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ABSTRACT

This study aimed to assess the bone healing capacity of 1-, 2-, and 3-wall defects after alveolar ridge preservation
(ARP) and to determine the effectiveness of ARP in managing compromised extraction sites. Eight beagle dogs
were used, with three defect types (1-, 2-, and 3-wall) randomly assigned to the maxillary second, third, and fourth
premolars. Each defect was created at either the mesial or distal root of a hemi-sectioned tooth, with the opposing
root retained to allow histomorphometric comparison. Sites were randomly treated with either spontaneous
healing (SH, control) or ARP (intervention). Each defect group was further divided for healing periods of four or
twelve weeks. Histomorphometric data were analyzed using the Mann-Whitney U and Kruskal-Wallis tests, with
significance set at P<0.05. Qualitative evaluation indicated greater new bone formation in the apical region than
in the coronal region across all defect types and healing intervals. Quantitatively, 3-wall defects in the ARP group
showed significantly higher mineralization after 12 weeks (ARP: 61.73% =+ 7.52%; SH: 48.84% + 3.06%;
P=0.029). Although a trend of increased mineralization was noted with more residual bony walls, this did not
reach statistical significance. Within the study’s constraints, ARP promoted a higher degree of mineralization in
compromised extraction sites compared to spontaneous healing. While the influence of remaining bony walls was
modest, their presence appeared to enhance mineralization outcomes in ARP-treated defects.
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Introduction

Following tooth extraction, significant resorption of the alveolar socket has been reported, with reductions
averaging 3.79 mm horizontally and 1.24 mm vertically within six months, representing a 29%—63% loss in ridge
dimensions [1]. Such shrinkage can complicate dental implant placement and challenge the attainment of primary
stability. To address this issue, alveolar ridge preservation (ARP) using bone grafts has been proposed [2,3]. While
ARP cannot completely prevent ridge reduction, it aims to maintain adequate bone volume for subsequent implant
therapy [4-6].

Extractions are often necessitated by periodontal disease or combined endodontic-periodontal lesions. Teeth
affected by periodontitis may result in accelerated ridge resorption and unpredictable healing of the extraction
socket [7-9]. Consequently, ARP has been investigated as a strategy to improve the predictability of implant
placement in these compromised sites [10—12].
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Clinical studies have reported a favorable safety profile for ARP in periodontally compromised sockets, with
99.3% of sites either healing uneventfully or managing minor post-treatment infections [13—15]. ARP has been
associated with increased bone volume and improved feasibility of implant placement compared with untreated
extraction sites. However, histological and radiographic results are variable, likely reflecting differences in healing
potential influenced by the number and integrity of remaining bone walls [9,16,17].

Even with ARP, certain compromised sockets may fail to achieve sufficient new bone formation, requiring
additional bone augmentation at the time of implant placement [15]. Therefore, understanding how bone wall
configuration affects ARP outcomes is crucial for clinicians to optimize treatment planning, inform patients, and
enhance collaboration during regenerative procedures.

Prior studies in regenerative dentistry have highlighted a positive correlation between the number of residual bone
walls and healing capacity [18-21]. Nevertheless, quantitative data on the relationship between bone wall
configuration and ARP outcomes remain limited. Animal studies indicate that in 3-wall defects, new bone can
infiltrate graft materials from adjacent native bone within 4 weeks, and resorbable collagen membranes are
typically absorbed by 12 weeks [22, 23].

The present study aimed to investigate how 1-, 2-, and 3-wall defects differ in bone healing potential following
ARP, assessed at 4 and 12 weeks through histologic analysis.

Materials and Methods

Ethics

All experimental procedures adhered to the principles of the 3 Rs (Replacement, Reduction, and Refinement) and
were approved by the Institutional Animal Care and Use Committee of Seoul National University (No. SNU-
200619-1-1). Reporting followed the ARRIVE 2.0 guidelines [24].

Sample size determination

Because prior studies comparing ARP outcomes across 1-, 2-, and 3-wall defects are lacking, sample size
estimation was based on the assumption that bone formation increases with the number of residual walls. Using
G*Power 3.1.9.7 (University of Diisseldorf, Germany), a mean difference of 9% and standard deviation of 3%
were applied. With a = 0.05 and 80% power, four specimens per group were required. Considering two evaluation
periods (four and twelve weeks), eight samples were needed per defect type. Since a single animal could provide
all three defect types in the maxillary premolars, eight beagle dogs were sufficient for the study.

