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Abstract: Background: To evaluate the current evidence on clear aligners and root resorption using
3D and/or combined 2D and 3D methods from available systematic reviews and meta-analyses and
to determine the relationship between root resorption and clear aligners using the AMSTAR 2 tool.
Methods: A comprehensive literature search of systematic reviews investigating aligners and root
resorption, published up until 31 December 2022, was conducted. The following electronic databases
were searched: MEDLINE via PubMed, EMBASE, Google Scholar, Science Direct, Web of Science,
Scopus, LIVIVO, and LILACS. There were no language restrictions. The inclusion criteria were restricted
to studies focusing on root resorption utilizing either 3D methods exclusively or a combination of 2D
and 3D techniques. Data were screened and analyzed for quality using the “A Measurement Tool to
Assess Systematic Reviews (AMSTAR 2)” tool. Data extraction was conducted independently by two
authors. The gathered information was categorized and synthesized narratively based on the primary
findings elucidated within the reviews. Results: Out of a total of 1221 potentially eligible studies initially
identified, 4 systematic reviews met the inclusion criteria following the exclusion of irrelevant studies.
Among these, two systematic reviews (50%) were classified as low-quality, while the remaining two
(50%) were deemed to be of critically low quality. Conclusions: Based on the findings of four systematic
reviews, the root resorption rate was lower with the use of clear aligners than with fixed aligners. It is
advisable to approach the interpretation of this conclusion with caution, as the quality of the available
evidence is assessed to be very low. Higher quality systematic reviews are needed to substantiate
this conclusion.

Keywords: aligners; root resorption; AMSTAR 2; systematic review

1. Introduction

Root resorption (RR) is a common and serious complication of orthodontics [1]. The
frequency, prevalence, and gravity of root resorption escalate notably with the implementa-
tion of comprehensive fixed appliance orthodontic therapy [2,3]. Root resorption emerges
as arguably one of the most lamentable complications within the domain of orthodontic
practice. The incidence and severity of OIIRR are closely related to various factors, includ-
ing the treatment duration, type of appliance, extraction and non-extraction, amount of
orthodontic force, and type of tooth movement [4].

In recent years, compared with traditional fixed appliances, aligners have gradually
gained popularity in orthodontics. Aligners have various advantages, including being in-
visible, removable, and more comfortable; promoting better periodontal health; facilitating
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easier oral hygiene maintenance; and they are less likely to disrupt eating [5,6]. Although
the price is relatively expensive, more young people who pay attention to appearance are
more willing to choose clear aligners as the method of orthodontic treatment. To date, the
relationship between aligners and root resorption remains unclear. Some reports have sug-
gested that the root resorption rate with aligners does not differ significantly from treatment
with fixed appliances as the root apices are moved the same distances [7,8]. Conversely,
other studies have reported that the root resorption rate of aligners is significantly lower
than that of fixed appliances [9]. Still, other reports suggest that only the root resorption rate
of the right maxillary central incisor is lowered in aligner treatment compared with in fixed
appliance treatment, and that there are no differences in the other teeth [10]. Evidently,
there is no consensus regarding the relationship between root resorption and aligners.
Notably, systematic reviews are limited.

Importantly, the few systematic reviews available have concluded that current ev-
idence is of low quality. For instance, the included studies used apical and panoramic
radiographs for root resorption evaluations and measurements. Using a 2D method for
analysis seriously underestimates the degree of root resorption. As root resorption occurs
in all directions, evaluations using cone beam computed tomography (CBCT) offer a higher
accuracy than two-dimensional methods [11,12]. Moreover, some systematic reviews did
not adequately consider the study design [10]. Furthermore, some authors failed to con-
sider the risk of bias for the articles included in their systematic reviews or did not use
appropriate bias assessment tools [13,14]. These deficiencies have compromised the quality
of existing systematic reviews. Recently, the “A Measurement Tool to Assess Systematic
Reviews (AMSTAR 2)” tool has gained attention as a superior method for evaluating sys-
tematic reviews [15]. Hence, this article aimed to assess the available systematic reviews
and meta-analyses focusing on the relationship between clear aligners and root resorption
using either a 3D method and/or combined 2D and 3D methods, and to determine the
relationship between root resorption and clear aligners using the AMSTAR 2 tool.

