, including those < 1 mm 
in diameter. The frequency of CS was determined to 
be 78.8%, which aligned with the results reported in 
previous studies. Moreover, the present study showed 
that the frequency of CS was 100% in lesions < 10 mm 
in diameter, but this frequency decreased to 22% in 
lesions > 40 mm in diameter. Based on this, it can be 
inferred that a CS may be resorbed and subsequently 
lost once the lesion diameter reaches a considerable 

present study is the first to reveal that there is a higher 
likelihood of CSs in small anterior maxillary pathologi-
cal lesions. Additionally, although the frequency of CSs 
was found to be higher in patients with cortical per-
foration than in those without, the underlying reason 
could not be elucidated. Thus, further studies on this 
subject are needed.

A study conducted to assess CS terminations in a ver-
tically orientated apical-incisal direction reported that 

type 0 near the nasal cavity floor accounted for 3.94%, 
type I for 38.15%, type II for 52.63%, and type III near 
the crest apex for 5.26%.12 The vertical terminations of 
CS in the present study were determined as types III, 
II, I and 0, in decreasing order, from the crest apex to 
the nasal cavity floor. Unlike in the previous study,12 the 
present authors evaluated CSs in the maxilla with IPLs. 
The vertical position of the CS must be understood to 
facilitate surgical intervention and avoid potential com-
plications. Because most CSs open close to the crest, 
they should be considered during surgical planning for 
patients with IPLs.

A study reported CS terminations as 91% palatal, 
5.1% buccal, and 3.8% transversal.7 Yeap et al1 found 
that the palatal region was the most common CS end-
point. Another study reported that all CSs ended in the 
palatal region.10 In the present study, most CSs (84.5%) 
ended in the palatal region, aligning with previous lit-
erature. 

A previous study reported that the mean (min-
imum–maximum) diameter of the CS was 1.30 ± 0.44 
(0.57–2.88) mm.9 In the present study, the mean diam-
eter was 0.667 ± 0.298 (0.2–1.6) mm. The prevalence 
of CS with a diameter > 1 mm was reported as 20% by 
Machado et al,7 15.7% by Oliveira-Santos et al8 and 3.4% 
by Aoki et al.15 The present results show a prevalence 
rate of 10.7% for CS with a diameter > 1 mm. Although 
the exact correlation between the diameter of the CS 
and the occurrence of clinical complications is unclear, 
an increase in diameter is expected to exacerbate 
bleeding because of the correlation between canal 
and vessel diameters.1 Regardless of the fact that CSs 
measuring > 1 mm in diameter can cause noteworthy 
complications, vessels with smaller diameters can also 
contribute to substantial bleeding.8 

The distribution of CSs based on sex was investigated 
by Tomrukçu and Köse,9 Aoki et al15 and Machado et al,7 
and all concluded that CSs were more prevalent in men. 

20 and Anatoly et al,11 how-
ever, the prevalence of CS was higher among women. 
Studies conducted by Beyzade et al,10 Von Arx et al6 

Lesion max diameter, mm CS P value
Presence number (%) Absence number (%)

0–10 29 (100%)a 0 (0.0)

< 0.001
10–20 32 (84.2%)ab 6 (15.8)
20–30 11 (61.1%)bc 7 (38.9)
30–40 8 (80.0%)abc 2 (20.0)
> 40 2 (22.2%)c 7 (77.8)

a-c, there was no difference between diameters with the same letter.
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and Oliveria Santos et al8 did not yield statistical sig-
nificance based on sex. In the present study, although 
more CSs were observed in men, this difference was not 
statistically significant. 

With regard to the termination points of CSs in the 
dental arch, 35% were in the central incisor, 23.3% in 
the premolar, 17.5% in the lateral, 16.5% in the canine 
and 7.8% in the central-lateral incisor region. Aoki 
et al15 observed the highest prevalence of CSs in the 
central incisor region, whereas the premolar region 
showed no CSs. Tomrukçu and Köse9 and Beyzade et 
al10 observed the most significant number of CSs in the 
central incisor region, with the premolar region hav-
ing the lowest number of CSs. In the present study, the 
central incisor region exhibited the highest percentage 
of CS terminations, followed by the premolar region. 
Considering the potential anatomical displacement 
of the CSs caused by pathological lesions, the present 
study could have detected an increased prevalence of 
CSs in the premolar region. 

Sun et al21 found 502 CSs among 1,002 patients in 
their study. Of these patients, 259 had one CS, 147 had 
two, 80 had three, 10 had four, 2 had five, 2 had six, 1 
had seven and 1 had eight.21 Conversely, most of the 
lesions in the present study had a single CS and none 
of the pathological lesions had > 3 CSs. 

The present study has the limitation of lacking clin-
ical data support. It is imperative to conduct controlled 
clinical studies to determine whether CSs diagnosed 
with preoperative CBCT lead to intra- or postoperative 
complications. A further limitation is the absence of 
histopathological confirmation to determine whether 
the lesions were malignant or benign for the definitive 
diagnosis of the analysed IPLs.

