
Journal of Medical Microbiology (2007), 56, 551—556 DCI 10,1 099/jmm.0.4705 1-0

Serotype distribution of Streptococcus mutans
a pathogen of dental caries in cardiovascular
specimens from Japanese patients
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The involvement of oral bacteria in the pathogenesis of cardiovascular disease has been studied,
with Streptococcus mutans, a pathogen of dental caries, detected in cardiovascular lesions at
a high frequency. However, no information is available regarding the properties of S. mutans
detected in those lesions. Heart valve specimens were collected from 52 patients and
atheromatous plaque specimens from 50 patients, all of whom underwent cardiovascular
operations, and dental plaque specimens were taken from 41 of those subjects prior to surgery.
Furthermore, saliva samples were taken from 73 sets of healthy mothers (n=73) and their
healthy children (n=78). Bacterial DNA was extracted from all specimens, then analysed by PCR
with S. mutans-specific and serotype-specitic primer sets. The detection rates of S. mutans in the
heart valve and atheromatous plaque specimens were 63 and 64 %, respectively. Non-c
serotypes were identified with a significantly higher frequency in both cardiovascular and dental
plaque samples from the subjects who underwent surgery as compared to serotype c, which was
detected in 70—75 % of the samples from the healthy subjects. The serotype distribution in
cardiovascular patients was significantly different from that in healthy subjects, suggesting that
S. mutans serotype may be related to cardiovascular disease.

INTRODUCTON

Streptococcus mutans, a major pathogen of dental caries,
has been detected in heart valves and isolated from the
blood of patients with infective endocarditis (IE), suggest
ing its close relationship with IE (Vose et at., 1987; Ullman
et at., 1988; Gauduchon et al., 2001; Nomura et at., 2006).
S. mutans is classified into four serotypes (c/elf/k) based on
the chemical composition of its cell surface serotype
specific rhamnose—glucose polymers (RGPs), which form
a backbone of rhamnose polymers with side chains of
glucose polymers (Hamada & Slade, 1980; Nakano et al.,
2004a). Serotype c is reported to be the most prevalent in
oral isolates at approximately 70—80 %, followed by e, fand
k (Hamada et at., 1980; Hirasawa & Takada, 2003; Shibata

et at., 2003; Nakano et at., 2004b). In our previous study,
four S. mutans strains isolated from the blood of patients
with bacteraemia after tooth extraction or IE were char
acterized; however, none of those strains were classified as
serotype c (Fujiwara et at., 2001).

The serotype-specific RGPs of S. mutans were demon
strated to play important roles in streptococcal adherence
to human monocytic and fibroblastic cells, and speculated
to be its most efficient cytokine-stimulating components
(Engels-Deutsch et at., 2003). In addition, the hydrophiic
nature of RGPs is known to be associated with the resist
ance to phagocytosis by human polymorphonuclear leuko
cytes (Tsuda et at., 2000). Further, RGPs were shown to
possess properties allowing them to bind directly to human
platelets and trigger their aggregation in a dose-dependent
manner (Chia et a!., 2004). In our previous study, serotype
k strains featured a drastic reduction in the amount of

Abbreviations: IE, infective endocarditis; RGP, rhamnose—glucose
polymer.

47051 © 2007 SGM Printed in Great Britain 551



K. Nakano and others

glucose side chains and were shown to be less susceptible to
phagocytosis by human polymorphonuclear leukocytes
than the parent strain (Nakano et aL, 2004a). However,
the virulence of each serotype of S. mutans in blood
remains to be elucidated.

Recently, the association of cardiovascular diseases and
periodontitis has received attention because of results show
ing that periodontopathic bacterial DNA could be detected
in the diseased cardiovascular tissues (Scannapieco et at.,
2003). We previously reported that not only period
ontopathic bacterial species, but also several streptococcal
species, were detected in cardiovascular specimens, such
as heart valve and atheromatous plaque, and S. mutans
was the most frequently detected (Nakano et at., 2006a).
In the present study, detection of S. mutans in additional
specimens, as well as serotype determination of S. mutans
positive specimens, was carried out.

METHODS
Specimens from subjects undergoing a cardiovascular operation.
Fifty-two heart valve and fifty atheromatous plaque samples were
obtained from subjects with cardiovascular diseases who visited Osaka
Rosai Hospital. Of these, 41 subjects were referred to the Department
of Dentistry and Oral Surgery for a dental examination prior to
cardiovascular surgery, and from whom dental plaque specimens were
obtained. All of the specimens were collected from December 2004
to August 2006 according to a protocol approved by the ethics
committee of Osaka Rosai Hospital. The heart valve tissue specimens
were excised during a valve replacement procedure, following
diagnosis of aortic regurgitation, aortic stenosis, mitral regurgitation,
mitral stenosis or tricuspid regurgitation, while the atheromatous
plaque specimens were collected during treatment for a thoracic or
abdominal aortic aneurysm. The specimens were aseptically cut into
small pieces, and bacterial DNA was extracted as described previously
(Nakano et at., 2006a).

Specimens from mothers and their children. Seventy-three pairs
of mothers (73 subjects) and their children (78 subjects) who came

to the Pedodontics Clinic of Osaka University Dental Hospital,
Osaka, Japan, from June 2005 to August 2006 were analysed. None
of the children or mothers had systemic disorders. Collection of
clinical specimens was carried out in accordance with a protocol
approved by the ethics committee of Osaka University Dental
Hospital. Whole saliva samples were taken and bacterial DNA was
extracted according to previously described methods (Hoshino et at.,
2004).

S. mutans detection and serotype determination. S. mutans
detection was carried out using primers targeting the gtJD gene
(Hoshino et at., 2004) (Table 1). The serotype of each sample was
determined by serotype c-, e- or f-specific sets of primers (Shibata
et at., 2003), as well as a serotype k-specific set of primers generated in
our previous study (Nakano et at., 2004b). S. mutans MT8 148 (c),
NN2001 (c), NN2002 (e), NN2003 (jJ and FT1 (k) were used as
reference strains for S. tnutans and each serotype (Nakano et at.,
2004b). Samples with a positive reaction to the S. mutans-speciflc set
of primers but not with any of the serotype-specific sets of primers
were confirmed using an additional S. mutans-speciflc set of primers
based on the gtfB sequence (Oho Ct at., 2000). In addition, sequence
determination of the amplified fragments was carried out to confirm
that they contained the target nucleotide alignment. The sensitivity of
all the PCR methods was evaluated using diluted DNA extracted from
the reference strains. In order to confirm that S. mutans DNA was
present in the serotype undetermined specimens, a broad-range PCR
assay targeting 16S rRNA and sequencing analysis was carried out, as
described elsewhere (Rovery et at, 2005; Nakano et at., 2006a).
Briefly, PCR products amplified by broad-range 16S rRNA primers
[536f (5’-CAG CAG CCG CGG TAA TAC-3’) and 1050r (5’-CAC
GAG CTG ACG ACA-3’)j were cloned into a pGEM-T Easy vector
(Promega), after which ten clones were randomly chosen and their
sequences determined. To identify the bacterial species, the sequences
were compared with those available in the GenBank, EMBL and
DDBJ databases using the gapped BLASTN 2.0.5 program obtained
from the National Center for Biotechnology Information server
(http:/www.ncbi.nlm.nih.gov/BLsTl). Identification at the species
level was determined when the sequence similarity was greater than
99 % of that of the GenBank prototype strain sequence.

Statistical analysis. Fisher’s exact probability test was used for
statistical analysis of the comparative frequency of each serotype. A P
value of <0.05 was considered significant.

Table t PCR primers used for S. mutans detection and serotype determination

Primer Purpose Sequence (5’—3’) Expected Reference

size (bp)

MKD-F S. mutans detection GGC ACC ACA ACA TTG 6GA AGC TCA GTT 433 Hoshino et at. (2004)
MKD-R GGA ATG CCG ATC AGT CAA CAG GAT
gtffl-F S. mutans detection ACT ACA CTT TCG GGT GGC TfG G 517 Oho et at. (2000)
g-R CAG TAT AAG CGC CAG TTT CAT C
SC-F Serotype c determination CGG AGT GCT TTF TAC AAG TGC TGG 727 Shibata et at. (2003)
SC-R AAC CAC GGC CAG CAA ACC CTf TAT
SE-F Serotype e determination CCT GCT TYE CAA GTA CCT TTC GCC 517 Shibata Ct at. (2003)
SE-R CTG CTT GCC AAG CCC TAC TAG AAA
SF-F Serotype f determination CCC ACA ATE GGC TTC AAG AGG AGA 316 Shibata et at. (2003)
SF-R TGC GAA ACC ATA AGC ATA GCG AGG
CEFK-F Serotype k determination ATT CCC GCC GTT GGA CCA TTC C 294 Nakano et at. (2004b)
K-R CCA ATG TGA TTC ATC CCA TAC C
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RESULTS AND DSCUSSON
The minimum amounts of genomic DNA required for S.
mutans detection and serotype determination by PCR
methods used in the present study were evaluated using
serial dilution of known concentrations of genomic DNA
extracted from the reference strains (Fig. 1). The PCR
results with gtJD- and gtJB-based primer sets showed that
the minimum amount of template DNA for S. mutans
detection was 1—10 pg, which was also the detection limit
for the template DNA for serotype delfik.

