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54 ABSTRACT

55

56 Background/ Objectives: Clear aligner attachments increase the risk of 

57 white spot lesions (WSL), with a 35.5% incidence in adolescents. The 

58 number of anterior attachments is an independent risk factor 

59 (OR=2.192). Despite 17 million patients treated worldwide, no study has 

60 quantitatively assessed demineralization around attachment margins. To 

61 compare the effectiveness of CPP-ACP, nano-hydroxyapatite (nHAp), and 

62 fluoride varnish versus a control for attachment-associated 

63 demineralization using DIAGNOdent monitoring.

64 Methods: This prospective controlled clinical trial evaluated 52 patients; 

65 45 were enrolled, and 40 completed after five pre-baseline withdrawals. 

66 Participants were allocated to four groups (n=10 each): Group A (control, 

67 fluoride toothpaste), Group B (CPP-ACP daily), Group C (nHAp 

68 professional + home gel), and Group D (fluoride varnish quarterly). 

69 DIAGNOdent measurements were taken around attachments at baseline, 

70 1, 3, and 6 months. Linear mixed-effects models analyzed group 

71 differences (p<0.05).

72 Results: All 40 participants completed the 6-month study (100% 

73 retention). Baseline values were comparable (p=0.48). Mean 

74 DIAGNOdent changes at 6 months were: Control +4.35 [95%CI: 3.77–
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75 4.93], CPP-ACP −4.02 [−4.47 to −3.56], nHAp −5.36 [−5.99 to −4.72], 

76 Fluoride −4.45 [−4.78 to −4.11]. The main group effect was significant 

77 (p<0.001; η²p=0.974). All treatments outperformed the control 

78 (p<0.001). nHAp showed the greatest reduction, superior to CPP-ACP 

79 (p<0.001) and fluoride (p=0.019). Fluoride exhibited a biphasic pattern.

80 Conclusions: All remineralization protocols significantly reduced 

81 demineralization versus control, with nHAp demonstrating the highest 

82 efficacy. Early preventive intervention and regular monitoring are 

83 recommended in attachment-bearing patients. Larger randomized trials 

84 are warranted.

85 Trial registration: ClinicalTrials.gov NCT07229105. Registered 13 

86 November 2025. Retrospectively registered.

87 Keywords: Clear aligners; Orthodontic attachments; White spot lesions; 

88 DIAGNOdent; Nano-hydroxyapatite

89 Word count: 258 words

90

91 1.Introduction

92

93 White spot lesions (WSLs) are the most prevalent iatrogenic complication 

94 of orthodontic treatment, affecting 2-97% of patients, depending on the 

95 assessment method and population studied[1, 2]. These incipient carious 

96 lesions, characterized by subsurface enamel demineralization with an 

97 intact surface layer[3], can develop within four weeks of plaque 

98 accumulation and progress to cavitation if left untreated[4]. Recent 
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99 evidence from Liu et al. reveals a striking 35.5% WSL incidence in clear 

100 aligner-treated adolescents, with the number of anterior attachments 

101 emerging as an independent risk factor (OR = 2.192, 95% CI: 1.158-

102 3.782)[5].

103

104 Clear aligner therapy, utilized in over 17 million patients globally, 

105 employs composite resin attachments to facilitate complex movements[6]. 

106 These attachments create plaque-retentive areas at the enamel-composite 

107 interface, where conventional hygiene measures prove insufficient[7, 8]. 

108 The attachment-enamel margin presents unique challenges, such as 

109 altered surface topography, potential microleakage, and disrupted 

110 salivary clearance patterns[9]. Despite the widespread use of 

111 attachments, no clinical studies have specifically monitored 

112 demineralization at high-risk sites.

113

114 The relationship between clear aligners and WSL development remains 

115 poorly understood, despite growing clinical concerns. Systematic reviews 

116 have revealed conflicting evidence, with one noting that "clear aligners 

117 were associated with low WSL risk, but there is limited evidence of a 

118 protective effect" compared to fixed appliances[2, 10]. A recent scoping 

119 review found that "among five included studies, only one reported WSLs 

120 and showed no significant difference versus fixed appliances" 

121 underscoring the paucity of high-quality evidence[8]. The economic 

122 implications are substantial, with treatment and retreatment of WSLs 
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123 potentially costing up to €2,332 per patient[11], contributing to the global 

124 dental disease burden of US$298 billion annually[12].

125

126 Alternative remineralization technologies have emerged to address the 

127 limitations of fluoride monotherapies. Calcium-phosphate technologies, 

128 particularly casein phosphopeptide-amorphous calcium phosphate (CPP-

129 ACP), have been studied extensively. While some policy reviews note 

130 protocol-dependent effectiveness, a comprehensive 2025 systematic 

131 review confirmed that CPP-ACP demonstrates a statistically significant 

132 effect on the prevention and regression of white spot lesions compared to 

133 placebo or standard care[13]. Nanohydroxyapatite (nHAp) has emerged 

134 as a key biomimetic agent. A 2024 systematic review focusing on 

135 hydroxyapatite products confirmed their promising and comparable 

136 efficacy in enamel remineralization[14]. This aligns with a randomized 

137 controlled trial showing that "the nHAp group had higher 

138 remineralization ability than CPP-ACP at 1 month using DIAGNOdent 

139 measurements"[15].