Conclusion

Considering the extensive utilisation of preoperative 
CBCT in maxillofacial pathological lesions, it is essen-
tial to conduct a CS assessment of the obtained images 
because CSs are prevalent in anterior maxillary IPLs. A 
higher incidence of CSs was observed when the anter-
ior maxillary pathological lesion was small, whereas 
the incidence was notably diminished in larger lesions, 
particularly in cases with pathological lesions > 40 mm 
in diameter. Moreover, a significant number of CSs 
were identified within or close to the surgical margin. 
Thus, more clinical studies are necessary to determine 
whether these characteristics contribute to complica-
tions during or after surgery.
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status and diabetes, cardiovascular diseases, osteopor-
osis and smoking habit).1,2 Diabetes mellitus (DM) is a 
chronic metabolic disease characterised by impaired 
insulin secretion or utilisation, leading to a state of 
chronic hyperglycaemia.3 DM affects various functions 
of the immune system, making the patient more vulner-
able to chronic inflammation, progressive tissue dam-
age and reduced tissue repair, and type 2 DM consti-
tutes 85% to 90% of DM cases.4 Apical periodontitis (AP) 
is a chronic inflammatory lesion that originates from 
the pulp and affects the periapical tissues. It has been 
reported that AP occurs as a result of missed root canals, 
the presence of persistent microorganisms in the canal, 
low radiographic quality of existing root canal treat-
ment, low quality of the existing coronal restoration, 
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low-grade systemic inflammation and the impairment 
of the systemic health of the patient.5,6 In addition, it is 
stated in the literature that the incidence of AP is higher 
in DM patients than in healthy individuals.7 The high 
incidence of apical periodontitis in patients with DM 
and the increased need for endodontic treatment in-
dicate that DM is a potential modulator of endodontic 
pathologies. Thus, it is important to evaluate the results 
of endodontic treatment in teeth with AP in patients 
with type 2 DM.8 

In cases where endodontic treatment fails, the first 
preferred treatment option is non-surgical endodontic 
retreatment (NSER) as it is a conservative method,9 
with a success rate that has been reported to vary be-
tween 62% and 89%.10,11 Today, endodontic treatment 
can be completed in a single visit thanks to magnifica-
tion systems, rubber dam isolation, electronic apex 
locator, endodontic motor and NiTi rotary file systems 
used during treatment. This offers increased conveni-
ence for the patient and the physician in terms of time. 
In addition, the possibility of reinfection of the canal 
due to leakage between visits is eliminated.12,13

Following a comprehensive literature review, no 
studies were found comparing healing of AP after NSER 
in a single visit between patients with type 2 DM and 
systemically healthy patients. The aim of this study is 
to evaluate the condition of periapical tissues using 
periapical index (PAI) scores in periapical radiographs 
after single-visit NSER in systemically healthy patients 
and type 2 DM, and to compare the treatment success. 

Materials and methods

This study is a single-centre, retrospective case-control 
study using periapical radiographs of patients gathered 
from the archives of Bolu Abant Izzet Baysal Univer-
sity Faculty of Dentistry. The protocol was conducted 
according to the principles described in the Declaration 
of Helsinki, including all changes and revisions. Ethical 
approval was obtained from the Clinical Research Ethics 
Committee of Bolu Abant Izzet Baysal University (deci-
sion no. 2023/205). 

The sample size was based on a previous study of similar 
design,14 with a power calculation performed to deter-
mine the required sample size (G*Power 3.1 software; 

a = 0.05 and b = 0.80. It was determined that 23 teeth per 
group was statistically sufficient for the present study.

The inclusion criteria were as follows:
• teeth with a single root and a single canal; 
• teeth with adequate quality root canal filling after 

NSER and ending in the apical 2 mm15; 
• teeth without instrument fractures and calcified 

canals; 
• teeth without compatibility problems in permanent 

restorations16; 
• teeth with standard periapical radiographs taken 

using the parallel technique with the same intraoral 
X-ray device (Kodak 2100 230V; Carestream Health, 
Rochester, NY, USA) and parameters (60 KVp, 6 mAs), 
and of sufficient quality that the tooth and surround-
ing tissues be clearly displayed without artefacts, 
superposition or image distortion; 

• teeth with follow-up periapical radiographs taken at 
least 6 months after NSER; 

• teeth with a periapical lesion diameter of less than 
5 mm. 

Teeth that met abovementioned conditions17 could be 
included in the study. Patients needed to be periodontal-
ly healthy and non-smokers, generally healthy or have 
no systemic disease other than controlled type 2 DM 
characterised by an HbA1c level below 7%.18

Subjects were divided into two groups. The type 2 
DM group was composed of 26 mandibular teeth from 
26 type 2 DM patients (45.04 ± 10.13 years; 19 women 
and 7 men), whereas the control group included 27 
mandibular teeth from 27 patients (37.78 ± 12.61 years; 
15 women and 12 men).