The detection rates of S. mutans in heart valve and athero
matous plaque specimens were 63.4 and 64.0 %, respec
tively (Table 2). In the heart valve specimens, 60.6 % of
the S. mutans-positive samples were shown to be a single
serotype, with serotype e the most prevalent followed by
c, f and k. Specimens with multiple serotypes detected
were also identified at a frequency of 15.2 %. As for the
atheromatous plaque specimens, 31.2 and 59.4 % of the
S. mutans-positive samples were shown to be single and
multiple serotypes, respectively. In addition, there were
eight heart valves and three atheromatous plaque speci
mens that did not react to any of the serotype-specific
sets of primers. Those specimens were also confirmed to
have a positive reaction toward the gfB-based primers. In
addition, broad-range PCR and sequencing analyses
showed that S. mutans was identified in at least one of
ten clones analysed.

Fig. 1. Sensitivity of the PCR methods for S. mutans detection
and serotype determination. (a) A gel showing the detection limit
using the S. mutans-specific sets of primers. The gtfD- and gtfB
based primer set were evaluated by genomic DNA from NN2001
(serotype c). (b) A gel showing the detection limit using the
serotype-specific sets of primers. The serotype c-, e-, f-, and k
specific sets of primers were analysed by genomic DNA from
NN2001 Cc), NN2002 (e), NN2003 (I and FT1 (k), respectively.
Lanes: 1, 100 pg; 2, 10 pg; 3, 1 pg; 4, 0.1 pg; M, molecular size
marker (100 bp DNA ladder).

The rates of S. mutans-positive specimens in dental plaque
samples from subjects who underwent cardiovascular
surgery, and in saliva samples from the mothers and their
children ranged from 88.4 to 95.1 % (Table 3). However,
the serotype distribution in the healthy mothers and
children was quite different from that in the cardiovascular
surgery subjects. In the subjects who underwent surgery,
the proportion of specimens containing multiple serotypes
was greater than that of specimens containing a single
serotype. In addition, a non-c serotype was detected in
cardiovascular surgery subjects more often than in the
healthy children and their mothers. As for the serotype
distribution in the mothers and children, specimens with
a single serotype were detected more often than in the
cardiovascular surgery subjects, with the detection of
serotype c much higher than any of the other serotypes.
In addition, we were unable to classify two (5.1 %)
specimens from the cardiovascular surgery subjects as any
known serotype, whereas all of those from mothers and
children were classified, Table 4 summarizes the serotype
distribution frequency of S. mutans-positive specimens.
The frequency of serotype c in the cardiovascular speci
mens, as well as in the oral specimens from the subjects
who underwent cardiovascular operations, was signifi
cantly lower than that of the oral specimens from the
healthy mothers and children (P<0,05). On the other
hand, the rates for serotypes e and Ic, as well as untypable
specimens, among the cardiovascular specimens were
significantly higher than among the oral specimens from

Table 2. Detection and serotype distribution of S. mutans in
cardiovascular specimens

The percentage is expressed in comparison to all (100 %) of the heart
valve and atheromatous plaque specimens.
fThe percentage is expressed in comparison to all (100 %) of the S.
mutans-positive specimens.

(a) gilD-based puB-based
primers primers

(b) Serotype c Serolype e Serotype f Serotype k

Heart valve Atheromatous

(n”52) plaque (n=50)

Age (range) 67.8 ± 8.7 (49—87) 70.8 ± 7.2 (56—82)
Gender (male 36 16 37 13

female)
Positive for S. nutans 33/52 (63.4 %)* 32/50 (64.0 %)*

Single serotype 20/33 (60.6 %)t 10/32 (31.2 %)t
c 7 5
e 11 4

f 1
k 1 0

Multiple serotype 5/33 (15.2 %)t 19/32 (59.4 %)1
cande 3 10
candk 0 3
eandf 0 1
eandk 2 2
c,candk 0 3

Serotype undetermined 8/33 (24.2 %)t 3/32 (9.4 %)t
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Table 3. Detection and serotype distribution of S. mutans in the oral cavity

*The percentage is expressed in comparison to all (100 %) of the dental plaque and saliva specimens.

tThe percentage is expressed in comparison to all (100 %) of the S. Inutans-positive specimens.

the healthy mothers and children (P<0.05). We acknowl
edge that the control group was not an ideal match for the
cardiovascular subjects. However, no difference in S.
mutans serotype distribution with gender was observed
among the children analysed in this study. Also, the
serotype distribution patterns of the children and mothers
were not significantly different. We surmise, therefore, that
more elderly males (matching the cardiovascular test
subjects) are also likely to harbour a similar serotype range
as the mothers and children employed in this study.

To the best of our knowledge, this is the first report of S.
mutans serotype distribution in cardiovascular specimens.
We previously reported that four blood isolates of S.
mutans from subjects with bacteraemia after tooth
extraction or IE belonged to serotypes e, f or k (Fujiwara
et aL, 2001; Nakano et aL, 2004a). It is generally known
that 70 to 80 % of S. mutans oral strains belong to serotype
c (Hamada et al., 1980; Hirasawa & Takada, 2003; Shibata
et aL, 2003; Nakano et al., 2004b), and the saliva samples
from the healthy mothers and children were consistent

Table 4. Serotype distribution of S. mutans-positive specimens

A significant difference (P<0.05) was found as compared to the oral specimens from the healthy mothers and healthy children by Fisher’s exact
probability test.

Cardiovascular Oral

Heart valve Atheromatous Cardiovascular surgery Healthy mothers Healthy children
(iz=33) plaque (n=32) patients (n=39) (n=68) (n=69)

c 10 (30.3 %)*t 21(65.6 %)* 23 (59.0 %)*t 60 (88.2 %) 63 (91.3 %)
e 16 (48.5 %)t 20 (62.5 %)* 33 (84.6 %)“j 22 (32.4 %) 15 (21.7 %)
f 1 (3.0 %) 2 (6.3 %) 1 (2.6 %) 3 (4.4 %) 4 (5.8 %)
k 3 (9.1 %)‘ 8 (25.0 %)*t 4 (10.3 %) 0 (0 %) 2 (2.9 %)
Unserotypable 8 (24.2 %)‘t 3 (9.4 %)*f 2 (5.1 %) 0 (0 %) 0 (0 %)

*Healthy mothers.

tHealthy children.

Cardiovascular Healthy mother Healthy child
surgery patient (n=73) (n=78)

(n41)

Age (range) 66.1 ±7.8 (49—80) 37.7±4.2 (28—50) 7.2±2.4 (2—12)
Gender (male: female) 30 : 11 0 : 73 40 : 38
Specimens Dental plaque Saliva Saliva
Positive for 5. mutans 39/41 (95.1 %)* 68/73 (93.2 %)* 69/78 (88.4 %)*

Single serotype 16139 (41.0 %)t 51/68 (75.0 %)l 54/69 (78.3 %)t
c 2 43 50
e 14 8 4

f 0 0 0
Ic 0 0 0

Multiple serotype 21/39 (53.8 %)t 17/68 (25.0 %)t 15/69 (21.7 %)t
cande 14 14 9
candf 0 3 2
candk 2 0 2
eandf 0 0 2
c,eandf 1 . 0 0
c,eandk 4 0 0

Serotype undetermined 2/39 (5.1 %)t 0/68 (0 %)t 0/69 (0 %)t
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with that (Table 3). On the contrary, the detection rate of
serotype c in the cardiovascular subjects was significantly
lower than that in the healthy subjects (Tables 2 and 3),
which led us to speculate that the serotype distribution of
S. mutans in cardiovascular subjects is significantly differ
ent from that in healthy subjects, and that non-c serotypes
of S. mutans might be possible risk factors for cardiovas
cular diseases. Further, the number of the subjects with
multiple serotypes was higher in the cardiovascular subjects
than the healthy subjects, in whom a single serotype c was
predominant. In addition, most of the S. mutans-positive
specimens showed a positive reaction for at least one of the
serotype-specific sets of primers; however, eight (24.2 %)
heart valve specimens, three (9.4 %) atheromatous plaque
specimens and two (5.1 %) dental plaque specimens did
not react to any of the serotype-specific sets of primers
(Tables 2 and 3). All of these specimens were also
confirmed to have a positive reaction to the additional S.
mutans-specific sets of primers designed based on the
nucleotide alignment of the other gene. Also, the nucleo
tide alignment of those amplicons was shown to be the
targeted sequence. Since the sensitivity of all of the PCR
methods used in this study was shown to be at nearly the
same level (Fig. 1) and the broad-range PCR method also
detected the 165 rRNA alignment of S. mutans, we
concluded that at least one additional unknown serotype
was present in the cardiovascular specimens.

