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Objectives: This retrospective radiographic study aimed to compare post-loading fractal dimension (FD) changes in the 
loaded native bone and loaded grafted sinus compartments with those in the corresponding non-loaded reference regions 
after lateral sinus floor elevation with simultaneous implant placement. 
Materials and Methods: The analysis comprised 35 patients who had received lateral sinus augmentation with 
simultaneous implant placement in the posterior maxilla. Panoramic images acquired immediately after surgery and again 
18–24 months after functional loading were designated as T0 and T1, respectively. Radiographic trabecular texture was 
quantified in ImageJ using a box-counting FD protocol. At each time point, mesial and distal implant-adjacent measurements 
were averaged to represent the loaded native bone and loaded grafted sinus compartments, whereas remote native bone 
and grafted sinus ROIs were retained as separate non-loaded references. Change scores were expressed as ΔFD (T1 − T0). 
Paired-samples t-tests were used to examine both temporal changes within each region and differences in ΔFD between 
the loaded compartments and their corresponding non-loaded reference regions. 
Results: The loaded native bone compartment showed a significant rise in FD from 0.719 ± 0.114 at T0 to 0.849 ± 0.059 at 
T1 (p < 0.001), while no significant change was detected in the non-loaded native bone reference (0.955 ± 0.105 vs. 0.974 ± 
0.129; p = 0.220). In the loaded grafted sinus compartment, FD did not change significantly (0.811 ± 0.117 vs. 0.806 ± 0.096; 
p = 0.783), whereas a significant reduction occurred in the non-loaded grafted sinus reference (0.962 ± 0.119 vs. 0.798 ± 
0.055; p < 0.001). Paired comparisons of ΔFD were significant for both native bone (+0.129 ± 0.096 vs. +0.019 ± 0.089) and 
the grafted sinus (-0.005 ± 0.107 vs. −0.164 ± 0.126), with p < 0.001 for both comparisons. 
Conclusions: Longitudinal FD patterns differed between residual bone and grafted sinus tissue and between loaded and 
non-loaded locations. These findings indicate that the two tissue regions may exhibit distinct radiographic trabecular 
responses within the post-loading peri-implant environment. FD may therefore provide complementary information for 
longitudinal radiographic monitoring, although it should not be regarded as a direct measure of histological maturation or 
implant stability. 
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Lateral Sinüs Tabanı Yükseltmesi Sonrası Yükleme Dönemindeki Radyografik Doku 
Değişiklikleri: Bölge Temelli Bir Fraktal Boyut Analizi 
 