Clinical procedure

All teeth were treated by the same endodontist and fol-
lowing the same protocol outlined below. Local anaes-
thesia (Ultracain DS Ampoule; Sanofi Aventis, Paris, 
France) was applied, and after rubber dam insulation, 
the entrance space was prepared. Previous root canal 
fillings were removed using an endodontic motor (WDV 
Gold, VDW, Munich, Germany) and ProTaper Retreat-
ment Universal files (Dentsply Sirona, Charlotte, NC, 
USA). Apical patency was checked with a #10 K-type 
hand file (Dentsply Sirona), and working length was 
determined with an electronic apex locator (DTE III, 
Woodpecker, Guangxi, China), then confirmed by peri-
apical radiographs. All root canals were prepared using 
ProTaper Next files (Dentsply Sirona) and the endo-
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-
tions. The size of the master apical file was determined 
specifically for each root canal based on the initial canal 
size. After each file change, the canals were irrigated 
with 2 ml 2.5% NaOCl (Mikrovem, Istanbul, Turkey). For 
final irrigation of the root canals, 5 ml 17% ethylenedi-
aminetetraacetic acid (EDTA; Imicryl, Konya, Turkey), 
5 ml distilled water and 5 ml 2.5% NaOCl were used, 
respectively. All irrigation procedures were performed 
with a 30 G lateral vented needle (NaviTip; Ultradent, 
South Jordan, UT, USA). The root canals were dried and 
filled using the cold lateral compaction technique with 
gutta-percha cones (Dentsply Sironar) compatible with 
the file system used and epoxy resin–based root canal 
sealer (AH Plus; Dentsply Sirona). The permanent res-
toration was completed using the one-step self-etch ad-
hesive G-Premio Bond (GC Corporation, Tokyo, Japan) 
and composite resin (3M ESPE, Seefeld, Germany).

Periapical conditions were scored with the PAI by 
awarding points from 1 to 5 to the periapical radio-
graphs of the relevant teeth of the patients who were 
followed for at least 6 months before and after NSER.19 
PAI scoring was performed by two independent endo-
dontist observers for each group. In cases where there 

-
sensus was reached by reevaluation (overall correlation 
coefficients for inter- and intra-observer reliability 
were 0.854 and 0.802). Treatment results were classified 

-
ing to periapical radiographic criteria.11

Statistical analysis

Data from the current study were analysed with SPSS v. 
23 (IBM, Armonk, NY, USA). The suitability of the data for 
normal distribution was examined with ae Shapiro-Wilk 
test. A Wilcoxon test was used to evaluate PAI change 
within the groups, and a chi-square test was employed to 
compare PAI change between groups. Chi-squared and 

McNemar-Bowker tests were used to evaluate intra- and 
inter-group PAI changes according to sex. The level of 
statistical significance was set at P < 0.05.

Results

The demographic data and follow-up period for the pa-
tients included in the study are shown in Table 1.

There was no significant difference in the distribution 
of PAI values before the NSER procedure in the control 
and type 2 DM groups (P > 0.05) (Table 2). Postoperative 
PAI values were found to decrease compared to baseline 
after NSER applied in a single visit in both groups (P < 
0.05) (Table 3 and Fig 1). There was no significant differ-
ence in the change in PAI values over time between the 
control and type 2 DM groups (P > 0.05).

No significant difference was detected between 
men and women in the change in PAI values after 
NSER in a single visit in either of the groups (P > 0.05) 
(Table 4). No significant difference was detected in the 
time-dependent change in PAI values in both men and 
women after NSER in a single visit between the control 
and type 2 DM groups (P > 0.05) (Table 5).

Discussion

status and the aetiology of apical periodontitis and the 
periapical healing process in endodontically treated 
teeth has long been discussed in the literature.20-22 It is 
reported that DM, which affects patients' general health 
status and is becoming increasingly common all over 
the world, is an important factor in both the success 
and aetiology of root canal treatment.20 According to 
the results of the present study, the null hypothesis was 
accepted because there was no difference in the healing 
status of periapical tissues and treatment success after 
NSER applied in a single visit between individuals with 
type 2 DM and systemically healthy individuals.

Group n Age (y) Follow-up period (mo) Sex
Minimum Maximum Mean ± SD Minimum Maximum Mean ± SD Female Male

Control 27 18 63 6 48 15 12
DM 26 29 65 6 48 19 7

SD, standard deviation.

Group
Control 0 0 3 (33.3%) 10 (58.8%) 14 (51.9%)
DM 0 0 6 (66.7%) 7 (41.2%) 13 (48.1%)

CJDR_2502.indb   141 03.06.25   14:54



142 Volume 28, Number 2, 2025

Short- and long-term success results of endodontic 
treatment were evaluated, and the age, sex and gen-
eral health conditions of the patients included in the 
study affected the study results.23-25 The healing pro-
cess of endodontic treatment may slow down due to 

of systemic diseases such as age-related diabetes.26,27 
Considering all these factors, patients between the ages 
of 18 and 65 years were included in the present study, 
and as a result of the statistical analysis, it was deter-
mined that there were similarities between the groups 
in terms of sex distribution and mean age.

