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ABSTRACT 

External root resorption (ERR) is a common iatrogenic complication of orthodontic treatment, characterized 

by the irreversible loss of root structure due to odontoclastic activity. In periodontally compromised patients, 

who often present with reduced alveolar bone support and chronic inflammation, the risk of ERR is 

significantly heightened, potentially leading to tooth mobility, loss of attachment, and compromised treatment 

outcomes. This narrative review synthesizes recent literature from 2020 to 2025 to elucidate the biological risk 

factors contributing to ERR in this vulnerable population and to explore preventive strategies. Key biological 

risk factors include excessive mechanical forces during tooth movement, which upregulate inflammatory 

mediators such as receptor activator of nuclear factor kappa-B ligand (RANKL), genetic predispositions, prior 

dental trauma, abnormal root morphology, and systemic conditions like endocrine disorders. Periodontal 

compromise exacerbates these risks through microbial dysbiosis, increased cytokine expression (e.g., IL-1β, 

IL-6, TNF-α), and altered periodontal ligament (PDL) stress distribution, as demonstrated in finite element 

analyses showing elevated resorption risks during rotations and translations after 4 mm bone loss. Prevention 

emphasizes interdisciplinary management, commencing orthodontic therapy only after achieving periodontal 

stability (e.g., no probing pocket depths ≥5 mm with bleeding on probing), utilizing light continuous forces (5-

10 g for intrusions), incorporating treatment pauses for healing (2-6 months upon detecting resorption), and 

regular radiographic monitoring with cone-beam computed tomography (CBCT) for early detection. 

Additionally, endodontic interventions prior to orthodontics may reduce ERR in vital teeth by minimizing pulp-

mediated inflammatory responses. This review underscores the need for tailored protocols to mitigate ERR, 

ensuring safe orthodontic outcomes in periodontally compromised patients while highlighting gaps in long-

term prospective studies. 
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Introduction 

Orthodontic treatment is a cornerstone of 

contemporary dentistry, aiming to achieve optimal 

dental alignment, functional occlusion, and esthetic 

outcomes through the controlled application of 

mechanical forces to teeth [1-5]. While orthodontic 

tooth movement (OTM) is generally predictable and 

safe in healthy patients, the process inherently induces 

biological responses within the periodontal ligament 

(PDL) and surrounding alveolar bone. Among the 

potential adverse effects, external root resorption 

(ERR) represents a significant clinical concern. ERR is 

a pathological process characterized by the progressive 

loss of cementum and dentin from the external root 

surface, mediated by odontoclastic cells that are 

activated in response to mechanical stress, local 
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inflammation, and cytokine signaling within the PDL 

[6]. 

The severity and clinical impact of ERR vary widely. 

Mild resorption often remains asymptomatic and self-

limiting, detectable only radiographically, whereas 

severe resorption can compromise tooth structure, 

functional longevity, and esthetic outcomes, 

particularly when multiple teeth or incisors are 

involved [7]. ERR is multifactorial in origin, with risk 

determined by the interplay between orthodontic 

mechanics, biological tissue response, and patient-

specific factors. Excessive or improperly directed 

forces, prolonged treatment durations, and certain tooth 

movements, such as intrusion or torque, have been 

consistently associated with higher ERR risk. In 

addition, inflammation and local tissue health 

modulate the susceptibility of odontoclasts to initiate 

resorptive activity. 

Patients with pre-existing periodontal compromise 

present unique challenges in this context. Periodontally 

compromised individuals, classified as stage III or IV 

according to the 2017 World Workshop on the 

Classification of Periodontal and Peri-Implant 

Diseases and Conditions, demonstrate reduced alveolar 

bone height, loss of attachment, increased tooth 

mobility, and impaired regenerative capacity of the 

PDL and surrounding alveolar bone [9, 10]. In these 

patients, the biomechanical environment is altered: the 

center of resistance of teeth shifts apically, and reduced 

PDL volume diminishes the tissue’s ability to dissipate 

forces effectively. Consequently, the application of 

standard orthodontic loads may induce localized 

overloading, accentuating the inflammatory response 

and predisposing to accelerated ERR [11-13]. 

Epidemiological data indicate that ERR is a common 

occurrence in orthodontic populations, with prevalence 

ranging from 20% to 100% depending on diagnostic 

criteria, imaging modality, and treatment parameters 

[14]. In patients with periodontal involvement, the risk 

is markedly increased, with studies reporting 

resorption affecting up to 34.5% of teeth in advanced 

cases [15, 16]. Contributing factors include mechanical 

stress from orthodontic forces, occlusal trauma from 

malpositioned teeth, microbial biofilm accumulation, 

systemic conditions affecting bone metabolism, and 

compromised vascular supply [17]. These overlapping 

risk factors underscore the importance of 

interdisciplinary management, combining periodontal 

stabilization, careful force application, and ongoing 

monitoring to mitigate ERR progression. 

 

 
Figure 1. Biological pathway of external root resorption and key preventive checkpoints in periodontally 

compromised orthodontic patients 

The objectives of this narrative review are threefold. 

First, it aims to provide a detailed overview of the 

pathophysiology of ERR in the context of orthodontic 

treatment, emphasizing cellular and molecular 

mechanisms relevant to periodontally compromised 

patients. Second, it seeks to identify key biological and 

mechanical risk factors for ERR, synthesizing evidence 

from studies published between 2020 and 2025 to 

highlight current consensus and emerging findings. 

Third, it explores evidence-based preventive strategies, 

including force modulation, adjunctive therapies, and 

treatment sequencing, to minimize the incidence and 

severity of ERR. By integrating recent clinical and 

experimental insights, this review intends to update 

practice guidelines, inform risk assessment protocols, 

and identify directions for future research in the 

interdisciplinary management of ERR in adults with 

compromised periodontal support. 

Pathophysiology of External Root Resorption in 

Orthodontic Treatment 

External root resorption (ERR) during orthodontic 

treatment, commonly referred to as orthodontically 
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induced external apical root resorption (OIEARR), 

represents a multifactorial pathological process arising 

from the interplay of mechanical, biological, and 

environmental factors [6, 7]. The initiating event 

occurs when orthodontic forces are applied to teeth, 

creating zones of compression and tension within the 

periodontal ligament (PDL). Compressive forces 

induce localized ischemia and hyalinization of the 

PDL, disrupting normal cellular architecture and 

triggering the recruitment and activation of 

odontoclastic and osteoclastic cells that resorb 

mineralized root surfaces [18-20]. In a healthy 

periodontium, this resorptive activity is typically 

counterbalanced by reparative cementum deposition, 

maintaining structural integrity. However, in patients 

with compromised periodontal support, the 

biomechanical environment is altered: reduced 

alveolar bone height and attachment loss change the 

distribution of forces across the root surface, 

prolonging the presence of hyalinized tissue and 

favoring sustained resorptive activity [21, 22]. 

