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Advances

Dental caries occurs when dental plaque bacteria ferment 
dietary sugars into acids that dissolve the tooth. Dental caries 
is the most prevalent human disease (Murray et al. 2012). More 
than 90% of adults in the United States have experienced caries 
(Dye et al. 2015). However, disparities in disease severity and 
access to care persist between high and low socioeconomic 
groups.

Treatment of the disease itself is needed: change the bacte-
ria, strengthen the tooth, enhance the saliva, and decrease sugar 
consumption. Medical models of caries treatment attempt to 
accomplish these goals with antimicrobials, remineralizing 
agents, salivary stimulation, and dietary behavior modification. 
Yet there are no Food and Drug Administration (FDA)–
approved drugs for treating dental caries. Fluoridated tooth-
paste is approved by the FDA as an over-the-counter drug for 
preventing dental caries. High-concentration fluoride tooth-
paste and other fluoride products, including fluoride varnish 
and silver diamine fluoride, are cleared by the FDA as medical 
devices for treating tooth sensitivity.

Disease Recurrence following 
Operative Treatment
Operative approaches (e.g., fillings) are helpful to stop the pro-
gression of individual lesions. However, treatment should 
address the disease as well as existing signs of disease. The 
incidence of new caries lesions (disease recurrence) following 
comprehensive operative treatment reflects the success of 
treatments in stopping the disease process itself. Treatment of 
all lesions at once is commonly performed for children in the 
relatively ideal conditions of general anesthesia. Figure 1 

summarizes the incidence of new caries lesions following 
treatment of cavities under general anesthesia (GA; adapted 
from Twetman and Dhar 2015). After 6 mo, 38% ± 1% of 
patients have new lesions (mean ± standard deviation; Primosch 
et al. 2001; Chase et al. 2004; Berkowitz et al. 2011); this rises 
to 45% ± 32% after 1 y (Zhan et al. 2006; Hughes et al. 2012) 
and 62% ± 15% after 2 y (Almeida et al. 2000; Foster et al. 
2006; Amin et al. 2010). These relapse rates indicate a need for 
improvements in the care paradigm.

Risk from Advanced Techniques
Young children are increasingly sedated and anesthetized to 
enable operative treatment (e.g., fillings; Bruen et al. 2016). 
This approach poses a risk to life. Indeed, a Lexus-Nexus 
search found that the deaths of 44 children from sedation or 
general anesthesia to enable dental treatment were reported in 
the news media between 1980 and 2011 (Lee et al. 2013). Too 
many have shown up in the news since 2011. Yet there is no 
mandated public reporting, no mandated reporting from state 
dental boards to any federal agency, and no national database, 
so these reports underestimate the real incidence. A more com-
prehensive report from global data estimates a 1:327,684 risk 
of death from using general anesthesia for dental treatment 
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Abstract
Medical management of caries is a distinct treatment philosophy that employs topical minimally invasive therapies that treat the disease 
and is not merely prevention. This strategy is justified as an alternative or supplement to traditional care by significant disease recurrence 
rates following comprehensive operative treatment under general anesthesia. Silver diamine fluoride (SDF) is one agent to enable effective 
noninvasive treatment. The announcement of breakthrough therapy designation by the Food and Drug Administration (FDA) suggests 
that SDF may become the first FDA-approved drug for treating caries. Since our systematic review performed in April 2015, 4 clinical 
trials have been completed, which inform an update to the application protocol and frequency regimen. Suggestions from these studies 
are to skip the rinsing step due to demonstration of safety in young children, start patients with high disease severity on an intensive 
regimen of multiple applications over the first few weeks, and continue with semiannual maintenance doses as previously suggested. 
Breakthroughs in elucidating the impact of SDF on the dental plaque microbiome inform potential opportunities for understanding caries 
arrest. SDF can be added to the set of evidence-based noninvasive methods to treat caries lesions in primary teeth, such as the Hall 
crown technique and sealing lesions with accessible margins.
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(Mortazavi et al. 2017). It is largely thought that in-office seda-
tion by the operating dentist carries much higher risk, and it has 
been established that dental specialists carry the greatest risk of 
negative outcomes for sedation (Coté et al. 2000). Indeed, in a 
recent survey, over 75% of 439 responding dentists in Virginia 
said that at least one of their patients had experienced a sedation-
related emergency in their offices.

