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A B S T R A C T

Introduction and Aims: Compromised bone quality and quantity in the posterior maxilla are

widely recognised as significant risk factors for implant failures. This study aimed to (1)

assess the bone quality of the resorbed posterior maxilla both radiographically and histo-

logically and (2) evaluate the impact of native alveolar bone quality on osteogenesis follow-

ing maxillary sinus floor augmentation (MSFA).

Methods: Patients presenting advanced posterior maxillary atrophy (residual bone height ≤
4 mm) underwent MSFA via a lateral window approach using deproteinised bovine bone

matrix (DBBM). Bone core biopsies were collected during second-stage implant placement

for histological analyses. Preoperative cone-beam computer tomography (CBCT) images

were used to classify bone quality based on cortical bone configuration. Multiple linear

regression was employed to identify factors influencing osteogenesis.

Results: A total of 190 sinuses from 176 patients (96 males/80 females, mean age: 45.77 § 4.13

years) underwent MSFA and biopsy. Radiographic analysis revealed the presence of bicortical

bone in 42.21% of the maxillary ridges, unicortical bone in 25.97%, no cortical bone in 19.48%

and sinus floor−crestal bone fusion in 12.34%. Histologically, native bone comprised 40.01% §
14.85% ofmineralised trabeculae while newly formed bone accounted for 18.77% § 5.69% in the

DBBMgrafted areas. A significant positive correlationwas observed between native bone trabec-

ula percentage and new bone formation (r = 0.23, P = .04). No significant associationswere found

with age, sex, healing time or radiographic alveolar type (P > .05).

Conclusion: Greater density of native trabecular bonemay contribute to enhanced osteogen-

esis following MSFA.

Clinical relevance: This study enhances our understanding of the bone characteristics of the

resorbed posterior maxilla. It emphasises the need to consider the bone quality of the

recipient site before conducting a MSFA for determining the surgical procedure and pre-

dicting the prognosis.

� 2026 The Authors. Published by Elsevier Inc. on behalf of FDI World Dental Federation.

This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/)
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Introduction

The early loss of posterior maxillary teeth, resulting in pro-

gressive alveolar ridge resorption and sinus pneumatisation,

often leads to severe maxillary atrophy.1 Indeed, this bidi-

rectional reduction of bone vertical dimension, along with

limited bone quality, makes optimal dental implant posi-

tioning and restoration challenging.1,2 Moreover, the limited

bone quality and quantity have consistently been consid-

ered as major risk factors for implant failure in this region,

highlighting the importance of a thorough implant site

development assessment to secure favourable treatment

prognosis.

Bone quality is a key factor affecting the bone-to-implant

contact (BIC), a major determinant of successful implant

osseointegration.3 From a surgical perspective, achieving

implant primary stability depends on bone quality, which fur-

ther influences prosthodontic decisions, such as the timing

and approach for implant loading.4 In addition, recent studies

have reported that bone quality influences the accuracy of

computer-assisted guided implant surgery.5−8 Therefore,

these studies underscore the significance of evaluating alveo-

lar bone quality for clinical decision-making, from implant

placement and loading protocols to implant selection and

guidance approaches for computer-guided surgery.

Traditionally, maxilla bone quality has been assessed by

classifying them into 4 types, using either the Lekholm and

Zarb’s9 or the Misch’s classifications.10 Accordingly, the pos-

terior maxilla is mostly composed of type 3 or 4 (Lekholm and

Zarb’s classification) or D3 or D4 bone (Misch’s classification)

because of its thin cortical bone layer and the underlying

highly porous trabecular bone. However, both classifications

intended to determine the proportion of cortical and trabecu-

lar bone are based on 2-dimensional radiographic evaluation

and tactile feedback during implant osteotomies, which can

be inconsistent and lacking scientific validation. Specifically,

(1) the broad definitions given by these classifications may

lead to a lack of standardisation across studies, hindering

their comparability and clinical application of results11; and

(2) the outcomes of either the radiological or the tactile

assessments are subject to the operator’s experience, intro-

ducing subjectivity and making reproducibility difficult.12 By

contrast, histological examination of bone biopsy specimens

remains the most diverse and reliable method for the assess-

ment of bone structures.