140

141 Given the established risk of attachment-associated demineralization and 

142 the lack of evidence-based prevention protocols, this study aimed to 

143 compare the effectiveness of three remineralization strategies—CPP-ACP, 

144 nano-hydroxyapatite, and professional fluoride varnish—versus standard 

145 care in preventing enamel demineralization around clear aligner 

146 attachments using quantitative DIAGNOdent monitoring over six months. 

147 We hypothesized that there would be no significant difference (null 
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148 hypothesis, H₀) in attachment-associated demineralization changes 

149 among CPP-ACP, nano-hydroxyapatite, fluoride varnish, and control 

150 groups as measured by DIAGNOdent over a 6-month period.

151

152 2.Materials And Methods

153

154 Study Design and Setting

155

156 This prospective controlled clinical trial was conducted at Bezmialem 

157 Vakif University Dentistry Faculty Orthodontic Clinic from August 2024 to 

158 March 2025. The study protocol was approved by the Institutional Review 

159 Board (Protocol No: 09/15, date: 22/05/2024). All participants provided 

160 written informed consent, and parental consent was obtained from 

161 patients aged 16-18 years. This study followed the STROBE 

162 guidelines[16], adapted for the reporting of controlled clinical trials.

163

164 Sample Size and Recruitment

165

166 This was an exploratory study using a convenience sample. No formal a 

167 priori sample-size calculation was performed. A total of 52 patients 

168 currently undergoing clear aligner therapy were assessed for eligibility 

169 between August and September 2024. Seven patients were excluded: two 

170 with systemic diseases, two who started medications affecting salivary 

171 flow, and three who declined participation. The remaining 45 patients 
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172 provided written informed consent and were allocated to the four 

173 treatment groups.

174

175 Before the baseline measurements, five patients withdrew from the study. 

176 In Group B (CPP-ACP), two patients withdrew: one due to intolerance to 

177 sweet products with nausea during trial application and another due to 

178 concerns about potential allergic reactions given the dairy-based 

179 composition. In Group C (nHAp), one patient withdrew due to family 

180 relocation. In Group D (fluoride varnish), 2 patients withdrew their 

181 inability to attend regular clinical appointments. No withdrawals 

182 occurred in Group A (control). This resulted in 40 patients (n=10 per 

183 group) undergoing baseline DIAGNOdent measurements, all completed 

184 the 6-month protocol (100% post-baseline retention).

185

186 Eligibility Criteria

187

188 Inclusion Criteria:

189

190 - Age 16-45 years

191 - Active clear aligner treatment with minimum 6 months remaining

192 - Presence of ≥10 attachments on anterior teeth and premolars

193 - Good general health

194 - Commitment to prescribed aligner wear (20-22 hours/day)

195

196 Exclusion Criteria:
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197

198 - Active carious lesions

199 - Periodontal disease

200 - Fluorosis or enamel hypoplasia

201 - Current fluoride supplement use beyond standard toothpaste

202 - Pregnancy or lactation

203 - Systemic conditions affecting salivary flow

204

205 Group Allocation and Interventions

206

207 Group A: Control (n=10)

208

209 The participants used standard fluoride toothpaste (1450 ppm) twice 

210 daily, with no additional remineralization protocol.

211

212 Group B: Casein Phosphopeptide-Amorphous Calcium Phosphate 

213 (n=10)

214

215 In addition to the standard fluoride toothpaste, participants applied GC 

216 Tooth Mousse (GC Corporation, Tokyo, Japan) to their clear aligners once 

217 daily. The protocol involved:

218

219 - Dispensing a pea-sized amount of mousse into each aligner

220 - Wearing the aligner with mousse for 15 minutes

221 - No rinsing for 30 minutes post-application
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222 - Application performed before bedtime

223

224 Group C: Nano-Hydroxyapatite (n=10)

225

226 This group received a combined and intensive protocol designed to 

227 maximize nano-hydroxyapatite exposure. It involved in-office applications 

228 of a nano-hydroxyapatite mineral gel (5% nHAp; BioWhiten ProOffice 

229 NanoCare Nano-Hydroxyapatite Mineral Jel, BiODENT MEDICAL, 

230 Istanbul, Turkey) performed by the examiner at baseline (T0), 1 month 

231 (T1), and 3 months (T2). This professional application was complemented 

232 by an at-home regimen consisting of daily application of a different nHAp 

233 dental care gel (1% nHAp; Biowhiten Nanocare nHAp Diş Bakım Jeli, 

234 BiODENT MEDICAL, Istanbul, Turkey), which participants squeezed into 

235 their aligners each night before sleeping (or for a minimum of 15 minutes 

236 if applied during the day). For routine daily brushing, participants in all 

237 four groups, including Group C, were provided with and instructed to 

238 exclusively use a standard fluoride toothpaste containing 1450 ppm 

239 fluoride.

240

241 Group D: Professional Fluoride Varnish (n=10)

242

243 The participants maintained the standard fluoride toothpaste use plus

244
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245 - Professional application of 5% sodium fluoride varnish (ProShield 

246 varnish, PRESIDENT DENTAL GmbH, Allershausen, Germany) at baseline 

247 and 3 months

248 - Varnish applied to all tooth surfaces, with special attention to 

249 attachment margins

250 - 1 minute contact time before removal[17]

251 - No eating/drinking for 2 hours post-application

252

253 Standardized Oral Hygiene Protocol

254

255 For routine daily brushing (e.g., twice daily), participants in all four 

256 groups, including Group C, were provided with and instructed to 

257 exclusively use a standard fluoride toothpaste containing 1450 ppm 

258 fluoride. No other remineralizing toothpaste was permitted during the 

259 study period.