Treatment to Achieve Prevention
Silver diamine fluoride (SDF) is a brush-on liquid that stops 
81% of dental caries lesions (Gao, Zhao, et al. 2016). This 
treatment success rate is similar to that of restorations placed 
under general anesthesia (Bücher et al. 2014): stopping lesion 
progress (caries arrest) appears to have the same effect on pre-
venting pain from the lesion as restorations, but these 
approaches need to be compared directly in diverse clinical 
situations. In addition, lesion arrest is not the same as the inci-
dence of new lesions (elaborated above for treatment under 
GA). In that vein, one of the most exciting aspects of SDF is 
the 58% ± 22% decrease in new lesions after 1 to 3 y compared 
to no treatment or placebo controls, also outperforming all 
topical interventions except sealants (Chu et al. 2002; Llodra  
et al. 2005; Liu et al. 2012; Monse et al. 2012). The effective 
treatment of caries lesion sensitivity, albeit in the permanent 
teeth of adults (Castillo et al. 2011), further indicates SDF as an 
appropriate treatment for caries. SDF meets the goals of 
decreasing pain and incidence of new lesions.

Stopping Caries Lesion Progression 
(Caries Arrest)
Three clinical trials on caries arrest by SDF have been pub-
lished since our systematic review (Fig. 2; Horst et al. 2016). 

One trial in 3- to 4-y-old children documented a dose-response 
in both application frequency and concentration (Fung et al. 
2016). Twice-annual application resulted in more arrested 
lesions after 18 mo; similarly, 38% SDF (Saforide; Toyo 
Seiyaku Kasei Co. Ltd.) stopped more lesions than 12% SDF 
(Cariostop; Biodina﻿̂mica Químicae Farmace﻿̂utica LTDA). This 
trend maintained after 24 and 30 mo, although the magnitude 
of effect for each regimen appeared to plateau at 18 mo (Fung 
et al. 2017). The higher effectiveness from increased frequency 
mimicked that shown previously (Zhi et al. 2012).

Another trial in 3- to 4-y-old children documented increased 
efficacy at 6 and 12 mo following intensive application (3 
times in 2 wk), which was overcome in the single-application 
group by reapplication at 12 mo (Duangthip et al. 2016). These 
outcomes support both the concepts of intensive applications at 
the beginning of treatment and reapplying over longer periods 
of time. It should be noted that much lower arrest rates were 
seen in this study than others, which may be explained by the 
concentration of Cariostop actually having around one-third 
SDF instead of the advertised 30% (Mei et al. 2013).

A trial in adults averaging 72 y of age showed dramatically 
more effectiveness in arresting caries, 90% (Li et al. 2016), 
than the 28% seen in the previous study of arrest in older adults 
(Zhang et al. 2013). This study also explored the application of 
potassium iodide (KI) after SDF to reduce discoloration, as the 
interaction of the 2 produces silver iodide that is yellowish 
white, instead of black from oxidized silver. This combination 
did not reduce effectiveness; on the contrary, there was a non-
statistically significant trend for higher effectiveness at all 
timepoints. It may be instructive to note that a similar trend in 
higher effectiveness at all timepoints was also observed fol-
lowing precipitation with tannic acid (Yee et al. 2009). 
Unfortunately, using KI did not make a significant change to 
the discoloration resulting from SDF treatment. Indeed, the 
intention of applying KI after SDF is to decrease color changes 
while remaining sealed and blocked from light, as under 
opaque glass ionomers (personal communication from the 
inventor, Graham Craig, 2017).

In total, 1,816 patients have been treated with SDF across 12 
randomized clinical trials published in English. Pharmacokinetics 
(Vasquez et al. 2012) and gingival response (Castillo et al. 
2011) have been assessed in adults. No significant harms have 
been noted. This would seem to indicate safety, but in reality, 
no prospective explicit measure of safety had been published 
in children. To address this question, we completed a double-
blind randomized placebo-controlled superiority trial of SDF 
in 66 children aged 3 to 5 y. We included a safety questionnaire 
to parents within 48 h of treatment and physical assessment at 
follow-up (Milgrom et al. 2017). This “Stopping Cavities” trial 
documented no adverse events within 21 d after application of 
blue-tinted SDF (Advantage Arrest; Elevate Oral Care LLC) 
without a rinse. Higher levels of arrest were observed in this 
trial (72%), at 2 wk versus the earliest trial outcome of 6 mo 
(Fig. 2), which suggests that the effect dissipates with time. 
Concerns have been expressed about losing effectiveness by 
rinsing SDF away in the UCSF Protocol; the purpose was 