Lindhe et al. reported that in fully healed edentulous

maxillae, more than 50% of the bone is mineralised, with the

remainder consisting of osteoid matrix, bone marrow,

fibrous tissue and other components.13,14 The native bone

from the residual alveolar ridge and the sinus floor repre-

sents a critical source of blood supply and mesenchymal

stem cells needed for bone regeneration. Despite these

insights, studies specifically assessing the bone quality in

the resorbed posterior maxilla are scarce, and even fewer

have explored whether this bone quality influences osteo-

genesis following maxillary sinus floor augmentation

(MSFA). Therefore, this study aimed to evaluate the bone

quality of the resorbed posterior maxilla both radiographi-

cally and histologically, and to investigate the effect of

native bone quality on osteogenesis after MSFA.
Material andmethods

Study design and population

This retrospective study protocol was approved by the Insti-

tutional Review Board of Shanghai Ninth People’s Hospital,

China (No: 2015[78] and SH9H-2021-T63-1) and was conducted

in compliance with the Helsinki Declaration, as revised in

2013, and reported following the STROBE guidelines for obser-

vational studies.15

All patients referred to the Department of Oral Implantol-

ogy or the Second Dental Center, Ninth People’s Hospital,

Shanghai Jiao Tong University, School of Medicine, between

June 2015 to September 2021, with an indication for implant

rehabilitation of the atrophic posterior maxilla were consecu-

tively screened for eligibility.

Eligible patients were adults (≥18 years) presenting maxil-

lary molar(s) or premolar(s) loss ≥3 months, and residual

bone height (RBH) ≤ 4 mm and adequate bone width at the

target edentulous site, who provided signed informed con-

sent for participation. Exclusion criteria included active sinus

infection, uncontrolled inflammatory diseases—such as

uncontrolled periodontal disease and uncontrolled diabetes

—heavy smoking (>10 cigarettes/day), history of head/neck

radiation therapy (>60 Gy doses), osteoporosis or bisphospho-

nates/steroids therapy, and incomplete records.

Surgical procedures

MSFA via lateral window approach
All surgeries were performed by a single experienced surgeon

(Y.W.). Briefly, a full-thickness mucoperiosteal flap exposed

the maxillary lateral wall, and then an osteotomy window

was prepared to access the sinus cavity using piezoelectric

instruments. The Schneiderian membrane was gently lifted

from the sinus floor and elevated, creating a space that was

subsequently grafted with deproteinised bovine bone matrix

(DBBM) granules (Bio-Oss). Afterwards, a native collagen

membrane (Bio-Gide) was placed to cover the lateral window,

followed by flap repositioning and suture, achieving primary

closure.

Staged implant placement and biopsy
After a healing period of 4-12 months, bone core specimens

were harvested at grafted sites with a trephine drill (outer

diameter 4.0 mm, inner diameter 3.0 mm, length 10 mm), fol-

lowed by twist drills as recommended by the manufacturer.

Then, 10-12 mm tissue level implants (Straumann) were

inserted. Biopsied tissues were immediately fixed in 10% neu-

tral buffered formalin. When multiple implants were indi-

cated, a single bone specimen was taken from the implant

site with the lowest RBH.

Radiographic analysis

Cone-beam computed tomography (CBCT) scans were

acquired within 1 month prior to the MSFA procedures. CBCT

images were obtained using the Planmeca Promax Tomogra-

phy System with the following operating parameters: 5 mA,

96 kV; voxel size: 0.2 mm; field of view: 13 cm £ 9 cm. The
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primary data were exported as DICOM files and reconstructed

using implant planning software (coDiagnostiX).