Experimental animals

This preclinical study employed eight male beagle dogs, approximately one year old and weighing 10-12 kg. All
animals were confirmed to be systemically healthy, with normal periodontal status and dentition, prior to
inclusion. Before the procedures, the dogs underwent a 2-week acclimatization period at the research facility.
Each animal was housed individually in indoor kennels measuring 90 x 80 x 80 cm, provided with unlimited
access to water, and fed a standard pellet diet.

Study design

The study evaluated three defect configurations—1-wall, 2-wall, and 3-wall—randomly assigned to the maxillary
second, third, and fourth premolars (Figure 1A). A split-mouth design was implemented, with spontaneous
healing (SH) serving as the control and alveolar ridge preservation (ARP) as the experimental treatment. For each
dog, one defect was created at the mesial root on the left side, and the other at the distal root on the right side,
allowing the preserved contralateral root to serve as a reference for histomorphometric comparison. Full blinding
was not possible during or after the procedures due to the visible presence of the bone graft material.
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Figure 1. In this split-mouth experiment, one hemi-sectioned root in each dog was randomly designated for
either the spontaneous healing (SH) control or the alveolar ridge preservation (ARP) intervention, with the
opposite root retained to serve as an internal reference for alveolar ridge evaluation

Experimental materials

For the ARP sites, ridge preservation was performed using collagenated deproteinized porcine bone mineral (THE
Graft Collagen, Purgo, Seongnam, Korea). A crosslinked collagen membrane (The Cover, Purgo) was carefully
trimmed to fit the defect dimensions and placed over the area, followed by placement of the bone graft material
to fill the socket.

Study procedures

The overall experimental timeline is depicted in Figure 1B. In each group, four dogs underwent root hemisection
and creation of standardized alveolar defects. Each defect was randomly assigned to either SH or ARP, with
designated healing intervals of 4 or 12 weeks.

Anesthesia protocol

Prior to surgery, general anesthesia was induced using an intravenous combination of tiletamine hydrochloride
and zolazepam hydrochloride (0.1 mg/kg, Zoletil, Virbac, France), xylazine (2.3 mg/kg, Rompun, Bayer Korea),
and atropine sulfate (0.05 mg/kg, Jeil Pharm., Korea). Local anesthesia was then administered via infiltration with
2% lidocaine containing 1:1,000,000 epinephrine (Huons, Seongnam, Korea).

Defect creation and ridge preservation procedure

Surgical interventions began with intracrevicular incisions in the maxillary premolar area and careful reflection
of full-thickness flaps (Figure 2). The second, third, and fourth maxillary premolars (PM2—-PM4) were hemisected
using a diamond bur (TC-21, Kiyohara Industrial Park, Japan). Root canal therapy was performed on the portion
of the root intended for retention using 25 mm K-files (#15 and #20, MANI, Japan) and Ni-Ti Protaper files (SX,
F1-F3, Dentsply Maillefer, Switzerland). After thorough canal preparation, a calcium hydroxide—based sealer
(cleaniCal, Maruchi, Korea) was applied, and the root canal was temporarily sealed with a cotton pellet and
intermediate restorative material (Dentsply Sirona, USA).
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Figure 2. The workflow of the study is illustrated through clinical and radiographic images: preoperative
views (A), intraoperative steps showing defect creation after hemi-sectioned root removal (B, C), application
or omission of alveolar ridge preservation in a randomized split-mouth setup (D-F), and periapical
radiographs taken before and after surgery (G, H)

[’ [J 92-wall defect

Defect preparation

At each designated experimental site, the targeted root was extracted, and defects were prepared according to the
assigned configuration using a #4 round bur. The three defect types were defined as:

o 1-wall defect: buccal, lingual, and mesial (or distal) walls removed, leaving the root fully exposed.

o 2-wall defect: only the buccal and lingual walls removed.

o 3-wall defect: only the buccal wall was removed, preserving the remaining bone walls.

Measurements of defect height (10 mm) and the mesiodistal width of the root were recorded using a Williams
probe. The exposed root surfaces were meticulously planed to remove all remnants of the periodontal ligament.
Sites allocated to ARP received collagenated deproteinized porcine bone mineral, covered with a double-layered
crosslinked collagen membrane, and the flap was advanced for tension-free primary closure, secured with 4/0
Vicryl sutures (Ethicon Inc., Raritan, NJ, USA).