Figure 1.  Relapse of signs of dental caries following treatment under 
general anesthesia (GA). Incidence of new caries lesions following 
treatment under general anesthesia is plotted against time of evaluation. 
Linear regression follows y = 1.3x + 29.6, with a correlation coefficient 
R2 = 0.4. Adapted from Twetman and Dhar (2015, Table 4). References: 
Almeida et al. 2000; Primosch et al. 2001; Chase et al. 2004; Foster et al. 
2006; Zhan et al. 2006; Amin et al. 2010; Berkowitz et al. 2011; Hughes 
et al. 2012.
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Figure 2.  Graphic summary of randomized controlled trials demonstrating caries arrest after topical treatment with silver diamine fluoride (SDF). 
Studies are arranged vertically by frequency of SDF application. Caries arrest is defined as the fraction of initially active carious lesions that became 
inactive and firm to a dental explorer. SDF (38% unless noted otherwise); GIC, glass ionomer cement; NaF, 5% sodium fluoride varnish; + OHI q6mon, 
SDF every year and oral hygiene instructions every 6 mo; q1year, every year; q3mon, every 3 mo; q6mon, every 6 mo. Updated from Horst et al. 
(2016).
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concern of safety without it (Horst et al. 2016). The lack of 
adverse events observed in this study leaves no apparent rea-
son to continue rinsing lesions after SDF treatment. It is often 
appropriate to rinse or wipe the tongue only, to remove the 
taste after SDF application, or to cover the taste by giving the 
child something with a strong desirable flavor.

From these 4 trials, clinicians may also consider intensive 
application regimens (e.g., 3 times in 2 wk) and then spreading 
out further applications over time, skipping the rinse, and fur-
ther reassurance of a dose-response by application frequency, 
the need for repeated application over time, and a range from 
28% to 90% arrest in treating root caries in older adults.

A recent systematic review found various comparative clin-
ical studies and case series published in Chinese, Japanese, 
Portuguese, and Spanish (Gao, Zhao, et al. 2016). After exclud-
ing studies by quality and risks of bias, they estimated an 81% 
likelihood of caries arrest in primary teeth (95% confidence 
interval, 68%–89%) following treatment with 38% SDF 
regardless of application regimen and duration of evaluation. A 
recent case series in Oregon showed 100% arrest after 3 mo 
(Clemens et al. 2017).

Five clinical trials compare caries arrest following treat-
ment with SDF against a control or placebo. In 2 of the studies, 
the placebo group showed no significant pattern of caries arrest 
from baseline (Yee et al. 2009; Tan et al. 2010). However, 3 of 
the studies showed a significant effect, ranging from 34% to 
62% of lesions becoming arrested (Chu et al. 2002; Llodra et 
al. 2005; Li et al. 2016). Thus, it is probable that some lesions 
do not need treatment and will become arrested without inter-
vention. Consequently, the 81% of caries lesions estimated to 
arrest following SDF treatment probably include some that 
would arrest without SDF treatment.

Other Noninvasive Approaches  
to Arrest Caries
While some medicaments decrease the incidence of new 
lesions, almost no noninvasive therapies available in the United 
States have been shown to stop caries lesions in the dentin. 
Fluoride varnish reverses two-thirds of enamel lesions (Gao, 
Zhang, et al. 2016) but makes no impact on dentin caries com-
pared to placebo (Chu et al. 2002). While clinical studies during 
the early and midpart of the past century showed highly incon-
sistent outcomes from silver nitrate, use to treat dentin caries in 
the early 1800s and 1900s was common enough to suggest that 
there is some effect (Black 1908). Sealing in caries, where cir-
cumferential enamel is accessible, seems to be the only effec-
tive noninvasive alternative (Mertz-Fairhurst et al. 1998).

The Hall crown technique similarly achieves the goal of 
sealing in caries lesions without removal of any carious mate-
rial, although the crown margins dive into the gingival sulcus 
and thus might be considered to have some amount of inva-
siveness. Nonetheless, the Hall crown does not require acces-
sible cavity margins or removal of any tooth structure. 
Moreover, clinical outcomes of the Hall technique show supe-
riority to traditional restorations in both comparative clinical 
trials (Innes et al. 2011; Santamaria et al. 2014).

SDF is the combination of an antimicrobial (Ag, 25% w/v), 
a remineralizing agent (F, 5%), and a stabilizing agent that hap-
pens to also be an antiseptic (ammonia, 8%). As mentioned 
above, none of the components of SDF have been shown to be 
consistently effective in treating dentinal caries lesions on their 
own. This suggests that future gains may be made by further or 
different combinations.

Regulatory Progress
In 2014, the FDA cleared SDF as a medical device for treating 
tooth sensitivity. In 2016, the FDA awarded breakthrough ther-
apy status as a commitment to an application for approval of 
SDF as a drug to treat severe early childhood caries (press 
release from Elevate Oral Care, October 30, 2016). Breakthrough 
therapy status does not mean approval; rather, it is a commit-
ment to evaluate and assist in the related new drug application, 
for a life-threatening disease with no available treatment. 
Nonetheless, this and the consistent response in many previous 
clinical trials suggest that SDF will be the first FDA drug to treat 
dental caries. Canada recently approved SDF with an indication 
of “anti-caries” (press release from Oral Sciences, March 8, 
2017). The Indian Health Service released a policy supporting 
the use of silver ion antimicrobials (SDF or the combination of 
silver nitrate and fluoride varnish) in their clinics. The American 
Dental Association Council on the Advancement of Access and 
Prevention has written a resolution in support of use of SDF for 
caries. The American Academy of Pediatric Dentistry has 
adopted a policy and guideline supporting use to treat caries as 
well. This wave of support and interest is appropriate given the 
many large clinical trials that demonstrate effectiveness.

