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[Abstract] Malocclusion is one of the most common oral conditions in children and adolescents. To prevent its pro-
gression, the demand for earlier orthodontic intervention during the early permanent dentition has been increasing. How-
ever, at this stage, the roots of some teeth are not yet fully developed. Whether orthodontic force interferes with the nor-
mal development of immature roots or increases the risk of root resorption has long been a controversial issue in clinical
practice. Basic research has demonstrated that appropriate orthodontic forces can stimulate periodontal tissue remodel-
ing and activate odontoblastic activity, whereas immature roots exhibit greater stress sensitivity in the apical region. Fi-

nite element analyses have indicated that stress distribution varies significantly according to root length and morphol-
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ogy, with short roots and teeth with abnormal root morphology being more prone to stress concentration in the apical
area. Clinical studies have generally not observed significant arrest of root development under controlled orthodontic
forces; however, individual susceptibility and improper force management may still increase the risk of root resorption.
For patients with special orthodontic needs, including impacted tooth traction and craniofacial developmental anoma-
lies, early intervention is often clinically necessary, thereby placing higher demands on the determination of optimal
treatment timing. Based on current evidence, incomplete root development should not be regarded as an absolute contra-
indication to orthodontic treatment. For routine cases, root formation of permanent teeth of approximately 2/3 (around
Nolla stage 8) may serve as a reference point for initiating orthodontic treatment. For patients with impacted teeth or cra-
niofacial developmental abnormalities who might otherwise miss the optimal window for intervention, treatment should
not be delayed solely because of incomplete apical closure. Instead, individualized decisions should be made based on
the stage of root development, the position of the impacted tooth, the direction of traction, and the anticipated benefits.
If progressive root resorption or pulpal or periodontal abnormalities occur, orthodontic force should be promptly re-
duced, suspended, or otherwise adjusted. Future studies should focus on stratified clinical research across different
stages of root development and integrate imaging techniques with biological markers to explore dynamic monitoring
methods for root development, thereby further optimizing force selection and risk assessment strategies. This review sys-
tematically summarizes the biological basis, biomechanical characteristics, and clinical evidence regarding orthodontic

treatment in teeth with incomplete root development, aiming to provide further theoretical support for treatment timing

selection and individualized clinical decision-making.
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Appropriate orthodontic force
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Figure 1 Schematic diagram of the biological mechanisms underlying root development and resorption in permanent teeth with

incomplete root development under different orthodontic force magnitudes
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Patients acquiring orthodontic intervention for teeth with incomplete root development

1
Phase 1: radiographic evaluation of root developmental stage & anatomy

[ root developmental slage] [( root morphology & length ][(

pulp status
(Nolla staging) e.g., dilaceration and SRA) )

e.g., trauma and necrosis

~

| ( inversely impacted tooth:
[ ] early intervention

(| (Nolla 7-8 or earlier, promotes

\_root growth & bone remodeling ) )
‘ an

<

(" arrested root:

careful mechanics

(no growth potential; high
risk of resorption )

Nolla >= 8 (>= 2/3 formed):
initiate treatment

(Consensus safe zone. Regular
mechanics & monitoring)

N
AN

short root anomaly (SRA) :

| strict caution

( high resorption risk; contra-
\__indication if severe ) Y,

Nolla < 8 (< 2/3 formed):
prefer delay
(Wait unless interceptive need)

<

cleidocranial dysplasia (CCD):
.| early intervention

] (‘high failure at Nolla 9-10,

rlier i

Phase 2: mechanics & risk evaluation

[ force magnitude: light force

1 for

J

[movemenl type: intrusion holds high apex risl}

[stress distribution: e.g., abnormal roots and D

pipette/bent cause apex stress concentration

|

[execution of individualized plan]

Phase 3: dynamic monitoring
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Figure 2 Clinical decision-making pathway for the orthodontic treatment of permanent teeth with incomplete root development

B2 AR E R SEIME SF IE AT I R 2 3R B A2

REBRES KRR E YR IE IR YT I % .
[ Author contributions] Geng R conducted the literature search and
wrote the article. Liu J conceptualized and reviewed the article. All au-
thors read and approved the final manuscript as submitted.

[ Ethics statement] The authors have nothing to report.

[Funding] This study was supported by the grant from Sichuan Sci-
ence and Technology Program (No. 2024YFFK0201). The funder had no
role in the study design, data collection and analysis, decision to pub-
lish, or preparation of the manusecript.

[COmpeting interests] All authors have completed the ICMJE uni-
form disclosure form at www.icmje. org/disclosure—of—interest/ and de-
clare: support from the Sichuan Science and Technology Program (No.
2024YFFKO0201) for the submitted work; no financial relationships with
any organisations that might have an interest in the submitted work in
the previous three years; no other relationships or activities that could
appear to have influenced the submitted work.