Postoperative management

Following surgery, animals were treated with intravenous antibiotics (Cefazolin, 20 mg/kg) and analgesics
(Toranzin, 5 mg/kg) along with antispasmodics (atropine sulfate, 0.05 mg/kg). For three days postoperatively,
oral antibiotics (Amoxicillin, 500 mg) and analgesics (Ibuprofen, 400 mg) were administered in the diet. Sutures
were removed after 10 days, and oral hygiene was maintained using 0.12% chlorhexidine gluconate applied twice
weekly.

Euthanasia and sample collection
Animals were sacrificed at either 4 or 12 weeks after surgery via carotid injection of potassium chloride (75
mg/kg). Block biopsies including the surgical site and the retained root were harvested for histological processing.

Histological processing

Samples were fixed in 10% neutral buffered formalin for two weeks, washed with sterile water, and decalcified
in 5% formic acid for ten days. Following dehydration in graded ethanol, the specimens were embedded in
paraffin. Blocks included the remaining root and surrounding surgical site, and the central buccolingual section
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was selected for analysis. Sections 5 pum thick were cut and stained with Masson trichrome to allow both
histological observation and quantitative assessment.

Histological and histomorphometric evaluation

Digital images of the slides were captured and analyzed using CaseViewer (3DHISTECH, Budapest, Hungary).
Rectangular regions of interest (1 mm x 1 mm) were defined in apical, middle, and coronal portions of the defects.
Symmetry with the contralateral root allowed alignment and superimposition for accurate positioning of ROIs
relative to the sinus floor and residual alveolar contours. Vertical placement of the ROIs was measured from the
midpoint of the buccopalatal alveolar crest to the root apex. Images were magnified ninefold, and the proportion
of newly formed bone and remaining graft material within each ROI was calculated using ImageJ software (NIH,
Bethesda, MD, USA).

2,000 pm

2,000 pm

; o
Figure 3. Examples of histological healing at four weeks across different defect types. (A) A 3-wall defect
that healed spontaneously, displayed alongside the preserved contralateral root for comparison. (B) A 3-wall
defect treated with alveolar ridge preservation, shown in alignment with the contralateral root. (C) A 2-wall
defect receiving alveolar ridge preservation, superimposed with the corresponding contralateral root. (D) A
1-wall defect after alveolar ridge preservation, presented alongside the retained contralateral root for
reference.
Legend: NB = new bone, FVT = fibrovascular connective tissue, GM = graft material

= BT
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Figure 4. Histological examples of socket healing at twelve weeks for different defect configurations. (A)
Spontaneously healed 3-wall defect aligned with the contralateral preserved root for reference. (B) 3-wall
defect treated with alveolar ridge preservation, displayed alongside the corresponding contralateral root. (C)
2-wall defect managed with ARP, compared to the contralateral root. (D) 1-wall defect after ARP, shown in
relation to the preserved contralateral root.

Abbreviations: NB = new bone, FVT = fibrovascular connective tissue, GM = graft material

Quantitative histometric assessment

For measurement purposes, the contralateral root was vertically overlaid, spanning from the alveolar crest to a

point 3 mm below it. Within this framework (Figure 5), three areas were defined:

e Reference area: the entire region bounded by the inner surface of the palatal bone and the outer edge of the
buccal bone on the superimposed image.

e Augmented area: the portion within the reference area occupied by both graft material and newly formed bone.

e Regenerated area: the segment within the reference area containing only newly formed bone.
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Figure 5. Example of histological analysis used for qualitative evaluation. Images from the corresponding
contralateral site of the same tooth were overlaid to establish spatial reference. The reference area was
delineated based on the vertical positions of the buccal and palatal bone walls surrounding the opposite root.
Within this area, the regenerated bone and augmented regions are highlighted with yellow and red dotted
lines, respectively

The sizes of the regenerated and augmented regions within the reference zone were quantified using ImageJ, and
the mineralization percentage within the augmented area was determined using the following calculation:

. L Regenerated Area
— Mineralization Percentage = x 100 D
Reference Area
For both qualitative and quantitative histometric evaluations, a specialist performed three separate measurements

per site each week, and the mean of these measurements was used for analysis.