Finite element analysis (FEA) studies have provided 

critical insights into these biomechanical changes. 

Progressive alveolar bone loss ranging from 0 to 8 mm 

significantly increases stress concentration on root 

surfaces during orthodontic movements. Rotational 

and translational movements, in particular, impose 

higher stress on residual PDL regions once bone loss 

exceeds approximately 4 mm, as uneven stress 

absorption occurs, concentrating 87.99–97.99% of 

applied load on specific root segments [21, 23]. These 

models underscore the importance of adapting force 

magnitude and direction in periodontally compromised 

patients to avoid focal overload and excessive ERR. 

Experimental evidence also demonstrates that heavy 

orthodontic forces, such as 100 g, upregulate receptor 

activator of nuclear factor kappa-Β ligand (RANKL) in 

PDL stem cells, promoting osteoclastogenesis and 

enhancing resorptive activity, whereas lighter, 

physiologically calibrated forces reduce this response 

[24, 25]. Interestingly, endodontically treated teeth 

exhibit lower ERR compared to vital teeth, likely due 

to the absence of pulp-derived inflammatory 

mediators, highlighting the role of local cytokine 

environments in modulating resorptive susceptibility 

[6,26, 27]. Collectively, these findings emphasize that 

in periodontally compromised patients, chronic 

inflammation from periodontitis synergizes with 

mechanical stress, shifting the balance toward 

pathological resorption [9,15,28]. 

Impact of Periodontal Compromise on Root 

Resorption 

Periodontal disease markedly exacerbates ERR during 

orthodontic treatment by impairing the structural and 

biological resilience of the supporting tissues [2, 9, 14, 

29]. In advanced stage IV periodontitis, teeth are 

frequently affected by pathologic migration, occlusal 

trauma, and extensive bone defects, creating a 

biomechanically unstable environment that 

predisposes to accelerated resorption [14, 30]. 

Radiographic surveys indicate a high prevalence of 

ERR in patients with periodontitis, with up to 34.5% of 

teeth affected and rates climbing to 72.2% in stage 

III/IV disease. Localized ERR often correlates with 

areas of vertical or horizontal bone loss, emphasizing 

the relationship between alveolar support and 

resorptive vulnerability [15, 31]. 

Interdisciplinary case reports illustrate that even teeth 

deemed "periodontally hopeless" due to severe 

mobility can be salvaged with combined periodontal 

regeneration and carefully controlled orthodontic 

forces. However, untreated inflammation substantially 

increases ERR risk, underscoring the necessity of 

achieving periodontal stability before tooth movement 

[17,32]. Orthodontic appliances themselves may 

exacerbate the situation by increasing plaque 

accumulation and shifting the oral microbiome toward 

pathogenic species, thereby amplifying gingival 

inflammation and recession, particularly in thin 

gingival phenotypes [2, 9, 33]. Pilot studies addressing 

open bite corrections reveal that vertical intrusive 

forces on anterior teeth can provoke pronounced ERR, 

mirroring the pattern of accelerated attachment loss 

observed in compromised periodontium [18,34]. 

Therefore, a critical prerequisite for orthodontic 

treatment in periodontally compromised adults is the 

establishment of periodontal stability, defined by the 

absence of bleeding on probing (BOP), probing depths 

consistently below 5 mm, and controlled microbial 

burden [11,14, 35]. Only when these parameters are 

met can orthodontic forces be applied safely, 

minimizing the risk of ERR while promoting 

controlled tooth movement. Integration of 

biomechanical planning with periodontal management 

is thus essential to preserve root integrity, optimize 

treatment outcomes, and prevent long-term 

complications in this high-risk patient population. 

Biological Risk Factors Associated with External 

Root Resorption 

External root resorption (ERR) in periodontally 

compromised orthodontic patients is influenced by a 

complex interplay of biological, mechanical, and 

systemic factors that collectively determine 

susceptibility and severity [7, 9, 18]. Among patient-
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specific determinants, genetic predisposition plays a 

substantial role, with heritability estimates as high as 

70%, highlighting the influence of polymorphisms in 

genes regulating osteoclastogenesis, cytokine 

expression, and extracellular matrix remodeling [1, 7, 

18, 36]. Tooth morphology is also critical; teeth with 

thin, tapered, or conical roots exhibit reduced surface 

area for stress dissipation, predisposing them to 

localized overloading and subsequent resorption. Prior 

dental trauma, whether from sports injuries, accidents, 

or parafunctional habits such as bruxism and thumb 

sucking, further increases risk, particularly in anterior 

teeth where mechanical stress is concentrated [1,7, 18]. 

In the context of periodontal compromise, chronic 

inflammation magnifies these intrinsic vulnerabilities. 

Dysbiotic microbial biofilms trigger persistent immune 

activation within the PDL, with elevated levels of pro-

inflammatory cytokines—including interleukin-1β 

(IL-1β), interleukin-6 (IL-6), and tumor necrosis 

factor-alpha (TNF-α)—that upregulate receptor 

activator of nuclear factor kappa-B ligand (RANKL) 

expression [6, 24, 37]. This cytokine milieu enhances 

odontoclastic differentiation and activity, prolonging 

resorptive phases and reducing the capacity for 

reparative cementum deposition. Consequently, the 

threshold for ERR is lower in patients with active 

periodontal inflammation, necessitating meticulous 

periodontal control prior to orthodontic intervention 

[9,15, 38]. 

Treatment-related factors further modulate risk. 

Orthodontic force magnitude, duration, and type are 

paramount; heavy continuous forces exceeding 50 g, 

prolonged treatment times, and intrusive or rotational 

movements have been consistently associated with 

increased ERR, especially in extraction cases where 

space closure imposes complex vectors on 

compromised roots [2, 9]. Finite element analysis 

(FEA) studies demonstrate that progressive alveolar 

bone loss alters stress distribution along the root 

surface, concentrating mechanical load in regions 

where the PDL is thinned or absent. Rotational and 

translational movements exacerbate localized stress, 

intensifying the risk of resorption in these structurally 

vulnerable zones [21,39]. 