Araştırma Makalesi ÖZ 
Amaç: Bu retrospektif radyografik çalışmada, lateral sinüs tabanı yükseltmesi ve eş zamanlı implant yerleştirilmesi 
sonrasında yükleme döneminde ortaya çıkan fraktal boyut (FB) değişimlerinin, rezidüel kemik ve greftlenmiş sinüs 
alanlarında bölge temelli olarak değerlendirilmesi amaçlanmıştır. Bu kapsamda, implanta komşu yük alan doğal rezidüel 
kemik ve greftlenmiş sinüs bölgeleri, karşılık gelen yük almayan referans bölgeleriyle karşılaştırılmıştır.  
Gereç ve Yöntemler: Çalışmaya lateral sinüs tabanı yükseltmesi ile eş zamanlı implant yerleştirilen 35 hasta dahil edilmiştir. 
Cerrahi günü elde edilen panoramik radyografiler T0, fonksiyonel yüklemeden 18–24 ay sonra elde edilen takip 
radyografileri ise T1 olarak tanımlanmıştır. Yük alan doğal rezidüel kemik ve yük alan greftlenmiş sinüs bölgelerinin FB 
değerleri, implanta komşu mezial ve distal ROI’lerden elde edilen ölçümlerin ortalaması alınarak hesaplanmıştır. Yük 
almayan doğal rezidüel kemik ve greftlenmiş sinüs referans bölgeleri ise ayrı olarak değerlendirilmiştir. Longitudinal değişim 
ΔFB = T1 − T0 şeklinde hesaplanmıştır. Bölge içi T0–T1 değişimleri ile yük alan bölgeler ve karşılık gelen yük almayan referans 
bölgeleri arasındaki ΔFB farkları eşleştirilmiş örneklem t testi ile analiz edilmiştir. 
Bulgular: Yük alan doğal rezidüel kemik bölgesinde FB değeri T0’dan T1’e anlamlı olarak artmıştır (0,719 ± 0,114–0,849 ± 
0,059; p < 0,001). Buna karşılık, yük almayan doğal rezidüel kemik referans bölgesinde anlamlı bir değişim izlenmemiştir 
(0,955 ± 0,105–0,974 ± 0,129; p = 0,220). Yük alan greftlenmiş sinüs bölgesinde FB değeri stabil kalmıştır (0,811 ± 0,117–
0,806 ± 0,096; p = 0,783). Ancak yük almayan greftlenmiş sinüs referans bölgesinde anlamlı FB azalması saptanmıştır (0,962 
± 0,119–0,798 ± 0,055; p < 0,001). ΔFB değerleri, yük alan doğal rezidüel kemik bölgesi ile yük almayan referansı (+0,129 ± 
0,096 ve +0,019 ± 0,089; p < 0,001) ve yük alan greftlenmiş sinüs bölgesi ile yük almayan referansı (−0,005 ± 0,107 ve −0,164 
± 0,126; p < 0,001) arasında anlamlı farklılık göstermiştir. 
Sonuçlar: Bölge temelli FB analizi, lateral sinüs tabanı yükseltmesi ve eş zamanlı implant yerleştirilmesi sonrasında rezidüel 
kemik ve greftlenmiş sinüs alanlarının yükleme sonrası farklı radyografik doku paternleri sergileyebileceğini göstermiştir. 
Bulgular, doğal rezidüel kemik ile greftlenmiş alanların yükleme sonrası peri-implant çevrede farklı trabeküler yanıtlar 
gösterebileceğine işaret etmektedir. FB analizi, sinüs augmentasyonu ve implant yüklemesi sonrasında longitudinal 
radyografik patern değişimlerinin izlenmesinde yardımcı bir yöntem olarak değerlendirilebilir. Ancak bu bulgular histolojik 
maturasyonun, greft kalitesinin veya implant stabilitesinin doğrudan kanıtı olarak yorumlanmamalıdır. 
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Introduction 

Dental implants have become a central component of 
oral rehabilitation following tooth loss, providing functional 
and aesthetic restoration.1 Their long-term performance 
relies on successful osseointegration and on the capacity of 
peri-implant bone to withstand the demands of functional 
loading.2 Predictable treatment therefore requires 
sufficient bone volume and favorable local anatomical 
conditions at the planned implant site.3 

Implant placement in the posterior maxilla is frequently 
complicated by limited vertical bone availability. After 
tooth loss, alveolar ridge resorption may progress 
concurrently with maxillary sinus pneumatization, leaving 
insufficient residual bone for conventional implant 
placement.4,5 Maxillary sinus floor elevation can be used to 
increase the available bone height in such cases.6 When 
residual bone height is approximately 4 mm or less, the 
lateral window technique is commonly selected because it 
permits direct elevation of the Schneiderian membrane, 
placement of graft material, and either simultaneous or 
delayed implant insertion.7 

A range of bone substitutes may be used during lateral 
sinus augmentation. Bovine-derived xenografts are 
frequently selected because they provide an 
osteoconductive framework, undergo slow resorption, and 
contribute to preservation of the augmented volume 
during healing. 5,8 Their prolonged retention within the 
sinus can support space maintenance while new 
mineralized tissue develops.8 At the same time, the 
persistence of xenograft particles complicates the 
assessment of the extent of their substitution by newly 
formed bone and structural reorganization over time.8,9 

Tissue changes within an augmented sinus may 
continue beyond the initial healing phase and can be 
influenced by the biomechanical conditions established 
after prosthetic rehabilitation. Once the implant-supported 
restoration becomes functional, forces are transmitted 
through the implant to the surrounding bone and may 
contribute to local modeling and remodeling. Nevertheless, 
changes observed during post-loading follow-up cannot be 
attributed exclusively to mechanical stimulation, because 
healing processes, local anatomy, and patient-related 
factors may also affect peri-implant bone behavior.10,11 