260

261 DIAGNOdent Measurement Protocol

262

263 Calibration and Standardization

264

265 The DIAGNOdent pen (KaVo, Biberach, Germany) was calibrated before 

266 each measurement session according to the manufacturer’s instructions 

267 using a ceramic standard[18]. A single calibrated examiner performed all 

268 measurements to ensure consistency. Intra-examiner reliability was 

269 assessed using intraclass correlation coefficient (ICC) with two-way 
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270 mixed model, absolute agreement, calculated from 30 repeated 

271 measurements at 10 randomly selected attachment sites (ICC = 0.85, 

272 95% CI: 0.79-0.91).

273

274 Measurement Technique

275

276 A standardized measurement protocol was employed for all DIAGNOdent 

277 assessments. Teeth were air-dried for 5 seconds prior to measurement, 

278 and the probe tip was positioned perpendicular to the enamel surface to 

279 ensure consistent readings. Four measurements were obtained per 

280 attachment site at the mesial, distal, gingival, and occlusal margins. 

281 Three measurement passes were performed at each site, with the 

282 maximum value recorded to represent the most advanced 

283 demineralization present. Measurements were conducted at four 

284 timepoints: baseline (T0), 1 month (T1), 3 months (T2), and 6 months 

285 (T3).

286

287 Cut-off Values

288

289 DIAGNOdent measurements were categorized using validated cut-off 

290 values for smooth enamel surfaces. Values between 0-12 were classified 

291 as sound enamel, scores of 13-24 indicated initial demineralization, and 

292 readings ≥25 represented advanced demineralization[18]. These 

293 thresholds were selected based on their established validity for detecting 

294 early carious lesions on smooth surfaces.
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295

296 Data Collection

297

298 Clinical Parameters

299

300 Several clinical parameters were documented at baseline to characterize 

301 the sample and ensure group comparability. These included plaque index 

302 scores to assess oral hygiene status, gingival index measurements to 

303 evaluate periodontal health, decayed-missing-filled teeth (DMFT) scores 

304 to quantify caries experience, and the duration of clear aligner treatment 

305 to account for exposure time. All clinical parameters were collected by 

306 calibrated examiners using standardized protocols.

307

308 Behavioral Factors

309

310 Participant behavioral factors related to oral hygiene and dietary habits 

311 were assessed through structured questionnaires. These included daily 

312 tooth brushing frequency, flossing habits, frequency of sugary food and 

313 beverage consumption, and adherence to professional oral hygiene 

314 recommendations. Behavioral data were collected to identify potential 

315 confounding factors that might influence demineralization outcomes 

316 independent of the assigned remineralization protocol.

317

318 Compliance with the assigned home-applied remineralization protocols 

319 (Groups B and C) was assessed using patient self-report diaries. 
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320 Participants recorded the daily application of their assigned agents. 

321 These diaries were reviewed by the examiner at each monthly follow-up 

322 visit, and compliance was calculated as (total days applied/total days in 

323 the period) × 100. Compliance for Group D was considered 100%, as the 

324 agent was professionally applied at all scheduled follow-up visits.

325

326 Statistical Analysis

327

328 As multiple teeth were obtained from each participant and repeated 

329 measurements were taken from each tooth at four different time points, 

330 the data had a hierarchical and repeated-measures structure. Therefore, 

331 a linear mixed-effects model (LMM) was used to account for within-

332 subject and within-tooth correlations[19]. In the model, time was treated 

333 as a repeated factor and the teeth were specified as nested within the 

334 subjects. Random intercepts were included for both the subjects and 

335 teeth to allow for individual variability at each level. Fixed effects 

336 included group, time, age, gender and number of attachments. A diagonal 

337 covariance structure was applied to model the correlations among 

338 repeated observations over time. The model parameters were estimated 

339 using the Restricted Maximum Likelihood (REML) method. The 

340 significance of the fixed effects was assessed using Type III F-tests. When 

341 a significant interaction was detected, the estimated marginal means 

342 (EMMEANS) and pairwise comparisons were used to examine differences 

343 between groups across time points. A p-value < 0.05 was considered 

344 statistically significant.
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345 Post-hoc power analysis was performed using G*Power 3.1 [20] to 

346 evaluate the study's power given the observed effect size (partial η² = 

347 0.974).

348 During the preparation of this manuscript, the authors used AI language 

349 models (Google Gemini and ChatGPT) for language enhancement 

350 (grammar, syntax, and clarity) and formatting assistance. The authors 

351 have reviewed and edited the output and take full responsibility for the 

352 content of this publication.

353

354

355 3.Results

356

357 Participant Demographics

358

359 Of the 52 patients screened, 7 were excluded and 45 consented to 

360 participate. Five pre-baseline withdrawals occurred: two from the CPP-

361 ACP group (product taste intolerance with nausea and dairy allergy 

362 concerns), one from the nHAp group (city relocation), and two from the 

363 fluoride varnish group (both citing the inability to attend regular clinical 

364 appointments). The control group had no withdrawal. The final cohort of 

365 40 patients who initiated baseline measurements demonstrated 100% 

366 retention at the 6-month follow-up. This per-protocol population 

367 comprised 60% females, mean age 22.9 ± 7.0 years (range: 16-45). 

