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Approaches that reproduce dental hygiene regimens under controlled conditions have

applications in preclinical research. We have applied standardized, reproducible brushing

regimes to typodonts coated in simulated or biological plaques to assess the effects on

tooth cleaning of toothbrush/dentifrice regimens. Replicated typodonts were coated with

OccludeTM or GlogermTM indicators to simulate plaque, and brushed reproducibly using

a mechanical brushing simulator to compare the cleaning of occlusal surfaces before and

after brushing with water or a dentifrice. An in vitromodel using salivary inocula to cultivate

oral biofilms on typodont surfaces was then developed to evaluate removal of disclosed

plaque by new toothbrushes in comparison to toothbrushes with wear equivalent to 3

months of use. Analyses of typodonts brushed under controlled conditions significantly

(p < 0.01) distinguished between brushed and unbrushed surfaces and between the

use of water vs. dentifrice for the removal of simulated interproximal plaque (p < 0.05).

New toothbrushes removed significantly (p< 0.05) more biological plaque from typodont

surfaces than brushes that had been worn by repeated brushing. Through controlled and

defined brushing of typodonts with simulated and biological plaques, the effectiveness

of dental hygiene regimens was compared under reproducible conditions. Data indicate

that the cleaning effectiveness of brushing was augmented by the addition of dentifrice

and that new brushes were significantly more effective than brushes with substantial

wear from previous use. Whilst we have focussed on the occlusal surfaces of molars

and worn brushes, the method could be applied to a range of other tooth surfaces and

oral hygiene regimens.

Keywords: dental plaque, brushing simulator, typodont, biofilm model simulated plaque, brush wear

INTRODUCTION

Accumulation of dental plaque is etiologically linked to the development of both dental caries
(1–3) and periodontal disease (4–6) The mechanical removal of dental plaque plays an important
role in the maintenance of oral health (7, 8) through the prevention of caries and periodontal
disease (9, 10). Regular brushing with a toothbrush and a fluoridated dentifrice that may also
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FIGURE 1 | A typical experimental set-up. Up to eight typodonts were coated with simulated plaque and mounted with brushes on the brushing simulator. Typodonts

were brushed with a constant brushing pattern under constant pressure for a specified period of time. Typodonts were then photographed and the images analyzed

to quantify removal of plaque.

include antimicrobials and other agents (11, 12) is a
recommended and globally adopted method of controlling
plaque (13). Brushing techniques differ between individuals for
a variety of factors including duration, pressure and coverage
(14). Such inter-individual variation may confound attempts to
reproducibly identify and accurately quantify the effects of for
example, brush type or dentifrice on plaque removal. Clinical
studies indicate that most adults only reduce their plaque scores
by up to 58% following brushing (15) after refraining from
oral hygiene for 48 h. Therefore, many adults are living with
significant amounts of dental plaque despite brushing twice a
day, which is evidenced by continued high incidence of dental
disease (16). The global incidence of dental disease further
suggests poor compliance with recommended effective regimens
(17, 18).

Since new toothbrush designs may be developed in order
achieve improved cleaning efficacy, there is a need for methods
to facilitate the accurate assessment of their effectiveness.
Preclinical testing is a useful option either as a substitute for
clinical studies, or to support improved design and targeting
of clinical trials. Pre-clinical studies of brushing effectiveness
date back to the 1970s where for example, Arnold and Trost
(19) used acrylic tooth models and a dye to investigate
brushing effectiveness using a mechanical brushing simulator. In
1979, an interproximal model was developed using registration
tape wrapped around artificial dentition. After each brushing
sequence (which was varied according to pressure, technique,
and tooth shape), a print was left on the tape, which allowed
inter-proximal reach to be ascertained (20). In the 1990s, a
typodont model stained with blue ethyl cellulose was employed
by Rawls et al. (21) to assess plaque removal using of a
color-removal index. In other reports (22, 23) two different
mechanized approaches were used to assess the brushing of

typodonts dyed with chromogenic stain, which achieved greater
standardization and efficacy of comparative analyses. Brushing
simulators capable of running programmable three-dimensional
brushing patterns are now available. These systems have been
previously used with typodonts in conjunction with a water-
based dye (23, 24), together with digital image analysis (25) to
compare the efficacy of plaque removal between battery-operated
toothbrushes. Three-dimensional lasers have also been employed
to assess artificial plaque removal from a typodont following wear
of toothbrush heada (26). Programmable mechanical brushing
simulators are now a well-established method for the analyses of
toothbrush efficacy (27, 28).