2. Materials and Methods
2.1. Study Protocol

Given the nature of the investigation, ethical approval was deemed unnecessary as it
did not involve any intervention, patient participation, or the collection of personal data.
This study rigorously adhered to the guidelines delineated in the Preferred Reporting Items
for Systematic Review and Meta-Analyses (PRISMA) statement [16]. However, this review
was not registered.

2.2. Eligibility Criteria

The eligibility criteria were established in accordance with the Population, Interven-
tion, Comparison, Outcome, and Study (PICOS) framework, as delineated below [17].

Populations: Patients of any age undergoing orthodontic treatment for any type
of malocclusion.

Intervention: Orthodontic treatment using any type of clear aligners.
Comparison: The orthodontic treatment involved the utilization of fixed orthodontic

appliances of any type, or alternatively, an untreated control group was included for comparison.
Outcome: Evaluation of root resorption relative to clear aligner treatment (CAT) using

3D and/or combined 2D and 3D methods.
Study design: Systematic reviews with or without a meta-analysis. Studies employing

any other design were excluded, and systematic reviews consisting solely of in vitro or
animal studies were also omitted from consideration.

2.3. Information Sources, Search Strategy, and Study Selection

A comprehensive and extensive literature search was conducted, covering studies
published up until 31 December 2022, using the following key terms: ‘root or tooth or
apical resorption’, ‘aligners or Invisalign’, ‘orthodontics’, ‘systematic review’, and (or)
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‘meta-analysis’. Eight electronic databases were searched (Table 1). No restrictions were
applied concerning language, patient age range, publication status, and date. All pertinent
articles were identified, retrieved, and independently evaluated for eligibility by M.L.Z. and
M.H.O. Any disagreements were resolved through discussion with a third author (J.H.C.).

Table 1. Root resorption and clear aligner treatment.

Database Search Strategy Sum

1 MEDLINE (via Pubmed) (root or tooth or apical) * resorption and (aligners or invisalign) and orthodontics 159
2 Google Scholar (root or tooth or apical) * resorption and (aligners or invisalign) and orthodontics 678
3 ScienceDirect ((root or tooth or apical) * resorption) and (aligners or invisalign) 55
4 Web of Science (root resorption) and orthodontics 39

5 Embase (‘root resorption’/exp OR ‘root resorption’ OR ((‘root’/exp OR root) AND
(‘resorption’/exp OR resorption))) AND (aligners OR ‘invisalign’/exp OR invisalign) 251

6 Scopus (root or tooth or apical) * resorption and (aligners or invisalign) and orthodontics error
7 LIVIVO root resorption and aligner and review 36
8 LILACS (root or tooth or apical) * resorption and (aligners or invisalign) and orthodontics 3
Total 1221

2.4. Data Items and Collection

Following the screening of eligible systematic reviews, the subsequent data extraction
was carried out independently by the same two authors, and the process was repeated:
1. publication year, 2. study design, 3. number of included studies, 4. study type, 5. number
of participants, 6. search period, 7. title of journal, 8. objective of study. Any disagreements
were initially resolved through discussion with a third author (J.H.C.) as required to
ensure consensus.

2.5. Quality Assessment

Both authors independently evaluated the included reviews based on the AMSTAR 2
quality assessment tool. Any discrepancies were initially addressed through discussion
with the third author (J.H.C.), as required, to reach a consensus.

2.6. Data Synthesis

Data pooling was scheduled with the aim of quantitatively evaluating the impact of
aligner treatment on root resorption, particularly in cases where clinical homogeneity was
observed. To evaluate the homogeneity of the included reviews, various characteristics
of the studies, including interventions, the methodologies applied for the detection and
measurement of RR, and study design type, were considered. At the same time, in situations
where clinical heterogeneity was identified, qualitative analysis was employed.

3. Results
3.1. Study Selection

A cumulative total of 1221 potentially eligible studies were identified during the screen-
ing phase. The initial screening of titles and abstracts reduced the number to 17 systematic
reviews. After excluding the duplicates, six systematic reviews remained. Following
the evaluation of the complete text, four were eligible for inclusion in this study and
qualitatively analyzed.