[Data availability statement] Data sharing is not applicable to this
article as no datasets were generated or analyzed during the current
study.

[ Generative AI statement ] Figure 1 in this manuscript was created

with Affinity for China 3.2.1, version 3.2.1; Serif (Europe) Ltd., Notting-
ham, UK. The authors reviewed and edited the output and take full re-
sponsibility for the figures. No other generative Al technology was used

in the creation of this manuseript.

52 3Tk

[11  Atasever Isler AA, Hezenci Y, Bulut M. Prevalence of orthodontic
malocclusion in children aged 10-12: an epidemiological study[J].
BMC Oral Health, 2025, 25(1): 249. doi: 10.1186/s12903-025-
05650-x.

[2]  Zhou C, Duan P, He H, et al. Expert consensus on pediatric orth-
odontic therapies of malocclusions in children[J]. Int J Oral Sci,
2024, 16(1): 32. doi: 10.1038/541368-024-00299-8.

[3] Dinu S, Igna A, Petrescu EL, et al. Timing of orthodontic interven-
tion for pediatric class II malocclusion: a systematic review on
early vs. late treatment outcomes[J]. Children, 2025, 12(11): 1533.
doi: 10.3390/children12111533.

[4] Najjar H, Almansour T, Aljaiban Y, et al. Growth-related changes
in the upper and lower jaw: clinical implications for treatment tim-

ing[J]. Int J Community Med Public Health, 2025, 12(11): 5319-


https://www.icmje.org/disclosure-of-interest/

AR ERE

20265E 108 5$34% F 108

Journal of Prevention and Treatment for Stomatological Diseases, Oct. 2026,Vol.34 No.10  https://www.kqjbfz.com

1041 -

(5]

6]

(7]

(8]

191

[10]

[12]

[13]

[14]

[15]

[16]

[17]

5324. doi: 10.18203/2394-6040.1jcmph20253721.

Wu M, Li Y, Wang Q, et al. Evaluation of the effects on lower cen-
tral incisors intrusion and lower first molar extrusion at different
mixed dentition stages using clear aligners for deep overbite treat-
ment: a retrospective study[J]. Clin Oral Investig, 2025, 29(11):
527. doi: 10.1007/s00784-025-06621-w.

Kumari S, Sharma A, Singh A, et al. Use of endodontic procedures
in young permanent teeth[J]. J Pharm Bioallied Sci, 2024, 16
(Suppl 1): $797-S799. doi: 10.4103/jpbs.jpbs_1018_23.

Roscoe MG, Meira JB, Cattaneo PM. Association of orthodontic
force system and root resorption: a systematic review[J]. Am J Or-
thod Dentofacial Orthop, 2015, 147(5): 610-626. doi: 10.1016/].
ajodo.2014.12.026.

Weltman B, Vig KW, Fields HW, et al. Root resorption associated
with orthodontic tooth movement: a systematic review[J]. Am J Or-
thod Dentofacial Orthop, 2010, 137(4): 462-476. doi: 10.1016/j.
ajod0.2009.06.021.

Wu J, Dong Z, Lin P, et al. Beyond virality: evaluating evidence-
based content delivery in social media-based pediatric orthodontic
education[J]. BMC Oral Health, 2025, 25(1): 1603. doi: 10.1186/
$12903-025-06998-w.

Madiraju GS, Almugla YM, Mohan R, et al. An epidemiological
study on early orthodontic treatment need among eastern Saudi
Arabian children in the mixed dentition stage[J]. Sci Rep, 2024, 14
(1): 4084. doi: 10.1038/541598-024-54381-6.

Tiirker G, Oztiirk T, Coban G, et al. Effects of alternate rapid max-
illary expansions and constrictions procedures on root develop-
ment compared to rapid maxillary expansion during orthodontic
face mask treatment[J]. BMC Oral Health, 2025, 25(1): 860. doi:
10.1186/512903-025-06270-1.

Haghi Ashtiani G, Davies JA, Liversidge HM. Symmetry in the de-
velopmental stages of permanent human teeth: a comparative
study between maxilla and mandible[J]. Eur Arch Paediatr Dent,
2025, 26(3): 483-491. doi: 10.1007/540368-024-00996-2.
Al-Juhani A, Binshalhoub A, Showail S, et al. Comparative analy-
sis of dental age estimation: a systematic review and meta-analysis
assessing gender-specific accuracy of the demirjian and nolla
methods across different age groups|J]. Cureus, 2024, 16(12):
€75031. doi: 10.7759/cureus.75031.