368 Dropout rates were not significantly different between the initial 

369 allocation groups (Fisher's Exact Test, p=0.382).(Figure 1)
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370

371 Missing Data

372

373 All 40 participants who initiated the study protocol completed the 6-

374 month follow-up, resulting in a 0% post-baseline dropout rate. Therefore, 

375 no participant-level missing-data imputation was required for the primary 

376 analysis population (n=40).

377

378 Site-level exclusions (i.e., DIAGNOdent measurements not obtained on 

379 teeth without attachments or on absent teeth) were by design and did not 

380 represent missing data requiring imputation. Of the theoretical maximum 

381 of 4480 potential measurement sites (40 patients × 28 teeth × 4 time 

382 points), 2751 (61.4%) corresponded to existing teeth with attachments 

383 and were included in the site-level dataset analysis informing the LMM.

384

385 The primary outcome was the change in DIAGNOdent scores from 

386 baseline (T0) to 6 months (T3). Secondary outcomes included the 

387 comparison of treatment efficacy among the three active interventions 

388 and assessment of temporal patterns in demineralization changes across 

389 measurement time points.

390

391 Baseline Characteristics (Table 1)

392

393 At baseline (T0), mean DIAGNOdent values ranged from 10.44 ± 2.46 

394 (Group A) to 12.34 ± 1.48 (Group B). One-way ANOVA revealed no 
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395 significant between-group differences in baseline DIAGNOdent scores 

396 (F(3,36) = 1.85, p = 0.48), confirming a comparable initial enamel status 

397 across all groups (Table 1). The mean number of attachments differed 

398 significantly between groups, with Group C having more attachments 

399 (18.9 ± 2.4) than the other groups (16.1-17.3; p = 0.007). Table 2 shows 

400 all timepoint values, and Figure 2 depicts the temporal trends.

401

402 Primary Outcome Analysis

403

404 The primary analysis using a linear mixed-effects model (LMM), adjusting 

405 for baseline attachment number as a covariate, revealed a highly 

406 significant main effect of GROUP on the change in DIAGNOdent scores 

407 from baseline to 6 months (F[3, 35] = 438.4, p < 0.001). The effect size 

408 was exceptionally large (partial η² = 0.974). The covariate baseline 

409 attachment number was not significantly associated with the outcome (p 

410 = 0.470). The distribution of these changes is illustrated in Figure 3.

411

412 Pairwise Comparisons

413

414 Post-hoc pairwise comparisons with Bonferroni correction confirmed that 

415 all active treatment groups (B, C, and D) showed significantly greater 

416 reduction in DIAGNOdent scores than the control group (A) (p < 0.001 

417 for all). In contrast, the control group (Group A) showed significant 

418 worsening with a mean increase of +4.35 in DIAGNOdent scores (p < 

419 0.001), confirming the risk of attachment-associated demineralization 
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420 without preventive intervention. Crucially, the nHAp group (C) 

421 demonstrated a significantly greater reduction compared to both the 

422 CPP-ACP group (B) (Mean Difference = -1.34 units, p < 0.001) and the 

423 fluoride group (D) (Mean Difference = -0.91 units, p = 0.019). No 

424 significant difference was found between the CPP-ACP (B) and fluoride 

425 (D) groups (Mean Difference = -0.43 units, p = 0.375).

426

427 Temporal Patterns

428

429 Analysis of temporal patterns revealed distinct trajectories across the 

430 measurement intervals. Groups B (CPP-ACP) and C (nHAP) demonstrated 

431 progressive, monotonic reductions at each timepoint, indicating 

432 consistent remineralization throughout the study period. Group D 

433 (Fluoride) exhibited a biphasic response pattern with initial reduction 

434 from baseline to T1 (12.08→9.74), followed by a transient increase from 

435 T1 to T2 (9.74→10.83), and subsequent final reduction from T2 to T3 

436 (10.83→7.63), suggesting an initial adjustment phase before sustained 

437 remineralization. In contrast, Group A (Control) showed progressive 

438 increases in DIAGNOdent scores throughout the study period, confirming 

439 continuous demineralization without intervention. The individual patient 

440 trajectories are shown in Figure 4.

441

442 Subgroup Analyses

443
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444 Age-based Analysis: The age cutoff of 18 years was selected to 

445 differentiate between adolescent patients, who are typically in the active 

446 growth phase and may have different compliance levels compared to 

447 adults[4, 21]. Additionally, recent studies have specifically highlighted 

448 unique risk factors for white spot lesions in adolescent patients 

449 undergoing clear aligner therapy[5]. Age-based subgroups (<18 vs. ≥18 

450 years) showed similar treatment responses (p(interaction) = 0.84). All 

451 agents were effective regardless of the age category.

452

453 Tooth-Type Analysis: Posterior teeth exhibited a slightly higher mean 

454 recovery than anterior teeth (-6.1 vs -4.6 units, p = 0.02), which was most 

455 pronounced in the nHAp and fluoride groups.

