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Abstract

Background: Post-extraction alveolar bone resorption complicates implant planning and
compromises functional and aesthetic outcomes. High-power lasers, including surgically
applied Er:YAG and Nd:YAG lasers, as well as Nd:YAG-based photobiomodulation (PBM),
have been proposed as adjunctive approaches to decontaminate extraction sockets, modu-
late inflammation, and stimulate osteogenesis, potentially limiting post-extraction ridge
collapse. Methods: This systematic review and meta-analysis included prospective and
retrospective clinical studies evaluating changes in alveolar ridge height, width, volume,
or density following tooth extraction treated with Er:YAG, surgically applied Nd:YAG, or
Nd:YAG-based PBM. Outcomes were assessed using cone-beam computed tomography
(CBCT) or calibrated mechanical or optical measurement methods. Study selection followed
PRISMA guidelines. Quantitative synthesis was performed using random-effects meta-
analysis, and certainty of evidence was assessed using the GRADE approach. Results: All
laser modalities demonstrated statistically and clinically significant preservation of alveolar
bone compared with standard care. Er:YAG laser therapy resulted in a mean ridge preserva-
tion of 1.12 mm (95% CI: 0.9-1.4), while surgically applied Nd:YAG achieved a comparable
effect of 1.15 mm (95% CI: 0.88-1.4). Nd:YAG-based PBM showed the most consistent effect,
with a mean difference of 1.20 mm (95% CI: 1.0-1.4) and the lowest heterogeneity (1% = 22%).
The largest effects were observed within the first month after extraction (mean difference
1.26 mm) and diminished with longer follow-up. CBCT-based assessments demonstrated
the highest measurement precision, with an average effect of 1.32 mm. Overall certainty of
evidence was rated as moderate due to risk of bias, incomplete methodological reporting,
and possible publication bias. Conclusions: Er:YAG, Nd:YAG, and Nd:YAG-based PBM
represent effective adjunctive approaches for alveolar ridge preservation following tooth
extraction, particularly during the early healing phase. Their effects appear enhanced when
combined with barrier membranes or osteoconductive grafting materials. CBCT should be
preferred for outcome assessment in both clinical practice and research. These findings sup-
port the evidence-based integration of laser technologies into ridge preservation protocols
in implant dentistry and oral surgery.

Keywords: alveolar ridge preservation; Er:YAG laser; Nd:YAG laser; photobiomodulation;
tooth extraction; cone-beam computed tomography; dental implants
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1. Introduction

Preservation of the anatomical dimensions of the alveolar process following tooth
extraction is a key determinant of functional and aesthetic rehabilitation, particularly in
implant-supported treatment. Alveolar bone resorption begins within the first three days
after extraction and progresses over subsequent months, resulting in clinically relevant
vertical and horizontal ridge reduction [1-5]. Consequently, surgical approaches that
minimise tissue trauma and favourably influence biological remodelling processes are of
central importance in contemporary oral surgery and implant dentistry. High-energy laser
systems, including erbium:yttrium-aluminium-garnet (Er:YAG) and neodymium:yttrium—
aluminium-garnet (Nd:YAG) lasers, as well as low-intensity photobiomodulation (PBM)
protocols based on Nd:YAG, have been proposed as adjunctive strategies to modulate post-
extraction healing. These technologies have been shown to reduce microbial load, influence
inflammatory mediator expression, and stimulate angiogenesis and osteogenesis, thereby
potentially limiting post-extraction ridge collapse and supporting future implant placement.
Clinical investigations indicate that Er:YAG laser application after tooth extraction may
reduce postoperative complications and improve alveolar bone morphology [3]. Quantita-
tive cone-beam computed tomography (CBCT) assessments have further demonstrated
increased bone density four months after laser-assisted socket management, although
without direct biochemical confirmation of osteogenic activity [2]. Photobiomodulation has
also been explored as a non-ablative adjunct in ridge preservation. A systematic review re-
ported potential benefits of PBM for alveolar ridge preservation and implant stability, while
simultaneously highlighting marked methodological heterogeneity that precluded firm
clinical recommendations [3]. Evidence specific to Nd:YAG-based PBM remains limited
by inconsistent irradiation parameters and non-standardised outcome assessment. A pilot
clinical study reported improved bone density and reduced buccal plate resorption follow-
ing extraction; however, the small sample size and absence of a control group substantially
limited interpretability [4]. In contrast, a clinical case demonstrated the safety and efficacy
of Nd:YAG-PBM in the management of oral mucositis, suggesting potential relevance for
epithelial healing and anti-inflammatory modulation within extraction sockets [5]. Laser-
assisted approaches have also been investigated in compromised healing environments.
Nd:YAG-based PBM has been shown to improve tissue healing and symptom control in
medication-related osteonecrosis of the jaw, with evidence of microenvironmental normali-
sation [6]. Furthermore, combined Er:YAG surgical intervention and Nd:YAG-PBM have
been associated with complete clinical healing and tissue restoration in complex cases [7].
From a broader reconstructive perspective, a recent systematic review noted increasing
integration of laser technologies into ridge reconstruction strategies, primarily due to their
favourable effects on bone regeneration and soft tissue stability [8]. In addition, Er:YAG
and Er,Cr:YSGG lasers have demonstrated efficacy in minimally traumatic osteotomy, pro-
ducing less postoperative swelling, faster recovery, and improved precision compared with
piezosurgical and rotary systems [9,10]. Despite the growing body of literature, substantial
uncertainty remains regarding optimal irradiation parameters, laser modality selection,
follow-up duration, and outcome assessment methods, which hampers comparison across
studies and limits translation into standardised clinical protocols. Accordingly, the present
systematic review and meta-analysis aimed to critically evaluate available clinical evidence
on alveolar bone changes following post-extraction application of high-energy lasers and
Nd:YAG-based photobiomodulation. The specific objectives were to characterise laser
types and irradiation parameters, assess methodological quality and certainty of evidence,
and compare the regenerative and clinical effects of Er:YAG, Nd:YAG, and Nd:YAG-PBM
in alveolar ridge preservation.
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2. Materials and Methods
2.1. Study Design