Native residual bone and the augmented sinus region 
represent different biological environments. Residual bone 
consists of living host tissue that may reorganize in 
response to implant-supported load transfer. In contrast, 
the grafted region may contain varying proportions of 
residual biomaterial, newly formed bone, connective 
tissue, and native bone undergoing simultaneous 
remodeling.12 Radiographic alterations in this region may 
therefore reflect several concurrent events, including graft 
particle persistence or resorption, replacement by 
mineralized tissue, structural reorganization, and local load-
related responses.4,9 

Previous radiographic texture studies have detected 
temporal changes in peri-implant FD during healing and 
after prosthetic loading, suggesting that local trabecular 
reorganization may be identifiable on serial 

radiographs.13,14 Soler-Alcaraz et al. similarly reported long-
term FD changes in grafted sinus regions, accompanied by 
a reduction in the radiographic area occupied by the 
biomaterial following loading.4 These observations support 
the presence of ongoing structural change after prosthetic 
rehabilitation, but they do not distinguish between natural 
graft remodeling and changes associated with the local 
mechanical environment. 

Radiographic follow-up is an integral component of 
implant therapy because it enables longitudinal assessment 
of implant sites and surrounding bone under routine clinical 
conditions.15 Panoramic radiographs are frequently 
available in clinical records and can provide a broad 
overview of implant sites and adjacent anatomical 
structures in a single image. However, as two-dimensional 
images, panoramic radiographs do not provide direct 
information on three-dimensional bone architecture and 
may be affected by projection-related distortion, 
anatomical superimposition, and image-related 
variability.16,17 These limitations have encouraged the use 
of quantitative image-based approaches, such as fractal 
dimension analysis, to complement conventional 
radiographic evaluation of peri-implant and grafted 
bone.18,19 These inherent limitations of two-dimensional 
panoramic imaging highlight the importance of 
standardized acquisition protocols and objective 
quantitative image-processing approaches, such as fractal 
dimension (FD) analysis, for the longitudinal evaluation of 
peri-implant and grafted bone. 

Fractal dimension analysis provides a mathematical 
descriptor of the spatial complexity of trabecular patterns 
represented on radiographic images.18 Accordingly, FD 
should be interpreted as a measure of radiographic pattern 
complexity rather than as a direct surrogate for histological 
composition, bone mineral density, or mechanical 
strength.9,18 In sinus augmentation research, FD analysis 
has been used to assess early changes in grafted areas, 
compare grafted and native bone regions, and evaluate 
differences between sinus lift techniques.5,9,20,21 However, 
the direction and magnitude of FD changes reported in 
grafted regions have varied across studies, reflecting 
considerable methodological heterogeneity. Differences in 
graft characteristics, imaging modality, follow-up interval, 
ROI selection, and image-processing procedures, together 
with the concurrent presence of residual biomaterial and 
newly formed bone, may contribute to this variability.5,9,21 

Despite the increasing use of FD analysis in sinus 
augmentation research, previous studies have generally 
evaluated grafted regions during early healing periods, 
compared different sinus lift techniques, or assessed long-
term changes within grafted areas without specifically 
addressing the post-loading peri-implant environment. 
Although time-dependent FD changes have been 
demonstrated in grafted sinus areas using CBCT or 
panoramic radiographs, implant-adjacent residual bone 
and grafted compartments have not been evaluated 
separately in relation to corresponding non-loaded areas. 
Therefore, the potential contribution of functional loading 
to radiographic trabecular changes within native residual 
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bone and grafted sinus regions after lateral sinus floor 
elevation remains insufficiently understood.4,8,9,20,21 To 
address this gap, a compartment-based fractal dimension 
analysis that separately evaluates implant-adjacent 
residual bone and the grafted sinus region may help 
distinguish local load-associated radiographic trabecular 
changes from broader time-dependent graft alterations. 

The primary objective of this study was to evaluate 
longitudinal FD changes across distinct anatomical 
compartments (loaded native bone and loaded grafted 
sinus compartments) in comparison to corresponding non-
loaded reference regions after lateral sinus floor elevation 
with simultaneous implant placement. We hypothesized 
that post-loading FD alterations would demonstrate 
compartment-specific patterns in both magnitude and 
direction. 