456

457 Adverse Events

458

459 No adverse effects, including tooth hypersensitivity, gingival irritation, or 

460 enamel discoloration, were reported during the 6-month observation 

461 period. Self-reported compliance for home-applied agents (Groups B and 

462 C) exceeded 95% based on diary reviews. All participants in Group D 

463 completed their scheduled professional applications. All remineralization 

464 protocols were well tolerated.

465

466 4.Discussion

467
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468 This prospective controlled clinical trial rejected the null hypothesis, 

469 demonstrating significant differences among remineralization protocols 

470 in preventing attachment-associated demineralization during clear 

471 aligner therapy (p < 0.001, η²p = 0.974).

472

473 This study provides the first quantitative assessment of remineralization 

474 agent effectiveness, specifically around clear aligner attachments, 

475 addressing a critical gap in the orthodontic literature. Our findings 

476 demonstrate that all three remineralization protocols—nHAp, fluoride 

477 varnish, and CPP-ACP—significantly reduced enamel demineralization 

478 compared to standard fluoride toothpaste alone, with nHAp showing the 

479 greatest effect (5.36 unit reduction in DIAGNOdent values).

480

481 The 42% increase in DIAGNOdent values observed in the control group 

482 over 6 months aligns with Liu et al.'s finding that anterior attachments 

483 represent an independent risk factor for WSL development 

484 (OR=2.192)[5]. This deterioration, despite standard fluoride toothpaste 

485 use, underscores the inadequacy of conventional oral hygiene alone in 

486 preventing attachment-associated demineralization. The attachment-

487 enamel interface creates a unique microenvironment that facilitates 

488 biofilm accumulation and acid retention, explaining the progressive 

489 demineralization observed[5].

490

491 Our finding that nHAp demonstrated superior efficacy (-5.36 units) 

492 compared to both CPP-ACP (-4.02 units) and fluoride varnish (-4.45 units) 
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493 contrasts with El Mansy et al.'s hierarchy of post-orthodontic WSLs, 

494 where the difference between agents was less pronounced[15]. This 

495 discrepancy may reflect the specific challenges of the attachment 

496 environment, where the biomimetic properties of nHAp and its ability to 

497 directly integrate with the enamel structure provide particular 

498 advantages. Nano-sized particles (20-80 nm) can penetrate the 

499 microscopic irregularities at the attachment-enamel interface more 

500 effectively [22].

501

502 The biphasic response pattern observed in the fluoride varnish group—

503 initial improvement (T0→T1), transient worsening (T1→T2), and final 

504 improvement (T2→T3)—aligns with the established fluoride release 

505 kinetics. Recent systematic reviews have confirmed that fluoride release 

506 from varnishes typically follows a biphasic pattern that begins with a 

507 short-term peak in fluoride availability, after which levels gradually 

508 decrease[23]. This fluctuation likely reflects the specific release kinetics 

509 of fluoride varnishes, characterized by an initial 'burst effect' of high ion 

510 release followed by a rapid decline[24]. Unlike smooth surfaces, the 

511 irregular topography of attachment margins may compromise the 

512 retention of the varnish layer, causing the fluoride reservoir to deplete 

513 before the 3-month mark. The re-application of varnish at the 3-month 

514 visit (T2) likely replenished this reservoir, explaining the subsequent 

515 improvement observed at the 6-month endpoint[25]. This suggests that 

516 quarterly applications may require more frequent applications for high-

517 risk attachment environments.
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518

519 The consistent progressive improvement observed with daily home-

520 applied agents (nHAp and CPP-ACP) supports the importance of 

521 continuous remineralization therapy. This effect was likely enhanced by 

522 the methodology of using the aligners themselves as delivery trays. This 

523 specific mode of application—using aligners as carriers—ensures 

524 prolonged contact time at the peri-attachment site, a finding supported 

525 by a recent RCT that also utilized tray-based delivery of an F-ACP mousse 

526 to successfully manage post-orthodontic WSLs[7]. Unlike episodic high-

527 concentration exposure from professional varnish, these agents maintain 

528 steady-state mineral supersaturation in the peri-attachment environment. 

529 The superior performance of nano-hydroxyapatite may be attributed to its 

530 dual remineralization mechanism, functioning both as a source of calcium 

531 and phosphate ions and as a template that promotes epitaxial crystal 

532 growth on demineralized enamel surfaces[26, 27].

533

534 Our results demonstrated greater effect sizes (η²=0.974) than those 

535 typically reported in fixed appliance studies, wherein fluoride varnish 

536 reduces WSL incidence by approximately 36% [28]. This difference may 

537 reflect several factors. First, the removable nature of aligners allows 

538 better agent delivery during tray wear, as patients can apply 

539 remineralization agents directly to tooth surfaces before aligner 

540 insertion. Second, attachment surfaces are more accessible than bracket-

541 adjacent enamel, facilitating more thorough cleaning and agent 

542 application. Third, our quantitative DIAGNOdent monitoring may detect 
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543 subtle changes missed by visual assessment methods commonly used in 

544 fixed appliance studies, potentially capturing early remineralization 

545 effects that would otherwise go unnoticed.