Serotype k S. mutans was first isolated from the blood of IE
subjects and characterized by lack of the glucose side chain
of the serotype-specific RGPs (Fujiwara et aL, 2001), which
resulted in a low antigenicity and a low susceptibility to
phagocytosis by human polyrnorphonuclear leukocytes
(Nakano et aL, 2004b). Serotype k S. mutans strains have
also been detected in the oral cavities of healthy children
with a prevalence of 2 % (Nakano et aL, 2004b). In the
present study, there were several S. rnutans-positive cardio
vascular specimens that could not be classified into any of
the known serotypes by PCR. We recently analysed the
serotypes of 100 5. mutans oral isolates from 100 children,
as well as 2500 from 50 children, and all of the strains
belonged to the c, e, for k serotypes (Nakano et al., 2004a),
which indicated that the prevalence of a new serotype in
the oral cavity would be extremely low, even though it
likely exists. If a new serotype of S. mutans with a variation
of RGPs is found to be selectively present in cardiovascular
subjects, then the variation of serotype-specific RGPs may
be related to the pathogenesis of S. mutans with cardio
vascular diseases.

The reason why non-c serotype S. mutans was detected
more frequently in the cardiovascular specimens than in
those from the oral cavity remains to be elucidated. Since
serotype-specific RGPs have been shown to be involved
with virulence in blood (Tsuda et al., 2000; Engels-Deutsch
et al., 2003; Chia et aL, 2004; Nakano et al., 2004a), it is
possible that an alteration in chemical composition of the
RGPs in each serotype is directly related to virulence.
Another possible hypothesis is that non-c serotype strains

possess common properties other than serotype-specific
RGPs, which contribute to their virulence in blood. We
previously demonstrated that inactivation of the pac gene
encoding the major surface antigen protein antigen c (PAc)
of S. mutans resulted in lowered susceptibility to phago
cytosis by human polymorphonuclear leukocytes in vitro
and a longer duration of bacteraemia in a rat model
(Nakano et al., 2006b). In that study, analysis of clinical
oral isolates of S. inutans without PAc expression showed
them to be predominantly detected among the non-c
serotypes. In addition, genes encoding collagen-binding
adhesins of S. mutans were frequently identified in non-c
serotype strains (Sato et aL, 2004). Although the clinical
significance of S. mutans detection in cardiovascular
specimens remains to be elucidated, subjects with non-c
serotype may be at risk for cardiovascular diseases.
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Purpose
The American Academy of Pediatric Dentistry IAAPD) recog
nizes that unique clinical circumstances can result in challenges
in restorative care for infants, children, adolescents, and persons
with special health care needs. When circumstances do not
permit traditional cavity preparation and/or placement of tradi
tional dental restorations or when caries control is necessary
prior to placement of definitive restorations, interim therapeutic
restorations (ITR)’ may be beneficial and are best utilized as
part of comprehensive care in the dental home.2’3 This policy
will differentiate ITR from atraumatic/alternarive techniques
(ART) I and describe the circumstances for its use.

Methods
This policy is based upon a review of current dental literature.
A MEDLINE search was performed using key words “dental
caries”, “atraumatic restorative treatment”, and “glass ionomer
cement”.

Background
Atraumatic/alternative restorative technique (ART) has been
endorsed by the World Health Organization as a means of re
storing and preventing caries in populations with little access
to traditional dental care.4 In many countries, practitioners
provide treatment in non-traditional settings that restrict re
storative care to placement of provisional restorations. Because
circumstances do not allow for follow-up care, ART mistaken
ly has been interpreted as a definitive restoration. ITR utilizes
similar techniques but has different therapeutic goals. Interim
therapeutic restoration more accurately describes the procedure
used in contemporary dental practice in the US.

ITR may be used to restore and prevent further decalcifi
cation and caries in young patients, uncooperative patients, or
patients with special health care needs or when traditional cavity
preparation and/or placement of traditional dental restorations
are not feasible and need to be postponed.5’6Additionally, ITR
may be used for step-wise excavation in children with multiple
open carious lesions prior to definitive restoration of the teeth.

The use of ITR has been shown to reduce the levels of cario
genie oral bacteria (eg, mutans streptococci, lactobacilli) in
the oral cavity.8”0

The ITR procedure involves removal of caries using hand
or slow speed rotary instruments with caution not to expose
the pulp. Leakage of the restoration can be minimized with
maximum caries removal from the periphery of the lesion.
Following preparation, the tooth is restored with an adhesive
restorative material such as self-setting or resin-modified glass
ionomer ITR has the greatest success when applied
to single surface or small 2 surface restorations.’2”3Inadequate
cavity preparation with subsequent lack of retention and insuf
ficient hulk can lead to failure.’2 Follow-up care with topical
fluorides and oral hygiene instruction may improve the treat
ment outcome in high caries-risk dental populations.

Policy statement
The AAPD recognizes ITR as a beneficial provisional technique
in contemporary pediatric restorative dentistry. ITR may be
used to restore and prevent dental caries in young patients,
uncooperative patients, patients with special health care needs,
and situations in which traditional cavity preparation and/or
placement of traditional dental restorations are not feasible.
ITR may be used for caries control in children with multiple
carious lesions prior to definitive restoration of the teeth.
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Caries preventive effects of xyhtol-based candies and ‘ozenges: a
systematic review.
Antonio AG, Pierro VS, Maia LC.

Pediatric Dentistry and Orthodontics, Federal University of Rio de Jeneiro, Rio de Janeiro, Brazil.

Abstract
OBJECTIVE: A systematic review of published data was conducted with the aim of assessing the
caries preventive effect of consuming xylitol-based candies and lozenges.

METHODS: Electronic and hand searches were performed to find clinical trials concerning the
consumption of products containing xylitol, published up to November 2009. The studies must have
had the following characteristics: (a) a comparison of caries progression in subjects who either did
or did not consume candies or lozenges containing xylitol during a minimum follow-up period of I
year; and (b) a concurrent comparison of the percentage of caries progression according to the
World Health Organization criteria. The caries preventive effect of xylitol was assessed by
calculating the prevented fraction.

RESULTS: The initial search identified 127 references. Six studies met the initial eligibility criteria,
but three were excluded after thorough analysis. Two more articles were selected after hand
searching, but they were excluded due to the presence of chewing gum in the experimental group.
Of the three selected studies, two found a lower caries increment in the treatment groups. Although
the findings of the analyzed studies suggest that the use of xylitol-based candies and lozenges
could favor a reduction in caries increment, in general, their consumption did not seem to be
effective on the proximal surfaces. Nevertheless, these findings are not supported by strong
evidence.

CONCLUSION: This research demonstrates the need for well-designed randomized clinical studies
with adequate control groups and high compliance by the subjects.
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No evidence of caries reduction found in a schoo’ xyNto and
erythrito! ‘ozenge programme.
Duane EG.

Department of Pubtc Health, NHS Fife, Cameron Hospital, Windygates, Fife, UK.

Abstract
DesignA double-blind, cluster-randomised, double-blinded clinical trial was
conducted.lnterventionAll children within a fluoridated area with low caries received oral health
programmes based on their estimated risk of caries. The children were divided into five groups.
Four groups received three times daily xylitol/maltitol (4.7g/4.6g) lozenges or erythiitol/maltitol
(4.5g14.2g) lozenges for either one or two school years. One group did not receive lozenges. Clinical
examination was undertaken at baseline and after 48 months primarily by one dentist who was
blinded to the assignment of each child. Radiographical examination was undertaken at48 months,
with two calibrated dentists undertaking the analysis.Outcome measureChange in caries: decayed
missing or filled surfaces at dentinal level (AD3MFS).ResultsForty-eight months after
commencement of the research there were no statistically significant differences between the
proportion ofD3MFS=0 (clinically or radiographically) within the groups (xylitol/maltitol or
erythritol/maltitol lozenges). Seventy-five of the children were lost to follow up, seven discontinued
through other reasons.ConclusionsThe use of xylitol-maltitol or erythritol-maltitol lozenges within a
cohort of low caries children either over nine months or 21 months were not effective in reducing
dental caries in primary school children.
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To date, nearly 1,000 articles have been written on Xy!itol. The following are
some clinical studies directed to caries prevention research.
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ABSTRACT
Severe early childhood caries (ECC) is difficult to treat suc

cessfully. This study aimed to characterize the microbiota of

severe FCC and evaluate whether baseline or follow-up
microbiotas are associated with new lesions post-treatment.
Plaque samples from 2- to 6-year-old children were analyzed

by a l6S rRNA-based microarray and by PCR for selected
taxa. Severe-ECC children were monitored for 12 months

post-therapy. By microarray, species associated with severe

ECC (n = 53) compared with caries-free (n = 32) children
included Slackia exigua (p 0.002). Streptococcus parasan

guinis (p 0.013), and Prevotella species (p <0.02). By PCR,

severe-ECC-associatcd taxa included BUIdobacteriaceae (p <

0.001), Scardovia u’iggsiae (p 0.003), Streptococcus inutans

with bifidobacteria (p <0.001), and S. ,nutans with S. wigg
siae (p 0.001). In follow-up, children without new lesions

(n 36) showed lower detection of taxa including S. inulans,
changes not observed in children with follow-up lesions (n =

17). Partial least-squares modeling separated the children into

caries-free and two severe-FCC groups with either a stronger

bacterial or a stronger dietary component. We conclude that

several species, including S. wiggsiae and S. exigna, are asso

ciated with the ecology of advanced caries, that successful
treatment is accompanied by a change in the microbiota, and

that severe FCC is diverse, with influences from selected

bacteria or from diet.
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microbial ecology, Streptococcus mutans, Scardovia wiggsiae.
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Microbiota of Severe Early
Childhood Caries before
and after Therapy

INTRODUCTION

Severe early childhood caries can devastate the primary dentition (Hughes
ci a!., 201 1), is a risk factor for caries in permanent teeth (Li and Wang, 2002),
and is difficult to treat successfully (Almeida et a!., 2000; Graves cia!., 2004).
In the US, while 28% of children have ECC (Beltran-Aguilar eta!., 2005), only
a subset of children have advanced disease, mainly concentrated in populations
of low socio-economic status (Beighton et a!., 2004; Edelstein and Chinn,
2009). Treatment is difficult because of the young age of children and is fre
quently performed while the children are under general anesthesia. Further
treatment may be of limited benefit, because up to 50% of children have new
caries lesions after therapy (Almeida ci a!., 2000; Graves et a!.. 2004).