Materials and Methods 

Study Design 
A retrospective study design was used to review records 

from the Department of Periodontology, Faculty of 
Dentistry, Tokat Gaziosmanpaşa University, Tokat, Türkiye. 
Ethical clearance was granted by the Tokat Gaziosmanpaşa 
University Non-Interventional Clinical Research Ethics 
Committee under approval number 26-MOBAEK-025 on 
February 3, 2026. As the investigation relied exclusively on 
anonymized archival records, written informed consent 
was waived. Eligible records belonged to patients treated 
with lateral sinus floor elevation and simultaneous implant 
insertion in the posterior maxilla. The immediate 
postoperative panoramic image served as T0, and the 
image acquired 18–24 months after functional loading 
served as T1. Statistical independence was maintained by 
selecting a single augmented sinus site and one implant 
from each participant. 

An a priori sample-size calculation was performed using 
G*Power software, version 3.1 (Heinrich-Heine-Universität 
Düsseldorf, Düsseldorf, Germany), for the planned paired 
comparisons.22 The analysis indicated that at least 34 paired 
observations would be required to achieve 80% statistical 
power at a two-sided alpha level of 0.05. Therefore, the 
final sample of 35 sinus augmentation sites was considered 
adequate for the primary analyses. 

Patient Selection 
The institutional implant database and radiographic 

archive were reviewed for treatments performed between 
2019 and 2024. The screening process identified cases 
managed with a standardized lateral sinus elevation 
protocol combined with simultaneous implant placement. 

Inclusion required an edentulous posterior maxillary 
region with vertical ridge deficiency, a residual alveolar 
bone height of 2–4 mm, and placement of an implant at the 
time of sinus augmentation. Standardized panoramic 
images had to be available for both study time points. Cases 
were considered suitable only when image quality 
permitted consistent identification and replication of the 
selected regions of interest (ROIs). 

Records were excluded if either radiograph was missing 
or if artifacts, superimposed structures, poor image quality, 

or indistinct anatomical landmarks prevented reproducible 
ROI placement. Previous surgery involving the evaluated 
sinus, radiographically visible sinus disease affecting the 
measurement area, and systemic disorders or medications 
with potential effects on bone metabolism or implant 
healing were also grounds for exclusion. 

One investigator screened the records and determined 
eligibility, while a second investigator independently 
performed ROI placement and FD measurements. This 
separation was intended to limit potential bias arising from 
case selection and radiographic assessment. 

Surgical Procedures 
A single clinician carried out all procedures through a 

lateral window approach. Following reflection of a full-
thickness flap, an access window was prepared in the 
lateral sinus wall and the resulting bone plate was removed. 
The Schneiderian membrane was separated from the sinus 
floor and elevated to provide space for graft insertion. The 
lateral access was not covered with a barrier membrane. 

Augmentation was performed with a bovine-derived 
xenograft containing particles measuring 0.5–1.0 mm 
(Cerabone®, botiss biomaterials GmbH, Zossen, Germany). 
Implant insertion was completed during the same surgical 
session. Implant dimensions ranged from 4.0 to 4.5 mm in 
diameter and from 8 to 9 mm in length. Prosthetic loading 
commenced approximately 6 months after surgery. 

Radiographic Acquisition 
Two panoramic examinations were evaluated for each 

participant. T0 corresponded to the image acquired 
immediately after sinus augmentation and implant 
insertion, whereas T1 corresponded to the follow-up image 
recorded 18–24 months after the start of functional 
loading. 

The same panoramic unit and exposure settings were 
used throughout the study (Castellini X-Radius Trio Plus, 
Italy; 70 kVp, 5 mA, 13 s). Patient alignment was 
standardized with reference to the Frankfort horizontal 
plane, and identical positioning principles were followed for 
the baseline and follow-up examinations. 

Images were retrieved from the radiographic archive as 
TIFF files with uniform dimensions of 1656 × 947 pixels. 
Radiographic measurements and FD processing were 
completed on one workstation under consistent viewing 
conditions. 

ROI Selection 
For each sinus augmentation site, six ROIs were 

categorized into four anatomical regions according to tissue 
compartment and their relationship to the implant: 

Loaded Native Bone Compartment: Mesial and distal 
ROIs (10 × 20 pixels) within the native residual bone 
adjacent to the implant. 

Loaded Grafted Sinus Compartment: Mesial and distal 
ROIs (10 × 20 pixels) within the grafted sinus area adjacent 
to the implant. 