Statistical analysis
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Data were analyzed using SPSS software (version 25.0, IBM Corp., Armonk, NY, USA). Results are presented
either as mean + standard deviation or as median with interquartile range (minimum-maximum). The Mann-
Whitney U test and Kruskal-Wallis test were applied for histomorphometric comparisons. To explore factors
potentially influencing the percentage of mineralized tissue, the generalized estimating equation (GEE) approach
was used. Statistical significance was defined as P < 0.05.

Results and Discussion

Clinical observations

All eight beagle dogs completed the 4- and 12-week healing intervals. Healing progressed uneventfully at every
experimental site, with no evidence of inflammation. Greater volumetric reduction was noted in 1-wall defects
compared with 2- and 3-wall defects, irrespective of whether ARP was applied.

Histological findings

All experimental defects were free of inflammatory signs, and areas of augmentation showed integration of graft
material with newly formed bone. Bone mineralization increased over time. In ARP-treated sites, trabecular new
bone was observed within the augmented regions, with inter-trabecular spaces occupied by residual graft material
and connective tissue containing blood vessels. Bone formation was more pronounced at deeper levels, moving
away from the alveolar crest.

Histomorphometric evaluation

Qualitative analysis of SH and ARP groups

Table 1 summarizes qualitative histometric comparisons among 1-wall, 2-wall, and 3-wall defects at both SH and
ARP sites. At four weeks, there were no significant differences in bone formation among the three defect types
for either SH or ARP. Similarly, after 12 weeks, differences between defect types remained non-significant.
Across all sites at four weeks, new bone formation was consistently higher in the apical region than in the coronal
region.

Table 1. Qualitative histometric analysis of SH and ARP groups

. . SH ARP
Time Location Defect NB oM FVT NB oM FVT
61.534+8.41 38.4848.41 48.5+33.90 5.35+10.7 46.15+23.98
1-wall 63.15 (51— 36.35 (31-  58.60 (0-77), 41.40 (23-79),
69), 16 50), 16 61 0(0-21), 16 45
24.93+25.09 75.08+25.09  63.35+15.11 3.25+6.5 33.40+18.02
. 2-wall  20.00 (0-60), 80 (40-100), 66.15 (43— 29.50 (17-57),
Apical 46 46 78), 28 0(0-13), 10 34
26.70+23.69 73.30+£23.69  45.40+21.84 5.1+6.13 49.50+17.49
3-wall  25.05 (0-57), 74.95 (43— 46.20 (20— 4.05 (0-12), 47.65 (30-72),
45 100), 45 70), 42 11 33
P value 0.087 0.087 0.551 0.915 0.472
40.58+11.03 59.43+11.03  25.50+22.92 9.35+9.13 65.15+£19.93
1-wall 41.75 (26— 58.25 (47— 7.9 (0-22),
4 53), 20 74), 20 24 (0-54), 44 17 73.1 (36-78), 34
weeks 20.05+21.04 79.50+21.04  28.53+41.30 8.40+5.79 63.07+35.55
Middle 2-wall  16.01 (0-50), 83.9 (50— 12.3(0-90), 10.65(0-12),  77.05(11-88),
39 100), 39 70 10 60
28.85+25.17 71.15425.17  31.15+£14.26 8.28+5.67 60.58+14.25
3-wall  32.6 (0-50), 67.4 (50— 37 (10-41), 10.15 (0-13),
46 100), 46 24 10 36.6 (49-80), 26
P value 0.414 0.414 0.683 0.981 0.668
16.00+10.27 84.00+£10.27 4.08+8.15 16.5848.1 79.35+6.23
1-wall — _ _
wa 16.25 (5-26), 83.75 (74 0(0-16), 12 16.7 (8-25), 76.9 (75-89), 11
Coronal 19 95), 19 15
26.08+23.33 73.934+23.33 3.38+6.75 17.7£12.48 78.93+7.92
2-wall  27.30 (0-50), 72.70 (50— 0 (0-14), 10 17.85(2-33),  82.15 (67-84),
44 100), 44 23 13