For each patient, a digital wax-up and surgical planning

were performed prior to the surgery, following the protocol

described by Zhou et al.16 Radiographic measurements were

taken from sagittal sections at the planned implant sites,

according to pre-prosthetic planning (Figure 1). RBH was

defined as the vertical distance from the alveolar crest to the

sinus floor, measured along the long axis of the virtual

implant. The bone quality of the maxillary ridge was assessed

and classified using a modified version of the classification

proposed by Choucroun et al.17 (Figure 2).

Histological and histomorphometric analysis

Specimens were decalcified, paraffin embedded, and sec-

tioned 6 mm thick along the longitudinal axis for haematoxy-

lin and eosin (H&E) staining. For each specimen, 3 sections

(#10, #20, #30) were selected and examined under a light

microscope. The native bone and grafted bone areas were

identified based on their morphological characteristics, by an

experienced examiner. For each section, an overview image

was captured at £4 magnification, and the native bone area

was then cropped from the image. Afterwards, an additional

image was acquired at £10 magnification from a randomly

selected region within the grafted bone area.
Fig. 1 –Determination of the assessment region on the CBCT ima

posterior maxillary ridge. B, Sagittal section of the postoperative

placement and MSFA. C, Information on the implant, grafting bo

CBCT data and then superimposed with the preoperative CBCT.

region for assessment.

Fig. 2 –Classification of bone quality in the posterior maxilla acco

crestal bone. A, Type a: bicortical bone. B, Type b: unicortial bone

floor bone and native crestal bone.
All images were imported into the Image Pro-Plus software

(version 6.0) for quantitative histomorphometry. Within each

image, the regions of interest—native bone trabeculae in the

native bone area and the newly formed bone in the grafted

bone area—were automatically delineated by a colour-con-

trast algorithm and subsequently tuned manually. The native

bone trabeculae and newly formed bone area percentages

were calculated as the number of selected pixels divided by

the total pixel count. The reported results represent the mean

independent measurements obtained from 3 sections of each

specimen.

Data analysis

Two examiners (W.Z. and Y.S.), not involved in patient treat-

ment and each with more than 5 years of experience, inde-

pendently evaluated the radiological and histomorphometric

images/data. The inter-examiner agreement was assessed

using the Kappa test for categorical variables (radiographical

alveolar type). The inter-rater reliability was determined with

the interclass correlation coefficient (ICC) for continuous vari-

ables (% of native bone trabeculae and % of newly formed

bone). All measurements were analysed at the sinus and

biopsy levels.

To investigate the association between radiographic and

histomorphometric outcomes of bone quality, one-way
ge. A, Sagittal section of the preoperative CBCT showing the

CBCT showing the posterior maxillary ridge after implant

ne andmaxillary jawwas extracted from the postoperative

D, The virtual implant was hidden to clearly expose the

rding to the presence of cortication of the sinus floor and

. C, Type c: no cortical bone. D, Type d: Fusion of the sinus
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ANOVA was used to analyse the mean percentage of native

bone trabecula from the specimens with the radiographic

classification of the resorbed posterior maxilla. A multiple

linear regression model, with r values as correlation coeffi-

cients, assessed the associations between histomorpho-

metric outcomes (mean % of native bone trabecula and

newly formed bone), healing time and radiographic alveo-

lar type. Generalised estimating equations (GEE) analysis

was performed using baseline variables (age and gender) as

predictors for the percentage of newly formed bone while

adjusting for patients who had bilateral MSFA. Age (contin-

uous) and gender (binary) were included as fixed effects,

and an exchangeable correlation structure was used to

model the relationship between surgeries on the same

patient. Statistical significance was set at P < .05. All analy-

ses were performed using the PASW Statistics 18.0 software

program.
Results

Patient’s characteristics

A total of 176 patients, corresponding to 190 maxillary

sinuses, underwent MSFA via a lateral approach, with bone

biopsies obtained at the implant sites. The study sample com-

prised 96 males and 80 females (mean age: 45.77 § 4.13 years;

range: 20-72 years). The mean healing time after MSFA was

8.14 § 4.77 months (range: 4.0-12.4 months).