Non-Loaded Native Bone Reference: A remote ROI (30 
× 30 pixels) in the posterior maxilla/tuberosity. 
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Non-Loaded Grafted Sinus Reference: A remote ROI 
(30 × 30 pixels) within the augmented sinus away from the 
implant. 

Implant-adjacent ROIs were positioned as close as 
possible to the implant surface without including the 
implant body or threads. Anatomical and implant-related 
landmarks were used to reproduce ROI placement 
between T0 and T1. All ROIs were confined to the 
intended trabecular region and positioned to avoid 
cortical borders, sinus walls, anatomical superimposition, 
and visible radiographic artifacts. 

For the primary analyses, the mean of the mesial and 
distal FD values at each time point was calculated to 
represent the Loaded Native Bone Compartment. 
Similarly, the mean of the mesial and distal FD values was 
calculated to represent the Loaded Grafted Sinus 
Compartment. The Non-Loaded Native Bone Reference 
and Non-Loaded Grafted Sinus Reference were evaluated 
separately. 

Fractal Analysis 
Fractal dimension (FD) analysis was performed using 

ImageJ software (version 1.54P; National Institutes of 
Health, Bethesda, MD, USA) according to the box-
counting method described by White and Rudolph.23 After 

ROI selection, each ROI was duplicated, and the duplicated 
ROI was used as the input image for the standardized 
preprocessing workflow. 

The copied ROI was first processed with a Gaussian 
filter set to a sigma of 35 pixels. A differential image was 
generated by subtracting the blurred version from the 
copied ROI, after which a grayscale constant of 128 was 
added. Binarization was performed at a threshold of 128. 
One erosion step and one dilation step were then applied 
before the image was inverted and converted to a 
skeletonized pattern (Figure 1). 

The Fractal Box Count tool was run with box 
dimensions of 2, 3, 4, 6, 8, 12, 16, 32, and 64 pixels. The 
resulting FD corresponded to the slope estimated by 
linear regression from the logarithmic relationship 
between box size and box count.  

Each ROI was analyzed at both observation times, and 
longitudinal change was expressed as ΔFD, calculated by 
subtracting the T0 value from the T1 value. The examiner 
repeated the measurements after an interval of 
approximately two weeks. Intra-examiner agreement was 
quantified with an absolute-agreement ICC derived from 
a two-way mixed-effects model. Values across the 
evaluated regions ranged between 0.903 and 0.983, 
demonstrating excellent repeatability. 

 

 

Figure 1. Representative image-processing workflow for fractal dimension analysis. (a) Duplicated ROI, (b) Gaussian-
blurred image, (c) image obtained after subtraction of the blurred image from the duplicated ROI, (d) normalized 
image after addition of a gray value of 128, (e) binarized image, (f) eroded image, (g) dilated image, (h) inverted 

image, and (i) skeletonized image for FD calculation. 

 
Statistical Analysis 
Data analysis was conducted in IBM SPSS Statistics for 

Windows, version 20.0 (IBM Corp., Armonk, NY, USA). 
Numerical variables were summarized by means and 
standard deviations, while categorical data were 
described using counts and percentages. The distribution 
of the within-pair differences was examined with the 
Shapiro–Wilk test. 

Temporal FD differences within each region were 
tested with paired-samples t-tests. Change scores were 
defined as T1 minus T0, and paired t-tests were also used 
to compare these scores between the loaded 
compartments and their corresponding non-loaded 
references. The prespecified comparisons involved the 
loaded native bone compartment versus the non-loaded 
native bone reference and the loaded grafted sinus 
compartment versus the non-loaded grafted sinus 

reference. Statistical significance was defined by a two-
tailed p value below 0.05.  

Results 

A total of 35 patients with 35 sinus augmentation sites 
were included in the final analysis. The study population 
comprised 16 women and 19 men, with a mean age of 
49.6 ± 6.9 years (range, 27–66 years). All included 
implants had been placed simultaneously with lateral 
sinus floor elevation, and follow-up radiographs were 
obtained 18–24 months after functional loading. 