It has been reported in the literature that factors such 
as tooth type, preoperative lesion size and number of vis-
its also affect endodontic treatment results.12,28 Ng et al29 
reported that success rates were higher in teeth with a 
lesion size smaller than 5 mm than in those with a lesion 
size larger than 5 mm. In contrast, another study report-
ed that there was no significant difference between le-
sion sizes and success rates.30 In the present study, teeth 
with a lesion size of less than 5 mm were included to 
ensure standardisation and that the study results were 
not affected by the lesion size. Another factor that is said 
to affect the outcome of endodontic treatment is tooth 

individuals (c and d). Preoperative (a1, b1, c1, d1); postoperative (a2, b2, c2, d2); 12-month follow-up after NSER (a3, c3); 24-month 
follow-up after NSER (b3); 18-month follow-up after NSER (d3).

Group
Control 17 (51.5%) 3 (37.5%) 3 (50.0%) 4 (66.7%) 0
DM 16 (48.5%) 5 (62.5%) 3 (50.0%) 2 (33.3%) 0

Group Sex P value
Male Female Total

Control
Healed 7 (70%) 13 (76.5%) 20 (74.1%)

0.525
Not healed 3 (30%) 4 (23.5%) 7 (25.9%)

DM
Healed 7 (100%) 14 (73.7%) 21 (80.8%)

0.177
Not healed 0 5 (26.3%) 5 (19.2%)

Variable PAI P value

Sex
Female 27 (65.9%) 9 (75%)

0.621
Male 14 (34.1%) 3 (25%)
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type. Periapical radiographs provide two-dimensional 
imaging; thus, superimpositions of molar tooth roots 
in the evaluation of endodontic treatment results may 
affect the study results.31 For this reason, the present 
study was conducted on single-canal mandibular teeth 
to ensure standardisation and that the results were not 
affected by changes in the root canal anatomy.

Over time, it has been reported that endodontic 
treatment can be completed successfully in a single 
visit, with the development of techniques that facili-
tate and accelerate treatment for physicians and pa-
tients, the use of irrigation activation methods and 
the production of new instruments. For this reason, 
endodontic treatment performed in a single visit has 
become popular in recent years.32 Some studies report 
that there is no difference in complications occurring 
during treatment, postoperative pain level or success 
rates when endodontic treatment applied in a single 
visit is compared with treatment applied in multiple 
visits.33,34 In line with this information, the NSER pro-
cedure was performed in a single visit in the present 
study; however, it is important for patients to attend a 
control appointment at least 6 and 12 months after the 
end of treatment. Clinical and radiographic follow-ups 
performed within the reported period make it possible 
to evaluate the obturation quality, coronal seal and tis-
sue response in the periapical region.35 Thus, patients 
with a minimum of 6-month follow-up radiographs 
were included in the present study.

As a result of this study, it was determined that PAI 
values decreased compared to initial values after NSER 
performed in a single visit in both the control and type 
2 DM groups. This shows that healing occurred in the 
periradicular tissues in both groups after treatment. In 
contrast, Wang et al36 evaluated the long-term progno-
sis of NSER treatment in patients with DM and reported 
that DM was an effective factor in related tooth loss. 
According to this study, type 2 DM was determined 
to be an important risk factor for tooth extraction 
due to negatively affecting NSER results. Supporting 

37 evaluated the 
results of endodontic treatment applied to the molars 
of healthy patients and those with type 2 DM using 
fractal analysis. They reported that the size of the ap-
ical lesion decreased after root canal treatment in both 
the type 2 DM and control groups, and the fractal size 
in the lesion area increased due to healing.37 Similarly, 
Rudranaik et al38 reported that there was no difference 
in time-dependent change in PAI after primary endo-
dontic treatment applied in a single visit in controlled 
and uncontrolled type 2 DM patients with teeth with 
AP whose HbA1c values were measured. Based on the 

results of this study, the clinical and radiographic heal-
ing results of single-visit endodontic treatment were 
delayed in patients with uncontrolled type 2 DM.38 In 
the present study, healing rates were found to be 74.1% 
in the control group, 80.8% in the type 2 DM group 
and 77.4% in total at the end of the follow-up periods. 
Similar success rates may have been observed in the 
type 2 DM group as a result of the effective application 
of the chemomechanical preparation technique, ensur-
ing rubber dam isolation, eliminating microorganisms 
by applying the same irrigation protocol, and achieving 
coronal and apical sealing.

No difference was found between the type 2 DM and 
control groups in terms of time-dependent change in 
PAI scores. In contrast to these findings, Arya et al39 
reported that periapical healing after endodontic treat-
ment in mandibular teeth with periapical lesions (size 

(43%) than in healthy individuals (80%) over a 1-year 
period.  Fouad and Burleson40 reported that the suc-
cess of primary endodontic treatment in individuals 
with type 2 DM was lower than in healthy individuals 
after a 2-year follow-up. The present authors believe 
that the differences in the study results are due to 
differences in factors such as lesion size, tooth group 
and treatment procedure, which are among the fac-
tors affecting the success of endodontic treatment. In 
contrast to these findings, Ferreira et al14 reported that 
the success rate of endodontic treatment is similar in 
healthy individuals (80%) and individuals with type 2 
DM (62%), which also supports the present results. In 