546

547 The 100% post-baseline retention rate in our study, while remarkable, 

548 likely reflects the motivated patient population seeking clear aligner 

549 therapy and the noninvasive nature of the interventions. Notably, all five 

550 withdrawals occurred before baseline measurements, primarily because 

551 of product intolerance or scheduling conflicts, emphasizing the 

552 importance of trial applications and thorough informed consent 

553 processes. This contrasts with fixed-appliance cohorts, where 

554 discontinuation rates are typically around 8–10% in NHS datasets, with 

555 ~4–15% reported across European studies (occasionally up to ~20% 

556 depending on the setting)[29-31].

557

558 The DIAGNOdent cut-off values used (0-12: sound, 13-24: initial 

559 demineralization, ≥25: advanced) align with Kim et al.'s validated 

560 thresholds for smooth surfaces[18, 32]. The mean baseline values (10.4-

561 12.3) indicated that most patients began with sound enamel or borderline 

562 demineralization, suggesting that attachment placement itself may 

563 initiate subclinical changes detectable only through quantitative methods.

564

565 The economic implications merit further consideration. Professionally 

566 applied fluoride varnish, typically delivered every 3–6 months per ADA 

567 recommendations, costs approximately US $20–50 per application[33]. In 
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568 contrast, CPP-ACP creams (e.g., GC Tooth Mousse / MI Paste) and n-HAp 

569 toothpastes (e.g., Boka, RiseWell) represent modest home-care expenses, 

570 averaging US $10–30 per month[34]. Preventing even a single cavitated 

571 lesion can offset a restorative expense averaging ≈ US $200 per tooth, 

572 highlighting the preventive value of remineralization protocols[35].

573

574 Several limitations of this study warrant discussion. First, the non-

575 randomized allocation based on patient preference introduces potential 

576 selection bias, although the baseline characteristics were well balanced 

577 between the groups. Patients who chose active interventions may have 

578 been more motivated to maintain oral hygiene. Second, Second, the 

579 primary limitation of this study is the small convenience sample (n=10 

580 per group) without formal a priori sample size calculation. Conventional 

581 power analysis using standard effect sizes (Cohen's f=0.40) would have 

582 required approximately 19 participants per group for 80% power, 

583 suggesting that our study was initially underpowered[36]. However, post-

584 hoc power analysis using G*Power 3.1[20] revealed that the exceptionally 

585 large effect size observed (partial η² = 0.974) yielded statistical power 

586 exceeding 0.99, indicating that the study was adequately powered to 

587 detect substantial treatment differences despite the small sample size per 

588 group. Nevertheless, this exploratory finding requires confirmation in 

589 larger, adequately powered trials with pre-specified sample size 

590 calculations. Although the high effect size compensates for the small 

591 sample size statistically, the generalizability of these findings to broader 

592 populations with different oral hygiene habits, socioeconomic 
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593 backgrounds, or geographic regions remains to be confirmed in larger 

594 multi-center trials. The exploratory nature of this pilot study necessitates 

595 cautious interpretation. Third, the single-center design of a university 

596 setting may not reflect community practice patterns.

597

598 The lack of blinding, inherent to the nature of the intervention, could 

599 introduce performance and detection bias. However, DIAGNOdent 

600 provides objective quantitative measurements that are less susceptible to 

601 examiner bias than are visual scoring systems. The single-examiner 

602 protocol, while ensuring consistency (ICC=0.85), limits the external 

603 validity assessment. While the normality assumption for the residuals was 

604 generally not met, the robustness of the LMM to such deviations, 

605 combined with the confirmation of variance homogeneity (Levene's test, 

606 p=0.896), supports the validity of the analysis.

607

608 Although a significant difference in baseline attachment numbers 

609 (p=0.007) was noted between the groups, our primary linear mixed-

610 effects model analysis was adjusted for this variable as a covariate. The 

611 analysis confirmed that baseline attachment number did not significantly 

612 influence the primary outcome (p=0.470), indicating that the observed 

613 group differences were robust to this initial imbalance. Additionally, 

614 Group C received both professional in-office nHAp applications (ProOffice 

615 gel at T0, T1, T2) and daily home-applied nHAp gel (Nanocare), 

616 representing a more intensive protocol than the other groups. These 

617 factors should be considered when interpreting Group C's superior 
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618 outcomes. Future studies should stratify randomization by attachment 

619 number and standardize dosing protocols.

620

621 Strengths include the prospective design, complete follow-up, validated 

622 measurement protocol, and focus on a clinically relevant, but 

623 understudied population. The 6-month duration captures the medium-

624 term effects relevant to typical clear aligner treatment phases. The use of 

625 commercially available products has enhanced their immediate clinical 

626 applicability.

627

628 Our findings raise several research questions: First, would more frequent 

629 fluoride varnish application (monthly or bimonthly) eliminate the biphasic 

630 pattern? Second, would combining agents (e.g., daily nHAp plus quarterly 

631 fluoride varnish) provide synergistic effects? Third, can baseline 

632 DIAGNOdent values predict individual responses to specific agents 

633 enabling personalized prevention protocols?

634

635 Long-term studies should assess whether early intervention prevents 

636 cavitation that requires restorative treatment. Microbiological 

637 assessments could elucidate whether remineralization agents also modify 

638 the composition and metabolic activity of cariogenic biofilms[37, 38]. 