Systemic conditions also influence susceptibility. 

Endocrine disorders, diabetes, and other metabolic 

dysfunctions exacerbate periodontal dysbiosis and 

impair tissue repair, indirectly increasing ERR risk [2, 

14]. Additionally, cumulative trauma, whether from 

contact sports or repetitive micro-injuries, further 

predisposes anterior teeth to resorption due to chronic 

microdamage that compounds mechanical and 

inflammatory stimuli [1]. Collectively, these patient-, 

treatment-, and system-related factors interact 

synergistically in periodontally compromised 

individuals, necessitating individualized risk 

assessment and treatment planning [11,26, 40]. 

Cellular and Molecular Mechanisms 

At the cellular level, ERR is mediated by 

odontoclasts—osteoclast-like cells capable of 

demineralizing and enzymatically degrading 

cementum and dentin [6, 24, 41]. Orthodontic force-

induced PDL compression triggers an inflammatory 

cascade, characterized by increased RANKL 

expression from PDL stem cells and decreased 

secretion of its decoy receptor, osteoprotegerin (OPG), 

skewing the RANKL/OPG ratio toward resorption [24, 

42]. In vital teeth, additional inflammatory mediators 

released from the pulp amplify this effect, explaining 

why root-filled teeth typically exhibit lower ERR rates 

[6, 26]. 

In periodontally compromised patients, the persistent 

presence of microbial endotoxins, such as 

lipopolysaccharides from Porphyromonas gingivalis, 

sustains cytokine release and prolongs clastic activity, 

creating a microenvironment conducive to extended 

root resorption [9,15]. Animal studies corroborate 

these findings, showing that heavy orthodontic forces 

activate osteoclasts primarily in the PDL rather than the 

pulp, leading to external rather than internal resorption 

[24]. Genetic variations in osteopontin, interleukin-1, 

and other cytokine-related genes modulate individual 

susceptibility, linking heritable traits to inflammatory 

responsiveness and ERR risk [18]. 

Reparative processes are also critically involved. In 

vital teeth, tertiary dentin formation serves as a 

protective barrier against internal resorption, whereas 

external repair relies on cementoblast activity along the 

root surface. In inflamed or compromised PDL, 

cementoblast function is often impaired, limiting the 

potential for natural repair and reinforcing the need for 

preventive mechanical strategies [11]. These 

mechanistic insights highlight potential targets for 

adjunctive therapies, such as pharmacologic 

modulation of RANKL/OPG signaling or local anti-

inflammatory interventions, though current clinical 

practice primarily emphasizes mechanical modulation 

careful force calibration, intermittent loading, and 

treatment sequencing to minimize ERR in high-risk 

patients [7, 21]. 

Diagnostic and Monitoring Strategies 

Accurate diagnosis and continuous monitoring are 

essential for the effective management of external root 
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resorption (ERR) in periodontally compromised 

orthodontic patients, particularly given the 

asymptomatic nature of early resorptive changes [2,9, 

18]. Conventional two-dimensional imaging 

modalities, such as panoramic or periapical 

radiographs, provide limited sensitivity and may 

underestimate subtle root defects. Cone-beam 

computed tomography (CBCT), with its three-

dimensional capability, allows precise evaluation of 

root morphology, bone levels, periodontal ligament 

(PDL) width, and early signs of resorption, offering 

superior diagnostic accuracy compared to conventional 

radiography [9,26]. Baseline CBCT imaging is crucial 

for documenting initial root anatomy, identifying 

previous trauma or pre-existing resorption, and 

assessing alveolar bone support, particularly in patients 

with advanced periodontal disease where cortical and 

trabecular bone architecture may already be 

compromised [2, 21]. 

Monitoring intervals should be individualized based on 

risk assessment, with high-risk cases such as stage 

III/IV periodontitis, thin root morphologies, or teeth 

subjected to heavy orthodontic forces benefiting from 

serial CBCT evaluations every 6 to 12 months. This 

allows for early detection of progressive resorption and 

facilitates timely interventions [2, 21]. Clinical 

indicators, although often subtle, can include increased 

tooth mobility, sensitivity to percussion or thermal 

stimuli, and changes in occlusion; however, these signs 

generally manifest only in advanced resorption [15]. 

Radiographic prevalence studies in periodontitis 

patients highlight the importance of routine 

surveillance, revealing ERR in over one-third of 

individuals undergoing orthodontic therapy [15]. 

In endodontically treated teeth, monitoring PDL space 

expansion can serve as a predictive marker for ERR 

under orthodontic forces, as these teeth typically 

demonstrate a lower baseline inflammatory response 

but remain susceptible to mechanical stress [26]. 

Interdisciplinary protocols recommend pausing 

orthodontic treatment if radiographic resorption 

exceeds approximately 3 mm, allowing a period of 2 to 

6 months for reparative processes and stabilization 

before resuming movement [2,11]. Integrating these 

imaging and clinical monitoring strategies ensures 

early intervention, minimizing irreversible damage and 

optimizing outcomes in high-risk groups [14,17]. 

Preventive Measures and Clinical 

Recommendations 

Prevention of ERR in periodontally compromised 

patients requires a holistic, multidisciplinary approach 

that prioritizes periodontal stabilization prior to 

initiating orthodontic forces [2,9,11,14]. Achieving 

periodontal endpoints—such as probing pocket depths 

(PPD) ≤5 mm, minimal bleeding on probing (BOP), 

and plaque scores below 15–20%—is fundamental. 

These conditions are typically achieved through a 

combination of non-surgical therapy (scaling and root 

planing), surgical interventions for residual pockets, 

and ongoing supportive periodontal care (SPC) to 

maintain tissue health [9,14]. 

Mechanical considerations play a pivotal role in 

minimizing ERR. Orthodontic forces should be light 

and continuous, particularly for intrusive movements, 

with recommended magnitudes of 5–10 g per tooth to 

reduce PDL ischemia and hyalinization [11,21]. 

Segmented mechanics and controlled force vectors 

should be employed to direct stress near the tooth’s 

center of resistance, preventing tipping, uncontrolled 

rotation, or concentrated pressure on compromised 

roots [11,21]. Appliance selection must balance 

biomechanical control and hygiene: fixed labial 

systems are preferred for complex movements, while 

aligners may be advantageous in mild compromise due 

to ease of oral hygiene but are less effective in teeth 

with severe mobility or root vulnerability [14]. 