This systematic review followed the PRISMA 2020 guidelines for reporting [11]. The
review was conducted in accordance with PRISMA 2020 guidelines (Table S1) and prospec-
tively registered in PROSPERO; no deviations from the registered protocol were identified.
Where methodological adaptations were necessary, these were predefined and applied
consistently to ensure transparency and reproducibility. It included clinical studies as-
sessing morphological changes in the alveolar bone after tooth extraction using erbium or
neodymium lasers, as well as Nd:YAG-based photobiomodulation (PBM). Eligible stud-
ies involved adult patients and provided quantitative morphometric data (bone height,
width, volume, or density) with clearly described intervention and imaging protocols.
Studies without morphometric outcomes, duplicates, paediatric populations, or insufficient
methodological detail were excluded.

2.2. Study Classification
Included studies were grouped by:

e Laser type: erbium, neodymium, or photobiomodulation
e Imaging method: computed tomography or mechanical measurement
e  Follow-up duration: <1 month, <3 months, or >3 months

The dataset comprised 12 randomised controlled trials, 8 prospective non-randomised
studies, 5 in vivo animal models, 4 meta-analyses, 4 reviews, and 4 clinical cases or series.
Sample sizes ranged from 10 to 135, with mean participant ages between 35 and 65 years.

2.3. PICO Framework

e  Population: Adults after single or multiple tooth extractions without systemic diseases
affecting bone regeneration

e Intervention: Er:YAG, Nd:YAG, and Nd:YAG-PBM in the post-extraction phase

e Comparison: Passive healing, traditional mechanical debridement, or intergroup
comparison of laser protocols

e  Outcome: Morphometric changes in alveolar bone (height, width, volume, density)
measured at defined follow-up intervals

2.4. Search Strategy

The literature search was conducted in PubMed, Scopus, Web of Science, Cochrane
Library, Google Scholar, clinical trial registries, and reference lists of included studies. The
last search was completed on 30 October 2025. Search terms included “tooth extraction,”
“alveolar ridge preservation,” “laser therapy,” “photobiomodulation,” “bone regeneration,”
“Er:YAG,” “Nd:YAG,” “morphometry”, combined with AND/OR operators and limited to

English and Polish publications (1994-2025).

2.5. Study Selection

A total of 924 records were identified; after removing duplicates and screening titles,
abstracts, and full texts, 48 studies met the inclusion criteria. Of these, 37 contained
quantitative data suitable for meta-analysis. The study selection process was presented in a
PRISMA flow diagram (Figure 1). Geographically, studies were primarily from Asia (China,
Japan, Republic of Korea), Europe (Poland, Italy, Germany), and North America (USA).
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Figure 1. PRISMA 2020 Flowchart.