3.2. Study Characteristics

Figure 1 presents the PRISMA flow diagram depicting the process of the literature
selection. Additionally, a summary outlining the characteristics of the included systematic
reviews can be found in Table 2. It is noteworthy that the encompassed studies were
published up to the year 2022.
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Figure 1. Flow diagram in this study.

3.3. Quality of Evidence from the Data Synthesis

Based on the AMSTAR 2 checklist, the quality of the included reviews exhibited
variability. Two studies (50%) were classified as low quality, while the other two reviews
(50%) were considered of critically low quality (Tables 3 and 4; Figure 2).

Figure 2. Level of evidence of systematic reviews included according to AMSTAR 2.

3.4. Data Synthesis

Subsequent meta-analysis was deemed unfeasible owing to the absence of primary
data, standardized treatment protocols, and variations in interventions. Furthermore,
clinical and methodological heterogeneity exist across the studies. Therefore, a qualitative
synthesis was conducted by identifying the most important themes, and then, summarizing
the findings accordingly.

3.5. Root Resorption According to the Detection Method

In total, 36 studies were included in the 4 systematic reviews. Of these, 7 evaluated
root resorption by CBCT and 22 were evaluated by panoramic radiograph. Additionally, the
original full text of the include article was not found in the 7 studies. From the systematic
review by Vaibhav Gandhi and Shivam Mehta, CBCT showed a decreased magnitude of
external apical root resorption (EARR) in 2D imaging, leading to the conclusion that 2D
imaging might overstate the extent of EARR associated with orthodontic treatment [10].
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Table 2. List of systematic reviews.

Author Year Study Design No. of Study No. of
Participants Type of Study Period of Search Journal Objective Quality of

Evidence

Vaibhav Gandhi et al. [10] 2021
systematic
review and

meta-analysis
16 523 4 prospective,

12 retrospective up to 31 December 2019 Eur J Orthod

tTo evaluate and compare
the amount of EARR
observed during the

orthodontic treatment with
PEA or CAT and with 2D or

3D methods

Low

Sadauskaitė U, Berlin V. [13] 2020 systematic
review 6 686

2 retrospective,
1 prospective,

1 pilot,
1 case-control,

1 NRCT

2009 to 2019 Med. Sci

To evaluate the link between
clear aligner therapy and

EARR and to the amount of
EARR using clear aligner

therapy and fixed
orthodontic treatment

Critically low

Xuanwei Fang et al. [18] 2019
systematic
review and

meta-analysis
11 828 6 before-and-after,

4 cohort up to December 2018 Orthod
Craniofac Res

To investigate the EARR in
participants receiving CAT

and it with PEA
Low

Rajae Elhaddaoui et al. [14] 2016 systematic
review 3 217

1 NRCT,
1 retrospective,

1 RCT
up to December 2015 Int orthod

To assess the incidence and
severity of RR following

CAT and associated factors,
a comparative analysis also

made with fixed
multi-bracket treatments

Critically low

EARR: external apical root resorption. CAT: clear aligner treatment. PEA: pre-adjusted edgewise appliance. RR: root resorption. RCT: randomized controlled trial. NRCT: non-randomized
controlled trial.
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Table 3. Items of the “A Measurement Tool to Assess Systematic Reviews” (AMSTAR 2) tool [15].

Meeting the Criteria

Yes Partial Yes No

1. Did the research questions and inclusion criteria for the review include the components of PICO? 4
2. Did the report of the review contain an explicit statement that the review methods were established prior to the conduct of the review and did the report
justify any significant deviations from the protocol? 2 2

3. Did the review authors explain their selection of the study designs for inclusion in the review? 4
4. Did the review authors use a comprehensive literature search strategy? 1 2 1
5. Did the review authors perform study selection in duplicate? 2 2
6. Did the review authors perform data extraction in duplicate? 2 2
7. Did the review authors provide a list of excluded studies and justify the exclusions? 1 3
8. Did the review authors describe the included studies in adequate detail? 4
9. Did the review authors use a satisfactory technique for assessing the risk of bias in individual studies that were included in the review? 2 2
10. Did the review authors report on the sources of funding for the studies included in the review? 1 3
11. If meta-analysis was performed did the review authors use appropriate methods for statistical combination of results? 1 1
12. If meta-analysis was performed, did the review authors assess the potential impact of risk of bias in individual studies on the results of the meta-analysis or
other evidence synthesis? 2 2