Nolla CM. The development of the permanent teeth[J]. J Dent
Child, 1960, 27: 254-266.

Declerck E, EzEldeen M, Wyatt J, et al. Application of orthodontic
force in autotransplanted teeth: a longitudinal study[J]. Clin Oral
Investig, 2025, 29(1): 69. doi: 10.1007/s00784-024-06106-2.

Seo W, Park S, Lee E, et al. Panoramic assessment of root develop-
ment in immature maxillary incisors after treatment with prefabri-
cated functional appliances|J]. Children, 2025, 12(10): 1416. doi:
10.3390/children12101416.

Frds, A AEpR, AR, 45 LEANG AR RSS2 16 SR
M L R ICPLL. L 1T PR 2%, 2021, 30(5): 449-455. doi:
10.19439/j.5j0s.2021.05.001.

Fang B, Jin ZL, Bai YX, et al. Experts consensus on diagnostic

and therapeutic strategies for malocclusions at early developing

[19]

[22]

[24]

[25]

[26]

[27]

[28]

stage[J]. Shanghai J Stomatol, 2021, 30(5): 449-455. doi: 10.
19439/j.5j0s.2021.05.001.

Hamidaddin MA. Optimal treatment timing in orthodontics: a scop-
ing review|[]J]. Eur J Dent, 2024, 18(1): 86-96. doi: 10.1055/s-0043-
1768974.

Kirschneck C, Proff P, Lux C. Ideal treatment timing of orthodon-
tic anomalies-a German clinical S3 practice guideline[J]. J Orofac
Orthop, 2022, 83(4): 225-232. doi: 10.1007/s00056-022-00409-3.
AR, R, B 2L, G5 L IEMRTAR R DX SR ARSI ST Ay XS PRI 3R 2%
Ll R AR A Y e LRI, ARV i PR 2 4 K, 2022, 40
(6): 629-637. doi: 10.7518/hxkq.2022.06.002.

Li H, Wu XP, Huang L, et al. External apical root resorption in
orthodontic tooth movement: the risk factors and clinical sugges-
tions from experts’ consensus[J]. West Chin J Stomatol, 2022, 40
(6): 629-637. doi: 10.7518/hxkq.2022.06.002.

Wang Y, Chen X, Zhou D, et al. Appropriate timing of treatment
contributes to better root development of impacted anterior teeth
in children[J]. Am J Orthod Dentofacial Orthop, 2024, 165(1): 18-
26. doi: 10.1016/j.ajod0.2023.06.022.

Yanoshita M, Hirose N, Onishi A, et al. Orthodontic treatment for
a patient with root resorption of all four maxillary incisors due to
bilaterally impacted canines[J]. Case Rep Dent, 2022, 2022:
5628030. doi: 10.1155/2022/5628030.

Yang L, Dong Z, Cheng Y, et al. Early orthodontic traction does
not compromise root development in inversely impacted maxillary
central incisors: a three-year cone-beam computed tomography
evaluation[J]. Clin Oral Investig, 2026, 30(6): 271. doi: 10.1007/
s00784-026-06962-0.

Zhou Y, Bi M, Yang H, et al. Epidemiological and imaging charac-
teristics of impacted maxillary incisors and effect on root develop-
ment[J]. Sci Rep, 2025, 15(1): 13049. doi: 10.1038/541598-025-
96920-9.

Park YS, Andrew Choi EH, Jamal H Alwaznah F, et al. Is apex po-
sition a determining factor in the orthodontic traction duration of
unilateral impacted maxillary canines? A cone-beam computed
tomography-based 3-dimensional study[J]. Am J Orthod Dentofa-
cial  Orthop, 2026, 169(2): 168-176. doi: 10.1016/j.
ajodo.2025.09.015.

Dawood HM, Kroeger A, Chavda V, et al. Under pressure-
mechanisms and risk factors for orthodontically induced inflamma-
tory root resorption: a systematic review|[J]. Eur J Orthod, 2023, 45
(5): 612-626. doi: 10.1093/ejo/cjad011.

Tarkan H, Giirbiiz 00. The impact of orthodontic traction on out-
comes in impacted canine management: a quantitative analysis[J].
Angle Orthod, 2026, 96(2): 181-191. doi: 10.2319/032125-227.1.
Liu Z, Ouyang Y, Lou Y, et al. Orthodontically induced root re-
sorption in endodontically treated and vital teeth: a cone beam
computer tomographic study[J]. Prog Orthod, 2025, 26(1): 8. doi:
10.1186/s40510-025-00553-7.