37 reported that 
there was no difference in the time-dependent change 
in PAI in mandibular molars between healthy individu-
als and individuals with type 2 DM after primary endo-
dontic treatment. Cheraskin and Ringsdorf41 evaluated 
the primary endodontic treatment results for patients 
with low and high plasma glucose levels and reported 
that periapical lesions healed at a higher rate in the 
group with low plasma glucose levels over the 30-week 
follow-up period. Since type 2 DM patients whose 
plasma glucose levels were regulated by drug treatment 
were included in the present study, the present authors 
do not think there is any difference between the con-
trol group and the type 2 DM group; however, advanced 
glycation end products and metabolic conditions were 
associated with larger periapical lesion sizes and more 
severe alveolar bone resorption in patients with type 2 
DM.42,43 In order to ensure standardisation, however, 
patients with lesions smaller than 5 mm were included 
in the present study. This may have been effective in 
patients with type 2 DM, whose NSER success rate was 
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similar to that of healthy individuals.
In the present study, no difference was found be-

tween sexes in terms of time-dependent changes in PAI 
values both within and between groups. Similarly, Arya 
et al39 reported that there was no difference between 
sexes in terms of healing of AP in type 2 DM patients 
with AP after 1 year of follow-up. In contrast, Smith et 
al44 reported that the healing rate was higher in male 
patients after endodontic treatment applied to the 
anterior and posterior teeth after 5 years of follow-up, 
whereas Swartz et al45 reported that the healing rate 
was higher in female patients after 20 years of follow-
up after primary endodontic treatment applied to the 
anterior and posterior teeth. Britto et al46 reported that 
male patients with type 2 DM had less healing in their 
periapical lesions after primary endodontic treatment 
than female patients. Variations in research results may 
be due to differences in factors such as sex distribution, 
population and age.

The success of endodontic therapy in individuals 
with DM has been an area of interest due to the sys-
temic implications of the disease on tissue repair and 
healing processes. Regulated DM, characterised by 
controlled glycaemic levels (HbA1c < 7%), is associated 
with reduced systemic inflammation and improved 
immune function compared to uncontrolled DM.18 
These factors contribute positively to the healing pro-
cess following endodontic therapy.

In the present study, the inclusion of patients with 
well-regulated type 2 DM (HbA1c < 7%) facilitated a 
more precise evaluation of endodontic treatment out-
comes. The results showed that the periapical healing 
rates in the type 2 DM group were comparable to those of 
systemically healthy individuals, suggesting that effec-
tive glycaemic control may mitigate the adverse effects 
of DM on tissue repair and inflammatory responses. 
This aligns with previous findings indicating that gly-
caemic regulation significantly enhances the success of 
both primary and secondary endodontic treatments.37,39

In contrast, studies have reported delayed heal-
ing and lower success rates in patients with uncon-
trolled DM due to persistent hyperglycaemia, which 
ex acerbates vascular damage, impairs collagen synthe-
sis and increases the risk of infections.38,40 The present 
findings highlight the critical role of glycaemic regu-
lation in optimising the outcomes of endodontic ther-
apy, emphasising the need for dental practitioners to 
collaborate with physicians in managing the systemic 
health of DM patients undergoing dental treatments.

Future studies could explore the impact of varying 
levels of glycaemic control on the success of endodontic 
therapy, considering factors such as lesion size, tooth 

type and long-term follow-up. Additionally, advance-
ments in regenerative endodontics targeting angiogen-
esis and immune modulation might provide promising 
avenues for improving treatment outcomes in patients 
with DM.

In patients with DM, decreased tissue repair cap-
acity due to low angiogenic potential may predispose to 
chronic inflammation. In addition, increased suscepti-
bility to infections due to an altered immune response 
may delay the healing process and alter bone turnover, 
potentially affecting the success of root canal treatment 
in diabetic patients. These observations are supported 
by studies in the literature.38,47 Moreover, type 2 DM 
is one of the most common systemic diseases encoun-
tered by dental practitioners in clinical practice.48 Thus, 
it is critical for dental practitioners to be aware of their 

process. Root canal–treated teeth should be monitored 
more frequently and over longer periods in patients 
with type 2 DM compared to healthy individuals.

This study is based on the comparison of the success 
of endodontic treatment results between type 2 DM 
patients and healthy individuals using periapical radio-
graphs. Since it does not include clinical evaluation and 
is a retrospective study, the abovementioned conditions 
represent its limitations. Further retrospective and pro-
spective clinical studies with larger sample sizes, and 
including both clinical and radiographic evaluations, 
are needed.

Conclusion

NSER applied in a single visit to teeth in patients with 
type 2 DM and AP resulted in periapical healing similar 
to in healthy individuals.
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contain a unique structure of permanent tooth germs 
in the jaws.4 These physiological differences between 
paediatric and adult skeletons prevent the direct appli-
cation of treatment options for adults in children.5 

Involvement of permanent tooth germ in paediatric 
jaw osteonecrosis is rare. There has been only one re-
port of Mycobacterium abscessus-induced osteonecro-
sis, in a 3-year-old American patient.6 To the best of 

drug-induced mandibular osteonecrosis involving the 
permanent tooth germ in a child. This case is presented 
following the CAse REport (CARE) Reporting Checklist.