e
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7.95+9.25 92.05+9.25 3.95+4.64 14.25+7.81 81.80+6.71
3-wall ~ 7.25 (0-17), - 92.75 (83— 10.75 (10— 81.55 (74-90),
57 : 100),(17 3.4(0-9), 8 26),(13 gs :
P value 0.467 - 0.467 0.915 0.904 0.841
31.45+18.86 68.55+18.86  59.38+20.27  9.00+10.65 31.63+24.28
l-wall  36.35(6-48), - 63.65 (52— 60.25 (37—  7.50 (0-21),
3(5 ) 95),(35 81),(39 §9 s (7-64), 46
39.13+14.94 60.88+14.94  48.50+24.69  21.0£13.65 30.50+11.72
2-wall _ - _ _ _
Apical 346.?)5’ (2277 657.;5’ (2379 4383;), 2267 2225 2(56 34). 43,4 (14-42), 46
51.97+24.81 48.03+24.81  75.83+1.80 3.55+4.27 20.63+5.5
3-wall  51.65 (30— - 48.35 (25— 75.35 (74— 22.35 (13-25),
75), 514 70), 214 78),(3 2.80(0-9). 8 go )
P value 0.551 - 0.551 0.334 0.128 0.551
42.55+19.17 57.45+19.17  29.05+12.62  16.73+11.53 54.23+21.68
l-wall 4270 (21— - 57.30 (37— 24.00 (20—  20.08 (0-25),  55.20 (27-80),
63), 37 79), 37 48), 21 20 41
36.224+19.57 63.78419.57  46.93x17.18  25.20+£9.74 27.88+12.52
12 Middle 2-wall  34.85 (14— - 65.15 (39— 47.15 (31— 28.01 (11— 31.00 (11-39),
weeks 62), 36 86), 36 63), 31 34), 17 28
39.63+16.84 39.38426.92  51.58+33.06 27.73+26.17 20.7+7.58
3-wall  43.30 (16— - 49.95(0-58), 52.00 (12— 24.95(0-61), 23.05(10-27),
56), 30 46 90), 64 50 14
P value 0.874 - 0.368 0.309 0.537 0.037%
49.75+6.29 50.25+6.29 12.38+8.40  9.78+19.55 77.85+18.20
l-wall  47.50 (45— - 52.50 (41— 9.00 (7-25), 82.45 (53-93),
59),(11 55),(11 §4 ) 0(0-39), 29 §4 )
37.53+29.30 54.18+42.22  37.98+22.54  26.65+20.44 35.38+5.64
Coronal 2-wall 3990 (4-67), -  60.10 (0-97), 44.25(6-58), 24.00(5-54), 36.95 (27-40),
56 81 40 38 10
39.75435.01 35.25432.79  25.48+20.40  31.25+20.39 43.274+28.00
3-wall  36.85(0-85), -  38.10(0-65), 27.10(0-48), 30.10(9-56), 42.30 (10-79),
65 60 39 39 52
P value 0.668 - 0.828 0.390 0.227 0.037%

Data are expressed as mean =+ standard deviation or as median (minimum—maximum) with interquartile range.
Abbreviations: SH = spontaneous healing, ARP = alveolar ridge preservation, NB = new bone, GM = graft material, FVT = fibrovascular

connective tissue.

Notes: *) P < 0.05 for comparisons between 1-wall and 2-wall groups; ®) P < 0.05 for comparisons between 1-wall and 3-wall groups.

Quantitative histometric analysis of SH and ARP groups
Quantitative evaluation was conducted to compare 1-wall, 2-wall, and 3-wall defects at sites treated with either
spontaneous healing (SH) or alveolar ridge preservation (ARP), as summarized in Table 2. A total of twelve
samples from each healing interval (four weeks and twelve weeks) were included in the analysis. At the 4-week
time point, no statistically significant differences in mineralization percentages were observed between SH and
ARP sites. Likewise, within each group, defect type (1-wall, 2-wall, or 3-wall) did not show significant differences

in the percentage of mineralized tissue at 4 weeks.

Table 2. Quantitative histometric analysis of SH and ARP groups

Time Variables Defect SH ARP P value
11.73+4.12 10.30+2.98
1-wall 1
11.45 (7.87-16.15), 7.64 9.16 (8.16-14.7), 5.07
9.4242.29 12.36+8.76
2-wall .
Reference area (mm?) wa 8.95 (7.19-12.58), 4.26 8.46 (7.1-25.4), 14.12 0886
4 weeks 3-wall 12.13+£8.07 13.86+9.05
8.42 (7.45-24.22),12.77  10.22 (7.85-27.16), 15.37
P value 0.779 0.694
7.41£1.10
Augmented area (mm?) 1-wall -