13. Did the review authors account for risk of bias in individual studies when interpreting/discussing the results of the review? 1 3
14. Did the review authors provide a satisfactory explanation for, and discussion of, any heterogeneity observed in the results of the review? 2
15. If they performed quantitative synthesis did the review authors carry out an adequate investigation of publication bias (small study bias) and discuss its
likely impact on the results of the review? 3 1

16. Did the review authors report any potential sources of conflict of interest, including any funding they received for conducting the review? 2 2

AMSTAR 2 categorizes the level of evidence according to the following: High: No or one non-critical weakness: the systematic review provides an accurate and comprehensive summary
of the results of the available studies that address the question of interest. Moderate: More than one non-critical weakness *: the systematic review has more than one weakness but no
critical flaws. It may provide an accurate summary of the results of the available studies that were included in the review. Low: One critical flaw with or without non-critical weaknesses:
the review has a critical flaw and may not provide an accurate and comprehensive summary of the available studies that address the question of interest. Critically low: More than
one critical flaw with or without non-critical weaknesses: the review has more than one critical flaw and should not be relied on to provide an accurate and comprehensive summary
of the available studies. * Multiple non-critical weaknesses may diminish confidence in the review and it may be appropriate to move the overall appraisal down from moderate to
low confidence.
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Table 4. The quality of evidence according to AMSTAR 2 [15].

[10] [13] [18] [14]

1. Did the research questions and inclusion criteria for the review include the components of PICO? Y Y Y Y
2. Did the report of the review contain an explicit statement that the review methods were established prior to the conduct of the review and
did the report justify any significant deviations from the protocol? Y N Y N

3. Did the review authors explain their selection of the study designs for inclusion in the review? N N N N
4. Did the review authors use a comprehensive literature search strategy? Y N PY PY
5. Did the review authors perform study selection in duplicate? Y N Y N
6. Did the review authors perform data extraction in duplicate? Y N Y N
7. Did the review authors provide a list of excluded studies and justify the exclusions? N N Y N
8. Did the review authors describe the included studies in adequate detail? PY PY PY PY
9. Did the review authors use a satisfactory technique for assessing the risk of bias in individual studies that were included in the review? Y N Y N
10. Did the review authors report on the sources of funding for the studies included in the review? N Y N N
11. If meta-analysis was performed did the review authors use appropriate methods for statistical combination of results? Y NM N NM
12. If meta-analysis was performed, did the review authors assess the potential impact of risk of bias in individual studies on the results of
the meta-analysis or other evidence synthesis? N NM N NM

13. Did the review authors account for risk of bias in individual studies when interpreting/discussing the results of the review? Y N Y N
14. Did the review authors provide a satisfactory explanation for, and discussion of, any heterogeneity observed in the results of the review? Y N Y N
15. If they performed quantitative synthesis did the review authors carry out an adequate investigation of publication bias (small study bias)
and discuss its likely impact on the results of the review? Y NM N N

16. Did the review authors report any potential sources of conflict of interest, including any funding they received for conducting the review? Y Y Y Y
Quality of evidence Low Critically Low Critically low low

Y: yes; N: no; PY: partial yes; NM: no meta-analysis conducted.
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3.6. Root Resorption in CAT versus Pre-Adjusted Edgewise Appliances (PEA)

All four articles compared the root resorption rate of the fixed appliance treatment
versus aligner treatment for non-extraction cases. Two systematic reviews [10,18] included
a meta-analysis, while the other two [13,14] were not quantitatively analyzed. From the
available evidence, the occurrence and seriousness of RR were lower after CAT than
with PEA [13]. The difference in the EARR of maxillary incisors in PEA versus CAT
was not significant, except for the right maxillary central incisor (the PEA group showed
significantly more EARR than the CAT group) [10]. Overall, the occurrence and severity of
EARR were found to be lower in CAT compared with PEA [18]. The available evidence
suggests that in cases of malocclusion not necessitating extractions, CAT was associated
with a decreased likelihood of experiencing EARR compared with traditional fixed multi-
bracket treatment [14].