Case presentation

A 4-year-old Chinese girl with an unhealed wound affect-
ing the primary mandibular right first molar visited the 
Department of Pediatric Dentistry, Shanghai Ninth Peo-

-
versity School of Medicine in 2016. Five months prior, 
arsenic trioxide had been sealed into the chamber of 
the affected tooth during pulp therapy in a private clinic. 
The patient experienced severe gingival pain and swell-
ing 1 day after sealing, so the private dental practitioner 
removed the substance, perfored resealing with calcium 
hydroxide and prescribed cefaclor postoperatively. Al-
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Mandibular Osteonecrosis Involving Tooth Germ in 
Children: a Rare Case Report with a 6-year Follow-up
Yue FEI1,2, Guang Yun LAI1,2, Jun WANG1,2

Osteonecrosis involving the permanent tooth germ in primary dentition is a rare condition 
that can affect dental and maxillofacial development without correct intervention. This case 
report presents the successful recovery from drug-induced mandibular osteonecrosis involving 

an unhealed gingival wound and alveolar bone exposure of the missing primary molar area 
after 1-day arsenic trioxide sealing during pulp therapy. Radiographic examinations indicated 
inflammation and sequestrum formation in the jaw. The diagnosis was mandibular osteonecro-
sis. The treatment plans involved sequestrectomy without extended curettage and removal of the 

recurrence of the lesion or complications, a gradual increase in bone density of the osteonecrosis 
-

men without extended curettage may be an option for young patients with jaw osteonecrosis.
Keywords: arsenic trioxide, deciduous teeth, osteonecrosis, sequestrectomy, tooth germ
Chin J Dent Res 2025;28(2):147–151; doi: 10.3290/j.cjdr.b6260631

Osteonecrosis in children is commonly associated with 
infection, trauma, radiotherapy, metastatic disease or 
drugs.1,2 Due to its low incidence, there is a paucity of 
data on the long-term effects of osteonecrosis on dental 
and maxillofacial development in children.3 It is also 
important to note that paediatric skeletons not only pos-
sess a thicker overlying periosteum and greater osteo-
genic remodelling potential than adult bone, but also 
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though the pain and swelling were relieved, the affected 
tooth fell out spontaneously 1 month before the follow-
up examination. The wound remained unhealed and 
the patient complained of halitosis. The timeline dem-
onstrating the progress of this case is presented in Fig 1.

According to previous medical history and blood 
testing, the young patient was healthy with no known 
allergies, systemic diseases or other medications. There 
was no family history of immunodeficiency disorders.

Clinical oral examinations further revealed poor 
healing of the socket with alveolar bone exposure in 
the primary mandibular right first molar area (Fig 2a), 
and the exposed bone fragment was loose. No fistulae 
existed in the adjacent mucosa or skin. No other teeth 
were particularly tender to percussion, and all teeth 
had a response to dry ice stimulation. 

For radiographic examinations, the density of the 
mandibular right alveolar bone decreased in the peri-
apical radiograph (Fig 2b), and the panoramic radio-
graph revealed a radiolucent demarcation line between 
the alveolar socket of the extracted primary mandibular 
right first molar and permanent mandibular right first 
premolar germ (Fig 2c).

The clinical diagnosis of arsenic trioxide–induced 
osteonecrosis was made based on the history of arsenic 
trioxide sealing, symptom of halitosis, clinical finding 
of sequestrum and radiographic finding of decreased 
local bone density. The patient was then referred to the 
Department of Oral and Maxillofacial Surgery.

The young girl was prescribed a 3-day course of 
cefaclor and scheduled for a sequestrectomy under 
general sedation. After the gingiva surrounding the 
exposed alveolar bone was separated, the loose greyish 
yellow sequestrum was gently removed with a vascular 
clamp, and the underlying permanent right mandibu-
lar first premolar germ was exposed with a dark yellow 

-
ing the progression of the 
case.

-
ings at the first visit. Exposed alveolar bone in the primary 
mandibular right first molar area (white arrows) (a). Periapical 
radiograph of the radiolucent lesion in the primary mandibular 
right first molar alveolar bone (yellow arrows) (b). Panoramic 
radiograph demonstrating radiolucent lesion in the primary 
mandibular right first molar alveolar bone and the areas sur-
rounding the permanent mandibular right first premolar (blue 
arrows) (c). Removed sequestrum and permanent mandibular 
right first molar tooth germ (d). 
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appearance, surrounded by granulation, and detached 
from the surrounding bone (Fig 2d). Based on the 
preoperative radiographic examination and changes 
observed in the colour and mobility of the permanent 

-
ents that the premolar germ may be affected by arsenic 
trioxide. After obtaining consent for removal of the 
germ, the affected tooth germ and granulation tissues 
were scraped, and the wound was irrigated with chlo-
ramphenicol. Histological examination of the removed 
sequestrum was not performed due to parental refusal.