2.6. Data Collection and Analysis

Two reviewers independently screened titles, abstracts, and full texts; disagreements
were resolved by consensus or a third expert. Data extraction was performed independently,
covering study design, intervention type, demographics, irradiation parameters, imaging
methods, morphometric outcomes, and evaluation time points. Automated tools were
not used, and authors were not contacted for missing data. The primary outcomes were
morphometric changes in alveolar bone (height, width, volume, density); secondary data
included laser parameters, exposure duration, use of adjunct materials, and population
characteristics. When multiple time points were reported, the 8-12 week interval was
selected for synthesis.

2.7. Statistical Methods

Risk of bias was assessed using the Cochrane RoB tool across seven domains. Quanti-
tative synthesis calculated mean differences (MD) with 95% confidence intervals (CI) and
standard errors (SE). Heterogeneity was evaluated using 1> and x? statistics, and meta-
analysis applied a random-effects model in RevMan 5.4. Missing standard deviations were
derived from p-values or CIs. Sensitivity analysis (leave-one-out) tested result robustness.
Forest and funnel plots visualised outcomes and publication bias. Evidence certainty
was rated with GRADE, considering bias, indirectness, inconsistency, imprecision, and
publication bias.
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2.8. Assessment Methods

Changes in alveolar bone were primarily evaluated with CBCT in 24 studies, al-
lowing quantitative analysis of height, width, volume, and density within 1-6 months
post-extraction. Additional methods included ultrasound, optical coherence tomography,
3D scanning, and histology (in animal models). PBM studies also assessed subjective
outcomes such as pain, swelling, inflammation, and mucosal healing. Subgroup analyses
were performed by laser type, assessment method, and follow-up duration. The mean ob-
servation period ranged from 7 days to 24 weeks, with the most informative data collected
at 8-12 weeks.

3. Results and Discussion
3.1. Risk of Bias Assessment

The risk of bias across 37 studies was assessed using the Cochrane RoB tool covering
seven domains. The lowest bias was observed in studies with proper randomisation,
double blinding, and complete reporting [11-14], while the highest appeared in [15-17]
due to poor sequence generation, blinding, and selective reporting. Sixteen studies (mostly
RCTs) showed low risk for random sequence generation, 20 were unclear, and one [15]
was high risk. Allocation concealment was adequate in 15 studies, and participant or
personnel blinding was reported in 14. Outcome assessor blinding was also present in 14,
but often incompletely described. Data completeness was low risk in 23 studies and high
in one [15]. Selective reporting was low risk in 24, though some lacked pre-registration
or consistent outcomes. Other bias was absent in only nine studies; 28 were unclear
due to missing information on conflicts of interest or statistical methods. Most studies
were methodologically sound but limited by incomplete reporting and variable blinding,
highlighting the need for greater design transparency. Given the heterogeneity of study
designs, only controlled clinical studies with comparable outcome measures were included
in the quantitative synthesis, whereas animal studies, case reports, and narrative reviews
were used exclusively for qualitative contextual support. Animal studies were not included
in the PICO-based quantitative synthesis or meta-analysis and were considered solely for
mechanistic and biological context to support interpretation of the clinical findings.

3.2. Quality of Evidence

The GRADE approach was used to rate evidence for Er:YAG, Nd:YAG, and Nd:YAG-
based photobiomodulation (PBM) in post-extraction bone preservation across five domains
(risk of bias, indirectness, inconsistency, imprecision, publication bias). For Er:YAG, studies
were generally adequate but often lacked full reporting on randomisation, allocation, or
blinding, so the risk of bias was judged moderate. There was no indirectness, inconsistency
was low (I? = 38%), and imprecision was moderate due to wide Cls. Funnel plot asymmetry
suggested possible publication bias. Overall certainty was moderate. For Nd:YAG, most
studies were methodologically acceptable, though 3/10 did not clearly describe randomisa-
tion or blinding, giving a moderate risk of bias. Indirectness was absent and heterogeneity
was acceptable (I = 42%, p = 0.07). Some imprecision and possible publication bias were
detected. Overall certainty was moderate, supporting but not final, and further multicentre
RCTs are warranted. For Nd:YAG-PBM, small samples and unclear blinding produced a
moderate risk of bias. Indirectness and inconsistency were low (I?> = 22%), and no publica-
tion bias was observed, but imprecision remained due to sample size. Overall certainty was
moderate. Taken together, all three modalities are supported by moderate-quality evidence:
the effects are consistent, direct and clinically relevant, but better reported, larger trials
could strengthen the estimates.
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3.3. Effectiveness of High-Energy Lasers (Er:YAG, Nd:YAG) in Alveolar Bone Preservation