639 Regarding clinical significance, the reduction of approximately 5 

640 DIAGNOdent units observed in the nHAp group represents a meaningful 

641 shift in enamel quality. A strong positive correlation (r=0.892) between 

642 DIAGNOdent readings and ICDAS-II scores has been demonstrated for 
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643 smooth surface lesions [39]. According to validated thresholds where 

644 values <13 indicate sound enamel, the observed reduction from baseline 

645 (12.1) to final (6.7) signifies a decisive transition from borderline 

646 demineralization back to the 'sound' category. This quantitative 

647 improvement corresponds to a clinically visible arrest of white spot lesion 

648 progression, equating to a shift from ICDAS code 1–2 (initial lesion) to 

649 ICDAS 0 (sound surface)[39,40]. Economic analyses comparing 

650 preventive agent costs against potential restoration expenses would 

651 inform healthcare policies.

652

653 5.Conclusions

654

655 This prospective study provides critical evidence highlighting the 

656 significant iatrogenic risk associated with untreated clear aligner 

657 attachment sites, demonstrating a substantial increase in 

658 demineralization over 6 months despite standard fluoride toothpaste use. 

659 However, our findings offer clear solutions; targeted active 

660 remineralization protocols can effectively mitigate this complication. 

661 Among the tested regimens, the intensive nano-hydroxyapatite protocol 

662 (5% professional application plus 1% daily home use) demonstrated 

663 superior efficacy, yielding a covariate-adjusted reduction of 5.36 units, 

664 which was significantly greater than that of both CPP-ACP and quarterly 

665 fluoride varnish. Although the fluctuation observed in the quarterly 

666 fluoride varnish group requires further study, all active protocols 

667 significantly outperformed the control.
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668

669 These findings challenge the paradigm of passive monitoring, which is 

670 often employed in clear aligner therapy. Rather than accepting WSLs as 

671 an inevitable side effect, our data strongly support the implementation of 

672 active prevention strategies from the initiation of treatment, particularly 

673 in patients with multiple attachments. The observed DIAGNOdent 

674 reductions, particularly with the nHAp protocol, likely correspond to the 

675 shifting enamel status from 'initial demineralization' towards 'sound 

676 enamel' classifications, underscoring the clinical relevance of early 

677 intervention. For immediate clinical application, practitioners should 

678 consider risk stratification (e.g., attachment number) and patient 

679 compliance potential when selecting a remineralization protocol utilizing 

680 quantitative monitoring such as DIAGNOdent to guide interventions.

681

682 While the exploratory nature, non-randomized design, and small sample 

683 size of this pilot study necessitate cautious interpretation, the remarkably 

684 large effect size (partial η² = 0.974) and 100% post-baseline retention 

685 rate provided compelling preliminary evidence. This study represents the 

686 first step towards personalized preventive orthodontics, where risk 

687 assessment, real-time monitoring, and targeted interventions can 

688 potentially eliminate iatrogenic WSLs. Larger, adequately powered 

689 randomized controlled trials with extended follow-up are warranted to 

690 confirm these findings, establish the minimal clinically important 

691 difference (MCID, the smallest change considered clinically meaningful) 

692 for DIAGNOdent changes, and update clinical guidelines for preventing 
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693 attachment-associated enamel demineralization in the rapidly growing 

694 clear aligner patient population.

695

696 List of Abbreviations

697

698 AIC: Akaike Information Criterion

699 ANOVA: Analysis of variance

700 BIC: Bayesian Information Criterion

701 CI: Confidence interval
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898 Table 1. Demographics and Baseline Characteristics of Study 

899 Participants 

Characteristic
Group A 

(Control)

Group 

B 

(CPP-

ACP)

Group 

C 

(nHAp)

Group D 

(Fluoride)
Total

p-

value

n 10 10 10 10 40 -

Age (years), 

Mean ± SD
22.6 ± 6.7

22.5 ± 

6.0

23.8 ± 

8.5
22.7 ± 6.6

22.9 

± 7.0
0.92†

Range 16–38 16–35 16–45 16–36 16–45

Sex, n (%) 

Female
6 (60.0) 5 (50.0) 6 (60.0) 7 (70.0)

24 

(60.0)
0.68‡

Male 4 (40.0) 5 (50.0) 4 (40.0) 3 (30.0)
16 

(40.0)

Baseline 

DIAGNOdent, 

Mean ± SD

10.4 ± 2.5
12.3 ± 

1.5

12.1 ± 

0.7
12.1 ± 0.9

11.5 

± 1.6
0.48†

Median (IQR)
9.5 (7.0–

12.0)

11.0 

(9.0–

15.0)

11.0 

(8.0–

15.0)

11.0 (8.5–

14.5)

10.5 

(8.0–

14.0)

DIAGNOdent 

Category, n (%) 

Sound (0–12)

7 (70.0) 5 (50.0) 5 (50.0) 5 (50.0)
22 

(55.0)
0.76‡
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Characteristic
Group A 

(Control)

Group 

B 

(CPP-

ACP)

Group 

C 

(nHAp)

Group D 

(Fluoride)
Total

p-

value

Initial (13–24) 3 (30.0) 4 (40.0) 4 (40.0) 4 (40.0)
15 

(37.5)

Advanced (≥25) 0 (0.0) 1 (10.0) 1 (10.0) 1 (10.0) 3 (7.5)

Initial 

enrollment (n)
10 12 11 12 – –

Dropout rate 

(%)¹
0% 16.7% 9.1% 16.6% 0.382²

900 Abbreviations: CPP-ACP, casein phosphopeptide–amorphous calcium 

901 phosphate; nHAp, nano-hydroxyapatite; SD, standard deviation; IQR, 

902 interquartile range.

