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Abstract
Objectives This study evaluated and compared the effect of silver diamine fluoride (SDF) and silver-modified atraumatic 
restorative treatment (SMART) sealants for the treatment of initial carious lesions of permanent molars affected by molar 
incisor hypomineralization (MIH).
Methods One hundred and twelve hypomineralized permanent molars with ICDAS 1 or 2 lesions were selected in 48 
children. The teeth were randomized into SDF and SMART sealant groups (n = 56 teeth/group) in a split-mouth fashion. 
Hypersensitivity, formation of caries, and enamel breakdown were evaluated in both groups. Hypersensitivity was assessed 
by Schiff Cold Air Sensitivity Scale (SCASS), and clinical assessments of SMART sealants were performed according to 
modified USPHS criteria at 1, 6, and 12 months. The data were analyzed statistically using Fisher’s exact test, Kaplan–Meier 
analysis, Mann–Whitney U test, and Friedman test.
Results Twenty-six hypomineralized molars with marked baseline hypersensitivity showed significantly lower SCASS scores 
at all evaluation periods (p < 0.001). There was no significant difference in hypersensitivity scores between the groups at 
the repeated applications of SDF at 1, 6, and 12 months. The cumulative survival rates of SMART sealants on occlusal and 
palatal surfaces were 88.7% and 58.8%, respectively.
Conclusions In hypomineralized molars, both SDF and SMART sealants showed favorable short-term prevention against 
dental caries while providing effective desensitization. Marginal discoloration was the most common side effect of the 
SMART sealants as a result of SDF application.
Clinical Significance Both SDF and SMART sealants showed similar short-term effectiveness as non-aerosol procedures in 
arresting enamel caries and reducing hypersensitivity in hypomineralized molars.
Trial registration Clinical Trials Registration Number: NCT03862014.
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Introduction

Molar incisor hypomineralization (MIH) is defined as a 
developmental defect of the enamel with a clinical view of 
enamel hypomineralization affecting one or more first per-
manent molars that are associated frequently with affected 
incisors [1]. Its prevalence varies from 20 to 40%, depending 

on the population studied and diagnostic criteria used [2, 3]. 
Clinically, MIH is characterized by well-demarcated opaci-
ties ranging from white/creamy to yellow/brown, occasion-
ally in combination with (post-eruptive) enamel breakdown 
on affected teeth [4]. Histologically, these opacities are more 
porous and are mostly located in the inner part of the enamel 
[5].

Children with MIH present several clinical problems, 
including rapid tooth wear and enamel loss, increased car-
ies risk and consequent treatment need, loss of fillings, 
and eventually tooth loss [6]. The porous sub-surface 
enamel and the dentine in affected teeth could be exposed 
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by post-eruptive breakdown, resulting the teeth being 
sensitive to cold air, water, and even tooth brushing [1]. 
Affected molars are nearly 10 times more prone to caries 
than normal teeth and can be difficult to anesthetize and 
to restore [7].

Several non-invasive and minimally invasive procedures 
have been proposed as preventive measures against caries in 
hypomineralized molars [8]. Silver diamine fluoride (SDF) 
is an effective agent for stabilizing active caries lesions 
by virtue of the remineralizing effect of fluoride and the 
antibacterial properties of silver. SDF is non-invasive and 
preserves tooth structure when used as a single chemothera-
peutic option or in combination with glass ionomer cements 
for caries management [9, 10]. SDF also provides profound, 
long-lasting relief of hypersensitivity, since it can block 
dentinal tubules by producing fluorohydroxyapatite and 
increasing mineral density and hardness [11]. Indeed, the 
product was cleared by the US Food and Drug Administra-
tion (FDA) in 2014 for the treatment of dentinal hypersensi-
tivity. Several SDF products have been introduced due to its 
increased popularity over the time. A commercial product 
(Riva Star, SDI, Bayswater, Australia), consisting of 30–35% 
SDF and a saturated solution of potassium iodide (KI), has 
been introduced for the treatment of hypersensitive dentine 
[12]. Knight et al. [13] reported that KI could further reduce 
dentin permeability when it was applied after silver diamine 
fluoride.

SMART (silver-modified atraumatic restorative treat-
ment) is a technique in which a carious lesion is treated 
first with SDF and then sealed/restored with a conventional 
or high viscosity glass ionomer cement (HVGIC) [14–17]. 
HVGICs bond to dental hard tissues via chemical and micro-
mechanical adhesion and release fluoride which might help 
reduce biofilm formation and recurrent caries. Grossi et al. 
[8] reported a survival rate of 98% for HVGIC restorations 
on first permanent molars affected by MIH placed with 
atraumatic restorative technique (ART).