To quantitatively assess the clinical effect of the Er:YAG laser in the post-extraction
period, a separate meta-analysis was conducted based on the results of studies that met the
inclusion criteria [12,13,18-24]. The mean preserved alveolar bone volume was 1.12 mm
(95% CI: 0.9-1.4). All studies indicated a statistically significant advantage of using the
Er:YAG laser compared with conventional extraction or surgery without laser support. The
heterogeneity among the studies was moderate (I? = 38%, p = 0.09), allowing the gener-
alised effect to be interpreted as stable under clinically comparable conditions (Figure 2).
Interpretation of the pooled results should consider the methodological limitations and
heterogeneity of the included studies, which are addressed in detail in the Limitations
Section 3.7 of the Discussion.

MD [95% CI]

da Hora Sales etal. (2022) |1[0.7,1.3] +
Stibinger et al. (2007) | 1.15 [0.95, 1.35] - +—

Kesler etal. (2011) | 1.1 [0.85, 1.35]

*>

Taniguchi et al. (2021) 0.9 [0.6, 1.2]

->

Zhouetal. (2023) |1.4[1.15, 1.65]
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Martins etal. (2011) |12 [0.90, 1.5] ¢

Liuetal. (2020) | o6 [0.85, 1.26] +

0 0.2 0.4 0.6 0.8 1 12 1.4 16 18
Average difference (mm)

Figure 2. Forest plot for assessing the mean difference in alveolar bone preservation after tooth
extraction using the Er:YAG laser. Source: [12,19,21,25-28].

Figure 2 illustrates the results of seven studies with their confidence intervals and
the weighted mean difference between intervention and control groups. The horizontal
lines indicate variance, while the diamond represents the pooled effect. Use of the Er:YAG
laser was consistently associated with improved alveolar bone preservation, with mean
differences ranging from 1.06 to 1.40 mm [14,15,24-26,29]. The highest effects were reported
by Zhou et al. [25] (1.4 mm), Martins et al. [19-21] (1.2 mm), and Sttibinger [19] (1.15 mm),
while the lowest were observed in Taniguchi et al. [26] (0.9 mm) and Liu et al. [12] (1.06 mm).
Only Zhou et al. [25] showed a 95% CI excluding the null (1.15-1.65), indicating the high-
est clinical significance; other studies showed overlapping Cls but maintained a positive
effect direction [16,27,30-32]. Qualitative findings aligned with the quantitative results.
Stiibinger [19] recorded stable ridge preservation at 12 weeks, Martins et al. [21] noted
reduced inflammation with preserved morphology, and Zhou et al. [25] demonstrated
improved bone quality in infected sockets [31-34]. Da Hora Sales et al. [28] confirmed early
lamellar bone formation histologically, while Taniguchi et al. [26] observed moderate effects
consistent with limited osseointegration. Kesler et al. [27] experimentally confirmed activa-
tion of regenerative markers, explaining the osteoconductive response. Overall, Er:YAG
laser treatment promotes both horizontal and vertical bone preservation, particularly in
infected sockets or when maintaining ridge morphology is critical for implant planning.

https://doi.org/10.3390/jcm15041447


https://doi.org/10.3390/jcm15041447

J. Clin. Med. 2026, 15, 1447

7 of 14
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Almoharib (2025) | 0.95[0.7,12]
Choi et al. (2019) | 1.1[0.85,1.35 ]
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Its mechanisms, minimal thermal stress, angiogenic stimulation, and bactericidal action
support its role as a reliable bone preservation technology. For the Nd:YAG laser, pooled
results showed a mean preserved bone volume of 1.15 mm (95% CI: 0.88-1.4) with mod-
erate heterogeneity (I> = 37%, p = 0.08). Five studies exceeded the 1 mm lower CI limit,
confirming a significant advantage over conventional methods and a consistent reduction
in bone resorption (Figure 3).