4. Discussion

Root resorption is the process of the removal of cementum and/or dentine through
physiological or pathological activity of tooth resorbing cells [19]. The cause of this patho-
logical event is multifactorial, when the pressure generated by the appliance passing
through the teeth exceeds the capillary pressure, the periodontal ligament will undergo
ischemic necrosis, leading to the degeneration of the transparent zone, thereby activating
tooth resorption cells and causing the loss of cementum and/or dentin [20,21]. OIIRR is
likely to occur in most patients who have undergone orthodontic treatment [22]. As a
high-risk factor for iatrogenic root resorption, orthodontic treatment deserves attention [23].

Advances in 3D printing orthodontic technology have substantially enhanced the
treatment of non-extraction orthodontic cases. As a result, more clinicians and patients
prefer CAT. In non-extraction cases, the incidence of EARR in CAT ranges between
41.81–68.3% (including 2.83–6.31% severe resorption). Almost all patients have at least
1–2 teeth affected by root resorption [24]. Of the 4 systematic reviews included in our study,
3 were non-extraction studies. Additionally, of the 11 studies included in the remaining
systematic review, 6 were non-extraction cases and 7 were tooth extraction cases. For
non-extraction cases, aligners have obvious advantages. However, in cases with severe
crowding, certain technical difficulties limit the usefulness of CAT. In the four included
systemic reviews, EARR was most frequently detected in the upper and lower anterior teeth.
Notably, only a few studies included canines, premolars, and first molars. At present, the
available research on root resorption in CAT is mostly limited to non-extraction cases. Most
studies have focused on anterior teeth. Studies including posterior teeth are limited [25].

Aligners are removable appliances and must be removed when eating and brushing
teeth. Some patients have shown poor compliance during treatment, failing to wear the
aligners for the necessary duration. Consequently, tooth movement efficiency is com-
promised, deviating from the original design plan and resulting in the need to redesign
the treatment plan. With CAT, the interval is longer, so the orthodontic force generated
tends to be discontinuous, and the time of force application is shortened, which, in turn,
reduces the risk of EARR. Consequently, the cementum is repaired to varying degrees
during the non-stressed periods [26]. With CAT, each tooth movement step is precisely
designed. Compared with fixed orthodontic appliances, reciprocating tooth movements
are avoided to a great extent. Tooth movement reciprocation is not only a high risk for
root resorption [27], but can also prolong the treatment time, thereby increasing the risk of
root resorption [28].

Individualized treatment planning is essential in clear aligner therapy to achieve
desired orthodontic outcomes while minimizing the risk of root resorption [29]. Extensive
malocclusions, including crowding, spacing, and misalignment, may require more exten-
sive tooth movements and longer treatment durations. Orthodontists need to carefully
evaluate the pretreatment extent of malalignment to develop personalized treatment plans
that address specific orthodontic concerns effectively.
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Barbagallo et al. compared the root resorption of the premolars under light force (25
g) and gravity (225 g) for 8 weeks, comparing ClearSmile® aligners and traditional fixed
orthodontics. The results of that study demonstrated that root resorption in the clear aligner
group was basically similar to that of the fixed orthodontic light force group, suggesting
that clear aligners are associated with lighter forces [30], and light forces reduce the risk of
EARR [31]. For non-extraction cases with mild to moderate crowding, the anterior teeth
often undergo interproximal reduction (IPR) as part of CAT, which reduces the moving
distance of the anterior teeth and shortens the treatment duration. This may contribute to
lowering the risk and severity of root resorption. Unlike fixed orthodontics, where force is
applied at the center of the crown, aligners apply force through the appliance itself, as well
as the accessories. This may be one of the reasons for the lower risk of root resorption in
CAT. Further investigations are required to verify this hypothesis.

AMSTAR, developed in 2007, is currently the most popular extensive tool for evalu-
ating systematic reviews that include randomized controlled trials [32]. However, with
the increasing number of non-randomized controlled trials, AMSTAR has shown certain
limitations. Consequently, a working group has been established to further develop the
tool. In 2017, AMSTAR 2, which is indicated also for non-randomized controlled studies,
was launched. This new version aligns with the PICO framework better. It also facilitates
sufficiently detailed assessments of biases in included studies, including bias in statistical
pooling and bias in result interpretation and discussion [32].