Incorporating strategic treatment breaks—ranging 

from 4 to 6 months—allows the PDL and surrounding 

bone to recover when early resorption is detected via 

CBCT, leveraging the tissue’s natural reparative 

capacity [2,7]. Pre-orthodontic endodontic therapy can 

reduce ERR risk by eliminating pulp-derived 

inflammatory mediators that otherwise potentiate 

odontoclastic activity [6, 26]. Adjunctive measures 

include meticulous oral hygiene reinforcement, 

utilizing electric toothbrushes, interdental brushes, and 

chlorhexidine rinses, alongside structured SPC 

schedules every 1–6 months depending on risk profile 

[2, 9]. 

Long-term retention strategies, including fixed lingual 

wires or vacuum-formed splints, are critical to 

maintaining tooth position and preventing further bone 

loss post-treatment [11, 17]. Patient education is 

equally important; informing patients about potential 

risks, ensuring informed consent, and monitoring for 

trauma—particularly in sports-active individuals—can 

further mitigate ERR occurrence [1,18]. Collectively, 

these evidence-based preventive measures and 

monitoring protocols significantly reduce the incidence 

and severity of ERR while allowing safe and effective 

orthodontic treatment in periodontally compromised 

adults [7,15, 24]. 

Discussion 
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The integration of orthodontic treatment in 

periodontally compromised patients presents a 

complex interplay of mechanical, biological, and 

systemic factors that necessitate meticulous planning. 

One of the most significant challenges in this cohort is 

the heightened susceptibility to external root resorption 

(ERR), particularly orthodontically induced external 

apical root resorption (OIEARR). ERR arises from a 

convergence of mechanical stress, periodontal 

inflammation, and host-specific factors that activate 

odontoclastic cells, ultimately resorbing cementum and 

dentin [1,18]. While contemporary evidence suggests 

that orthodontic therapy can, under controlled 

conditions, stabilize or even enhance periodontal 

parameters, the presence of pre-existing bone loss, thin 

gingival phenotypes, or chronic inflammation 

increases the risk and severity of resorption, making 

individualized risk assessment imperative [2,6,18]. 

 

Synthesis of biological risk factors 

Recent literature underscores the multifactorial nature 

of ERR, emphasizing genetic, systemic, and local 

contributors. Genetic predisposition plays a pivotal 

role, with polymorphisms in genes encoding pro-

inflammatory cytokines, such as interleukin-1β (IL-

1β), and structural proteins like osteopontin, 

contributing significantly to susceptibility. Heritability 

estimates for ERR range up to 70%, indicating a strong 

host determinant [4, 43]. Observational and cohort 

studies demonstrate that these polymorphisms 

modulate the inflammatory and clastic response to 

orthodontic forces, amplifying odontoclastic activity 

and prolonging resorption phases in susceptible 

individuals [43, 44]. When combined with chronic 

periodontal inflammation, these genetic factors act 

synergistically, as dysbiotic biofilms elevate RANKL, 

TNF-α, and IL-6 expression, perpetuating osteoclast-

mediated root resorption [24,45]. 

Systemic conditions further exacerbate ERR risk in this 

population. Endocrine disorders, allergies, and asthma 

have been consistently linked to higher rates of ERR, 

with meta-analyses revealing increased odds for 

orthodontically induced inflammatory root resorption 

in these patients [46, 47]. The proposed mechanism 

involves altered immune modulation and an enhanced 

inflammatory milieu that favors odontoclastic 

activation. Similarly, metabolic syndromes such as 

diabetes impair periodontal healing and amplify 

susceptibility to ERR by promoting chronic low-grade 

inflammation and vascular dysfunction in the PDL 

[2,14]. These findings highlight the importance of 

thorough medical screening and interdisciplinary 

management in adult orthodontic patients with 

systemic comorbidities. 

Local anatomical factors also significantly influence 

risk. Teeth with abnormal root morphologies—such as 

pipette-shaped, dilacerated, or tapered roots—exhibit 

uneven stress distribution during orthodontic loading, 

increasing susceptibility to ERR, as demonstrated by 

finite element analysis (FEA) studies [1,14,48]. Prior 

dental trauma further predisposes roots to resorption 

due to microstructural defects and pre-existing 

inflammatory priming of the PDL. Thin gingival 

phenotypes and reduced keratinized tissue exacerbate 

vulnerability, particularly during labial or intrusive 

movements, where dehiscence and localized resorption 

are more likely [2,15]. 

Treatment-related factors are critical, modifiable 

determinants of ERR. Force magnitude, duration, and 

type of movement profoundly influence resorption 

risk. Heavy forces (>50 g) and intrusive or rotational 

movements concentrate stress at the apical regions, 

especially in periodontally compromised teeth where 

alveolar bone loss has shifted the center of resistance 

apically [6,11,21]. Prolonged treatment durations, 

particularly those exceeding two years or involving 

extraction protocols, have been associated with severe 

ERR (>2 mm), predominantly affecting anterior teeth 

[49, 50]. In compromised periodontium, these 

mechanical stressors act in concert with chronic 

inflammatory stimuli, explaining the high prevalence 

of ERR observed in 34–72% of teeth in advanced stage 

III–IV periodontitis [2,15]. 

 

Clinical implications and risk management 

The synthesis of these risk factors underscores the 

necessity of a comprehensive, interdisciplinary 

approach in managing ERR risk. Clinicians must 

integrate genetic, systemic, and local assessments into 

treatment planning, employing preventive strategies 

such as pre-orthodontic periodontal stabilization, force 

modulation, and meticulous appliance selection. For 

instance, segmented arch mechanics, TAD-supported 

intrusion, and light, continuous forces minimize stress 

concentration on vulnerable roots while allowing 

controlled tooth movement [11, 21]. Endodontically 

treated teeth may tolerate slightly higher forces due to 

reduced pulp-derived inflammatory signaling, whereas 

teeth with complex root morphology or prior trauma 

require conservative force application and closer 

radiographic monitoring [6, 26]. 

Monitoring strategies, including CBCT imaging, 

periodic clinical evaluations, and interval 

reassessments of mobility and periodontal status, 

enable early detection of ERR and timely intervention 
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[2,9,26]. Patient-specific factors, such as systemic 

comorbidities or inflammatory predispositions, should 

guide individualized force protocols and treatment 

sequencing, emphasizing minimal risk while 

optimizing tooth movement efficiency [1,14, 47]. 