There is no consensus regarding the best restorative 
option for MIH in the dental literature. SMART is an ultra-
conservative treatment option for MIH, and currently only 
one case study [11] has reported the use this technique on 
MIH-affected molars. The SMART technique utilizes SDF 
to inhibit the cariogenic biofilm formation [18] and reduce 
hypersensitivity [19], while sealing over with glass ionomer 
can enhance tissue remineralization, inhibit the biofilm for-
mation, and provide a cleansable surface. As an additional 
benefit, the glass ionomer can also mask the black stain 
caused by the SDF.

The present study was conducted to evaluate and compare 
the clinical effect of SDF and SDF + atraumatic restorative 
technique (SMART) in MIH-affected molars. This study 
tested the null hypothesis that there is no difference in 
the preventive and desensitizing performance of SDF and 

SMART restorations placed in hypomineralized permanent 
molars.

Materials and methods

This randomized, prospective study was approved by the 
Local Ethics Committee (Reg. no: KA-190033) and was 
conducted in strict adherence to the 2010 CONSORT state-
ment [20]. The study protocol was registered on ClinicalTri-
als (NCT03862014). All parents/guardians were asked to 
sign an informed consent after thorough explanation of the 
procedures and possible outcomes of treatment. Children 
were excluded from the study when their parents declined 
to sign the form.

Selection of participants

The participants were recruited from patients attending to 
the Pediatric Dentistry Clinic at the Hacettepe University 
School of Dentistry in Ankara.

The inclusion criteria of the study were as follows:

1. 6–13-year-old healthy children with at least two fully 
erupted permanent first molars diagnosed with MIH 
according to the European Academy of Paediatric Den-
tistry (EAPD) criteria [21]

2. Hypomineralized first molars with enamel defects 
(codes; the International Caries Detection and Assess-
ment System (ICDAS) 1, 2) according to ICDAS II

The exclusion criteria were as follows:

1. Ongoing orthodontic treatment
2. Lack of cooperation for dental procedures
3. Teeth with ICDAS 3, 4, 5, 6 lesions, existing restora-

tions, fluorosis, or enamel malformation due to specific 
syndromes.

4. The presence of pulpal symptoms

Sample size could not be determined since there is no 
previous study that evaluated the retention rates of GIC seal-
ants placed after SDF application, secondary caries rates 
along SMART margins, and tooth sensitivity after SDF and 
SMART application.

Study design

This was a prospective randomized, controlled study, car-
ried out in a split-mouth design. Operator and patient blind-
ing were not possible due to the application procedures of 
study groups. All treatments were made by two experienced, 
calibrated pediatric dentists. Randomization was obtained 
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with a contingency number table on www. random. org and 
preserved in sequentially numbered, sealed envelopes.

Baseline assessments

Tooth surfaces were professionally cleaned with a slow-
speed rotary brush and air-dried before assessments using 
the ICDAS II index [22]. Only early enamel caries lesions 
(ICDAS 1, 2) were assessed by visual/tactile examination, 
and without radiographs.

The DMFT/dmft values (decayed, missed, filled teeth) 
of the patients were assessed according to the World Health 
Organization (WHO) evaluation criteria. The diagnosis of 
MIH was established in the presence of demarcated opaci-
ties/post-eruptive enamel breakdown in at least one first 
permanent molar as per the EAPD criteria. Demarcated 
opacities with a diameter < 2 mm was not included in the 
study [23].

Schiff Cold Air Sensitivity Scale (SCASS) [24] was used 
to assess the presence of hypersensitivity in affected teeth 
by applying an air blast perpendicularly on the occlusal sur-
face of the tooth for 1 s at a distance of 1 cm. The patient’s 
response was recorded according to the following scores: 
0 = subject does not respond to the stimulus; 1 = subject 
does not respond to the stimulus but considers stimulus to 
be painful; 2 = subject responds to air stimulus and moves 
from the stimulus, and 3 = subject responds to air stimulus, 
moves from the stimulus, and requests immediate cease of 
the stimulus.