SDF Adoption
Recent conference presentations described studies that docu-
ment high levels of acceptance of the stains caused by SDF. An 
elegant study in New York City asked 33 parents to choose 
between treatment with SDF or white plastic resin fillings, 
informing them of the considerations to enable these treatments 
(Tesoriero and Lee 2016). All parents of “uncooperative” chil-
dren chose SDF, while two-thirds of parents of other children 
also chose SDF. A sex disparity emerged, wherein 86% of par-
ents chose SDF for their sons, while only 61% chose SDF for 
their daughters; still, the majority prefer a black stain and uncer-
tainty about outcome over an injection, drill, and prolonged 
treatment time. The implication is that parents would rather 
their children have blemishes than experience pain.

Another similar study nearby asked about hypothetical 
acceptability of the stain. While only 32% of parents accepted 
the idea of SDF for treating anterior teeth initially, a potential 
requirement of general anesthesia to enable operative treat-
ment drove acceptance up to 70% (Crystal et al. 2017). It is 
interesting to consider how responses might have differed if 
the studies were conducted after the December 2016 FDA 
Black Box Warning on the use of GA in pregnancy and before 
the third birthday. Meanwhile, most pediatric dentistry residen-
cies (Nelson et al. 2016) and half of dental school programs are 
teaching trainees about SDF (Ngoc et al. 2017).
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A recent study evaluated the perception of parents whose 
children were treated with SDF in the case series in Oregon 
mentioned previously. Most parents strongly agreed that “SDF 
application is an easy process; I am comfortable with discolor-
ation of cavities after SDF placement; SDF application was pain 
free for my child; The taste of SDF was acceptable to my child,” 
and all the remaining parents responded as either agreeing or 
being neutral, except 1 who disagreed about comfort with dis-
coloration (Clemens et al. 2017). Indeed, the first clinical trial of 
SDF published in English found that parental satisfaction with 
their children’s dental appearance was not different between 
baseline and 2 y later or between treatment groups. This study in 
Guangzhou, China, found that 7% of parents described dark 
teeth as the reason for dissatisfaction, with the remainder con-
cerned about signs of decay in the anterior teeth generally (Chu 
et al. 2002). This suggests a very high acceptance rate of SDF in 
cultures as disparate as Guangzhou and Oregon.

SDF Microbial Mechanisms
While considerable in vitro experiments have documented that 
SDF inactivates every tested protein and bacterium, until the 
Stopping Cavities trial, no clinical microbiology had been pub-
lished. The question arose: if SDF kills all bacteria, which 
microbes are present in the nutrient-rich environment of the 
SDF-treated caries lesion? To address this question, we per-
formed massively parallel RNA sequencing of a pilot set of 
plaque samples in the Stopping Cavities trial, taken from 2 car-
ies lesions before and 2 wk after placebo or control treatments 
for each child (Milgrom et al. 2017). RNA was used as a proxy 
for vitality, to enable measurement of all vital microbes; RNA 
degrades within an hour of production in these conditions. 
Care was taken to minimize inflow of saliva. The hypothesis 
was that the relative abundance of caries-associated bacteria 
would be reduced in the treatment group, but surprisingly, no 
such changes were observed. Mild increases were seen for only 
a few bacteria not related to caries and that pose no known 
threat. A trend toward increased diversity was seen, rather than 
the expected decrease that is ubiquitously observed following 
a course of systemic antibiotics. This signals safety. Abundant 
high-quality RNA was retrieved, which was also surprising. 
The RNA sequences were also scoured for antibiotic or anti-
metal resistance genes, and these were not changed by treat-
ment. While this was a pilot study in a subset of patients, it is 
impressive that the microbial composition of the dental plaque 
on the surface of treated lesions did not significantly change.

Summary
The appropriateness of traditional operative dentistry under 
sedation and general anesthesia as the first line of treatment for 
dental caries in primary teeth is in question. The FDA Black 
Box Warning against general anesthetics in young children 
urges a paradigm shift. Clearance of SDF in the United States 
provides an agent for change to noninvasive caries manage-
ment. Rapid adoption despite the nonesthetic results indicates 

preference against the discomfort required by traditional oper-
ative dentistry, which is further supported by surveys and par-
ent choices. New clinical trial data suggest starting with more 
frequent applications and decreasing frequency with time, 
while maintaining at least annual application and removing the 
rinse step. Our recent work documents a surprising lack of 
changes to the dental plaque microbiota following SDF treat-
ment. While more work needs to be done to understand and 
anticipate treatment failure, all new data support the effective-
ness and safety for treatment of dental caries by SDF.
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