In summary, ERR in periodontally compromised 

orthodontic patients results from an intricate 

interaction of host, local, and treatment-related factors. 

Understanding these mechanisms allows clinicians to 

anticipate high-risk scenarios, tailor biomechanical 

strategies, and implement preventive measures, 

ultimately improving the safety and predictability of 

orthodontic therapy in this vulnerable population. 

 

Interplay between periodontal compromise and 

external root resorption 

Periodontal disease fundamentally modifies the 

biomechanical and biological environment in which 

orthodontic tooth movement occurs, substantially 

predisposing teeth to external root resorption (ERR) [6, 

18, 51]. Reduced alveolar bone height and 

compromised attachment increase stress concentration 

within the periodontal ligament (PDL), altering normal 

force dissipation during orthodontic loading. Finite 

element analysis (FEA) studies demonstrate that after 

approximately 4 mm of alveolar bone loss, 87–98% of 

applied orthodontic forces are transmitted directly to 

the root surfaces, particularly during rotational or 

intrusive movements, which amplifies hyalinization 

and triggers sustained odontoclastic activity [14, 48, 6, 

11]. These biomechanical alterations are compounded 

by the persistent presence of microbial biofilms within 

periodontal pockets, which sustain a pro-inflammatory 

microenvironment. Elevated expression of RANKL 

relative to OPG in these contexts promotes 

odontoclastogenesis, tipping the balance toward 

resorption rather than repair [4, 24, 45]. 

Interdisciplinary case series highlight the 

transformative potential of coordinated therapy in 

periodontally compromised patients. Teeth previously 

considered “hopeless” due to severe bone loss or 

mobility can become functionally viable when 

periodontal inflammation is adequately controlled 

prior to orthodontic intervention [17, 51]. Radiographic 

evaluations consistently show that the prevalence of 

ERR is higher in Stage III and IV periodontitis, with 

resorption frequently localized to regions exhibiting 

vertical or combined bone defects [2,15]. Endodontic 

status also modulates risk: meta-analyses reveal 

reduced ERR in root-filled teeth, likely due to the 

elimination of pulp-mediated inflammatory signaling 

[26, 52]. Nevertheless, in the presence of significant 

periodontal compromise, even endodontically treated 

teeth remain susceptible to external mechanical stress 

unless periodontal stability is firmly established [17, 

53]. 

 

Preventive strategies: Evidence and efficacy 

Mitigation of ERR in this patient population relies on a 

combination of interdisciplinary protocols, force 

optimization, tissue phenotype management, and 

vigilant monitoring [7, 18, 54]. Paramount among these 

strategies is the achievement of periodontal stability 

before orthodontic intervention. This includes probing 

depths <5 mm, absence of bleeding on probing (BOP), 

and plaque indices below 20%, which collectively 

reduce inflammatory stimuli and provide a more 

resilient PDL [9]. Randomized controlled trials support 

the clinical relevance of delaying orthodontic treatment 

until such regenerative and stabilization endpoints are 

met, demonstrating lower ERR incidence in patients 

who initiate orthodontics post-periodontal therapy [9]. 

Soft and hard tissue phenotype modification further 

enhances protective capacity. Gingival augmentation 

in thin biotypes, as shown in systematic reviews, 

increases keratinized tissue width and reduces the 

susceptibility to dehiscence and subsequent ERR 

without compromising orthodontic treatment outcomes 

[21, 55]. 

Force application strategies are equally critical. Light, 

continuous forces within the range of 5–15 g, 

combined with segmented arch mechanics, minimize 

PDL ischemia and reduce hyalinized areas that favor 

resorption [56, 57]. Clear aligners may present an 

additional advantage in select cases, as umbrella 

reviews report lower ERR rates compared to 

conventional fixed appliances, likely due to their 

gentler force profiles and improved hygiene facilitation 

[56, 57]. Scheduled treatment pauses of 3–6 months 

upon early radiographic detection of resorption allow 

for reparative cementum deposition, as recommended 

in contemporary clinical guidelines [7,16, 54]. 

Emerging pharmacologic adjuncts offer potential 

avenues for ERR prevention. Animal studies 

demonstrate that sphingosine-1-phosphate modulators 

and other osteoclast-targeting agents can inhibit 

excessive root resorption, although human trials are 

needed to validate safety and efficacy [4, 27]. 

Diagnostic monitoring remains a cornerstone of 

prevention. Cone-beam computed tomography 

(CBCT) provides superior detection of early 

volumetric changes compared to two-dimensional 

imaging, enabling timely identification of ERR [2, 10, 

26]. Multicenter randomized controlled trials 

corroborate that routine intermediate CBCT imaging 

facilitates early intervention and mitigates progression, 
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though debate persists regarding its cost-effectiveness 

in non-extraction, low-risk cases [29]. Complementary 

to imaging, patient education on trauma avoidance—

such as the use of protective mouthguards during 

sports—and meticulous oral hygiene are essential for 

maintaining periodontal health and reducing additive 

risk factors for ERR [1, 18]. 

Overall, the interplay between compromised 

periodontium and orthodontic forces necessitates a 

proactive, evidence-based approach that integrates 

tissue stabilization, individualized biomechanics, 

phenotype management, and robust monitoring to 

minimize ERR and optimize long-term outcomes. 

Clinical Implications 

Clinically, these findings advocate for personalized 

risk assessments using tools like genetic screening and 

baseline CBCT to stratify patients [7,43,44]. In 

periodontally compromised individuals, orthodontic 

goals should prioritize functional stability over 

aesthetics, employing biomechanics that respect 

altered periodontal dynamics [6,11, 14]. 

Interdisciplinary collaboration between orthodontists 

and periodontists is essential, with protocols 

emphasizing pre-treatment stabilization and intra-

treatment maintenance [18, 51]. 

Economically, preventing ERR reduces long-term 

costs associated with tooth loss or prosthetics, 

enhancing patient satisfaction [17]. However, in high-

risk cases (e.g., trauma history, genetic susceptibility), 

informed consent must highlight potential outcomes, 

including treatment abandonment if resorption 

progresses [7, 54]. 

Limitations of Current Literature 

Despite advances, limitations persist. Most studies are 

retrospective or observational, with few high-quality 

RCTs addressing periodontally compromised cohorts 

specifically [9, 29]. Heterogeneity in ERR 

measurement (e.g., linear vs. volumetric) and force 

quantification hampers meta-analyses [49, 50]. Long-

term follow-up (>5 years) is scarce, obscuring the 

permanence of reparative processes [7, 18]. 