The etiology of severe FCC includes infection with selected bacteria, and
dietary and host factors, which are influenced by environment and socio
economic status (Beighton et a!., 2004). Differences in the plaque microbiota
were observed in children from different socio-economic backgrounds, suggest
ing diversity within ECC (Beighton et a!., 2004). We recently confirmed that
Streptococcus mutans was strongly associated with severe ECC, although at a
low proportion of the carious plaque microbiota. using molecular (Kanasi eta!.,
201 Oa) and culture-based (Hughes et a!., 2011) assays. Other species sign ifi
cantly associated with severe ECC included Scardovia wiggsiae, by culture
(Tanner eta!., 2011), and Bjfidobacteriaceae, by PCR (Palmer eta!.. 2010).

To investigate the reasons for new lesions post-treatment, this study aimed
to compare the microbiota of caries-free with that of severe-ECC children,
and to compare pre-treatment and follow-up microbiotas in children with and
without new caries lesions. We modeled microbial, clinical, and dietary char
acteristics to evaluate whether subgroups existed within severe ECC, to
improve our understanding of this complex infectious disease.

MATERIALS & METHODS

Clinical Methods

Children aged 2 to 6 yrs were recruited as previously described (Palmer et a!.,
2010). Children were medically healthy, had not used antibiotics within the
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Table. Demographic and Clinical Characteristics of Study Population

Caries-free Severe ECC
n=32 n=53 pvalue

Mean age (yrs) ± SEM 3.66 ± 0.17 3.97 ± 0. 13 0.160

Gender: Male 15 (47%) 30 (56%) 0.44

Race:
White 13 l32%l 16 (30%) 0.874

Black 9 (28%) 20 137%) 0.398

Asian 12 (36%) 1 1 (32%) 0.568

Other/mixed 1 ( 3%) 1 l2%l 0.608

Ethnicity: Hispanic 6 (17%) 13 124%) 0.565’

Clinical Characteristics
Mean percent carious surfaces 0 32.4 ± 2.67
Mean Plaque Index ± SEM 0.58 ± 0.08 4.79 ± 0.13 < 0.000l’

Mean Gingival Index ± SEM 0.16 ± 0.07 1.54 ± 0.13 < 0.0001

Mean percent sites bleeding ± SEM 2.0 ± 1.2 52.0 ± 4.9 < 0.0001”

Survey Characteristics
Parents with cavities 66 % 86% 0.027’

Smoker in household 44% 84% 0.026’

Number of juice drinks/wk ± SEM 6.5 ± 0.7 9.7 ± 0.9 0.01 1

Drinks juice between meals 34% 65% 0.016’

Liquid cariogenic foods ± SEM 2.31 ± 0.33 3.69 ± 0.31 0.004

Juice and juice drinks, ice cream, sweetened
yogurt, diet and regular soda

Solid cariogenic foods d ± SEM 2.47 ± 0.31 4.88 ± 0.46 <0.001”

Bread, potato chips, crackers, jam/jelly,
sweetened cereal, bananas, cookies

Eating or drinking frequency/day 5.29 ± 0.24 6.16 ± 0.15 0.0016

°SEM = Standard Error of the Mean.
bSdent’s t test.
‘Chi-square test.
dCariogenicity coding (from Palmer et al., 2010).

preceding 3 mos, and the parent or guardian provided informed
consent for the child’s participation. Severe-ECC children (n =

53) had extensive lesions in the primary dentition (Table), and
32 children were caries-free (Hughes et at., 2011). The study
design, protocol, and informed consent were approved by the
Institutional Review Boards of participating institutions. The
children’s parents or caregivers completed a demographic and
dietary survey (Palmer et at., 2010).

Clinical measurements and plaque sampling were performed
on children at baseline, and at 6 and at 12 mos after comprehen
sive restorative and extraction therapy under general anesthesia
and caries-preventive measures for severe-ECC children
(Hughes et at., 2011). Plaque samples were taken from the
mesial interproximal sites of primary molars, placed in 100 tL

TE buffer, and frozen at -70°C until microbial analysis (Palmer
et at., 2010). For children with new caries lesions, the visit dur
ing which caries was detected (6 or 12 mos) was the last visit for
that child.

Microbiological Methods

DNA from plaque samples was purified with the use of
MasterPure kits (Epicenter, Madison, WI, USA) as previously
described (Palmer et at., 2010).

Microorray analysis

Samples were analyzed by microarray to over 300 bacterial taxa
by the Human Oral Microbe Identification Microarray (HOMIM)
assay as previously described (Preza et at., 2009). The lower
limit of detection for the HOMIM array is approximately io
bacterial cells. Only probes that were reactive to at least one
sample were evaluated.

Bacterial-specific PCR analysis

PCR was performed for the detection of S. mutans, S. sobrinus,
and B(fidobacteriaceae (Palmer et at., 2010). Scardovia wigg
siae PCR was performed with species-specific primers designed
with AllelelD® (PREMIER Biosoft International, Palo Alto, CA,
USA) in l6S rRNA. The forward primer was (Scar448F) 5’-
GTG GAC TTT ATG AAT AAG C -3’ and reverse primer
(Scar6l9R) 5’- CTA CCG TTA AGC AGT AAG -3’. The sam

ples were amplified by pre-heating (94°C, 2 mi, denaturation

(94°C, 20 sec), annealing (51°C, 20 see), and elongation (72°C,

20 see) (40 cycles), with a final extension (72°C, 5 mm).
Amplicons were verified on 1.5% low-melt agarose gels
(NuSieve® GTG®, Lonza, Rockland, ME, USA). The specificity
of the primers was evaluated by testing against Scardovia inopi
nata, Parascardovia denticotens, Attoscardovia omnicotens,
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A. Species detected by 1-IOMIM microarray
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Figure 1. (A) Microbiota of severe-ECC and caries-free children by microarray. Percentage of children with reactivity to probes in HOMIM

microarray. Taxa were selected as showing some difference between diseose categories, with taxa detected more frequently in severe ECC to the

left and in caries-free to the right. For data from all probes, see Appendix Table. Taxa showing associations with severe ECC included Slackio

exigua, S. parasanguinis I & II, Prevotella species, and Neisseria flavescens. S. mutans was detected in 25% severe-ECC children in the

microarray. (B) Microbiota of severe-fCC and caries-free children by taxan-specific PCR. Taxa showing greatest association with severe ECC were

Bifidobacteriaceae, S. wiggsiae, and S. mutans in combination with these taxa. S. mutans was detected in 56% severe-ECC children by species-

specific PCR.

Bifidobacterium den tium, Bifldobacteriu,n subtile, and selected
Actinomyces, Coiynebacterium, Propionibacterium, Mobilun
cus, and Rothia species. Amplicons from samples from the S.
wiggsiae primers were sequenced and compared against the
Human Oral Microbiome Database (HOMD) (Dewhirst et at.,

2010).

Statistical Analyses

Mean differences between caries-free and severe-ECC children
in age, plaque, gingival, and bleeding indices and dietary char
acteristics were evaluated by t test. Data from microarray and
PCR were analyzed as detected or not-detected by child.

Downfoaded Iron, droogopub,corn of nt atIrnat Ansodatino for Dental Resernoh on Novon,00r 25.2011 Fr personal use only. No other uses without pern,isoion.
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B. Species detected by taxon-specific PCR
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Differences in proportions between disease categories and
demographic characteristics, probe reactions from the microar
ray, and PCR were tested by Chi-square. Severe-ECC children,
divided into children with and without new lesions post-therapy,
and baseline and follow-up microbial data were compared by
\cNemar Chi-square. A significance threshold of p 0.05 was
used. In addition, adjustment for multiple comparisons was by
the false-discovery rate (Benjamini and Hochberg, 1995).
Statistical analyses were performed with SPSSx software.

Partial least-squares analysis (OPLS procedure) with SIMCA
P+ (version 12.0, Umetrics AB, Umeâ, Sweden) was used for
multivariate analysis of microarray, PCR, dietary, clinical, and
demographic information (Table) as previously described (Kanasi
et al., 2010b; LifHolgerson eta!., 2011). PLS is a multivariate
linear regression model method suitable for the detection of cor
relations between matrices of descriptor and response variables in
datasets where the descriptor variables co-vary and!or the num
bers exceed the numbers of observations. Variable auto-scaling to
unit variance and cross-validation (Q2) was done by the software.