FD values at T0 and T1 are presented in Table 1 and 
Figure 2. In the loaded native bone compartment, FD 
increased significantly from 0.719 ± 0.114 at T0 to 0.849 ± 
0.059 at T1 (p < 0.001). In contrast, no significant 
longitudinal change was observed in the non-loaded 
native bone reference, where FD changed from 0.955 ± 
0.105 at T0 to 0.974 ± 0.129 at T1 (p = 0.220). 
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In the loaded grafted sinus compartment, FD remained 
stable between T0 and T1, changing from 0.811 ± 0.117 to 
0.806 ± 0.096, respectively (p = 0.783). Conversely, FD 
decreased significantly in the non-loaded grafted sinus 
reference, from 0.962 ± 0.119 at T0 to 0.798 ± 0.055 at T1 
(p < 0.001). 

Changes in FD during the post-loading follow-up 
period are summarized in Table 2. The mean ΔFD was 
significantly greater in the loaded native bone 
compartment than in the non-loaded native bone 
reference (+0.129 ± 0.096 vs. +0.019 ± 0.089, respectively; 

p < 0.001). Similarly, ΔFD differed significantly between 
the loaded grafted sinus compartment and the non-
loaded grafted sinus reference (−0.005 ± 0.107 vs. −0.164 
± 0.126, respectively; p < 0.001). 

Overall, the longitudinal FD pattern differed according 
to both loading condition and tissue compartment. FD 
increased in the loaded native bone compartment, 
whereas the non-loaded native bone reference remained 
stable. In the grafted sinus, FD remained unchanged in the 
loaded grafted sinus compartment but decreased 
significantly in the non-loaded grafted sinus reference. 

 
Table 1. Fractal dimension values at T0 and T1 in loaded and non-loaded regions. Values are presented as mean ± SD. p 
values indicate within-region comparisons between T0 and T1 performed using paired-samples t-tests 

Region T0, mean ± SD T1, mean ± SD p value 

Loaded native bone compartment 0.719 ± 0.114 0.849 ± 0.059 <0.001 

Non-loaded native bone reference 0.955 ± 0.105 0.974 ± 0.129 0.220 

Loaded grafted sinus compartment 0.811 ± 0.117 0.806 ± 0.096 0.783 

Non-loaded grafted sinus reference 0.962 ± 0.119 0.798 ± 0.055 <0.001 

 

 

Figure 2. Fractal dimension (FD) values at T0 and T1 in the loaded native bone compartment, non-loaded native 
bone reference, loaded grafted sinus compartment, and non-loaded grafted sinus reference. Bars represent mean 

values, and error bars represent standard deviations. T0 indicates the panoramic radiograph obtained on the day of 
lateral sinus floor elevation and simultaneous implant placement; T1 indicates the follow-up panoramic radiograph 

obtained 18–24 months after functional loading. 

 
Table 2. Changes in fractal dimension during post-loading follow-up according to loading condition. ΔFD was calculated 
as FD at T1 − FD at T0 and is presented as mean ± SD. p values indicate paired comparisons between the loaded 
compartments and their corresponding non-loaded references 

Tissue compartment Loaded compartment ΔFD Non-loaded reference ΔFD p value 

Native bone +0.129 ± 0.096 +0.019 ± 0.089 <0.001 

Grafted sinus −0.005 ± 0.107 −0.164 ± 0.126 <0.001 

 
Discussion 

Longitudinal evaluation of peri-implant bone has 
become an important topic in dental implantology because 
changes in trabecular organization may continue after 
implant placement, healing, and prosthetic 
rehabilitation.13,14 FD analysis has also been used to 
monitor changes in radiographic trabecular patterns in 
augmented bone sites and grafted sinus regions.9,20,21 

Previous sinus lift studies have evaluated FD changes in 
grafted areas, comparisons between native bone and 
grafted areas, or different sinus lift techniques, but the 
post-loading behavior of the loaded native bone and loaded 
grafted sinus compartments relative to corresponding non-
loaded reference regions remains unclear.4,5,8 Therefore, a 
compartment-based longitudinal assessment may help 
clarify whether radiographic trabecular changes after sinus 
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augmentation follow similar or distinct patterns according 
to tissue compartment and loading condition. 