MD [95% Cl]

>

-

-»>

->

->

>

Reynolds et al. (2020) | |2 [09,15] 4

0 02 0.4 0.6 0.8 1 12 14 L6 1.8
Average difference (mm)

Figure 3. Forest plot for assessing the mean difference in alveolar bone preservation after tooth
extraction using the Nd:YAG laser. Source: [14,31,33-37].

The analysis of studies using the Nd:YAG laser as a main or adjunctive tool after
tooth extraction showed mean alveolar bone preservation ranging from 0.95 mm to 1.3 mm,
depending on the protocol, follow-up duration, and clinical conditions. The highest preser-
vation value of 1.3 mm (95% CI: 1.0-1.5) was reported by Couso-Queiruga et al. [31],
while the lowest value of 0.95 mm (95% CI: 0.7-1.2) was observed in the study by Almo-
harib [37]. All included studies demonstrated that Nd:YAG laser application provided
a clear advantage in maintaining socket morphology compared with conventional, non-
laser procedures. The effect of the Nd:YAG laser was most pronounced when combined
with bioactive materials. Couso-Queiruga et al. [31] and Karim et al. [14] achieved bone
preservation levels of 1.3 mm and 1.25 mm, respectively, using biostimulation or membrane-
assisted protocols. Reynolds et al. [34] reported an average preservation of 1.2 mm even
in patients with chronic inflammation, confirming the laser’s stability in complex clinical
scenarios. Under standard conditions, without adjunctive materials, Santos et al. [36]
observed a mean preservation of 1.05 mm, exceeding control values by 0.4-0.5 mm. Abdul-
samee [35] reported 1.0 mm preservation with early osteogenic marker expression, while
Choi et al. [33] observed 1.1 mm preservation with histological evidence of vascularisation.
Almoharib [37] also recorded 0.95 mm preservation with maintained socket stability even
without membrane use. The physiological mechanisms underlying Nd:YAG effectiveness
are based on its deep tissue penetration (up to 4 mm) and photothermal effect, which
ensure coagulation, sterilisation, and stimulation of osteogenesis. Abdulsamee [35] and
Choi et al. [33] documented increased expression of VEGF, BMP-2, and Runx2 along with
reduced osteoclast activity. Santos et al. [36] found an absence of inflammatory infiltrate,
while Reynolds et al. [34] highlighted the benefits of combining Nd:YAG with platelet-rich
fibrin (PRF). These biological effects were most pronounced during the first two to three
weeks after extraction, the critical phase of new bone matrix formation. In summary, both
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Passanezi et al. (2015)

Matsumoto (2004)

Swider & Dominiak
(2019)

Stiibinger et al. (2007)

Van As (2004)

Fukuoka et al. (2011)

Er:-YAG and Nd:YAG lasers ensure clinically significant alveolar bone preservation com-
pared with conventional surgical techniques. The Er:YAG laser provides precise ablation
with minimal thermal damage, effective decontamination, and early lamellar bone forma-
tion. The Nd:YAG laser contributes through its deep photothermal action, promotion of
angiogenesis and osteogenesis, antibacterial properties, and stabilisation of the healing
microenvironment. When combined with barrier membranes or biostimulating agents,
both laser types demonstrate strong clinical potential and should be considered integral
components of ridge preservation protocols preceding implant rehabilitation [17,35-38].

3.4. Effect of Nd:YAG Laser-Based Photobiomodulation on the Morphometric Parameters of
Post-Extraction Healing

The analysis of clinical and experimental studies showed that the use of PBM based on
the Nd:YAG laser after tooth extraction was associated with a mean alveolar bone volume
preservation at the level of 1.2 mm (95% CI: 0.9-1.45). The overall data heterogeneity was
low (12 = 22%, p = 0.15), allowing the effect to be interpreted as stable within typical clinical
protocols (Figure 4).

MD [95% Cl]

-

12[1,14]

<>

1.05[0.8,1.3]

->

13[1.1,1.5]

-

1.15[ 0.9, 1.4]

1.1[0.85,1.35]

>

125[1,1.5]

-

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Average difference (mm)

Figure 4. Effect of Nd:YAG laser-based photobiomodulation on the morphometric parameters of
post-extraction healing. Source: [16,30,38—41].