7.34 (6.13-8.83), 2.05
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7.15+3.34
2-wall ) 6.19 (4.41-11.82), 6.11 )
3wl ) 11.62+9.75 )
7.81 (4.99-25.88), 16.75
P value - 0.794
L-wall 3.94+1.43 4.18+1.56 |
4.39 (1.89-5.09), 2.55 3.97 (2.54-6.25), 2.97
5.04£2.90 4.08+4.58
Regenerated area (mm?) 2-wall 4.16 (2.6-9.26), 5.03 3.1 (0-10.14), 8.59 0.886
3.97+£2.22 4.84+4.62
3-wall 1
3.95 (1.28-6.69), 4.19 2.99 (1.73-11.66), 7.78
P value 0.874 0.841
L-wall ) 76.00+£22.67 )
76.84 (50-100), 43
2-wall ) 63.43+13.55 )
Augmented/reference area (%) 63.92 (46-79), 26
3owall ) 77.22+14.72 )
75.02 (64-95), 28
P value - 0.39
35.27+14.39 42.50+19.33
wall =0 54.0.55.0). 26 34.5 (30-71), 32 0.486
52.25+19.00 47.25+£27.14
Mineralization percentage (%) 20 535 (28.0-74.0), 36 53 (12-71), 51 0.343
35.50+16.36 32.5+13.77
3wl e (16.0-50.0). 31 36.5 (14-43), 51 0.686
P value 0.234 0.788
12.01+2.93 16.01+8.13
lwall =523 (7.93-14.67), 541  15.98 (83.82-23.28), 14.28 0.686
2-wall 9.35+2.04 11.53+6.02 |
Reference area (mm?) 8.91 (7.55-12.02), 3.83 8.91 (7.77-20.53), 9.65
12.28+7.72 10.04+2.54
3-wall 1
10.14 (5.77-23.11), 14.15 9.17 (8.12-13.74), 4.47
P value 0.437 0.309
L-wall ) 10.49+2.62 )
10.62 (7.2-13.55), 5.01
7.65+2.69
2-wall - -
Augmented area (mm?) 6.51(5.93-11.67), 4.43
3-wall ) 8.15+1.36 )
7.78 (7.01-10.05), 2.5
P value N/A 0.174
3.65+0.63 6.81+£3.32
L-wall 3.72 (2.82-4.34), 1.18 7.04 (3.2-9.98), 6.2 0.200
12 weeks 2-wall 3.94+0.82 5.35+1.19 0.114
Regenerated area (mm?) 3.77 (3.22-5.01), 1.55 5.14 (4.12-6.99), 2.18 )
5.83+3.38 6.09+0.96
3wl e 3.01-10.63). 616 6.14 (487-7.23). 178 486
P value 0.551 0.779
Lol ] 72.18423.27 ]
70.48 (48-100), 45
69.91+10.16
2-wall - -
Augmented/reference area (%) 71.17 (57-80), 19
3-wall ) 82.48+12.12 )
78.39 (73-100), 21
P value - 0.469
34.06£15.07 43.15+7.08
wall =76 (19.0-55.0), 28 41.75 (36.0-53.0), 13 0.343
Mineralization percentage (%) 42.89+8.98 50.65+11.29
Zwall e (340 55.0). 16 5524 (340-58.0), 19 0%
3-wall 48.84+3.05 61.73+7.5 0.0292
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48.59 (46.0-52.0), 6 61.8 (53.0-71.0), 14
P value 0.292 0.077
Data are reported as mean + standard deviation or median (minimum—maximum) with interquartile range.
Abbreviations: SH = spontaneous healing; ARP = alveolar ridge preservation; N/A = not available.
Mineralization percentage calculated as:
%) P <0.05.

At 12 weeks, no significant differences in mineralization were observed between SH and ARP sites for 1-wall and
2-wall defects. However, in 3-wall defects, the ARP group showed a significantly higher mineralization
percentage compared to SH (ARP: 61.73% + 7.52% vs. SH: 48.84% + 3.06%, P = 0.029). Within each group,
mineralization tended to increase with the number of remaining bone walls, although these differences did not
reach statistical significance. Generalized estimating equation (GEE) analysis revealed that both defect
configuration and healing duration had a significant effect on mineralization. Furthermore, significant interaction
effects were observed among defect type, treatment modality, and healing time, as detailed in Table 3.