The postoperative period was uneventful. A soft diet 
was recommended for the first week, and the patient 
was prescribed 60 mg cefaclor three times daily for the 
next 2 weeks after being discharged from hospital. The 
patient was recalled 1 week later to remove the stitches. 
Red and swollen gums were observed in the operative 
area (Fig 3a), so oral hygiene instructions were de-
livered. One month after surgery, painless healing was 
confirmed by clinical examination (Fig 3b). 

Due to the removal of the permanent tooth germ, 
two treatment options were considered: maintaining 
the missing tooth space or allowing mesial movement 
of the distant molars. The details of each option were 

the latter treatment plan, which involved monitoring 
the inclination and elongation of adjacent primary 
teeth, healing of alveolar bone in the operative area 
and development of adjacent permanent tooth germs. 

At the 6- and 12-month follow-ups, intraoral examin-
ations revealed that the primary mandibular right 
canine and second molar maintained their upright pos-
ition, whereas the primary maxillary right first molar 
was slightly elongated without occlusal interference. 
Panoramic radiographs showed increased bone density 
in the osteonecrosis area and the development of per-
manent mandibular right canine and second premolar 
germs (Fig 3c and d). 

The patient did not attend regular appointments 
for personal reasons until a recent visit for a painful 
unexfoliated tooth 6 years after surgery. To address the 
painful symptoms efficiently, only a panoramic radio-
graph was taken at this visit. In addition to the complete 
root resorption of the primary maxillary right second 
molar, the panoramic radiograph also confirmed the 
complete healing of the mandibular right area and nor-
mal development of adjacent permanent teeth germs 
(Fig 4a). Therefore, the primary maxillary right second 
molar was extracted, and the patient was recalled 1 
week later so the practitioner could check the wound 
and take intraoral photos. The mesial-distal diameter of 
the missing tooth area was reduced by 7 mm, with nor-

mal gingival colour and texture (Fig 4b). The intraoral 
examination revealed an acceptable occlusion (Fig 4c). 
Both the patient and her parents were satisfied with the 
outcome. Currently, the girl is able to engage in regular 
activities without any difficulties.

surgery. Gingival healing observed at the 1-week and 1-month 
follow-ups (a and b). Panoramic radiographs taken 6 months 
and 1 year postoperatively demonstrating increased bone 
density of the lesion site (c and d).
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Discussion

In this case, timely surgical intervention and conser-
vative treatment contributed to a favourable progno-
sis over the 6-year follow-up period. With regard to the 
treatment of the involved permanent tooth germ, its re-
moval was necessary due to infection and necrosis of 
the surrounding bone in reference to the only similar 
case.6 The subsequent protocols for space management 
were formulated in reference to cases of congenitally 
missing teeth.7

Although no reports of osteonecrosis induced by 
arsenic trioxide used in primary teeth have been 
retrieved, 27 cases of topical arsenic–induced bone 
necrosis in permanent dentition have been report-
ed.8-12 The age range of patients is 14 to 60 years with a 
gender ratio of 4:5 (male: female). It is noteworthy that 
the present patient developed symptoms only 1 day 
after sealing, earlier than all previous cases involving 
permanent teeth (2 to 7 days). This result aligns with 
the fact that there are more accessory canals in the pulp 
chamber floor area of primary teeth than permanent 
teeth,13 suggesting that the supporting tissues of pri-
mary teeth and their succedaneous tooth germs may 
be more vulnerable to arsenic leakage from the pulp 
chamber.

In most cases of drug-induced osteonecrosis in 
adults, disease-free edges should be exceeded, and 
healthy bleeding bones should be visible for the resec-

tion of necrotic bone, as it is difficult to determine the 
extent of necrosis.14 In this case, the surgeons only 
removed the sequestrum without extended curettage of 
the surrounding bones. This decision was made based 
on the physiological characteristics of paediatric jaws, 
which are more porous, vascularised and resistant to 
drug invasion than the adult skeleton.15 The optimal 
bone repair and normal development of the adjacent 
permanent tooth germ at the follow-up appointments 
also support this choice, suggesting that timely inter-
vention for osteonecrosis may not interrupt maxillo-
facial development.

No histological results for the removed bone were 
obtained in this case. Although the medical history, 
clinical symptoms and radiographic findings of this 
patient all led to the diagnosis of osteonecrosis, histo-
logical evidence made it possible to exclude other 
pathologies.

Conclusion

This is the first case of drug-induced mandibular osteo-
necrosis involving permanent tooth germ in a child. The 
sealing of arsenic trioxide in primary teeth may cause 
more severe damage to the surrounding soft and hard 
tissues than in permanent teeth. All dental practition-
ers should be warned against the adverse effects of this 
agent and avoid using it in practice. For young patients 
with arsenic trioxide–induced osteonecrosis, timely re-

examination and radio-
graphic findings at the 
6-year follow-up. Panoramic 
radiograph demonstrat-
ing ingrowth of new bone 
structure and normal devel-
opment of the permanent 
mandibular right canine and 
second premolar germs (a). 
Complete gingival healing 
with decreased mesial-dis-
tal diameter in the primary 
mandibular right first molar 
area (b). Acceptable occlu-
sion of mixed dentition (c).
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moval of sequestrum and other necrotic tissue without 
extended curettage, along with systemic antibiotic ther-
apy, should be considered.