Clinical procedures

Following rubber dam isolation, the crowns were cleaned 
with a slow-speed rotary bristle brush, rinsed with water 
spray, and dried with air spray. The teeth were randomly 
assigned to one of the following groups (n = 56/group): 
group 1, SDF application only (Riva Star), and group 2, SDF 
(Riva Star) + ART (SMART) with HVGIC (Equia Forte®, 
GC Europe, Leuven, Belgium). In both groups, Riva Star 
was applied as follows: the SDF (gray) vial was perforated 
with the blunt end of a micro-brush applicator, and SDF was 
applied on the entire tooth surface using the brush. Then, 
the KI (green) vial was applied over the tooth surfaces as 
with the SDF vial. The white precipitate occurring after KI 
application was rinsed off with copious water spray. In the 
SMART group, the tooth was blot-dried with cotton pellets, 
after rinsing off of the KI with water. Finally, the HVGIC 
capsule was mixed according to the manufacturer’s instruc-
tions and then injected over the pits and fissures using the 
applicator tip. ART sealants were gently adapted under fin-
ger pressure [25]. The excess material was quickly removed, 
and the occlusion was checked and adjusted (if necessary) 
after removing the rubber dam. The HVGIC was sealed with 

the resin surface sealant (Equia Coat®, GC, Leuven, Bel-
gium) and light-cured for 20 s.

The United States Public Health Service (USPHS) clini-
cal rating system [26] was used for clinical evaluation of 
the SMART sealants at baseline and at 1, 6, and 12 months. 
Digital photographs of teeth were obtained directly after 
treatment (baseline) and at control appointments, using an 
EOS 600D camera, ring flash, and 100-mm macro lens (all 
Canon, Tokyo, Japan) at a standardized 1:1.2 magnification 
and manual parameters (ISO 200, T:1/200, F:22). The pho-
tographs were used to evaluate discoloration and seconder 
caries under magnification (Fig. 1). At each recall period, 
the retention of SMART sealants was evaluated clinically 
by using a calibrated right-angled dental explorer with a tip 
thickness of 250 μm after removing the plaque and debris 
with a gauze and air-drying. When one or more Charlie score 
was present, the sealant was recorded as failure, and the 
tooth was excluded from the study. When those teeth had 
no visible sign of caries under the lost sealant, they were 
scheduled for regular controls and SDF&KI application. If 
a new caries lesion was identified, the tooth was restored.

At 6 and 12 months, all teeth in group 1 (SDF only) 
received SDF&KI application under rubber dam isolation. 
In all control visits, the air blast stimuli was reapplied before 
SDF applications in both groups, and the SCASS score was 
recorded.

Statistical analysis

The results were analyzed by using SPSS 23.0 software 
(SPSS Inc., Chicago, IL, USA). The difference between 
the measurements of two independent groups (SDF and 
SMART) at different times was examined using the 
Mann–Whitney U Test, and the difference between the 
dependent groups (comparing different time points with 
each other) was examined by Friedman Test. Kaplan–Meier 
analysis was used to evaluate the cumulative survival rates 
of SMART sealants.

Intra- and inter-examiner reliability was calculated using 
Cohen’s kappa test. The intra-examiner reliability for deter-
mining the presence of MIH was 0.87 and 0.89, respectively, 
and inter-examiner reliability was 0.87. In case of disagree-
ment, a consensus scoring was made. The intra-examiner 
reliability for USPHS-modified criteria was 0.90. For all sta-
tistical tests, p < 0.05 was considered statistically significant.

Results

A total of 56 patients (62% girls and 38% boys) with a mean 
age of 8.8 ± 1.58 years were included in the SDF group 
(n = 56) and SMART group (n = 56). Three patients (6 teeth) 
were lost to follow-up, and 53 patients with 106 teeth (91 
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Fig. 1  Clinical intra-oral photos of the teeth in SDF and SMART groups at all time points. Intra-oral photos of the teeth: a at baseline with/with-
out rubber dam, b after SDF application, c after SMART restoration, d at 1 month, e at 6 months, f at 12 months
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first molars and 15 s molars) were available for evaluations 
through the 12-month follow-up. The recruitment and flow 
diagram of patients are presented in Fig. 2. The mean dmft 
of all patients was 4.1 ± 3.39.

Over the 12-month follow-up period, none of the teeth 
presented as failure in regard to secondary caries, marginal 
discoloration, or marginal adaptation. Therefore, those three 
parameters were not included in the statistical analyses. 
Table 1 shows a summary of clinical evaluations using the 
modified USPHS criteria and retention rates for occlusal and 
palatal surfaces. The cumulative survival rates at 12 months 

were 88.7% for occlusal surfaces and 58.8% for the palatal 
surfaces.

Intra-examiner agreement was not determined for the 
air-blast test. The test scores (Schiff score) of the SDF and 
SMART groups are presented in Table 2. Twenty-six molars 
(13 patients), which presented with hypersensitivity, were 
included for statistical analysis. There was no significant 
difference between the hypersensitivity levels of SDF and 
SMART groups at any recall period (Mann–Whitney U test, 
p = 1.000, p = 0.801, p = 0.762, p = 0.762, respectively). 
The hypersensitivity scores were significantly higher at 

Fig. 2  Flow diagram of participants up to 1 year
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baseline compared to other time points (Fig. 3, Friedman 
test, p < 0.001). The hypersensitivity scores at 1-, 6-, and 
12-month recalls were similar (p > 0.05).