Lind V. Short root anomaly[J]. Scand J Dent Res, 1972, 80(2): 85-
93. doi: 10.1111/§.1600-0722.1972.th00268 .x.

Yu M, Jiang Z, Wang Y, et al. Molecular mechanisms for short
root anomaly[J]. Oral Dis, 2021, 27(2): 142-150. doi: 10.1111/



AR ERE

20265E 108 5$34% F 108

1042 - Journal of Prevention and Treatment for Stomatological Diseases, Oct. 2026,Vol.34 No.10 https://www.kqjbfz.com

(31]

[32]

[33]

[34]

[35]

[36]

(39]

[40]

[41]

[42]

[43]

[44]

0di.13266.
Marechal C, Thierens LAM, De Pauw GAM. Combined
orthodontic-orthognathic management of a patient with generalized
short root anomaly and anterior open bite[J]. Am J Orthod Dentofa-
cial  Orthop, 2023, 164(1): 131-142. doi: 10.1016/j.
ajodo.2023.05.004.

Sameshima GT, Iglesias-Linares A. Orthodontic root resorption[J].
J World Fed Orthod, 2021, 10(4): 135-143. doi: 10.1016/;.
ejwf.2021.09.003.

Nakai Y, Praneetpong N, Ono W, et al. Mechanisms of osteoclasto-
genesis in orthodontic tooth movement and orthodontically in-
duced tooth root resorption[J]. J Bone Metab, 2023, 30(4): 297-
310. doi: 10.11005/jbm.2023.30.4.297.

Zheng X, Huang H, Zhou Z, et al. Axinl regulates tooth root devel-
opment by inhibiting AKT1-mTORCI activation and Shh transla-
tion in Hertwig’ s epithelial root sheath[J]. Development, 2024,
151(21): dev202899. doi: 10.1242/dev.202899.

Rao P, Jing J, Fan Y, et al. Spatiotemporal cellular dynamics and
molecular regulation of tooth root ontogeny[J]. Int J Oral Sci, 2023,
15(1): 50. doi: 10.1038/s41368-023-00258-9.

Patel S, Saberi N, Pimental T, et al. Present status and future di-
rections: root resorption[J]. Int Endod J, 2022, 55(Suppl 4): 892-
921. doi: 10.1111/iej.13715.

Wang J, Yu M, Liu Y, et al. Three-dimensional visualization of
Hertwig’ s epithelial root sheath during tooth root development
with the miniTESOS tissue clearing method[J]. Am J Transl Res,
2024, 16(9): 4403-4421. doi: 10.62347/PEIQ4730.

Ying Q, Jiang Y, Sun C, et al. AGEs impair osteogenesis in orth-
odontic force-induced periodontal ligament stem cells through the
KDM6B/Wnt self-reinforcing loop[J]. Stem Cell Res Ther, 2024,
15(1): 431. doi: 10.1186/513287-024-04058-8.

Chen L, Yu H, Li Z, et al. Force-induced Caspase-1-dependent py-
roptosis regulates orthodontic tooth movement[J]. Int J Oral Sci,
2024, 16(1): 3. doi: 10.1038/541368-023-00268-7.

Bi F, Chen T, Guo J, et al. A single-cell transcriptomic atlas of epi-
thelial cell heterogeneity during the crown-to-root transition in the
mouse molar[J]. Int J Mol Sci, 2026, 27(3): 1162. doi: 10.3390/
ijms27031162.

Ruangchan C, Ngamphiw C, Krasaesin A, et al. Genetic variants
in KCTDI1 are associated with isolated dental anomalies[J]. Int J
Mol Seci, 2024, 25(10): 5179. doi: 10.3390/ijms25105179.

Li J, Parada C, Chai Y. Cellular and molecular mechanisms of
tooth root development[J]. Development, 2017, 144(3): 374-384.
doi: 10.1242/dev.137216.

Liu C, Yuan H, Huang J, et al. Bmp9 modulates cell proliferation
and intercellular junctions in HERS during tooth root development
[JI. Genes Dis, 2025, 13(1): 101777. doi: 10.1016/j. gen-
dis.2025.101777.

Jeong JK, Kim TH, Choi H, et al. Impaired breakdown of Herwig’
s epithelial root sheath disturbs tooth root development[J]. Dev
Dyn, 2024, 253(4): 423-434. doi: 10.1002/dvdy.667.

Sun K, Yu M, Wang J, et al. A Wnt10a-Notch signaling axis con-

trols Hertwig’ s epithelial root sheath cell behaviors during root

[47]

[49]

[51]

[54]

[55]

[56]

[57]

[58]

furcation patterning[J]. Int J Oral Sci, 2024, 16(1): 25. doi:
10.1038/s41368-024-00288-x.