Data from 8 patients were excluded: 4 for incomplete chart

records and 4 for simultaneous ridge augmentation during

MSFA. Therefore, a total of 168 patients, corresponding to 182

maxillary sinuses, were included for the radiographic and

histological analysis. Complete CBCT data were available for

154 maxillary sinuses and included for radiographic analysis.

Specimens with insufficient tissue or damage were excluded

from the histological analysis, leaving 147 native bone speci-

mens and 95 grafted bone specimens for the histomorpho-

metric analysis (Figure 3).
Fig. 3 –A flow diagram o
Radiographic analysis

Among the 154 posterior maxillae, the mean RBH was 3.01 §
2.05 mm (range: 0.50-4.00 mm). Based on the CBCT morphol-

ogy, the sinuses were classified as:

� Type a—bicortical bone (i.e. both the sinus floor bone and

the crestal bone are cortical bone): 65 sinuses (42.21%)
� Type b—unicortical bone (i.e. either the sinus floor bone or

the crestal bone is cortical bone): 40 sinuses (25.97%).
� Type c—no cortical bone (i.e. neither the sinus floor bone

nor the crestal bone is cortical): 30 sinuses (19.48%).
� Type d—no bone coronal to the sinus floor (i.e. fusion of the

sinus floor bone and crestal bone): 19 sinuses (12.34%).

Inter-examiner agreement for CBCT sinus morphology

classification was substantial (k = 0.69; P < .01).

Histomorphometric analysis

Native bone areas were mainly composed of mature trabecu-

lae, characterised by mineralised lamellar bone and a ran-

domly distributed pattern, and large bone marrow spaces

infiltrated with loosely organised fibrous connective tissue,

abundant adipocytes and small- to medium-diameter blood

vessels (Figure 4). The mean native bone trabecula percentage

was 40.01% § 14.85% (range: 10.49%-82.56%). The most fre-

quent native bone trabecula percentage ranges were 30%-

40%, followed by 20%-30%, 40%-50% and 50%-60% (Figures 5

and 6). The inter-rater reliability for native bone trabecula

percentage assessment was excellent (ICC = 0.99; P < .01)

In the grafted bone area, the DBBM particles appeared as

pale pink structures with sharp edges, with empty osteocyte

lacunae in the middle. Newly formed bone presented deep

staining with a large number of osteocytes arranged in long

strips, partly covering the surface of DBBM and bridging adja-

cent particles. The mean newly formed bone percentage was

18.77% § 5.69% (range: 8.06%-31.13%), presenting also high

inter-rater reliability (ICC = 0.98; P < .01).
f the present study.



Fig. 4 –Observation image of the histological section under lowmagnification (£4). On the left side is the native bone area,

mainly composed of mature trabeculae and bonemarrow. On the right site is the grafted bone area, mainly composed of

DBBM particles, newly formed bone and non-mineralised tissue.

Fig. 5 –Distribution of native bone trabecula (%) in the resorbed posterior maxilla.

Fig. 6 –Representative histological images of the resorbed posterior maxilla with different native bone trabecula (%).
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Table 1 – Mean histomorphometric percentage of native bone trabecula of the biopsies related to the radiographic alveolar
type of the resorbed posterior maxilla

Radiographic alveolar type Number of biopsies Histological native bone trabecula %

mean § SD minimum maximum

Type a 57 38.29 § 17.93 18.28 72.11

Type b 36 42.33 § 16.18 10.49 82.56

Type c 29 38.84 § 16.31 14.25 73.37

Type d 17 39.52 § 15.21 13.70 59.99

6 zhou e t a l .
Correlation analysis

Correlation between the radiographic and histomorphomet-

ric data was conducted in 139 posterior maxillae. The native

bone trabeculae percentages for the different types of alveo-

lar ridges in the resorbed posterior maxilla are presented in

Table 1. Although radiographic Type d presents an apparent

sinus floor−crestal bone fusion, histological evaluation

revealed a thin but continuous zone of mineralised bone

beneath the fused cortical plate, allowing quantitative assess-

ment of native bone trabeculae.