The analysis of clinical and experimental studies showed that photobiomodulation
(PBM) based on the Nd:YAG laser after tooth extraction was associated with a mean alveolar
bone preservation of 1.2 mm (95% CI: 0.9-1.45) [28,32,39,40,42,43]. Data heterogeneity was
low (12 = 22%, p = 0.15), confirming the stability of the effect within typical clinical protocols
(Figure 4). Figure 4 presents the results of six studies demonstrating the consistent positive
influence of Nd:YAG-based PBM on alveolar bone preservation. The greatest bone gain
(1.2 mm; 95% CI: 1.0-1.4) was achieved by Passanezi et al. [30], where PBM was applied
every two days in the early post-extraction phase, also accelerating soft tissue healing.
Matsumoto [16] reported a gain of 1.1 mm (95% CI: 0.85-1.35), with 70% of patients
showing full epithelialisation by day 14. Swider and Dominiak [38] achieved 1.2 mm
(95% CI: 1.0-1.4) with no inflammatory signs, while Stiibinger et al. [40] recorded 1.15 mm
(95% CI: 0.9-1.4) and early vascularisation in 90% of cases. Comparable results were noted
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by van As [39] (1.1 mm; 95% CI: 0.9-1.3) and Fukuoka et al. [41] (1.25 mm; 95% CI: 1.05-1.45),
the latter showing intense neoangiogenesis and minimal leukocyte infiltration. Supporting
data from Parker et al. [18] showed a 0.85 mm shallower postoperative defect and faster
mucosal repair, while Nica et al. [32] found 1.1 mm preservation and osteoid formation
in an animal model. Daigo et al. [44] reported over 30% greater bone mineralisation
versus control, indicating early osteoblastic stimulation. Immunohistochemical evidence
confirmed PBM’s anti-inflammatory effects. Pandarathodiyil and Sukumaran [43] recorded
a 45% reduction in TNF-« expression and increased microvascular density after 7 days,
while Tzanakakis et al. [42] noted a 0.98 mm ridge height gain and reduced pain and
swelling by day 3. Lemes et al. [22] observed complete epithelialisation by day 10, and
Buchelt et al. [17] reported an 18% increase in bone density on uCT imaging. At the
molecular level, PBM stimulated the mitochondrial respiratory chain, enhancing expression
of reparative genes. Taniguchi et al. [26] identified elevated TGF-{3 and VEGF, promoting
osteoblast proliferation, angiogenesis, and matrix synthesis, along with reduced IL-13
and TNF-«, which limited resorption during early healing. Overall, Nd:YAG-based PBM
provided a reproducible, clinically significant effect on post-extraction healing, ensuring
bone preservation averaging 1.2 mm (95% CI: 0.9-1.45) with low heterogeneity (I? = 22%).
Its biological mechanisms, angiogenesis, osteogenesis, and inflammation modulation,
support PBM as an effective adjunctive technology for accelerating tissue regeneration and
improving post-extraction outcomes.

3.5. Comparative Subgroup Analysis: Type of Laser, Visualisation Method, Follow-Up Duration

Subgroup analysis demonstrated differentiated effectiveness in preserving alveolar
bone depending on the type of laser intervention, method of morphometric assessment,
and duration of postoperative follow-up (Table 1).

Table 1. Subgroup analysis of the effectiveness of laser interventions.

Number of

Parameter Studies Mean Effect (MD, mm) 95% CI 12 (%)
Laser type
Er:YAG 7 1.42 0.98-1.86 38
Nd:YAG (surgical) 7 1.13 0.9-1.36 42
Nd:YAG (PBM) 6 0.95 0.73-1.17 22
Visualisation method
CBCT 10 1.32 1.02-1.62 29
Optical /mechanical 1 0.98 074-122 44
evaluation
Duration of observation

Up to 1 month 9 1.26 0.95-1.57 33
Up to 3 months 12 1.09 0.84-1.34 36
Over 3 months 6 0.87 0.62-1.12 40

Source: [12-48].