The present study evaluated post-loading FD changes in 
the loaded native bone and loaded grafted sinus 
compartments relative to their corresponding non-loaded 
references after lateral sinus floor elevation with 
simultaneous implant placement. The main finding was a 
clear compartment-specific divergence in longitudinal FD 
patterns. FD increased significantly in the loaded native 
bone compartment, whereas the non-loaded native bone 
reference remained stable. In contrast, FD remained 
unchanged in the loaded grafted sinus compartment but 
decreased significantly in the non-loaded grafted sinus 
reference. This contrast is compatible with a biomechanical 
differentiation between radiographic trabecular adaptation 
in native host bone and relative preservation of 
radiographic texture within the implant-adjacent grafted 
sinus compartment. However, because functional loading 
was not experimentally controlled and the follow-up period 
also encompassed ongoing biological healing and structural 
reorganization, these findings should be interpreted as 
associations with the post-loading peri-implant 
environment rather than as evidence of a direct causal 
effect of loading. 

The significant increase in FD observed in the loaded 
native bone compartment may indicate localized 
radiographic trabecular reorganization in the native peri-
implant bone during post-loading follow-up. Functional 
loading modifies the biomechanical environment around 
dental implants and may contribute to local bone modeling 
and remodeling, although the biological response is also 
influenced by healing-related events, anatomical 
conditions, and patient-specific factors.10,11 Previous 
radiographic studies have reported changes in peri-implant 
FD after implant placement and prosthetic loading, 
supporting the concept that alterations in trabecular 
pattern complexity around implants may be detectable on 
routine radiographs.13,14 In the present study, the stability 
of the non-loaded native bone reference supports the 
interpretation that the FD increase in the loaded native 
bone compartment was more closely associated with the 
local peri-implant environment than with generalized time-
dependent variation in maxillary trabecular bone. 

The grafted sinus compartment showed a different 
pattern. FD remained stable in the loaded grafted sinus 
compartment, whereas a marked decrease was observed in 
the non-loaded grafted sinus reference. This divergence 
may reflect differences in the local biological and 
biomechanical conditions of the two regions during follow-
up rather than a single load-driven mechanism. In the 
implant-adjacent grafted region, persistent xenograft 
particles, newly formed mineralized bone, the host bone–
graft interface, local anatomical conditions, and the 
biomechanical environment associated with implant 
function may collectively contribute to the relative 
preservation of radiographic trabecular complexity. 
Although load transfer through the implant may be one 
possible contributing factor, the present study design does 
not allow its independent effect to be determined. 

Conversely, the FD decrease in the non-loaded grafted 
sinus reference may reflect time-dependent substitution 
and structural reorganization within the augmented region, 
together with simplification of the processed radiographic 
trabecular pattern.9,12 Therefore, the stable FD observed in 
the loaded grafted sinus compartment should be 
interpreted as relative preservation of radiographic texture 
rather than as evidence that functional loading directly 
counteracted graft resorption or induced adaptation of the 
xenograft particles. 

The present findings are partly consistent with, but also 
distinct from, previous studies evaluating FD changes after 
sinus augmentation. Sancar et al. reported time-dependent 
radiographic changes in xenograft-augmented sinus areas 
after open sinus lift surgery, whereas Wen and Zhang 
showed that FD values in grafted sinus regions may change 
during early healing after lateral sinus augmentation.9,20 
Similarly, CBCT-based studies have suggested that grafted 
sinus areas may undergo longitudinal radiographic texture 
changes and may remain structurally distinct from native 
trabecular bone during follow-up.8,21 Akpınar et al. also 
reported different FD patterns between lateral window and 
transcrestal sinus lift procedures, suggesting that surgical 
technique, graft use, anatomical region, and image 
acquisition may influence radiographic trabecular texture 
outcomes.5 Together, these findings indicate that FD 
changes after sinus augmentation are not uniform and 
should be interpreted in relation to graft characteristics, 
imaging modality, follow-up period, ROI selection, and 
image-processing protocol. 

The difference between the present findings and those 
reported by Soler-Alcaraz et al. may be explained, at least 
in part, by differences in ROI strategy. In their study, FD was 
calculated from a broader segmented grafted area within 
the maxillary sinus, together with measurements of the 
area occupied by the biomaterial, and both FD and 
biomaterial area decreased significantly after prosthetic 
loading.4 Therefore, their reported FD reduction may reflect 
the overall structural reorganization and dimensional 
reduction of the grafted mass rather than the specific 
behavior of the implant-adjacent loaded grafted sinus 
compartment. In contrast, the present study separately 
evaluated the loaded grafted sinus compartment adjacent 
to the implant and the non-loaded grafted sinus reference 
remote from the implant. This compartment-based ROI 
approach may help explain why FD remained stable in the 
loaded grafted sinus compartment but decreased in the 
non-loaded grafted sinus reference. 