Native bone trabeculae percentages did not differ signifi-

cantly among the 4 types of radiographic bone morphology

(P = .65). Neither gender (P = .69) nor age (P = .10) showed a sta-

tistically significant correlation with native bone trabecula

percentages.

Multiple linear regression revealed a positive correlation

between native bone trabecula percentage and newly

formed bone percentage (r = 0.23; P = .04; 95% CI = 0.01-0.19)

(Figure 7). No statistically significant correlations were

found between newly formed bone percentage and gender

(P = .59), age (P = .70), healing time (P = .06) or radiographic

bone type (P = .82).
Fig. 7 –Scatter plot demonstrating the correlation between
Discussion

Bone quality has long been recognised as a key determinant of

dental implant success, with early studies associating

implants placed in poor-quality bone with significantly higher

failure rates.18,19 Although recent advancements in implant

macro and micro design have enhanced osseointegration and

the likelihood of achieving primary stability—thereby reducing

the emphasis on bone quality—the thorough assessment of

bone quality remains crucial for determining the potential

treatment prognosis in challenging scenarios such as the

severely resorbed posterior maxilla, where MSFA is needed

before implant placement. In the present large retrospective

study, we found a positive association between preoperative

native bone quality—evaluated radiographically and histologi-

cally—and the subsequent new bone formation following

MSFA, suggesting that posterior maxilla with denser residual

ridge structure may favour osteogenesis.

Our radiographic analysis revealed that more than 40% of

the alveolar ridge in the resorbed posterior maxilla exhibited a

double layer of cortical bone, indicating a substantial remain-

ing amount of cortical bone. The histomorphometric observa-

tions further showed that the native trabecular bone
native bone trabecula (%) and newly formed bone (%).
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represented between 30% and 40% of the region of interest,

closely aligning with Todisco and Trisi histologic study, report-

ing a mean bone volume percentage of 33.83% § 10.92% in the

maxillary premolar area and 30.62% § 14.08% in the molar

area.20 However, these values are based on the results of a

small sample size, and the status of the alveolar bone (post-

extraction or healed) was not described.20 Otherwise, Lindhe

et al. with a relatively large sample size, reported the presence

of 55.2% of mineralised bone at fully healed sites in the poste-

rior maxilla,13,14 exceeding our findings. This discrepancy

likely reflects the inverse correlation between RBH in the pos-

terior maxilla and trabecular bone quality and quantity, give

that previous works show that alveolar bone mineralisation

decreases with the reduction in bone volume.21

Traditional radiographical classifications of alveolar bone

quality, such as Lekholm and Zarb’s four types, remain one of

themost widely usedmethods worldwide. In fact, for the pos-

terior maxilla, bone quality frequency has been reported as

type III in 73.33%, type II in 13.33% and type IV in 13.33% of

cases.12 However, its application was problematic when the

cortical bone was discontinuous, and when distinguishing

between dense trabecular bone (type III) and low-density

bone (type IV). Instead, the use of the modified classification

method by Choucroun et al.,17 based on remaining cortical

bone, demonstrated superior inter-examiner agreement by

providing a more objective quantitative criteria for preopera-

tive bone quality assessment.

Extensive angiogenesis and osteoblastic migration from

the native bone walls are fundamental for osteogenesis at

the maxillary sinus regardless of the type of grafted mate-

rial, eventually being transformed into new bone by "creep-

ing substitution."22,23 However, whether the quality of the

native bone wall influences the osteogenic outcome of the

grafted area is still inconclusive. In this context, Reich et al.

evaluated the bone volume fraction of sinus biopsies and

found a positive correlation between the native and grafted

bone quality,24 consistent with the results of the present

study. In addition, a recent study reported a positive corre-

lation between bone quality and bone regeneration volume

after reduction mandibuloplasty, concluding that higher

density of surrounding bone benefits local bone regenera-

tion and growth.25 Therefore, altogether our results also

support the hypothesis that denser native bone—with

greater osteoblast reservoirs and stronger structural sup-

port—promotes a positive bone grafting outcome, whereas

poor native bone quality—with less bone matrix and being

more porous—may compromise graft integration and matu-

ration or result in less predictable osteogenesis. Neverthe-

less, further research is required to determine how the

composition of the native recipient bone affects osteogene-

sis in grafted areas.