RESULTS

There were no differences in child age, gender, race, or ethnicity
between the 53 severe-ECC and 32 caries-free children (Table).
Severe-ECC children had higher plaque and gingival indices
and bleeding scores than caries-free children. Putative cario
genie foods and eating and drinking frequencies were more
frequent in severe-ECC than caries-free children (Table).

Taxa detected more frequently by microarray at baseline in
severe-ECC than caries-free children included Slackia exigua

(p = 0.002), Streptococcus parasanguinis I and II (p = 0.0 13),
Prevotella melaninogenica (p = 0.0 13), and Prevotella Cluster
IV (p 0.018) (Fig. IA. Appendix Table). Species detected
more frequently in caries-free children included Cardiobacteriurn
hominis (p 0.003), Leptofrichia hofstadii (p 0.006), and
Corynebacteriu.’n rnatruchotii (p 0.017). Species detected
more frequently at baseline in severe-ECC children who subse
quently had new caries lesions than in FCC children without
new lesions included Prevotella Cluster IV (p = 0.001),
Prevotella nigrescens (p 0.01), and several Capnocj.’tophaga

taxa. None of the differences in microarray data was significant

after adjustment for multiple comparisons.
The PCR primers for S. wiggsiae detected S. wiggsiae but did

not react with species in Bfidobacteriaceae or the Phylum!
Class Actinobacteria. All amplicons from PCR of plaque
samples for S. wiggsiae showed homology to S. wiggsiae

sequences in HOMD. By specific PCR, S. inutans, S. sobrinus,
BJIdobacteriaceae. and Scardovia ht’iggsiae individually, and
the combinations S. mutans with S. sobrinus (p < 0.02),
S. inutans with B(fidobacteriaceae (p <0.0001), and S. mutans

with Scardovia wiggsiae (p < 0.005) were associated with
severe ECC (Fig. lB).

Children with subsequent lesions (n = 17) compared with none
(n = 36) had no differences in baseline gingival index, bleeding,
number of carious surfaces, restorations placed, or teeth extracted
(data not shown). For 16 out of 17 children, the new lesions on
follow-up were on surfaces without a previous restoration.

By microarray, severe-ECC children without new lesions
(Fig. 2A) showed post-therapy reductions in S. inutans (not
detected in follow-up), Streptococcus initis biovar 2 (p < 0.035),
Campylobacter gracilis (p < 0.02), campylobacter concisus/
rectus (p = 0.004), C’apnocytophaga species Human Oral Taxon
from HOMD (HOT) 335 (p = 0.004), and Selenomonas taxa.
Species that were detected more frequently in these children
post-therapy were Propionibacterium propionicum (p < 0.002),
Lautropia mirabilis (p < 0.026), and 3 Capnocytophaga species.
Children without new lesions also had significantly lower
plaque index (p < 0.001), gingival index (p < 0.000 1), and
bleeding gingival sites (p < 0.0001) in follow-up compared with
pre-treatment. By PCR, only S. mutans was detected less fre
quently in follow-up (p 0.035).

There were no significant differences in baseline and follow-
up microbiota of severe-ECC children with new caries lesions
(Fig. 2B). although there were reductions at follow-up in plaque
index (p < 0.02). gingival index (p <0.0001), and bleeding gin
gival sites (p <0.04).

The multivariate model of baseline microbial, clinical, and
food cariogenicity data yielded a strong model with 2 significant
components (R 0.646, Q2= 0.462). This model clustered the
children into caries-free children (n = 32) and two subgroups
[Cl (n 34) and C2 (n = 19)] of severe-FCC children (Fig. 3).
The factors associated with being caries-free were consistent
with the univariate observations (Fig. 3, Appendix Figure).

Restricting the multivariate model to severe-ECC children
(model R2= 0.784, Q2= 0.622) confirmed separation into two
caries subgroups (Cl and C2). Scores for plaque, gingivitis and
bleeding; PCR detection of S. mutans, S. wiggsiae, S. inutans

combined with S. wiggsiae, S. mutans combined with S. sobri
nus; and microarray detection of Slackia exigua did not differ
significantly between the two caries subgroups, though values
tended to be higher in group C2. Children in subgroup Cl, how
ever, were specifically characterized by higher intake of solid
cariogenic foods, being White and presence of Haemophilus
paraiiifluenzae (Fig. 3, Appendix Fig.). Children in caries sub
group C2 were specifically characterized by higher detection
frequencies of multiple bacterial species, including Prevotella
by microarray. and PCR detection of S. sobrinus and
Bifidobacteraceae alone or in combination with S. martins (Fig.
3, Appendix Fig.). The differences between cluster groups were
also significant by univariate analyses (data not shown).

Clinically, although not significant, children in subgroup Cl
had more carious surfaces (44%) than those in subgroup C2
(32%) before treatment (p = 0.07), and on follow-up, more chil
dren in subgroup C2 (47%) experienced new caries lesions than
those in subgroup Cl (15%) (p 0.06).

DISCUSSION

In this study, we confirmed differences in the microbiota of
caries-free children and S-ECC children, and observed differ
ences in the microbiota of children with and without caries
progression after treatment. In the children without new lesions,
there was reduction in several species in addition to S. mutans.
Using modeling based on the microbiota, high cariogenic diet,
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A. Severe-ECC chddren (n=36) without new lesions
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Figure 2. (A) Microbiota pre-treatment and at follow-up of severe-ECC children without new lesions after 12 mos monitoring. Taxa were selected
as showing some difference between pre-treatment and follow-up, with taxa detected more frequently pre-treatment to the left and in follow-up to
the right. Taxa detected less frequently 12 mos after treatment included S. mutans, C. concisus/C. recfus, C. grocilis, S. mitis biovar 2, and
unnamed Capnocytophoga and Selenomonas taxa. Species detected more frequently in follow-up included P propionicum, L. mirabilis, and C.
sputigena. (B) Microbiota pre-treatment and at follow-up of severe-ECC children with new lesions during 12 mos of monitoring. Taxa are the same
and in the same order as in Fig. 2A. While there is variation in taxa detection between pre-treatment and follow-up, none of the differences was
significantly different. Comparison of Figs. 2A and 2B also illustrates baseline differences between the microbiota of children with and without
new lesions in follow-up, including Prevotella Cluster IV (p = 0.001), Prevotello nigrescens (p = 0.01), and several Capnocytophaga taxa
(Appendix Table).
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and clinical features, we observed two groups of severe-ECC
children, suggesting diversity within severe ECC.

A new finding was the association of Slackia exigua with
severe ECC, suggesting that the species may be a risk factor for
this infection. S. exigua is a fastidious anaerobic Gram-positive
rod(Wadeeta!., 1999) inActinobacteria (Dewhirsteta!., 2010)
and has been associated with periodontitis (Abiko eta!., 2010).
Prevotella species were also associated with severe ECC.
Prevotella species were detected in ECC (Corby et aL, 2005),
and cluster IV species P inelaninogenica and Prevotella nigres
cens were cultured from the current population (Tanner
et aL, 2011). Prevotella species were not strongly aciduric
(Tanner et a!., 2011) or acidogenic, suggesting that their pres
ence reflects the ecological niche of deep dentinal caries
(Nadkarni eta!., 2004; Chhour et a!., 2005), rather than contrib
uting to caries progression.

We developed a PCR assay for S. wiggsiae because of its
association with severe ECC by culture (Tanner eta!., 2011) and
by 16S rRNA gene probes as CX1O1 (Becker eta!, 2002), but
this species was detected relatively infrequently in the HOMIM
assay. In contrast to our culture data, S. wiggsiae by PCR
showed a stronger association with severe ECC than S. mutans,
suggesting that the relative importance of these species needs
further study. Combinations of S. Inutans and S. sobrinus were

associated with S-ECC, consistent with improved risk assess
ment over these species individually for ECC (Okada et a!.,
2005; Choi et a!., 2009). The associations of combinations of
bifidobacteria and S. wiggsiae with S. inutans suggest that addi
tional species combinations could be valuable in risk assessment
for ECC. None of the species combinations tested, however was
associated with detection of new lesions post-therapy, including
S. mutans with S. sobrinus, suggesting that risk assessment for
ECC in the general population is different from predicting new
lesions in children who already have advanced disease.

Species at baseline associated with children without new
lesions post-therapy included Cardiobacterium hominis and S.
,nitis biovar 2. C. hotninis was also associated with control sites
for root caries (Preza et aL, 2009), and S. mitis was associated
with caries-free children by culture as compared with severe
ECC children (Marchant et a!., 2001; Tanner eta!., 2011), con
sistent with the current study findings. Several unnamed
Capnocvtophaga species were detected, but their taxonomy
needs clarification before their role in disease can be assessed.