Jeong JK, Choi H, Kim TH, et al. Notum regulates tooth root mor-
phogenesis by modulating Wnt signaling[J]. J] Dent Res, 2026, 105
(7): 938-948. doi: 10.1177/00220345251383829.

Yang R, Mei Y, Jiang Y, et al. Ectodysplasin a (EDA) signaling:
from skin appendage to multiple diseases|J]. Int J Mol Sci, 2022,
23(16): 8911. doi: 10.3390/ijms23168911.

Fons Romero JM, Star H, Lav R, et al. The impact of the eda path-
way on tooth root development|[J]. J Dent Res, 2017, 96(11): 1290-
1297. doi: 10.1177/0022034517725692.

Zhao L, Matsumoto Y, Iseki S, et al. Effects of short-term orthodon-
tic force application on the root at different developmental stages
in rat maxillary molars[J]. Am J Orthod Dentofacial Orthop, 2023,
163(4): 531-539.€2. doi: 10.1016/j.ajod0.2022.04.016.

Lou Y, Matsumoto Y, Iseki S, et al. Difference in apical resorption
activity during rat molar root formation in response to mechanical
forcelJ]. Eur J Orthod, 2023, 45(2): 208-216. doi: 10.1093/ejo/
cjac071.

Itaya S, Oka K, Ogata K, et al. Hertwig’ s epithelial root sheath
cells contribute to formation of periodontal ligament through
epithelial-mesenchymal transition by TGF- B[J]. Biomed Res,
2017, 38(1): 61-69. doi: 10.2220/biomedres.38.61.

Chen J, Chen G, Yan Z, et al. TGF-B1 and FGF2 stimulate the
epithelial-mesenchymal transition of HERS cells through a MEK-
dependent mechanism[J]. J Cell Physiol, 2014, 229(11): 1647-
1659. doi: 10.1002/jcp.24610.

Nakasone N, Yoshie H. Occlusion regulates tooth-root elongation
during root development in rat molars[J]. Eur J Oral Sci, 2011, 119
(6): 418-426. doi: 10.1111/j.1600-0722.2011.00856.x.

Yao EH, Du JH, Jiang XQ. Tooth root development and homeosta-
sis during eruptive and post-eruptive movement[J]. Chin J Dent
Res, 2024, 27(4): 273-289. doi: 10.3290/j.cjdr.h5860254.

Kong X, Cao M, Ye R, et al. Orthodontic force accelerates dentine
mineralization during tooth development in juvenile rats[J]. To-
hoku J Exp Med, 2010, 221(4): 265-270. doi: 10.1620/
tjem.221.265.

Dalaie K, Badiee M, Behnaz M, et al. Effect of orthodontic forces
on root length of immature mandibular second premolars: a split-
mouth randomized clinical trial[J]. Dental Press J Orthod, 2021, 26
(5): €2119355. doi: 10.1590/2177-6709.26.5.€2119355.0ar.

Sheng X, Li J, Ma H, et al. Piezol regulates odontogenesis via a
FAM83G-mediated mechanism in dental papilla cells in vitro and
in wivolJ]. Biomolecules, 2025, 15(3): 316. doi: 10.3390/
biom15030316.

Lin Y, Ren J, McGrath C. Mechanosensitive Piezol and Piezo2 ion
channels in craniofacial development and dentistry: recent ad-
vances and prospects[J]. Front Physiol, 2022, 13: 1039714. doi:
10.3389/fphys.2022.1039714.

Coste B, Mathur J, Schmidt M, et al. Piezol and Piezo2 are essen-
tial components of distinct mechanically activated cation channels
[J]. Science, 2010, 330(6000): 55-60. doi: 10.1126/sci-
ence.1193270.



AR ERE

20265E 108 5$34% F 108

Journal of Prevention and Treatment for Stomatological Diseases, Oct. 2026,Vol.34 No.10  https://www.kqjbfz.com

1043 -

[60]

[61]

[62]

[63]

[64]

[65]

[67]

[68]

[69]

[70]

[72]

Teti L, Pérez-Idarraga A, Salcedo-Miranda M, et al. Randomised
clinical trial on the effect of intermittent vibrational force applica-
tion during orthodontic treatment with aligners on root resorption
[JI. Orthod Craniofac Res, 2025, 28(6): 1015-1026. doi: 10.1111/
ocr.70028.

Deng J, Zhang YN, Bai RS, et al. Mechanosensor YAP mediates
bone remodeling via NF-kB p65 induced osteoclastogenesis dur-
ing orthodontic tooth movement[J]. Prog Orthod, 2025, 26(1): 2.
doi: 10.1186/s40510-024-00548-w.