There are many systematic reviews on root resorption, but they are largely based
on 2D studies. In this study, the systematic reviews included 3D and 2D studies were
selected (because systematic reviews that included 3D methods for measurement were
not all included). The selection involved several layers of screening. In the end, only four
systematic reviews were eligible for inclusion. These were evaluated using the AMSTAR
2 method. The outcome indicated that none of the included systematic reviews were of
high quality. For studies that investigated root resorption with CAT, there were limited
studies that analyzed EARR using CBCT and compared the results with those detected
by panoramic and apical radiographs. Notably, apical radiographs underestimated root
lengths by an average of 2.6 mm, whereas CBCT underestimated root lengths by less
than 0.3 mm [33]. The use of CBCT to detect root resorption is increasing and should
be promoted. To draw accurate conclusions, high-quality randomized controlled studies
for inclusion in systematic reviews and meta-analyses are paramount. Summarizing
the findings from the four included systemic reviews, current evidence suggests that
while aligners cannot prevent root resorption in orthodontic treatment, the incidence of
root resorption is reduced relative to fixed orthodontic treatment. Our result is roughly
consistent with the conclusions of previous studies [34]. Importantly, Vaibhav Gandhi et al.,
in their meta-analysis, concluded that the right maxillary central incisor is not affected by
the type of treatment appliances and that there is no difference in the root resorption rate.
This conclusion was not consistent with the other three systematic reviews.

5. Limitations

The number of systematic reviews that met the inclusion criteria was small. The
evidence suggests that all four were of low or critically low quality. Without high-quality
studies, a meta-analysis could not be performed as the risk of bias would be high.

Currently, there are almost no systematic reviews focusing solely on CBCT studies,
and the number of 3D studies included in existing systematic reviews is relatively small.

Most of the studies are non-extraction cases, and very few tooth extraction cases have
been investigated. For cases with severe crowding and orthodontically complicated cases,
the technical support for CAT needs to be further improved.

6. Conclusions

In mildly to moderately crowded non-extracted cases, root resorption was lower
with clear aligners therapy compared with fixed orthodontic treatment. This conclusion
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warrants cautious interpretation due to the very low quality of the available evidence. In
the future, higher quality systematic reviews are needed to substantiate this thesis.

Evaluating root resorption with 2D methods may result in underestimations as root
resorption occurs in all directions. To accurately assess root resorption, CBCT is recommended.
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13. Sadauskaitė, U.; Berlin, V. Orthodontic treatment with clear aligners and apical root resorption. Med. Sci. 2020, 8, 35–47.
14. Elhaddaoui, R.; Qoraich, H.S.; Bahije, L.; Zaoui, F. Orthodontic aligners and root resorption: A systematic review. Int. Orthod.

2017, 15, 1–12. [CrossRef] [PubMed]
15. Shea, B.J.; Reeves, B.C.; Wells, G.; Thuku, M.; Hamel, C.; Moran, J.; Moher, D.; Tugwell, P.; Welch, V.; Kristjansson, E.; et al.

AMSTAR 2: A critical appraisal tool for systematic reviews that include randomised or non-randomised studies of healthcare
interventions, or both. BMJ 2017, 358, j4008. [CrossRef] [PubMed]

16. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G.; PRISMA Group. The PRISMA Group. Preferred reporting items for systematic
reviews and meta-analyses: The PRISMA statement. Ann. Intern. Med. 2009, 151, 264–269. [CrossRef] [PubMed]