903 † One-way ANOVA.

904 ‡ Chi-square test.

905 ¹ Percentage based on initial enrollment numbers before pre-baseline 

906 withdrawals.

907 ² Fisher’s Exact Test comparing dropout rates between initial allocation 

908 groups.

909 Note: No significant differences were observed between groups for 

910 baseline age, sex, or DIAGNOdent score (all p > 0.05). Group D received 

911 ProShield varnish (PRESIDENT DENTAL GmbH, Allershausen, Germany) 

912 as the fluoride intervention.
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913

914

915

916

917

918

919

920

921

922

923

924 Table 2. DIAGNOdent values at each timepoint by treatment group 

925 showing temporal changes from baseline (T0) to 6 months (T3)

926

Group

Baseline 

(T0) Mean 

± SD [95% 

CI]

1 Month 

(T1) 

Mean ± 

SD [95% 

CI]

3 Months 

(T2) 

Mean ± 

SD [95% 

CI]

6 Months 

(T3) 

Mean ± 

SD [95% 

CI]

Δ (T3 − 

T0) 

Mean 

[95% 

CI]

p-

value 

†

Control 

(A)

10.4 ± 2.5 

[8.7–12.2]

11.5 ± 

2.5 [9.7–

13.2]

12.2 ± 2.6 

[10.3–14.1]

14.8 ± 2.6 

[13.0–16.6]

+4.35 

[3.77–

4.93]

< 

0.001
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Group

Baseline 

(T0) Mean 

± SD [95% 

CI]

1 Month 

(T1) 

Mean ± 

SD [95% 

CI]

3 Months 

(T2) 

Mean ± 

SD [95% 

CI]

6 Months 

(T3) 

Mean ± 

SD [95% 

CI]

Δ (T3 − 

T0) 

Mean 

[95% 

CI]

p-

value 

†

CPP-

ACP (B)

12.3 ± 1.5 

[11.3–13.4]

11.1 ± 

1.6 [10.0–

12.3]

9.9 ± 1.3 

[9.0–10.8]

8.3 ± 1.2 

[7.4–9.2]

−4.02 

[−4.47 

to 

−3.56]

< 

0.001

nHAp 

(C)

12.1 ± 0.7 

[11.6–12.6]

10.0 ± 

0.9 [9.3–

10.6]

8.8 ± 0.7 

[8.2–9.3]

6.7 ± 0.6 

[6.2–7.1]

−5.36 

[−5.99 

to 

−4.72]

< 

0.001

Fluoride 

(D)

12.1 ± 0.9 

[11.5–12.7]

9.7 ± 1.1 

[9.0–10.5]

10.8 ± 1.0 

[10.1–11.6]

7.6 ± 0.8 

[7.0–8.1]

−4.45 

[−4.78 

to 

−4.11]

< 

0.001

927

928

929

930

931

932

933
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934

935 Figure Legends

936

937 Figure 1. STROBE flow diagram of participant enrollment, allocation, 

938 and follow-up. The study assessed 52 patients for eligibility, excluded 7 

939 based on predefined criteria, and enrolled 45 participants. Following 

940 allocation by patient preference and 5 pre-baseline withdrawals, 40 

941 participants (10 per group) initiated baseline measurements. All 

942 participants completed the 6-month follow-up (100% post-baseline 

943 retention) and were included in the per-protocol analysis. A total of 2,751 

944 attachment sites were measured.

945

946 Figure 2. Temporal changes in DIAGNOdent values (mean ± SD) across 

947 four treatment groups over 6 months. Shaded areas represent clinical 

948 thresholds: green (0-12) indicates sound enamel, yellow (12-24) indicates 

949 initial demineralization. The dashed line at 12 marks the transition 

950 threshold. Note the biphasic response pattern in the fluoride varnish 

951 group at 3 months. Error bars represent standard deviation; n=10 per 

952 group.

953

954 Figure 3. Box plots showing change in DIAGNOdent values from baseline 

955 to 6 months (T3-T0). Negative values indicate remineralization; positive 

956 values indicate demineralization. The dashed line at y=0 represents no 

957 change. Boxes show IQR with median line; whiskers extend to min/max 

958 values; circles indicate outliers. Significance: ***p<0.001, *p<0.05. The 
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959 nHAp group demonstrated the greatest reduction, significantly 

960 outperforming both CPP-ACP (p<0.001) and fluoride varnish (p=0.019).

961

962 Figure 4. Individual patient trajectories (spaghetti plots) showing 

963 DIAGNOdent values over 6 months for all study participants. Each thin 

964 colored line represents an individual patient (n=10 per group); thick dark 

965 lines indicate group means. (A) Control group shows consistent 

966 deterioration across all patients. (B) CPP-ACP group demonstrates 

967 uniform improvement. (C) nHAp group exhibits the greatest and most 

968 consistent reduction. (D) Fluoride varnish group displays characteristic 

969 biphasic response pattern with temporary worsening at 3 months in most 

970 patients before final improvement.
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