Rostami G, Hadagalu Revana Siddappa R, Kishen A. Signaling
pathways in root resorption: linking inflammation, odontoclastogen-
esis, and tissue remodeling[J]. J Endod, 2026, 52(1): 47-61. doi:
10.1016/j.joen.2025.08.018.

Zhou J, Guo L, Yang Y, et al. Mechanical force regulates root re-
sorption in rats through RANKL and OPG[J]. BMC Oral Health,
2022, 22(1): 290. doi: 10.1186/512903-022-02327-7.

Jia L, Zhang L, Wang J, et al. Chronic intermittent hypobaric hy-
poxia attenuates root resorption following delayed tooth replanta-
tion by upregulating OPG/RANKL signaling pathway[J]. BMC
Oral Health, 2026, 26(1): 737. doi: 10.1186/s12903-026-08135-7.
Zheng Q, Ma L, Wu Y, et al. Automatic 3-dimensional quantifica-
tion of orthodontically induced root resorption in cone-beam com-
puted tomography images based on deep learning[J]. Am J Orthod
Dentofacial Orthop, 2025, 167(2): 188-201. doi: 10.1016/].
ajodo.2024.09.009.

Dong X, Zhu Y, Li B, et al. Tooth movement modulation and root
protection via Piezol-mediated production of superoxide dis-
mutase 3[J]. J Periodontal Res, 2026, 61(5): 572-585. doi:
10.1111/jre.70056.

Zhang ZH, Zhu R, Liu Y, et al. IL6-dependent PIEZO1 activation
promotes M1-mediated orthodontic root resorption via CXCL12/
CXCR4[J]. J Dent Res, 2025, 104(7): 763-773. doi: 10.1177/
00220345251316472.

Tan M, He M, Zong M, et al. Identification of a force-induced
Sox9"Acan® transitional subpopulation linked to FGF2-FGFR2-
ERK signaling in orthodontic bone remodeling[J]. Adv Sci, 2026,
13(18): e19330. doi: 10.1002/advs.202519330.

Mohammed-Salih HS, Al-lami HA, Saloom HF, et al. Detection of
orthodontically induced inflammatory root resorption-associated
biomarkers from the gingival crevicular fluid by proteomics analy-
sis: a randomized-controlled clinical trial[J]. 3 Biotech, 2023, 13
(5): 157. doi: 10.1007/513205-023-03572-5.

TARAE, TREER, B4R A . NLRP3 005 /MA A Y 15 W25 8 )i
T 2 SRR W ST R LD, SRR B 3, 2025, 33(2): 169-
176. doi: 10.12016/.issn.2096-1456.202440017.

Wang JJ, Zhang JT, Zeng FL. Research progress on NLRP3
inflammasome-mediated regulation of tissue remodeling during
orthodontic tooth movement[J]. J Prev Treat Stomatol Dis, 2025, 33
(2): 169-176. doi: 10.12016/j.issn.2096-1456.202440017.

Li X, Men X, Ji L, et al. NLRP3-mediated periodontal ligament
cell pyroptosis promotes root resorption[J]. J Clin Periodontol,
2024, 51(4): 474-486. doi: 10.1111/jcpe.13914.

Li X, Liu X, Zhou J, et al. Human dental follicle stem cell-derived

[73]

[74]

[77]

[79]

[80]

(81]

(82]

[83]

(84]

(85]

exosomes reduce root resorption by inhibiting periodontal ligament
cell pyroptosis [J]. Stem Cell Res Ther, 2025, 16(1): 79. doi:
10.1186/513287-025-04216-6.

Wood-Bailey AP, Smith C, Fitton LC, et al. Biomechanical impact
of tooth root morphology to inform dental implant design[J]. Arch
Oral Biol, 2026, 181: 106455. doi: 10.1016/j. archoral-
bi0.2025.106455.

Moga RA, Olteanu CD, Delean AG. Orthodontically induced exter-
nal root resorption: a finite element analysis[J]. J Clin Med, 2026,
15(7): 2503. doi: 10.3390/jem15072503.

Cattaneo PM, Cornelis MA. Orthodontic tooth movement studied
by finite element analysis: an update. what can we learn from
these simulations [J]. Curr Osteoporos Rep, 2021, 19(2): 175-181.
doi: 10.1007/s11914-021-00664-0.

Wang S, Peng X, Tian Z, et al. Canine distal movement impact on
teeth and aligner deformation in clear aligner treatment: a 3D fi-
nite element study[J]. J] World Fed Orthod, 2026, 15(3): 233-240.
doi: 10.1016/j.ejwf.2025.12.004.