Conflicts of interest

The authors declare no conflicts of interest related to 
this study.

Acknowledgements

This study was approved by the Ethics Committee of 

University School of Medicine with approval number 
SH9H-2022-T403-1. The mother of the patient gave writ-
ten consent for personal and clinical details along with 
any identifying images of her daughter to be published 
in this case report.

Author contribution

Dr Yue FEI contributed to the conceptualisation, data 
collection and manuscript draft; Dr Guang Yun LAI con-
tributed to the writing and editing of the manuscript; Dr 
Jun WANG contributed to the supervision of the study, 
revision of the manuscript and funding.

(Received Apr 19, 2024; accepted Dec 03, 2024)

References
1. Badescu MC, Rezus E, Ciocoiu M, et al. Osteonecrosis of the 

jaws in patients with hereditary thrombophilia/hypofibrinol-
ysis-From pathophysiology to therapeutic implications. Int J 
Mol Sci 2022;23:640.

2. Rosales HD, Garcia Guevara H, Requejo S, Jensen MD, Ace-
ro J, Olate S. Medication-related osteonecrosis of the jaws 
(MRONJ) in children and young patients-A systematic review. 
J Clin Med 2023;12:1416.

3. Hernandez M, Phulpin B, Mansuy L, Droz D. Use of new tar-
geted cancer therapies in children: Effects on dental devel-
opment and risk of jaw osteonecrosis: a review. J Oral Pathol 
Med 2017;46:321–326.

4. Flynn JM, Schwend RM. Management of pediatric femoral 
shaft fractures. J Am Acad Orthop Surg 2004;12:347–359.

5. Brown JJ, Ramalingam L, Zacharin MR. Bisphosphonate-asso-

Endocrinol (Oxf) 2008;68:863–867.
6. Mueller MA, Kanack MD, Singh J, Jaffurs D, Vyas RM. Pedi-

atric mandible reconstruction for osteomyelitis during larg-
est reported mycobacterium abscessus outbreak. J Craniofac 
Surg 2020;31:274–277.

7. Naoum S, Allan Z, Yeap CK, et al. Trends in orthodontic man-
agement strategies for patients with congenitally missing lat-
eral incisors and premolars. Angle Orthod 2021;91:477–483.

8. Nezafati S, Ghavimi MA, Yavari AS. Localized osteomyelitis of 
the mandible secondary to dental treatment: Report of a case. 
J Dent Res Dent Clin Dent Prospects 2009;3:67–69.

9. Deshpande A, Prasad S, Deshpande N. Management of 
impacted dilacerated maxillary central incisor: A clinical case 
report. Contemp Clin Dent 2012;3:S37–S40.

10. Giudice A, Cristofaro MG, Barca I, Novembre D, Giudice M. 
Mandibular bone and soft tissues necrosis caused by an arsen-
ical endodontic preparation treated with piezoelectric device. 
Case Rep Dent 2013;2013:723753.

11. Chen G, Sung PT. Gingival and localized alveolar bone necro-
sis related to the use of arsenic trioxide paste--Two case 
reports. J Formos Med Assoc 2014;113:187–190.

12. Marty M, Noirrit-Esclassan E, Diemer F. Arsenic trioxide-
induced osteo-necrosis treatment in a child: Mini-review and 
case report. Eur Arch Paediatr Dent 2016;17:419–422.

13. Diéguez-Pérez M, Ticona-Flores JM. Three-dimensional 
analysis of the pulp chamber and coronal tooth of primary 
molars: An in vitro study. Int J Environ Res Public Health 
2022;19:9279.

14. Hsu KJ, Hsiao SY, Chen PH, Chen HS, Chen CM. Investigation 
of the effectiveness of surgical treatment on maxillary med-
ication-related osteonecrosis of the jaw: A literature review.  
J Clin Med 2021;10:4480.

15. Maes C, Kronenberg HM. Chapter 4–Postnatal bone growth: 
Growth plate biology, bone formation, and remodeling. Pedi-
atric Bone 2012:55–82. 

CJDR_2502.indb   151 03.06.25   14:54



N
EW

+49 (0)30 761 80 667books@quintessenz.dewww.quint.link/
esthetic-treatment-vol1

This guide is a welcome and timely 
addition to current knowledge in the 

to chapters on esthetic implant site 
development, ridge augmentation, 
and managing esthetic complications 
in implant placement, the book also 

sinus augmentation, thus providing 
a comprehensive perspective and 

esthetic zone and anterior maxilla, which 

and patient, is also comprehensively 

high-resolution photographs and 
images help the clinician to understand 

issues and solutions highlighted in each 
chapter, thus grounding theory into 

Esthetic Implant Surgery  

208 pages, 900 illus

CURRENT BEST 
PRACTICE

Gil-24011_A_engl_241212.indd   1 12.12.24   13:17CJDR_2502.indb   152 03.06.25   14:54



CJDR_2502.indb   153 03.06.25   14:54



CJDR_2502.indb   154 03.06.25   14:54