Additionally, while FEA models provide mechanistic 

insights, they often oversimplify biological variability 

[14, 48]. Genetic studies are limited by small samples 

and ethnic biases, warranting larger, diverse cohorts 

[43, 44]. Finally, emerging therapies like tissue 

engineering for resorption repair lack clinical 

validation [3, 25]. 

Conclusions 

In conclusion, ERR in periodontally compromised 

orthodontic patients stems from intertwined biological 

risk factors, including genetic predispositions, 

systemic conditions, and mechanical stressors, 

amplified by periodontal inflammation. Prevention 

hinges on achieving periodontal stability, employing 

light forces, regular monitoring with CBCT, and 

considering endodontic interventions. Evidence from 

2020-2025 underscores the efficacy of 

interdisciplinary approaches in mitigating risks, 

ensuring safer outcomes. 

Future research should prioritize prospective RCTs 

evaluating long-term ERR in compromised patients, 

incorporating genetic and microbiome analyses for 

personalized protocols. Investigating novel adjuncts, 

such as anti-resorptive biologics or AI-driven force 

optimization, could revolutionize prevention. 

Additionally, standardized ERR grading systems and 

international registries would enhance comparative 

studies, ultimately refining guidelines for this high-risk 

population. 

Acknowledgments: None 

Conflict of Interest: None 

Financial Support: None 

Ethics Statement: None 

References 

1. Bayir F, Bosnaklar Ulusoy C. External apical root 

resorption after orthodontic treatment: incidence, 

severity and risk factors. J Dent Res Dent Clin 

Dent Prospects. 2021;15(2):100-5. 

doi:10.34172/joddd.2021.017. 

2. Jain P, Kalburgi V, Jain AK, Patidar M, Batham 

PR. Radiographic evaluation of the prevalence of 

external root resorption in patients with 

periodontitis in Indore: a cross-sectional study. 

Cureus. 2024;16(11):e74402. 

doi:10.7759/cureus.74402. 

3. Huyen NT, Nghi PH, Phuong ĐTL, Trang TTT, 

Huyen LT. Public debt and prosperity nexus in 

Asian countries: nonlinearity and threshold 

analysis. J Organ Behav Res. 2023;8(1):74-91. 

https://doi.org/10.51847/tw5g65dco8 

4. Bahrawi SAH, Ali EARFE. The influence of 

organizational behavior on strategic decision-

making. Asian J Indiv Organ Behav. 2023;3:25-

35. https://doi.org/10.51847/cb7NzhSkVg 

5. Ncube M, Sibanda M, Matenda FR. The influence 

of AI and the pandemic on BRICS nations: South 



Keller et al., External Root Resorption in Periodontally Compromised Orthodontic Patients: Biological Risk Factors and 

Prevention 

Africa’s economic performance during crisis. Ann 

Organ Cult Leadersh Extern Engagem J. 

2023;4:17-24. 

https://doi.org/10.51847/lrMvYTE3OF 

6. Antonarakis GS, Zekeridou A, Kiliaridis S, 

Giannopoulou C.  Periodontal considerations 

during orthodontic intrusion and extrusion in 

healthy and reduced periodontium. Periodontol 

2000. 2024. doi:10.1111/prd.12578. 

7. Castaner U, Nacher JC. Resorptions and 

orthodontics. Orthod Fr. 2024;95(1):45-78. 

doi:10.1684/orthodfr.2024.148. 

8. Fitero A, Negruț N, Cseppento DCN, MirelaTit D, 

Negru PA, Bustea C, et al. Inequities in antiviral 

therapy for diabetic individuals affected by 

COVID-19. Ann Pharm Pract Pharmacother. 

2023;3:9-20. 

https://doi.org/10.51847/BAIbQWifek 

9. Martin C, Smith J, Brown P. RCT on orthodontic 

timing post-periodontal regeneration: root 

resorption and tooth movement outcomes. Eur J 

Orthod. 2025;47(5):cjaf078. 

doi:10.1093/ejo/cjaf078. 

10. Xie B, Liu Y, Li X, Yang P, He W. Enhancing the 

dissolution rate of dolutegravir sodium using 

nanosuspension technology and a 32 factorial 

design. Pharm Sci Drug Des. 2023;3:12-9. 

https://doi.org/10.51847/2uCOYf3jPn 

11. He X, Li X, Zhou X, Xia Y, Liu J, Mao L. 

Comparative analysis of root resorption and 

alveolar remodeling in maxillary incisors during 

orthodontic-orthognathic surgical treatment of 

skeletal Class III malocclusion. Am J Orthod 

Dentofacial Orthop. 2025;167(5):591-603.e6. 

doi:10.1016/j.ajodo.2024.12.007. 

12. Park K. Advances in controlled drug release 

systems: current trends and future prospects. 

Pharm Sci Drug Des. 2024;4:26-34. 

https://doi.org/10.51847/m708A2Qw3b 

13. Cissé C, Konaré MA, Samaké M, Togola I. 

Exploring the anti-inflammatory potential of 

Sericanthe chevalieri and Ceiba pentandra as 

natural antitussives for children. Spec J 

Pharmacogn Phytochem Biotechnol. 2024;4:49-

58. https://doi.org/10.51847/0OVczhRtw1 

14. Flatten J, Gedrange T, Bourauel C, Keilig L, 

Konermann A. The role of bone and root 

resorption on the biomechanical behavior of 

mandibular anterior teeth subjected to orthodontic 

forces: a finite element approach. Biomedicines. 

2024;12(9):1959. 

doi:10.3390/biomedicines12091959. 

15. Tavares ARF, de Carvalho MA, Lazari-Carvalho 

PC, de Araújo Estrela LR, de Freitas Silva BS, Del 

Bel Cury AA, Araújo Estrela CR. Teeth with 

external apical root resorption under orthodontic 

movement: an in silico analysis on stress and 

displacement. J Orofac Orthop. 2025. 

doi:10.1007/s00056-025-00620-y. 

16. Wal A, Wal P, Pandey A, Vig H, Ved A, Samal 

HB. Exploring myasthenia gravis subtypes: 

impact on pregnancy and recent treatment 

advancements. Interdiscip Res Med Sci Spec. 