Discussion

Both SDF and SDF + glass ionomer cement have the poten-
tial to prevent dental caries and treat hypersensitivity in 
hypomineralized young permanent teeth. To the best of our 
knowledge, this is the first clinical study that evaluated and 
compared the clinical effectiveness of SDF and SMART 
sealant techniques on MIH-affected molars with initial 
enamel lesions. The use of SDF for hypomineralized teeth 

has been proposed in a few articles [11, 27], but no clinical 
trial has been published so far.

In hypomineralized enamel, porosity is known to be more 
severe in yellow/brown defects [5]. These pores are suffi-
ciently large to enable bacterial adhesion and invasion, even 
on apparently intact surfaces [28], and thus require special 
attention to avoid further pulpal complications [29]. Mild 
carious lesions may also present with tissue breakdown 
over the time due to invasion of cariogenic bacteria into the 
defective enamel and dentin [28]. In the present study, two 
teeth with brown discoloration from each group showed such 
breakdown at the 12-month recall. As no dental caries was 
present, the defects were re-treated with SDF and restored 
with glass hybrid restorative system, regardless of the study 
group.

Restoration of hypomineralized teeth is challenging, and 
adhesive resin restorations have shown poor retention rates 
on MIH-affected molars, irrespective of the bonding strategy 
[30–33]. Glass hybrid restorations seem more promising in 
adhesion to MIH-affected molars, with reported high short-
term retention rates [8, 34]. Unlike direct restorations, the 
retention of ART sealants should be evaluated exclusively, 
since the cavity design plays a crucial role for retention. 
Owing to the lack of studies on ART sealants in MIH-
affected molars, a comparison can only be made with the 
studies that investigated ART sealants on healthy molars. 
Hilgert et al. [34] applied composite resin (CR) sealants and 
ART sealants with high viscosity glass-ionomer cement to 
the occlusal surface of first permanent molars in school 
children and reported 1-year cumulative survival rates of 
91.6% and 82.2% for CR and ART sealants, respectively. A 
recent meta-analysis [35] reported a 78.7% 1-year survival 
of retained ART sealants in permanent molars. Although 
it is logical to anticipate lower retention of ART sealants 
here due to the presence of hypomineralized enamel, the 
higher retention rates (88.7%) compared to the latter study 
may be attributed to strict isolation measures using the rub-
ber dam. It should also be emphasized that the evaluation 
criteria (USPHS vs ART criteria) has no significant impact 
on survival outcomes [36, 37]. In fact, the failure criteria 
are more stringent in the ART criteria compared to that of 
the USPHS.

Table 1  Clinical performance of SMART sealants according to the 
modified USPHS criteria for occlusal and palatal surfaces. A = Alpha, 
B = Bravo, C = Charlie

Criteria Score Baseline Follow-up

1 month
n (%)

6 months
n (%)

12 months
n (%)

Marginal adaptation
A 53 40 (75.5) 15 (28.3) 10 (18.9)
B - 13 (24.5) 34 (64.2) 37 (69.8)
C - - - -

Marginal discoloration
A 53 31 (58.5) 16 (32.7) 6 (12.7)
B - 22 (41.5) 33 (67.3) 41 (87.2)
C - - - -

Anatomic form (occlusal)
A 53 47 31 (58.5) 19 (38.8)
B - 6 (11.3) 18 (33.9) 28 (57.1)
C - - 4 (7.5) 2 (4.1)
Total 53 (100) 49 (92.5) 47 (88.7)

Anatomic form (palatal)
A 34 30 (88.2) 20 (58.8) 17 (50)
B - 1 (2.9) 2 (5.8) 2 (5.8)
C - 3 (8.8) 9 (26.5) 2 (5.8)
Total 31 (91.1) 22 (64.7) 20 (58.8)

Table 2  The distributions of the air blast test scores (Schiff score) for SDF and SMART groups at baseline and controls