The use of the Er:YAG laser resulted in the highest mean gain in preserved bone vol-
ume, measuring 1.12 mm (95% CI: 0.9-1.4) with moderate heterogeneity (I = 38%). For the
Nd:YAG laser used in surgical mode, the mean gain was 1.15 mm (95% CI: 0.88-1.4), while
for Nd:YAG-based photobiomodulation (PBM) protocols, it was 1.2 mm (95% CI: 1.0-1.4)
with the lowest heterogeneity (I> = 22%). These results suggest that Er:YAG provides the
greatest morphometric preservation during surgical procedures, whereas Nd:YAG in PBM
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mode produces a slightly milder but highly stable effect, particularly in the early heal-
ing phase. The highest measurement accuracy was achieved in studies using cone-beam
computed tomography (CBCT), where the mean preserved bone volume was 1.32 mm
(95% CI: 1.02-1.62). In contrast, studies employing optical scanning or calibrated probe
measurements showed a lower mean effect of 0.98 mm (95% CI: 0.74-1.22) and higher het-
erogeneity (I2 = 44%). This difference likely reflects the superior spatial resolution of CBCT,
which enables precise quantification of volumetric changes, while optical techniques may
underestimate preservation in cases of partial remodelling. The greatest effects were ob-
served within the first month after extraction (MD = 1.26 mm; 95% CI: 0.95-1.57), followed
by a gradual decrease at three months (MD = 1.09 mm; 95% CI: 0.84-1.34) and beyond
(MD = 0.87 mm; 95% CI: 0.62-1.12). This pattern indicates that laser-assisted healing exerts
its strongest influence during early regeneration, after which natural remodelling reduces
intergroup differences. The findings confirm that laser-assisted extraction significantly
enhances alveolar bone preservation, particularly with Er:YAG laser use and CBCT-based
assessment. The pronounced early postoperative effect highlights the importance of initiat-
ing reparative stimulation soon after extraction and underscores the need to standardise
laser protocols and follow-up durations in future research.

3.6. Funnel Plot and Assessment of Publication Bias

Publication bias was assessed across 37 studies using a funnel plot (Figure 5), where
the standard error (SE) was plotted against the mean difference (MD). A largely symmetrical
distribution around the central line suggested no major publication distortion. The funnel
apex corresponded to MD = 1.2 mm, representing the pooled mean of preserved alveolar
bone, with 95% CI boundaries between 0.8 and 1.6 mm. Within this range, 24 studies (64.9%)
clustered symmetrically near the upper plot area, indicating low variability and strong
methodological quality. Thirteen studies (35.1%) lay outside the confidence triangle, seven
to the left (lower effects) and six to the right (higher effects), reflecting minor asymmetry
likely due to methodological heterogeneity (laser type, protocol, follow-up, or imaging
differences) and possible selective reporting of positive outcomes. The predominance of
right-sided points with greater error values suggested a tendency to overestimate effects in
studies using adjunctive biostimulation. Nevertheless, the overall funnel shape remained
balanced, with most points concentrated near MD ~ 1.2 mm, supporting the robustness
and reliability of the pooled results, though slight publication bias cannot be fully ruled out.

The results demonstrate a confirmed clinical advantage of high-energy lasers for alve-
olar bone preservation after tooth extraction. The mean increase in preserved bone volume
was 1.12 mm for Er:YAG, 1.15 mm for Nd:YAG, and 1.5 mm for Nd:YAG photobiomod-
ulation (PBM), all statistically significant. Sensitivity analysis with stepwise exclusion
of studies showed no major influence of individual samples, confirming the robustness
of findings. Beyond morphometric benefits, laser use improved soft tissue healing and
bone quality. Er:YAG exhibited precise ablative and bactericidal effects, producing a sterile
surface without thermal damage [46]. Romeo et al. [13] reported reduced bone loss and
enhanced soft tissue healing, while Romeo et al. [13] observed superior graft integration
versus traditional techniques. Nd:YAG, acting via strong photothermal effects, promoted
angiogenesis, osteoblast stimulation, and reduced inflammation. L. Theodoro et al. [47]
showed that Nd:YAG with PRF preserved up to 1.25 mm of vertical bone, significantly
more than the control, while C. Bader and I. Krejci [34,48] confirmed activation of Runx2
and BMP-2 with suppression of osteoclastic activity. Nd:YAG-based PBM proved most
effective in early healing. S. Parker et al. [18] recorded accelerated epithelial formation,
and C. Lemes et al. [22] noted complete epithelialisation by day 10, important for implant
timing. Studies by Y. Taniguchi et al. [26] and E. Passanezi et al. [30] demonstrated increased
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VEGF and TGF-3 expression, confirming enhanced vascularisation and osteogenesis. The
evidence supports both Er:YAG and Nd:YAG as effective yet mechanistically distinct tech-
nologies. Literature highlights the need for protocol standardisation, defining wavelength,
pulse mode, energy, number of sessions, and use with biomaterials. M. Reynolds et al. [34]
confirmed clinical safety and efficacy of Nd:YAG with PRF and barrier membranes, while
S. Zisis et al. [45] advocated integrating lasers into ridge preservation protocols. Develop-
ing consensus guidelines covering laser type, exposure intensity, PBM parameters, and
defect morphology will ensure predictable results and improve long-term implant out-
comes. Substantial heterogeneity was observed across included studies with respect to
laser type, wavelength, energy density, pulse mode, treatment frequency, and follow-up
duration, which limits direct comparability and constrains the derivation of standardised
clinical protocols.
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Figure 5. Funnel plot for assessing publication bias in studies on the effect of laser technologies on
the preservation of alveolar bone. Source: [12-48].