2023;3(1):26-38. 

https://doi.org/10.51847/LfGflzk9de 

17. Pustułka K, Woźniak K, Urban T, Łyczkowska W, 

Piątkowski J, Lis J. The radiological assessment of 

root features and periodontal structures in 

endodontically treated teeth subjected to forces 

generated by fixed orthodontic appliances: a 

prospective, clinical cohort study. J Clin Med. 

2021;10(10):2078. doi:10.3390/jcm10102078. 

18. Jepsen K, Jepsen S. Complications and treatment 

errors involving periodontal tissues related to 

orthodontic therapy. Periodontol 2000. 

2023;92(1):135-158. doi:10.1111/prd.12484. 

19. Uneno Y, Morita T, Watanabe Y, Okamoto S, 

Kawashima N, Muto M. Assessing the supportive 

care needs of elderly cancer patients at Seirei 

Mikatahara General Hospital in 2023. Int J Soc 

Psychol Asp Healthc. 2024;4:13-9. 

https://doi.org/10.51847/o4njwxvRSF 

20. Çınaroğlu M, Ahlatcıoğlu EN, Prins J, Nan M. 

Psychological challenges in cancer patients and 

the impact of cognitive behavioral therapy. Int J 

Soc Psychol Asp Healthc. 2023;3:21-33. 

https://doi.org/10.51847/ZDLdztUSsw 

21. Wang CW, Yu SH, Mandelaris GA, Chang LC, 

Crawford RS, Wang HL. Is periodontal phenotype 

modification therapy beneficial for patients 

receiving orthodontic treatment? An American 

Academy of Periodontology best evidence review. 

J Periodontol. 2020;91(3):299-310. 

doi:10.1002/JPER.19-0037. 

22. Silva-Hormazábal M, Alsina Á. Exploring the 

impact of integrated education on medical 

sciences: a comprehensive review. Ann Pharm 

Educ Saf Public Health Advocacy. 2023;3:30-6. 

https://doi.org/10.51847/h9MdCIGsUf 

23. Alhossan A, Al Aloola N, Basoodan M, Alkathiri 

M, Alshahrani R, Mansy W, et al. Assessment of 

community pharmacy services and preparedness 

in Saudi Arabia during the COVID-19 pandemic: 

a cross-sectional study. Ann Pharm Educ Saf 



Keller et al., External Root Resorption in Periodontally Compromised Orthodontic Patients: Biological Risk Factors and 

Prevention 

Public Health Advocacy. 2024;4:43-9. 

https://doi.org/10.51847/C52qAb0bZW 

24. Wang H, Li T, Wang X, Yin X, Zhao N, Zou S, 

Duan P, Bonewald LF. Mechanisms of 

sphingosine-1-phosphate (S1P) signaling on 

excessive stress-induced root resorption during 

orthodontic molar intrusion. Clin Oral Investig. 

2022;26(1):1003-16. doi:10.1007/s00784-021-

04084-3. 

25. Khalil AM. Advances in epigenome engineering: 

mastering technical approaches for better 

outcomes. J Med Sci Interdiscip Res. 

2023;3(2):21-34. 

https://doi.org/10.51847/iBbxxQHVQH 

26. Otelakoski BA, Gonçalves FM, Araujo BM de 

Mattos de, Zeigelboim BS, Taveira KV Meira, 

Santos RS, et al. Comparison of orthodontic root 

resorption of root-filled and vital teeth: a meta-

analysis. J Am Dent Assoc. 2022;153(6):532-

41.e7. doi:10.1016/j.adaj.2021.11.012. 

27. Zhou Y, Peng S, Wang H, Cai X, Wang Q. 

Pharmacogenomic strategies in Alzheimer’s 

disease: an in-depth review. J Med Sci Interdiscip 

Res. 2024;4(1):15-21. 

https://doi.org/10.51847/q8JX01Pn0m 

28. Singh N, Pradhan P, Giri R, Satapathy D. Ki-67 

expression as a complementary marker for 

histopathological grading of astrocytic tumors. 

Arch Int J Cancer Allied Sci. 2023;3(2):5-10. 

https://doi.org/10.51847/u7xvxvsgKS 

29. Pardo-Zamora F, Castellano-Rioja G. Liquid 

biopsy in oral cancer diagnosis: a narrative review 

of emerging diagnostic tools. Arch Int J Cancer 

Allied Sci. 2024;4(1):1-6. 

https://doi.org/10.51847/CcaLqtzvoN 

30. Kajanova J, Badrov A. Medical students’ 

perspectives on trust in medical AI: a quantitative 

comparative study. Asian J Ethics Health Med. 

2024;4:44-57. 

https://doi.org/10.51847/36mpdZ9AZ8 

31. Lembo L, Barra M, Iriti A. Building trust in the 

application of machine learning algorithms for 

rare disease diagnosis. Asian J Ethics Health Med. 

2023;3:26-39. 

https://doi.org/10.51847/Mo7NXmiBnA 

32. Lobach EY, Ageenko DD, Poznyakovsky VM, 

Pastushkova EV, Tokhiriyon B, Saulich NA. 

Exploring the role of pantohematogen-S in deer 

antler products: characterization and authenticity 

verification. Int J Vet Res Allied Sci. 

2023;3(1):26-31. 

https://doi.org/10.51847/FHHvX2ADoM 

33. Bugti GA, Chen H, Bin W, Rehman A, Ali F. 

Pathogenic effects of entomopathogenic fungal 

strains on fall armyworm (Spodoptera frugiperda) 

larvae. Int J Vet Res Allied Sci. 2024;4(1):20-7. 

https://doi.org/10.51847/Kb7f57KWST 

34. Bate GB, Adeleye AO, Ijanu EM, Olalere EO, 

Amoo AO, Asaju CI, et al. Quality assessment of 

wastewater: physicochemical and bacteriological 

evidence from Dutse abattoir, North-West Nigeria. 

World J Environ Biosci. 2023;12(3):58-66. 

https://doi.org/10.51847/5xxrD8Fbka 

35. Kyire LA, Ackah O, Acheampong EO, Korda 

MHA. Antecedents of green innovation among 

SMEs in Ghana: the moderating role of 

organizational green core competence. World J 

Environ Biosci. 2023;12(3):47-57. 

https://doi.org/10.51847/tOXmgxOHLu 

36. Nguyen Ha M, Le Thanh T, Pham Thi Thanh V. 

Factors affecting retail customers’ satisfaction 

when using M-banking services: case study at 

Sacombank - Hanoi branch. J Organ Behav Res. 