17. Amir-Behghadami, M.; Janati, A. Population, Intervention, Comparison, Outcomes and Study (PICOS) design as a framework to
formulate eligibility criteria in systematic reviews. Emerg. Med. 2020, 37, 387. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ajodo.2009.06.021
https://www.ncbi.nlm.nih.gov/pubmed/20362905
https://doi.org/10.5005/jp-journals-10024-2465
https://www.ncbi.nlm.nih.gov/pubmed/30713189
https://doi.org/10.1093/ejo/cjaa058
https://www.ncbi.nlm.nih.gov/pubmed/33215186
https://doi.org/10.1016/j.ejwf.2021.09.003
https://www.ncbi.nlm.nih.gov/pubmed/34785166
https://doi.org/10.1186/s12903-015-0060-4
https://www.ncbi.nlm.nih.gov/pubmed/26104387
https://doi.org/10.1177/14653125231166015
https://www.ncbi.nlm.nih.gov/pubmed/37002790
https://doi.org/10.2319/112807-562.1
https://www.ncbi.nlm.nih.gov/pubmed/18947291
https://doi.org/10.2319/02016-101.1
https://www.ncbi.nlm.nih.gov/pubmed/27504821
https://doi.org/10.4103/jos.JOS_120_17
https://www.ncbi.nlm.nih.gov/pubmed/29963506
https://doi.org/10.1093/ejo/cjaa013
https://doi.org/10.1093/ejo/cjy027
https://www.ncbi.nlm.nih.gov/pubmed/29771300
https://doi.org/10.1016/j.ajodo.2012.08.023
https://www.ncbi.nlm.nih.gov/pubmed/23273363
https://doi.org/10.1016/j.ortho.2016.12.019
https://www.ncbi.nlm.nih.gov/pubmed/28131613
https://doi.org/10.1136/bmj.j4008
https://www.ncbi.nlm.nih.gov/pubmed/28935701
https://doi.org/10.7326/0003-4819-151-4-200908180-00135
https://www.ncbi.nlm.nih.gov/pubmed/19622511
https://doi.org/10.1136/emermed-2020-209567
https://www.ncbi.nlm.nih.gov/pubmed/32253195


J. Clin. Med. 2024, 13, 1950 11 of 11

18. Fang, X.; Qi, R.; Liu, C. Root resorption in orthodontic treatment with clear aligners: A systematic review and meta-analysis.
Orthod. Craniofac. Res. 2019, 22, 259–269. [CrossRef] [PubMed]

19. Laux, M.; Abbott, P.V.; Pajarola, G.; Nair, P.N.R. Apical inflammatory root resorption: A correlative radiographic and histological
assessment. Int. Endod. J. 2000, 33, 483–493. [CrossRef]

20. Brezniak, N.; Wasserstein, A. Orthodontically induced inflammatory root resorption. Part I: The basic science aspects. Angle
Orthod. 2002, 72, 175–179. [PubMed]

21. Hohmann, A.; Wolfram, U.; Geiger, M.; Boryor, A.; Kober, C.; Sander, C.; Sander, F.G. Correspondences of hydrostatic pressure in
periodontal ligament with regions of root resorption: A clinical and a finite element study of the same human teeth. Comput.
Methods Programs Biomed. Update 2009, 93, 155–161. [CrossRef] [PubMed]

22. Li, Y.; Jacox, L.A.; Little, S.H.; Ko, C.C. Orthodontic tooth movement: The biology and clinical implications. Kaohsiung J. Med. Sci.
2018, 34, 207–214. [CrossRef] [PubMed]

23. Brezniak, N.; Wasserstein, A. Orthodontically induced inflammatory root resorption. Part II: The clinical aspects. Angle Orthod.
2002, 72, 180–184.

24. Xia, L.L.; Hua, X.M. Root Resorption of Clear Aligner Treatment. J. Oral Sci. 2019, 35, 1115–1118. [CrossRef]
25. Niu, C.Y.; Feng, Y.X. Clinical research advances of root resorption during orthodontic treatment with aligners. J. Pract. Stomatol.