Oyama K, Motoyoshi M, Hirabayashi M, et al. Effects of root mor-
phology on stress distribution at the root apex[J]. Eur J Orthod,
2007, 29(2): 113-117. doi: 10.1093/ejo/cjl043.

Dong Y, Wang Y, Yang Z, et al. Biomechanical effects of root/cor-
tical bone relation on tooth movement during premolar-extraction
space closure with clear aligners: a finite element study[J]. Front
Bioeng Biotechnol, 2025, 13: 1717813. doi: 10.3389/
fbioe.2025.1717813.

Rodrigues Fonseca Tavares A, Aurelio de Carvalho M, Cardoso
Lazari-Carvalho P, et al. Teeth with external apical root resorption
under orthodontic movement: an in silico analysis on stress and
displacement|J]. J Orofac Orthop, 2025. doi: 10.1007/s00056-025-
00620-y.

Moradinejad M, Mazhari M, Mazhary M, et al. Effects of fixed orth-
odontic lingual retainers on PDL stress, root resorption risk, and
tooth displacement[J]. Sci Rep, 2025, 15(1): 20559. doi: 10.1038/
s41598-025-06004-x.

Knop L, Gandini LG Jr, Shintcovsk RL, et al. Scientific use of the
finite element method in orthodontics[J]. Dental Press J Orthod,
2015, 20(2): 119-125. doi: 10.1590/2176-9451.20.2.119-125 sar.
Moga RA, Olteanu CD, Delean AG. Trabecular bone component
assessment under orthodontic loads and movements during peri-
odontal breakdown - a finite elements analysis[J]. Dent J, 2024, 12
(6): 190. doi: 10.3390/dj12060190.

Antonarakis GS, Zekeridou A, Kiliaridis S, et al. Periodontal con-
siderations during orthodontic intrusion and extrusion in healthy
and reduced periodontium[]J]. Periodontol 2000, 2024. doi:
10.1111/prd.12578.

Roscoe MG, Cattaneo PM, Dalstra M, et al. Orthodontically in-
duced root resorption: a critical analysis of finite element studies’
input and output[J]. Am J Orthod Dentofacial Orthop, 2021, 159
(6): 779-789. doi: 10.1016/j.ajod0.2020.02.023.

Demir A, Akgiin Kantar A, Dindaroglu F. Do different orthodontic
archwires alter the biomechanical effects of open coil springs on

dentoalveolar structures? A finite element analysis[J]. Am J Or-



AR ERE

20265E 108 5$34% F 108

1044 - Journal of Prevention and Treatment for Stomatological Diseases, Oct. 2026,Vol.34 No.10 https://www.kqjbfz.com

(86]

(87]

[88]

(891

[91]

[92]

[93]

[95]

[96]

[97]

thod Dentofacial Orthop, 2026, 169(6): 786-797. doi: 10.1016/j.
ajodo.2026.01.018.

Rudolph DJ, Willes PMG, Sameshima GT. A finite element model
of apical force distribution from orthodontic tooth movement[J].
Angle Orthod, 2001, 71(2): 127 - 131. doi: 10.1043/0003-3219
(2001)071<0127:AFEMOA>2.0.CO;2.

Zheng W, Lu X, Chen G, et al. The osteoclastic activity in apical
distal region of molar mesial roots affects orthodontic tooth move-
ment and root resorption in rats[J]. Int J Oral Sci, 2024, 16(1): 19.
doi: 10.1038/s41368-024-00284-1.

Chen L, Mo S. Cone-beam CT evaluation of orthodontic treatment
outcomes for multiple impacted maxillary anterior teeth[J]. BMC
Oral Health, 2025, 26(1): 58. doi: 10.1186/s12903-025-07317-z.
Yang Q, Yang L, Li N, et al. Effect of force direction and impac-
tion angulation during dilaceration impacted central incisor trac-
tion: a finite element analysis[J]. BMC Oral Health, 2024, 24(1):
823. doi: 10.1186/512903-024-04601-2.

Wan J, Zhou S, Wang J, et al. Three-dimensional analysis of root
changes after orthodontic treatment for patients at different stages
of root development[J]. Am J Orthod Dentofacial Orthop, 2023, 163
(1): 60-67. doi: 10.1016/j.ajodo.2021.08.025.

Dodeja T, Alsulaiman AA, Will LA, et al. Orthodontic forces inter-
rupt root formation in immature teeth: myth or fact a pilot study
[J]. Turk J Orthod, 2025, 38(1): 12-19. doi: 10.4274/TurkJOr-
thod.2025.2024.142.