Table 3. Predictors of mineralization percentage

Variables Wald P value
Defect type (1-, 2-, or 3-wall) 14.30 <0.001
Healing time (4 or 12 wk) 5.40 0.02
Intervention (SH or ARP) 0.12 0.72
Defect type x intervention 9.32 0.01
Defect type x healing time 40.85 <0.001
Healing time X intervention 5.20 0.02
Defect type X healing time x intervention 57.95 <0.001

Analysis was conducted using the generalized estimating equation (GEE) method.
Abbreviations: SH = spontaneous healing; ARP = alveolar ridge preservation.

This study aimed to investigate the bone healing capacity of 1-, 2-, and 3-wall defects following alveolar ridge
preservation (ARP) after tooth extraction using histomorphometric analysis. After 12 weeks, sites treated with
ARP showed a larger regenerated area and a higher proportion of mineralized tissue compared with spontaneous
healing (SH). Notably, in 3-wall defects, the ARP group exhibited a statistically significant increase in
mineralization relative to SH at the same time point. Although not reaching significance, both SH and ARP groups
showed a trend toward greater mineralization at 12 weeks as the number of remaining bony walls increased.
Previous research has primarily addressed volumetric changes, demonstrating that ARP can limit both horizontal
and vertical alveolar ridge resorption compared with untreated sites [25, 26]. Clinical studies have similarly
reported that ARP is effective in preserving ridge dimensions in periodontally compromised extraction sites [15].
However, the specific influence of the number of residual bony walls on ARP outcomes remains underexplored.
In the current study, a higher percentage of mineralization was generally observed as the number of bony walls
increased in both SH and ARP groups, although this did not achieve statistical significance. Significantly, in 3-
wall defects, mineralization was greater in ARP-treated sites than in SH (P = 0.029), suggesting that the remaining
bone walls may serve as a key source of regenerative potential during ARP.

Healing duration is a known factor in new bone formation. Previous studies have shown that longer healing
periods are associated with increased bone regeneration [27, 28]. Consistent with this, our findings demonstrated
that the 12-week healing group exhibited a higher percentage of mineralized tissue than the 4-week group,
irrespective of defect type. This indicates that optimal osteogenesis, potentially influenced by the amount of
residual bone, is more likely to occur after 12 weeks rather than 4 weeks.

Bone regeneration is facilitated by the provisional matrix, vascular networks, and multipotent macrophages
derived from adjacent intact bone [29]. Prior studies have shown that a greater number of intact bony walls
enhances the healing environment in guided bone regeneration procedures [30]. Accordingly, ARP in 3-wall
defects is expected to support higher regeneration rates than in 1-wall defects. In our study, mineralization tended
to increase with the number of remaining walls, although the difference was not statistically significant.
Porcine-derived bone grafts, as used in this study, have been reported to provide comparable bone formation and
volume stability to bovine bone [31, 32]. However, their resorption patterns may vary, with continuous resorption
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occurring without clear osteoclastic activity at certain intervals [33, 34], which may have contributed to variability
in outcomes. Future studies should further examine the resorption behavior of the porcine graft material employed.
During the ARP procedures, flaps were reflected and sutured to achieve primary closure due to the acute defect
model. Primary wound closure may have influenced mineralization by providing soft tissue stability, potentially
reducing the effect of defect wall configuration. Although studies on periodontally compromised sockets have
shown similar bone formation and ridge preservation with or without primary closure [35], the role of soft tissue
stability in ARP outcomes should not be overlooked.

Several limitations should be acknowledged. First, the small sample size in each subgroup (defect type and
intervention) may have limited statistical power, possibly explaining why defect type did not reach significance
as a predictor of mineralization. Second, contralateral ridge morphology in the dogs may have differed from the
original site, making precise 3D alignment of histological sections challenging. Third, anatomical factors such as
irregular palatal bone or sinus shape may affect ARP outcomes; the lack of a palatal vault in dogs complicates
complete palatal wall removal. Using mandibular teeth could help reduce variability in future studies. Fourth,
three-dimensional evaluation via micro-computed tomography (micro-CT) was not performed, which could
enhance quantitative analysis of bone regeneration.

Within these limitations, ARP appears to enhance mineralization compared with SH in compromised extraction
sites. Factors including defect configuration, healing time, and the application of ARP seem to influence bone
regeneration. While the presence of residual bony walls had a limited effect, their existence appeared to modestly
support increased mineralization during ARP treatment.
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