Bone quality was evaluated primarily from a histomor-

phometric and structural standpoint in the present study,

using the proportion of mineralised trabecular bone as a

surrogate parameter. This measurement reflects bone

quantity and microstructural organisation rather than

bone mineral density per se, which requires dedicated den-

sitometric techniques. Moreover, vascularity is a critical

biological component of bone quality and may further

influence osteogenesis. However, quantitative assessment
of vascular parameters was beyond the scope of this retro-

spective analysis and was not performed. Future studies

incorporating vascular and densitometric assessments

may provide a more comprehensive characterisation of

bone quality.

CBCT slices and histological sections provide valuable

information on bone structure, but both assessments are

inherently 2-dimensional and therefore cannot fully reflect

the 3-dimensional complexity of the sinus floor. Future stud-

ies incorporating 3-dimensional radiographic reconstruction

or micro-CT may further clarify the spatial characteristics of

the recipient bone. The primary limitation of this study lies in

its retrospective design, which may inherently allow con-

founding factors that may influence the osteogenesis out-

comes following MSFA. Although our regression models

found no significant effects of patient age, gender or healing

time, the histomorphometric findings indicated that osteo-

genesis after MSFA was significantly influenced by the quality

of the alveolar bone beneath the sinus floor. Apart from that,

the healing times for the cases included in this study varied

substantially, ranging from 4 to 12 months. Nonetheless, a

prior prospective study by our group showed no differences

in newly formed bone regardless of healing time (5, 7, and 11

months post-surgery) after MSFA,26 thus aligning with the

results observed in our multiple linear regression model in

the present study. Otherwise, anatomical morphology of the

maxillary sinus can also play a role in internal osteogenesis.

For instance, the width of the sinus floor has been negatively

correlated with new bone formation,16,27-31 whereas RBH has

not shown a significant effect.16,32 While other factors, such

as surgical techniques and the choice of graft materials, may

also influence the osteogenesis process,33-35 it was not feasi-

ble to account for all variables within the regression model.

Consequently, this study focused its correlation analysis on

baseline variables and those specifically related to alveolar

bone quality.

The present study focused on the posterior maxilla and

MSFA as the primary research model; however, the concept

that the quality of the native recipient bone influences sub-

sequent osteogenesis may also be applicable to other bone-

grafting procedures, such as guided bone regeneration

(GBR), onlay bone grafting and socket preservation. In these

procedures, the native bone walls serve as the principal

source of vascular supply, osteogenic cells and biological

signalling. Therefore, a denser and more structured recipi-

ent bone may facilitate faster graft integration and more

predictable bone maturation, whereas compromised native

bone quality may necessitate modified surgical strategies,

prolonged healing periods or staged treatment approaches.

From a clinical perspective, incorporating preoperative

assessment of native bone quality into treatment planning

may help clinicians to better estimate regenerative poten-

tial, optimise surgical protocols and improve prognostic

predictability across various bone augmentation proce-

dures. To better understand the impact of recipient site

bone quality on osteogenesis following bone augmentation,

future research should include well-designed prospective

studies. This will help to clarify the role of bone quality in

optimising clinical outcomes across various bone augmen-

tation techniques.
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Conclusions

In this large cohort of resorbed posterior maxilla, more

than 40% of the alveolar ridges had a double layer of corti-

cal bone, and nearly one-third exhibited a proportion of

mineralised bone trabecula between 30% and 40%. Denser

alveolar bone quality was positively associated with new

bone formation after MSFA, suggesting that preoperative

assessment of native bone density can help to predict—
and potentially improve—osteogenic outcomes in MSFA

procedures.
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