We examined pre-treatment and follow-up microbiotas and
observed that several species, including S. ,nutans, changed in
detection in the children without new lesions, suggesting a shift
in the plaque microbial complex. There were no significant
changes in children with new caries, suggesting minimal change
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Figure 3. PLS modeling plots. Insett PLS score plot based on demographics, diet, and microbiota of severe-ECC and caries-free children. Children
clustered into three groups, caries-free ( ) and two ECC subgroups, Cl and C2 (a). The PtS model used caries at baseline as the dependent
variable, and the microarray, PCR, dietary, clinical, and demographic information as the independent matrix. Main Plot: PLS loading scatter plot
illustrating important variables for clustering. Cluster groups are as in the score plot (inset). Taxa with VIP-values > 1 .0 are indicated as follows:
HOMIM-detected taxa located in the lower left characterize caries-free children (- (, whereas taxa located in the top and to the right characterize
severe-ECC children [a and ° (for species detected by PCR)]. Circles ( ) represent other variables used in the analysis but not influential for
clustering (VIP-values 1 .O(. Important taxa differentiating caries-free and severe-ECC children are generally consistent with those that differed in
the univariate analyses.
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in the microbiota, and that persistence of the pre-treatment
microbiota was responsible for caries progression. These obser
vations are in accord with the role of the composition of dental
plaque as a bacterial community in health and caries (Marsh,

2006; Takahashi and Nyvad, 2011). Studies focusing on S.
inutans observed reduction in this species post-treatment in
children without new caries lesions (Simratvir et a!., 2010), as
observed in the current report and by selective isolation of S.
mutans (Hughes eta!., 2011).

Multivariate modeling by baseline characteristics grouped

children by caries-free or severe-ECC status, with characteris

tics that were similar to those in univariate analysis. Modeling

also revealed diversity within severe ECC. Both severe-ECC

groups had poor oral hygiene and a similar level of S. inutans

infection, but one group ate more cariogenic foods while the

other was characterized by a multispecies complex including

Bfidobacteriaceae and S. sobrinus. It seems possible that one

group of children had disease associated with an increased
infection by cariogenic bacteria compared with the second

group. Diversity within ECC is consistent with the observed

differences within ECC, based on higher counts of cariogenic

bacteria in subsets of children (Beighton et a!., 2004), and war

rants further investigation.
A strength of this study was the use of the HOMIM microar

ray that facilitated detection of multiple taxa and revealed eco

logical changes that occurred after therapy that would not have

been possible by assaying only for mutans streptococci and

lactobacilli. The major study limitation was in loss to follow-up

of children with severe ECC, which limited the post-treatment

monitoring time to 12 mos, and reduced statistical power for

examining pre- and post-treatment microbiotas in children in the

new-lesion group. While a longer follow-up time could have

identified additional children with new lesions, in children with

2 years’ follow-up, most of the new lesions were recurrent caries

(Jamieson and Vargas, 2007). In the current study, children had

new lesions on unrestored surfaces, suggesting that we captured

a population with aggressive caries. A technical limitation was

reduced detection for specific species with the universal primers

needed for the microarray assay. We addressed this by adding

specific PCR to selected taxa.
This study aimed to understand the influence of the micro

biota on treatment relapses after therapy for severe ECC. Our

findings suggest that there are differences in the microbiota

before treatment, with increased infection in children with new

lesions post-treatment, and differences in treatment response.

Further, we propose that severe ECC is a complex infection,

with the possibility that the microbiota and diet may have differ

ent degrees of influence in different children.
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ABSTRACT
White-spot enamel lesions are an early presenta
tion of dental caries and are ideally managed by
non-invasive procedures. The aim of this study
was to characterize white-spot enamel lesions by
x-ray microtomography. In particular, mineral
content across the lesion from the surface to the
base of the lesion was measured and surface layers
defined. Molars with long buccal white-spot
enamel lesions were collected, photographed, and
each sectioned to produce 3 500-rim-thick sec
tions. The sections were mounted and imaged by
quantitative x-ray microtomography at a l5-iim
voxel size. We analyzed line profiles through the
middle of each 3D image to determine mineral
content and depth. The surface layer thickness of
the lesions ranged from 35 to 130 tm, with the
maximum mineral content in this layer being 74%
to 100% of that of sound enamel. The average
mineral content across the lesions ranged from
1.73 to 2.48 g/cm3. No significant differences
could be found between lesions clinically catego
rized as active and those categorized as inactive.
However, for depth-matched active and inactive
lesions, the active lesions exhibited a more porous
surface layer than the inactive lesions. White-spot
enamel lesions are highly variable, with surface
layers of considerable thickness.

KEY WORDS: spot enamel lesions, white x-ray
microtomography, surface layer, remineralization,
infiltration, dental caries.
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An X-ray Microtomographic
Study of Natural White-spot
Enamel Lesions

INTRODUCTION

Dental caries is a disease continuum, from the earliest loss of ions from apa
tite crystals through to lesion cavitation (Featherstone, 2004). Recently,

attention has shifted to the early detection of dental caries to identif’ lesions
before cavitation so that non-invasive or minimally invasive treatment
approaches can be applied. White-spot enamel lesions (WSEL) are a stage of
the caries process, prior to cavitation, where mineral has been lost from the
enamel subsurface, with an intact surface layer overlying the mineral-poor
region (Arends and Christoffersen, 1986). These lesions can be clinically
assessed as either active or inactive (Nyvad et a!., 1999) and may be treated
by remineralization (Cochrane et a!., 2010) or infiltration with low-viscosity
resin materials (Paris and Meyer-Lueckel, 2010). These treatment options
require ions or infiltrant to enter the lesion body, either to repair the damaged
crystals or to seal them in resin, respectively. However, removal of the WSEL
surface layer by acid-etching is usually required for adequate penetration of
the infiltrant into the lesion body. This has renewed interest in the structure of
WSEL, particularly the surface layers and how they can be modified (Meyer
Lueckel eta!., 2007; Cochrane eta!., 2010).

Previous research has characterized WSEL by polarized light with imbibi
tion materials (Darling, 1956; Silverstone, 1968), transverse microradiogra
phy (Groeneveld at a!., 1974; Groeneveld and Arends, 1975; Theuns ci a!.,
1984a,b), and, more recently, confocal microscopy (Meyer-Lueckel et a!.,
2007). These studies have used a variety of methods to define and measure
the surface layer but have not related these parameters to clinical assessments
of lesion activity. Hence, the aim of the current study was to characterize the
relationship between the clinical activity and mineral content depth profiles
of WSEL in extracted teeth by means of a MuCAT2 x-ray microtomography
system (Davis at al., 2010).

MATERIAlS & METHODS

Human molar teeth with WSEL on their buccal surfaces were collected from
the Royal Melbourne Dental Hospital with approval from the Human
Research Ethics Committee of The University of Melbourne (HREC
#0602917). Immediately after extraction, the teeth were immersed in 10%
(v/v) neutral phosphate-buffered formalin acetate solution for a minimum of
2 wks. Soft tissue, calculus, and alveolar bone remaining on the extracted
teeth were removed with the use of a scalpel.
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Activify Assessment

WSEL were assessed for activity by three experienced examin
ers calibrated according to the method of activity assessment
described by Ekstrand et a!. (2009) based on the work of Nyvad
et ci. (1999). Lesions were coded as active if they had a whitish/
yellowish opaque surface with loss of luster and rough appear
ance. Lesions were coded as inactive if they were more yellow
ishlbrownish than whitish and had a shiny surface that appeared
smooth. Areas ofcavitation were not included in the assessment.
A consensus activity was assigned to the lesion based on the
most common assessment.

Photography

All teeth were photographed on a black background with a
Canon EOS 300D digital camera (Japan) with a Canon macro
lens (EF 100 mm 1:2.8 USM, Japan).

Sample Preparcition

The WSEL were sectioned from the teeth by means of a water-
cooled Minitom diamond peripheral saw (Struers, Radiometer,
Cleveland, OH, USA) as a block of approximate dimensions 8
x 3 x 4 mm. Any areas of cavitation beside the WSEL were
avoided. These blocks were mounted vertically with green stick
wax (Compound sticks, Kerr, North Ryde, Australia), and 3
500-i.tm-thick sections were taken through the WSEL by means
of an internal edge annular saw microtorne (Leitz SP 1600, Ernst
Leitz, Wetzlar, Germany). Each section was 300 tim away from
its neighboring section, and the approximate location of each
through the WSEL was niarked on the photograph of the tooth.
In total, there were 36 sections from 12 teeth.

X-ray Microtomography
The sections were mounted horizontally to produce a layered
stack with 3 sections per layer. This was mounted in a small
plastic tube that enabled the sections to remain in a humidified
environment to prevent air-drying. Each stack included a
0.5-mm-diameter aluminum wire (99.99% Alfa, Aesar, Ward
Hill, MA, USA). These stacks were scanned in a MuCAT 2
x-ray microtomography machine (Davis et a!., 2010). This
machine used time-delayed integration to eliminate ring arte
facts, enabling high-contrast ratio images to be obtained.
Calibration was performed, prior to scanning, with a 99.999%
aluminum three-dimensional step wedge that allowed for accu
rate beam-hardening correction (Davis eta!., 2010). The follow
ing settings were used to scan 2 stacks (12 sections and the
subsequent 24 sections, respectively): 15 im voxel size, 90 kV
x-ray generator voltage, 1101 projections in 2 and 4 blocks to
reduce the cone angle, and approximately 24- and 48-hour
acquisition times. This experimental set-up has been designed
specifically to allow quantitative mineral measurements to be
made (Wong et al., 2004; Willmott ci ci., 2007; Davis ci a!.,
2010). After beam-hardening correction, the equivalent mono
chromatic energy of the detected polychromatic radiation was
40 keV.