2024;9(1):48-63. 

https://doi.org/10.51847/YrZHHIko2r 

37. Cantile T, Lombardi S, Quaraniello M, Riccitiello 

F, Leuci S, Riccitiello A. Studying the knowledge 

and behavior of parents in dealing with children's 

dental injuries. Ann Dent Spec. 2024;12(2):1-5. 

https://doi.org/10.51847/FYF9lXJwPt 

38. Jamal BT. Does sphincter pharyngoplasty improve 

speech hypernasality in cleft patients with 

velopharyngeal incompetence? Ann Dent Spec. 

2023;11(3):9-13. 

https://doi.org/10.51847/2OnbthAhZO 

39. Zharashueva EB, Mirzayeva AK, Iakovleva AN, 

Dyshnieva NA, Dudurgova AT, Utovka OV, et al. 

Sanitary and hygienic assessment of the dressing 

material modified with silver nanoparticles. J Adv 

Pharm Educ Res. 2024;14(3):9-14. 

https://doi.org/10.51847/J10C8y3UWQ 

40. Bisri DY, Hallis IK, Saputra TA, Bisri T. Brain 

relaxation score on craniotomy brain tumour 

removal with adjuvant thiopental and 

dexmedetomidine: a case report. J Adv Pharm 

Educ Res. 2023;13(3):73-8. 

https://doi.org/10.51847/CTKVDUSitR 

41. Kartashev VP, Xingyuan S, Medvedev IN, 

Tkacheva ES, Vorobyeva NV. Physiological 

changes in the erythrocytes of an aging organism 

experiencing physical. J Biochem Technol. 

2023;14(1):50-6. 

https://doi.org/10.51847/GGLSMMHC5s 

42. Jiang B, Duan D, Gao L, Zhou M, Fan K, Tang Y, 

et al. Properties and applications of plant 



Keller et al., External Root Resorption in Periodontally Compromised Orthodontic Patients: Biological Risk Factors and 

Prevention 

peroxidases. J Biochem Technol. 2024;15(4):3-8. 

https://doi.org/10.51847/6C0QKTK3Na 

43. Kalra S, Sharma R, Goyal A, Wadhwa S, Sharma 

A. External apical root resorption in orthodontic 

patients: molecular and genetic basis. J Family 

Med Prim Care. 2020;9(8):3872-3882. 

doi:10.4103/jfmpc.jfmpc_802_20. 

44. Silva HC, Santos J, Oliveira L. Influence of 

clinical factors on the protective or deleterious 

impact of genetic variants in orthodontically 

induced external root resorption: an observational 

study. BMC Oral Health. 2022;22(1):270. 

doi:10.1186/s12903-022-02306-y. 

45. Zhao Y, Li X, Wang Q. Orthodontic tension 

promotes cementoblast mineralization by 

regulating autophagy. J Dent Sci. 

2024;19(4):2186-2195. 

doi:10.1016/j.jds.2024.03.009. 

46. Dos Santos CCO, Normando D, de Oliveira BH, 

Valarelli DP. Allergies/asthma and root 

resorption: a systematic review. Prog Orthod. 

2021;22(1):8. doi:10.1186/s40510-021-00351-x. 

47. Heboyan A, Avetisyan A, Karobari MI, Marya A, 

Khurshid Z, Rokaya D. Tooth root resorption: a 

review. Sci Prog. 2022;105(3):368504221109217. 

doi:10.1177/00368504221109217. 

48. Lin J, Kang T, Chen Z, Chen X. Quantitative 

analysis and clinical determinants of 

orthodontically induced root resorption using 

automated tooth segmentation from CBCT 

imaging. BMC Oral Health. 2025;25(1):694. 

doi:10.1186/s12903-025-06052-9. 

49. Yassir YA, McIntyre GT, Bearn DR. Orthodontic 

treatment and root resorption: an overview of 

systematic reviews. Eur J Orthod. 2021;43(4):442-

456. doi:10.1093/ejo/cjaa058. 

50. Selvaraj M, Kumar S, Singh P. Orthodontically 

induced external apical root resorption with clear 

aligners compared to fixed appliance treatment: an 

umbrella review. J Oral Biol Craniofac Res. 

2025;15(5):938-947. 

doi:10.1016/j.jobcr.2025.06.011. 

51. Zhou X, Wang Y, Li Q. Relationship between 

orthodontic treatment and root resorption. 

Zhonghua Kou Qiang Yi Xue Za Zhi. 

2023;58(9):893-898. 

doi:10.3760/cma.j.cn112144-20230508-00190. 

52. Sondeijker CFW, de Jong RH, Meulman T. 

Development of a clinical practice guideline for 

orthodontically induced external apical root 

resorption. Eur J Orthod. 2020;42(2):115-124. 

doi:10.1093/ejo/cjz034. 

53. Declerck E, Willems G, Carels C. Application of 

orthodontic force in autotransplanted teeth: a 

longitudinal study. Clin Oral Investig. 

2025;29(1):69. doi:10.1007/s00784-024-06106-2. 

54. Bellini-Pereira SA, Almeida J, Aliaga-Del Castillo 

A, Dos Santos CCO, Henriques JFC, Janson G. 

Evaluation of root resorption following 

orthodontic intrusion: a systematic review and 

meta-analysis. Eur J Orthod. 2021;43(4):432-41. 

doi:10.1093/ejo/cjaa054. 

55. Al-Zainal MH, Alqutaibi AY, Hajeer MY, Burhan 

AS. Clear aligner therapy may not prevent but may 

decrease the incidence of external root resorption 

compared to full fixed appliances. J Evid Based 

Dent Pract. 2020;20(2):101438. 

doi:10.1016/j.jebdp.2020.101438. 

56. Abid M, Al-Kaisy AA, Al-Hashedi AA, Tatullo 

M, Codispoti B, Abid AH. Tissue engineering 

supporting regenerative strategies to enhance 

clinical orthodontics and dentofacial orthopaedics: 

a scoping, perspective review. Biomedicines. 

2023;11(3):795. 

doi:10.3390/biomedicines11030795. 

57. Johansson K, Lindh C, Paulsson L, Rohlin M. 

Evaluation of external apical root resorption and 

the relevance of intermediate radiography in non-

extraction treatment with fixed appliances for 

adolescents with crowding: a multicenter 

randomised controlled trial using CBCT. Orthod 

Craniofac Res. 2025;28(3):515-526. 

doi:10.1111/ocr.12903. 