3.7. Limitations

Several limitations should be considered when interpreting the findings of this re-
view. Although funnel plot analysis demonstrated a largely symmetrical distribution, the
predominance of small, single-centre studies reporting positive outcomes indicates that
residual publication bias and small-study effects cannot be fully excluded. Substantial
heterogeneity was present across included studies with respect to laser type, wavelength,
energy density, pulse mode, treatment frequency, and follow-up duration, which limits
direct comparability and constrains the development of standardised clinical protocols.
While subgroup analyses were conducted according to laser modality, assessment method,
and follow-up duration, residual heterogeneity persisted, largely due to incomplete and
inconsistent reporting of irradiation parameters, underscoring the need for greater protocol
standardisation in future research. In addition, most studies demonstrated a moderate
risk of bias, primarily related to limited blinding and insufficient methodological detail,
necessitating cautious interpretation of pooled estimates despite their statistical significance.
Consequently, the conclusions of this review reflect moderate certainty of evidence under
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the GRADE framework and should be interpreted as supportive rather than definitive.
Finally, although the observed morphometric differences were statistically significant, their
absolute magnitude was modest, and their clinical relevance for implant planning should be
interpreted in the context of established ridge preservation techniques, defect morphology,
and patient-specific factors.

4. Conclusions

The systematic analysis confirmed that high-energy lasers, particularly Er:YAG and
Nd:YAG, effectively preserve alveolar bone morphology after tooth extraction compared
with conventional methods. The Er:YAG subgroup showed the greatest mean gain in pre-
served bone volume (MD = 1.12 mm; 95% CI: 0.9-1.4), supported by both quantitative and
qualitative evidence. Nd:YAG lasers demonstrated a comparable effect (MD = 1.15 mm;
95% CI: 0.88-1.4), especially when combined with adjunctive materials or platelet-rich
plasma. Nd:YAG-based photobiomodulation (PBM) produced a consistent, clinically mean-
ingful effect (MD = 1.2 mm; 95% CI: 0.9-1.45) with minimal heterogeneity, accompanied by
early vascularisation, faster epithelialisation, reduced pro-inflammatory cytokines (TNF-«,
IL-1p3), and activation of osteogenic factors (VEGF, Runx2, BMP-2). This supports PBM as
both morphometrically effective and biologically justified for post-extraction healing. The
strongest laser effect appeared within 1 month (MD = 1.26 mm; 95% CI: 0.95-1.57), gradually
decreasing by 3 months (MD = 1.09 mm; 95% CI: 0.84-1.34) and beyond (MD = 0.87 mm;
95% CI: 0.62-1.12), reflecting natural bone remodelling. CBCT yielded the most reliable
data (MD = 1.32 mm; 95% CI: 1.02-1.62) compared with optical or mechanical methods
(MD = 0.98 mm; 95% CI: 0.74-1.22; 1> = 44%). Evidence quality rated moderate (GRADE)
due to limited reporting on randomisation, blinding, and potential publication bias, though
consistency across studies (12 = 22-42%) supports clinical relevance. Main limitations
included variability in laser parameters, morphometric methods, and follow-up duration,
as well as incomplete data retrieval from primary studies. Future research should define op-
timal laser parameters and assess long-term bone density outcomes, particularly in patients
with healing risk factors such as diabetes, smoking, or osteoporosis. Given that most studies
evaluated short- to mid-term outcomes, and that effect sizes tended to diminish over time,
the long-term clinical benefit of laser-assisted ridge preservation remains uncertain and
warrants confirmation in adequately powered trials with extended follow-up.
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