Image Analysis

The data stacks were opened in Image J and a line profile taken
through the middle of the WSEL present in each section at its
deepest point, perpendicular to the surface, from outside the
lesion through to the underlying dentin. If the lesion extended
into dentin, a parallel line was taken through sound enamel to
obtain its mineral content profile. Assuming the mineral of the
enamel was pure hydroxyapatite (3.15 g/crn3), the mineral con
tent of the enamel was determined according to the following
equation:

Enamel mineral content = x
1HA P0i

where p. is the measured linear attenuation coefficient (LAC) of
the enamel, is the LAC of hydroxyapatite [3.11 cm at 40
keV (Berger ci ci., 2010)], ttnt(pub) is the LAC of aluminum wire
[1.53 cnf’ at 40 keV (Berger ci ci., 2010)], and is the mea
sured LAC of aluminum wire to correct for small deviations of
the initial step-wedge calibration.

Statistics

We calculated Kappa values to assess the agreement between
and among examiners on lesion activity. For WSEL data, cor
relations among the surface layer thicknesses, mineral contents,
and lesion depths were determined by Spearman’s rank correla
tion coefficient rho. All analyses were performed with statistical
software packages Stata (version 10.1, StataCorp LP, College
Station, TX, USA) or Minitab (version 16.1, Minitab Inc., State
College, PA, USA). P-values less than 0.05 were considered to
be statistically significant.

RESULTS
WSEL activity coded by the three examiners and the overall
consensus activity assigned to each lesion are shown in Fig. 1.
Seventy-five percent (9/12) of the WSEL were coded unani
mously by the examiners as either active or inactive. The agree
ment and Kappa values between examiners I and 2, 1 and 3, and
2 and 3 were 10/12, 0.63 ± 0.29; 11/12, 0.82 ± 0.29; and 9/12,
0.46 ± 0.29, respectively. Although not visible to the eye, 4 teeth
had demineralization extending into the dentin (Fig. 1; Teeth VI,
VII, X, XII).

Digital images of teeth I and Vifi are shown in Fig. 2, with
the area that was cut from the tooth as a block and the approxi
mate sites of the 3 sections that were prepared for x-ray microto
mography marked by red boxes. The mineral content profile
across the deepest part of the lesions is shown, along with an
x-ray image of the slice analyzed. The arrow denotes where the
line profile was taken. An example of a lesion unanimously
coded as inactive is shown in Fig. 2A. The mineral content pro
file shows a thick, highly mineralized surface layer. In Fig. 2B,
an example of a unanimously coded active lesion is shown. The
surface layer was thinner and less mineralized compared with the
mineral content profile of the inactive lesion shown in Fig. 2A.
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Figure 1. Digital photographs of the WSEL and, their lesion activity assessments by three examiners (1-3) and the overall consensus score (C) where
= Inactive and A = Active. The photographs were taken under standard light conditions on a glass stage with the magnification set at 1:1. The

lighting source was 4 3200 K 275 W lamps (Photoflood lamps, Philips, number 1 PF2O7E 275W 240-250V, Eindhoven, The Netherlands). The
digital image was processed with Image J (version 1 .37, National Institutes 0f Health, Bethesda, MD, USA), and the contrast was adjusted to 100
to improve visualization of the WSEL

Originally, lesions were analyzed based on their assigned
activity status. However, no statistically significant differences
were found between the two groups (see Table), so the data
range has been presented for all WSEL regardless of their activ
ity status. The surface layer thicknesses from 4 different meth
ods of calculation and the total depths of the WSEL are shown
in the Table. The lesions exhibited a wide range of depths and
surface layer thicknesses, ranging from 35 to 130 im thick (by
the method of Groeneveld and Arends, 1975). The use of the
Theuns et al. (1 984a) method to calculate surface layer thick
ness (Fig. 2) resulted in the determination of thicker surface
layers (Table).

A matrix scatter plot for the variety ofmineral content and lesion
parameters measured is shown in Fig. 3. A significant correlation
was found between the surface layer thickness measured to the
minimum point and the total depth (rho = 0.77, p = 0.004). There
was no correlation among the Groeneveld and Arends (1975),
Theuns eta!. (1984a), and midpoint measures of the surface layer
thickness to total depth. There was a significant correlation between

total depth of the lesion and the minimum minecal content in the
body ofthe lesion (rho = —0.63, p = 0.03). There were no other cor
relations between total depth and the measured mineral content
throughout the lesions. The Groeneveld and Arends (1975) mea
surements correlated significantly with the Theuns et a!. (1984a)
(rho = 0.94, p < 0.001) and midpoint measures (rho = 0.85, p <

0.001) of the surface layer thickness.

DISCUSSION

The MuCAT2 x-ray microtomography system used in this study
uses time-delayed integration to eliminate ring artifacts and
pure aluminum to calibrate the beam attenuation and provide
accurate mineral content calculations (Davis et a!., 2010). The
mineral content of sound enamel in this study was within the
range 2.57-3.10 g/cm3 reported by other authors for sound
enamel (Angmar et a!., 1963; Dowker et a!., 2003, 2006;
Clementino-Luedemann and Kunzelmann, 2006; Huang et a!.,
2007). The lesion mineral content values obtained in this study
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Figure 2. Digital photograph of a lesion coded unanimously as inactive (A - Tooth I) and active(B - Tooth VIII). The large black boxes indicate the position of the block that was cut from thetooth, and the 3 smaller rectangles within indicate the positions of the sections taken throughthe WSEL The graph shows the mineral content profile across the deepest aspect of the lesionin the second section, along with the marked points that were used to produce a variety ofmeasurements. The following points were defined: start of the lesion (A); points of maximum(B), midpoint (C), and minimum (D) mineral content; the point at which the horizontal distancefrom the vertical line drawn down through the maximum mineral content became larger on theinside of the lesion than the outside (E); and the start of the sound enamel (F). The start andend of the lesion were defined as the points where the mineral content was 20% and 95%that of the sound enamel (ten Cate et al., 1996). From these points, the following distanceswere calculated: surface layer thickness according to the method defined by Groeneveld andArends (1975) (AB), surface layer thickness to the midpoint mineral content (AC), surface layerthickness to the minimum mineral content (AD), and the surface layer thickness as calculatedby the method defined by Theuns et a!. (1 984a) (AE). The total lesion depth was measuredfrom points A to F (AF). The parameters obtained from each of the 3 sections per WSEL wereaveraged to obtain mean values far that tooth. The inset x-ray microtomography section hasa red arrow denoting the location of the line profile taken through the lesion.

are consistent with those of Huang eta!. (2007), who examined
4 teeth and found the maximum and minimum lesion values to
be 2.23-2.58 glcm3 and 1.48-2.03 g/cm3,respectively, and those
of Dowker et a!. (2006), who examined 1 tooth and found the
average lesion mineral content of fissure caries to be 1.5-2.6 g!
cm3. This is the first study to explore a larger number of teeth
and separate the lesions based on their activity status.

All lesions examined in this study had mineral content max
ima in the surface layer, and these maxima varied between 74%
and 100% of that of sound enamel, with a median of 92%. In
another study of WSEL, Meyer-Lueckel et at. (2007) reported
the surface layer to have approximately 90% of the mineral
content of sound enamel [calculated by dividing the maximum

mineral content obtained (80 ± 11 vol%)
by the vol% mineral of sound enamel (89
vol%) (Berkovitz, 1992)]. Arends and
Christoffersen (1986) have previously
described that the level of mineral in the
surface layer can reflect the activity of
the lesion. In the current study, no sig
nificant differences in mineral content
data and surface layer parameters were
found between lesions categorized as
active and those categorized as inactive.
However, for depth-matched active and
inactive lesions, the active lesion exhib
ited a lower mineral content in the sur
face layer. A lower surface layer mineral
content would increase porosity and
explain the results of Bailey eta!. (2009),
who found that active lesions were 7
times more likely to regress with remin
eralization treatments than were inactive
lesions.

In the current study, the surface layer
thickness was measured by 4 different
methods. Groeneveld and Arends (1975)
defined point B to represent the change
from surface layer to subsurface. Theuns
et a!. (1984a) defined point E to test a
hypothesis that mineral was deposited on
the inner wall of the surface layer as
demineralization progressed. The analy
sis of the lesions in this current study
showed that the order of surface layer
thickness obtained by the different meth
ods, from thinnest to thickest, was the
method of Groeneveld and Arends
(1975), the method of Theuns et a!.
(1984a), the midpoint method, then the
minimum method. An interesting finding
was that the surface thickness measure
ment achieved by the Groeneveld and
Arends (1975) method appeared inde
pendent of total lesion depth. However,
the deeper lesions exhibited lower mini
mum mineral content in the body of the

lesion (p < 0.05, R = —0.629), and this point was farther from the
outer surface of the tooth (p < 0.01, R = 0.77). This is in agree
ment with the findings of Theuns et a!. (1 984b), who found,
with artificial lesions, that as the length of demineralization time
increased, the minimum mineral content decreased, and the
distance from the surface to this point increased.