* Mann–Whitney U test

Time SDF (13 patients, 13 teeth) SMART (13 patients, 13 teeth) Z p*

Median (IQR) Mean ± SD Min–max Median (IQR) Mean ± SD Min–max

Baseline 2.00–1.00 1.77 ± 0.83 1.00–3.00 2.00–1.00 1.77 ± 0.83 1.00–3.00 0.000 1.000
1th month 0.00–0.00 0.38 ± 0.77 0.00–2.00 0.00–1.00 0.46 ± 0.78 0.00–2.00  − 0.362 0.801
6th month 0.00–0.00 0.15 ± 0.38 0.00–1.00 0.00–0.00 0.08 ± 0.28 0.00–1.00  − 0.602 0.762
12th month 0.00–0.00 0.15 ± 0.38 0.00–1.00 0.00–0.00 0.08 ± 0.28 0.00–1.00  − 0.602 0.762
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The major drawback of SDF is the irreversible dark stain-
ing of demineralized tooth surfaces, cavitated lesions, and 
restoration margins. While application of KI immediately 
after SDF may reduce the staining to a large extent, res-
toration margins may still remain stained [38]. The inten-
sity of the discoloration has been reported to be less in 
SDF&KI compared to SDF alone [39]. In present study, 
only 6 SMART sealants had no marginal discoloration 
after 12 months. Marginal discoloration of restorations can 
result from poor marginal adaptation or adhesive degrada-
tion and may be indicative of microleakage and secondary 
caries [40]. In the present study, however, the marginal dis-
coloration was an expected outcome of prior SDF appli-
cation, rather than being an indicator of failure. Moreover, 
exposure of SDF to curing light source affects discoloration 
significantly [41]. Equia requires immediate isolation with 
its light-cured resin coating, which increases the staining 
effect of SDF and in turn marginal discoloration.

In the present study, 26 of 106 hypomineralized molars 
showed hypersensitivity as verified by the air blast test. 
Products containing arginine and calcium carbonate or 
casein phosphopeptide amorphous calcium phosphate (CPP-
ACP) have been evaluated for the management of hypersen-
sitivity in MIH-affected teeth and have shown successful 
outcomes [42, 43].

SDF reacts with calcium and phosphate ions within 
tooth structure to produce fluorohydroxyapatite [44], which 
precipitates over the tooth and ensures reduced solubility. 
The alkalinity of SDF also favors production of fluorohy-
droxyapatite, which may further promote the precipitation 

process. SDF has been tested clinically as a tooth desen-
sitizer with reported short-term effects [45], but its use in 
management of hypersensitivity in hypomineralized molars 
has not been studied previously. The frequency of applica-
tion and the longevity of the effect may be important for 
determining whether a single application or repeated appli-
cations are needed to manage hypersensitivity in MIH-
affected molars. Although the optimal frequency of appli-
cation SDF is not known, it is commonly applied once a 
year or every 6 months for caries arrest [46]. It was reported 
that increasing the frequency of application from annually 
to semiannually can increase the rate of caries arrest in 
children with poor oral hygiene [47]. In the present study, 
both groups showed a significant relief 1 month after the 
SDF application. As for the repeated applications at 6 and 
12 months, there was no significant difference in sensitivity 
scores compared to the first month, indicating that a single 
application of SDF can provide sufficient initial relief in 
most teeth with hypersensitivity and that repeated applica-
tions of SDF to maintain caries prevention may also prolong 
the desensitizing effect.

In the present study, the regular follow-up visits and 
repeated SDF applications were conducted during the 
COVID-19 pandemic. Both the nature of treatments and 
repeated applications of SDF provided an effective, non-
aerosol treatment approach during the ongoing pandemic 
conditions. Our favorable short-term results encourage these 
minimally invasive, non-aerosol procedures for preventing 
development of caries in MIH-affected molars for school 
children under field conditions, for patients with dental 
phobia, and for patients with hypersensitive MIH-affected 
molars that are unresponsive to achieving profound local 
anesthesia.

The results of the present study should be assessed along 
with its limitations. Here, the color, size, and location of 
hypomineralized lesions showed variations. Future clinical 
trials should evaluate the effect of SDF and the survival of 
SMART sealants over standardized lesions. The survival of 
SMART sealants to healthy but at high caries risk molars 
should also be assessed along with an SDF-only group. 
Nevertheless, the present results are encouraging and pro-
vide a favorable short-term outcome of SDF and SMART 
approaches in MIH-affected, hypersensitive young perma-
nent molars.

Conclusions

Hybrid glass ionomer sealants placed immediately after SDF 
application showed a reasonable retention rate of 88.7% in 
hypomineralized molars with incipient lesions. Both SDF 
application alone and SMART sealants showed similar 
1-year clinical effectiveness, necessitating acceptance of the 

Fig. 3  Air blast test scores (Schiff score) of the hypersensitive molars 
(n = 26) during the study period
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null hypothesis. Marginal discoloration associated with prior 
SDF application at the same visit was the most common 
drawback of SMART sealants. SDF application continued 
by repeated applications, and SMART sealants provided a 
significant level of desensitization.
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