2019, 12, 756–759.
26. Currell, S.D.; Liaw, A.; Grant, P.D.B.; Esterman, A.; Nimmo, A. Orthodontic mechanotherapies and their influence on external

root resorption: A systematic review. Am. J. Orthod. Dentofac. Orthop. 2019, 155, 313–329. [CrossRef] [PubMed]
27. Tanaka, K.; Yamaguchi, M.; Hikida, T.; Yoshino, T.; Kikuta, J.; Shimizu, M.; Takahashi, M.; Kasai, K. Jiggling force aggravates

orthodontic root resorption via TNF-α during rat experimental tooth movement. Int. J. Oral-Med. Sci. 2016, 14, 82–90. [CrossRef]
28. Deng, Y.; Sun, Y.; Xu, T. Evaluation of root resorption after comprehensive orthodontic treatment using cone beam computed

tomography (CBCT): A meta-analysis. BMC Oral Health 2018, 18, 116. [CrossRef]
29. Inchingolo, F.; Inchingolo, A.M.; Palmieri, G.; Di Pede, C.; Garofoli, G.; de Ruvo, E.; Inchingolo, A.D.; Palermo, A.; Mancini, A.;

Di Venere, D.; et al. Root Resorption during Orthodontic Treatment with Clear Aligners vs. Fixed Appliances-A Systematic
Review. Appl. Sci. 2024, 14, 690. [CrossRef]

30. Barbagallo, L.J.; Jones, A.S.; Petocz, P.; Darendeliler, M.A. Physical properties of root cementum: Part 10. Comparison of
the effects of invisible removable thermoplastic appliances with light and heavy orthodontic forces on premolar cementum.
A microcomputed-tomography study. Am. J. Orthod. Dentofac. Orthop. 2008, 133, 218–227. [CrossRef]

31. Marina, G.R.; Josete, B.C.M.; Paolo, M.C. Association of orthodontic force system and root resorption: A systematic review. Am J.
Orthod. Dentofac. Orthop. 2015, 147, 610–626.

32. Shea, B.J.; Hamel, C.; Wells, G.A.; Bouter, L.; Kristjansson, E.; Grimshaw, J.; Henry, D.; Boers, M. AMSTAR is a reliable and valid
measurement tool to assess the methodological quality of systematic reviews. J. Clin. Epidemiol. 2009, 62, 1013–1020. [CrossRef]
[PubMed]

33. Sherrard, J.F.; Rossouw, P.E.; Benson, B.W.; Carrillo, R.; Buschang, P.H. Accuracy and reliability of tooth and root lengths measured
on cone-beam computed tomographs. Am. J. Orthod. Dentofac. Orthop. 2010, 137, S100–S108. [CrossRef] [PubMed]

34. Fowler, B.; Holly, M.; Paine, M.; Sameshima, G. A Comparison of Root Resorption between Invisalign Treatment and Contempo-
rary Orthodontic Treatment. Ph.D. Thesis, University of Southern California, Los Angeles, CA, USA, 2010; pp. 1–91.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/ocr.12337
https://www.ncbi.nlm.nih.gov/pubmed/31323701
https://doi.org/10.1046/j.1365-2591.2000.00338.x
https://www.ncbi.nlm.nih.gov/pubmed/11999941
https://doi.org/10.1016/j.cmpb.2008.09.004
https://www.ncbi.nlm.nih.gov/pubmed/18951647
https://doi.org/10.1016/j.kjms.2018.01.007
https://www.ncbi.nlm.nih.gov/pubmed/29655409
https://doi.org/10.13701/j.cnki.kqyxyj.2019.12.003
https://doi.org/10.1016/j.ajodo.2018.10.015
https://www.ncbi.nlm.nih.gov/pubmed/30826034
https://doi.org/10.5466/ijoms.14.82
https://doi.org/10.1186/s12903-018-0579-2
https://doi.org/10.3390/app14020690
https://doi.org/10.1016/j.ajodo.2006.01.043
https://doi.org/10.1016/j.jclinepi.2008.10.009
https://www.ncbi.nlm.nih.gov/pubmed/19230606
https://doi.org/10.1016/j.ajodo.2009.03.040
https://www.ncbi.nlm.nih.gov/pubmed/20381750

	Introduction 
	Materials and Methods 
	Study Protocol 
	Eligibility Criteria 
	Information Sources, Search Strategy, and Study Selection 
	Data Items and Collection 
	Quality Assessment 
	Data Synthesis 

	Results 
	Study Selection 
	Study Characteristics 
	Quality of Evidence from the Data Synthesis 
	Data Synthesis 
	Root Resorption According to the Detection Method 
	Root Resorption in CAT versus Pre-Adjusted Edgewise Appliances (PEA) 

	Discussion 
	Limitations 
	Conclusions 
	References