The artificial lesions created by Groeneveld and Arends
(1975) in vitie had surface layers between 27 and 44 j.im in
thickness and a total depth ranging from 93 to 219 pm. The
natural lesions studied in the current paper were deeper and had
thicker surface layers (35-130 p.m) than those of Groeneveld and
Arends (1975). Other authors have examined the thickness of
natural lesion surface layers (Silverstone, 1968; Meyer-Lueckel
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Table. Sound Enamel and WSEL Measurements

Lesion Activity All Lesions

Inactive (n = 8) Active (n = 4) p.value* Range

Mineral Content (g/cm3)
Sound enamel maximurnt 2.70 * 0.05 2.73 ± 0.04 0.36 2.63 - 2.77
Sound enamel average 2.63 ± 0.04 2.64 ± 0.02 0.29 2.57- 2.67
Surface layer maximum (8) 2.50 ± 0.15 2.43 ± 0.29 0.68 2.01 - 2.71
Surface layer midpoint (C) 2.22 ± 0.18 2.17 ± 0.37 0.80 1.64- 2.48
Lesion body minimum (D) 1.94 ± 0.28 1.91 ± 0.49 0.91 1.26- 2.38
Lesion body average 2.16 ± 0.20 2.19 ± 0.33 0.89 1.73 - 2.48

Ratios
SL maximum / SE maximum 0.93 ± 0.06 0.90 ± 0.1 1 0.61 0.74- 1.00
LB average / SE average 0.82 ± 0.08 0.83 ± 0.13 0.94 0.65 - 0.93

Thickness (pm)
Total depth (AF) 525.6 ± 198.7 460.0 ± 162.2 0.55 275 - 845
Groeneveld (AB) 54.4 ± 17.8 68.8 ± 42.1 0.55 35 - 130
Theuns (AE) 80.0 ± 30.0 97.5 ± 62.5 0.63 55 - 190
Midpoint (AC) 126.9 ±41.9 177.5 ± 101.1 0.39 70-265
Minimum (AD) 289.4 ± 145.8 252.5 ± 1 19.6 0.65 130- 555

*From two-sample t test with unequal variances.
Lesion parameters defined in Figs. 1 and 3.

el ci., 2007) but have not used the method of Groeneveld and
Arends (1975). Silverstone (1968) used polarized light and a 5%
porosity threshold to measure surface layer thickness and
reported that surface layers were approximately 30 jim thick.
Meyer-Lueckel et at. (2007) examined natural WSEL using
confocal microscopy after immersing the sections in low-vis
cosity epoxy resin containing a fluorescent dye. The exact cut
off for measuring the surface layer thickness is unclear; however,
they suggested a range of surface layer thickness of 10-160 jim,
with a mean of 45 ± 29 jim. The Meyer-Lueckel et at. (2007)
lesions tended to be shallower (mean depth, 357 ± 197 jim) than
those examined in the current study. It is recommended for
future studies that authors report surface layer thickness using
the method of Groeneveld and Arends (distance AB) to ensure
that results are comparable between and among studies.

The majority of the lesions in the current study exhibited a
Groeneveld and Arends (AB) surface layer thickness of 35-60
jim; however, some were considerably thicker, e.g., 130 jim.
This is an important finding, since surface layer removal by
acid-etching is used for infiltration of lesions (Meyer-Lueckel
et ci., 2007) and has been suggested as a means of improving
enamel remineralization (Meyer-Lueckel et al., 2007; Cochrane
et a!., 2010). It has been shown that 37% phosphoric acid
applied for 30 sec can remove approximately 5 jim, and stronger
etchants such as 15% hydrochloric acid applied for 2 mm can
remove approximately 30 jim of enamel (Meyer-Lueckel et al.,
2007). From the current study, removal of 30 jim would not
reach point B of the lesions examined and hence would have
little effect on increasing the porosity into the body of the lesion.
The extent to which remineralization or infiltration will occur in
these acid-etched lesions will rely on the ability of calcium and

phosphate ions or infiltrant monomer to penetrate the modified
surface layer. Resin infiltrants such as tetraethyleneglycol
dimethacrylate in ethanol (Meyer-Lueckel and Paris, 2008)
would not be expected to diffuse into the body of the lesion
through surface layer porosities as readily as water-soluble ions
capable of remineralizing the lesion. It may be that removal of
the surface layer to point C is required to gain sufficient increase
in porosity for infiltrant to access the lesion body. Hence, it is
likely that only remineralization approaches will allow for the
retention of the lesion surface layer. Alternative methods of
modifying lesions to improve their porosity, such as the use of
deproteination agents, have been suggested (Cochrane et at,,
2010) and should be explored as a means of increasing lesion
porosity while conserving enamel mineral.

In conclusion, this study found that WSEL were highly variable,
with surface layers of considerable thickness. In comparisons of
unanimously ceded active and inactive lesions of similar depths,
the active lesion had a less mineralized and hence more porous
surface layer than the inactive lesion. Several WSEL showed exten
sion of the demineralization into the dentin. Given the interest in
non-invasive treatments of WSEL, a clinical technique needs to be
developed for non-destructive modification of the surface layer of
WSEL to increase porosity and remineralization.
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Figure 3. Matrix scatter plot of all WSEI parameters. The graphs in the lower left section are scatter plots of all pairs of the 6 mineral content
parameters and the 2 ratio parameters. Similarly, the graphs in the upper right section are for all pairs of the 5 lesion depth parameters. Where
the correlation between the 2 parameters was statistically significant, the Spearman rho value is included in the associated scatter plot (*p

< 0.05,
< 0.01, ***p

< 0.001). Sound enamel maximum = maximum mineral content of sound enamel nearest to lesion (g/cm3). Sound enamel
average = average mineral content of sound enamel nearest to lesion (g/cm3). Surface layer maximum = maximum mineral content of lesion
surface layer (g/cm3). Surface layer midpoint = mineral content at the midpoint of the surface layer (g/cm3). lesion body minimum = minimum
mineral content of the lesion body (g/cm3). Lesion body average = average mineral content of the lesion body (g/cm3). LB average/SE overage
= ratio of Lesion body average to Sound enamel average. SL max/SE max = ratio of Surface layer maximum to Sound enamel maximum. Total
depth = total depth of the lesion (tim). Groeneveld, Theuns, Midpoint, and Minimum represent the 4 methods used to define the lesion surface
layer thickness, as described in Fig. 2 (j.tm).
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Treat the family I Treat the community. Goal of having caries free graduating class on the southern
Oregon coast.

I believe it is possible.

How the herd effect can be applied here.

Motivational interviewing as an important tool to teach patients about the disease and how to prevent
it.

History on silver nitrate treatment for caries 1890 to 1940. Back to the future or what we forgot.

WDMiller 1890

GV Black 1906

Percy Howe 1910 - 40

My modification of this technique to include fluoride varnish. Review outcome data from my practice.
Caries arrest and reduction of gingivitis.

My Outcome Data over four years

1. Caries arrest spreadsheet

2. Practice trends ( what happens when you emphasize prevention)
3. Ability to enhance patient throughput in the medical management of disease model
4. Dramatic drop in hospital cases
5. Notice fairly stable operative levels, it will take decades to clear up all of the damage done by

the pathogen and by dentists trained in a restore and repair paradigm.
6. This is why we must protect our existing dental access network. Then work on moving toward a

more effective medical management of the disease. There will be resistance from some dentists,
but common sense tells us we need to treat a biological problem with a biological solution.

We can do more with our existing resources, if we simply reverse our traditional approach to treating
this disease. First clear up the INFECTION then repair the damage.



Eugene Symposium - January 13, 2012

Steve Duffin - Outline for my presentation

Quick review of my background

The Medical Management of Caries is the future paradigm for successful patient care. Physicians,
dentists and other health care professionals working together to improve the quality of life for our
citizens.

Why caries is not responding to our traditional methods of managing the disease, building more boxes
with drills will never work.

Recent literature which provides insight into the complex nature of this disease and may explain why
we have not cured it during the last 150 years.

Costerton work in 1987

Marsh et all biofilm disease model.

Highly resistant to disruption from antiseptic agents.

Traditional dental treatment models are based on surgical removal of diseased tissue, not the
management of the infection that caused the damage. That is why people keep getting cavities.

Placing fillings does not stop the disease

My decision to create in the Shoreview clinic an opportunity to delve deeply into the literature and
methods that have been employed to stop caries in the past. The Oregon 2007 Smile Survey a wakeup
call and the CDC 2007 report on caries in children 2-5. This disease is getting worse rapidly and within
populations most at risk.

Introducing the medical management of caries. Why antimicrobial component is crucial. Painting
fluoride varnish on teeth with active decay is not effective. Hence we need to carefully think through
which programs are effective. This is a complex disease reflecting behaviors, diet, family and cultural
customs and belief systems. I would like us to challenge the concept that some intervention reduces
caries by some X percentage. Let’s think about eliminating the disease !this is a classic bacterial
transmissible disease. We need to kill the pathogen and deny it access to the susceptible host. In
addition, we need to eliminate the pathways of disease transference. Primary example being mother to
child.

Refer to K Falls Study Milgrom, Shirtcliff et at

Attempting to restore a mouth highly infected with a pathogenic biofilm is impossible and a waste of
resources.