Xu S, Zheng B, Li X, et al. Untreated, impacted canine leading to
root resorption of the central incisor: a case report of orthodontic
substitution[J]. 2026, 18(3):
e106124. doi: 10.7759/cureus.106124.

treatment with canine Cureus,
Willems G, Butaye C, Raes M, et al. Early prevention of maxillary
canine impaction: a randomized clinical trial [J]. Eur J Orthod,
2023, 45(4): 359-369. doi: 10.1093/ejo/cjad014.

FRAEE, B AR, T IOTR. SR D) I 2R 51 I R 43T (1.
M BIR BT IR, 2024, 32(4): 273-279. doi: 10.12016/j.issn.2096-
1456.2024.04.005.

Guo SY, Lu SJ, Ding YF. Clinical analysis of orthodontic traction
of impacted upper incisors[J]. J Prev Treat Stomatol Dis, 2024, 32
(4): 273-279. doi: 10.12016/j.issn.2096-1456.2024.04.005.

Maruya Y, Hino R, Tadano M, et al. Orthodontic management of
severe inversely impacted maxillary central incisors: a case series
[JI. Front Oral Health, 2024, 5: 1474190. doi: 10.3389/
froh.2024.1474190.

Choi YK, Kim SH, Kim YI, et al. Prevalence and characteristics of
impacted teeth in Korean orthodontic patients at ten university
dental hospitals[J]. Korean J Orthod, 2025, 55(3): 234-241. doi:
10.4041/kjod24.213.

Zogakis IP, Anagnostou C, loannidou 1, et al. Radiographic evalua-
tion of impacted and transmigrant canines: prevalence and sex-

based differences in an orthodontic cohort[J]. Dent J, 2025, 13(9):

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

386. doi: 10.3390/dj13090386.
Pinho T, Carvalho JP. Three-dimensional comparison of CBCT
and intraoral scans for assessing orthodontic traction of impacted
canines with clear aligners[J]. Dent J, 2025, 13(7): 286. doi:
10.3390/dj13070286.
Mattos PM, Gongalves FM, Basso IB, et al. Periodontal parameters
in orthodontically tractioned teeth: a systematic review and meta-
analysis[J]. Korean J Orthod, 2022, 52(6): 420-431. doi: 10.4041/
kjod22.123.
Kim J, Jung S, Lee K], et al. Forced eruption in impacted teeth:
analysis of failed cases and outcome of re-operation[J]. BMC Oral
Health, 2024, 24(1): 254. doi: 10.1186/512903-024-03963-x.
Simi¢ S, Nikoli¢ P, Stanigi¢ Zindovié¢ J, et al. Root resorptions on
adjacent teeth associated with impacted maxillary canines|J]. Diag-
nostics, 2022, 12(2): 380. doi: 10.3390/diagnostics12020380.
Lee YH, Chang NY, Chae JM. Impact of orthodontic forced erup-
tion timing on root development of impacted maxillary canines: a
linear and volumetric analysis using cone-beam computed tomog-
raphy images[J]. Angle Orthod, 2025, 95(5): 490-496. doi:
10.2319/070424-531.1.
Liu DD, Zhang CY, Liu Y, et al. RUNX2 regulates osteoblast dif-
ferentiation via the BMP4 signaling pathway [J]. J Dent Res, 2022,
101(10): 1227-1237. doi: 10.1177/00220345221093518.
Ogawa S, Higuchi S, Yoshimoto Y, et al. Functional impact of
pathogenic mutations in the Runt homology domain of mouse
Runx2 on skeletal and dental phenotypes in cleidocranial dyspla-
sia[J]. J Bone Miner Res, 2026, 41(8): 874-889. doi: 10.1093/jbmt/
zjaf201.
Shi Y, Ren J, Wang K, et al. Exploring the complexities of cleido-
cranial dysplasia: dental anomalies and treatment interventions[J].
Am J Orthod Dentofacial Orthop, 2025, 167(3): 319-330. 2. doi:
10.1016/j.aj0od0.2024.10.014.
Chen JL, Yu LN, Ran QC, et al. Impacted second premolars in
cleidocranial dysplasia: three-dimensional position and morphol-
ogy characteristics and factors affecting the success rate of closed
eruption[J]. Am J Orthod Dentofacial Orthop, 2026, 169(2): 177-
188. doi: 10.1016/j.ajod0.2025.09.016.

(B8 FE)

Open Access

This article is licensed under a Creative Commons
Attribution 4.0 International License.
Copyright © 2026 by Editorial Department of Journal of

Prevention and Treatment for Stomatological Diseases

WL
IR

L]


https://creativecommons.org/licenses/by/4.0/