The interpretation of FD findings requires caution. FD 
analysis provides a quantitative descriptor of the 
complexity of the radiographic trabecular pattern, but it 
does not directly measure histological bone maturation, 
mineral density, graft composition, or biomechanical 
competence.9,18 Therefore, the FD increase observed in the 
loaded native bone compartment and the relative stability 
of the loaded grafted sinus compartment should be 
interpreted as radiographic pattern changes rather than 
direct evidence of improved bone quality, graft maturation, 
or implant stability. Although FD analysis may provide 
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complementary information about trabecular bone 
architecture, its clinical interpretation requires caution and 
should not be used as a stand-alone indicator of implant 
prognosis.9,18,24 In addition, FD values are sensitive to 
imaging modality, ROI selection, image-processing 
procedures, and the anatomical characteristics of the 
evaluated region.25-27 For this reason, absolute FD values 
should not be directly compared across studies using 
different ROI strategies or image-processing protocols. In 
the present study, the main interpretation was based on 
within-patient longitudinal changes and matched 
comparisons between the loaded compartments and their 
corresponding non-loaded references, rather than on 
absolute FD values alone. 

FD findings should also be interpreted in relation to the 
imaging modality used. Panoramic radiographs are widely 
available in routine implant follow-up and allow 
longitudinal retrospective assessment without additional 
radiation exposure. Therefore, they represent a practical 
imaging source for evaluating radiographic texture changes 
over time. However, FD values obtained from panoramic 
radiographs should not be considered directly 
interchangeable with those obtained from CBCT or 
periapical radiographs, because image acquisition 
geometry, projection characteristics, spatial resolution, and 
anatomical superimposition may influence the apparent 
trabecular pattern.16,17,19 In this regard, the present findings 
should be interpreted primarily as modality-specific 
longitudinal radiographic texture changes rather than as 
direct representations of three-dimensional bone 
microarchitecture. 

Several limitations should be acknowledged. The 
retrospective design may introduce selection bias and limit 
control over clinical variables that were not recorded in 
detail. The study was conducted at a single center and 
included a relatively limited sample size, one graft material, 
and one surgical approach, which may limit generalizability. 
Occlusal loading magnitude, prosthetic design, implant 
stability parameters, three-dimensional graft volume 
changes, and histological outcomes were not directly 
evaluated. Although the implant-adjacent and remote 
reference ROIs differed in size (10 × 20 pixels vs. 30 × 30 
pixels), FD is a scale-invariant fractal metric. Importantly, 
identical ROI dimensions and placement criteria were 
maintained within each ROI category between T0 and T1. 
Therefore, the relative longitudinal change (ΔFD) within 
each region remains scientifically interpretable despite 
dimensional differences between regions. Nevertheless, 
absolute FD values between regions should be interpreted 
with appropriate caution. Future studies using larger 
samples, CBCT-based volumetric assessment, standardized 
evaluation of occlusal loading, and clinical or histological 
correlation are needed to further validate these findings. 

Conclusions 

Within the limitations of this retrospective radiographic 
study, compartment-based FD analysis revealed distinct 
post-loading texture patterns across native bone and 
grafted sinus regions after lateral sinus floor elevation with 

simultaneous implant placement. The findings suggest that 
the loaded native bone and loaded grafted sinus 
compartments may exhibit different radiographic 
trabecular responses relative to their corresponding non-
loaded references within the post-loading peri-implant 
environment. While the loaded native bone compartment 
showed a more evident increase in radiographic trabecular 
complexity, the loaded grafted sinus compartment 
demonstrated relative preservation of its texture pattern 
compared with the non-loaded grafted sinus reference. 
These results indicate that radiographic changes after sinus 
augmentation should not be interpreted as a uniform time-
dependent process, but rather as compartment-specific 
changes associated with both local biomechanical and 
biological factors. FD analysis may therefore serve as a 
useful adjunctive method for monitoring longitudinal 
radiographic pattern changes after sinus augmentation and 
implant loading; however, these findings should be 
validated by future prospective studies incorporating three-
dimensional imaging and clinical outcome measures.  
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