Whilst it has been reported that brushing without a dentifrice
removes significant amounts of plaque (29–31), the use of a
dentifrice in Western societies is considered to be a fundamental
part of oral hygiene regimes (32) and is recommended by the
American Dental Association (ADA). The ADA claims that the
use of dentifrice enhances the plaque removal of the toothbrush.
However, in conflicting reports, van der Weijden and Slot (32)
and Valkenburg et al. (33) have suggested that using dentifrice
does not necessarily lead to a greater removal of dental plaque.

With respect to the hygienic benefits of a toothbrush with a
low wear index, some previous studies (34, 35) have concluded
that worn toothbrushes are less efficient at plaque removal and
the control of gingivitis than toothbrush without significant
wear. Additionally, worn toothbrushes are reportedly more
likely to harbor potential oral pathogens including Streptococcus
mutans (36).

The aim of the current study was to develop a method by
which to visualize and quantify simulated and biological plaque
removal in vitro in a reproduciblemanner, using simulated or real
plaque. Themethodwas then applied to differentiate the effects of
water vs. dentifrice in a silica base and worn vs. unworn brushes.
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FIGURE 2 | Development of a custom-built drip-flow model for the cultivation of dental plaque on typodont surfaces. (A) Medium vessel containing artificial saliva; (B)

peristaltic pump running at approximately 4mL h-1; (C) capillary delivering medium, drop-wise, onto a plastic typodont surface (D) in a sterile housing comprising a

growth vessel and a waste vessel (E). (F) Shows an image of the assembled model. The model was run for 72 h at 37◦C and surfaces were inoculated daily with the

saliva of a healthy adult volunteer (2mL). Visible plaque was evident following this growth phase.

MATERIALS AND METHODS

Development of a Reproducible
Brushing Model
Plastic adult typodont models (Baistra Medical Instruments,
Zhengzhou, China) were evenly coated with simulated plaque
comprising either a green marker spray (OccludeTM, Pascal,
Bellevue, WA, USA) and GlogermTM or a fluorescent marker.
These indicators were found to be suitable for use as simulated
plaque during validation studies. Coated typodonts (up to 8 per
experiment) were mounted onto a brushing simulator (model
ZM-3.8, SD Mechatronik, Feldkirchen-Westerham, Germany,
Figure 1). Unused soft, full-head multi-level toothbrushes
(Colgate-Palmolive Company) were mounted on the brushing
simulator and used with a pressure of 200 g for 30 s. using a zig-
zag motion at 106 strokes per minute. These parameters were
determined to be the most suitable for consistent removal of
simulated plaque during validation studies.

Simulated Plaque Removal
Three molars on each of three typodonts were coated with
simulated plaque, as described above. The occlusal surfaces of
the molars were brushed, as described above. Relevant top-down
images were captured and analyzed as above, before, and after
treatment.Mean levels of simulated plaque remaining on surfaces
with or without brushing were compared.

Removal of Simulated Plaque; Water
vs. Dentifrice
Three molars on each of three typodonts were coated with
simulated plaque, as described above. Typodont sections were

mounted on the brushing simulator such that the facial
surfaces could be brushed across the teeth, distally to medially.
Toothbrush heads were saturated in distilled water or a 1:3
slurry of a 1,450 ppm fluoride dentifrice in a silica base (FTP)
before treatment and analysis as described above. Mean levels
of simulated plaque remaining on surfaces treated with water or
FTP were compared.

Development of an in vitro Model to
Cultivate Dental Plaque on
Typodont Surfaces
Polycarbonate vacuum-filter units (Sartorius, Goettingen,
Germany) were adapted for use as sterile housings in which to
contain typodont sections and a waste vessel (Figures 2A–F).
A medium vessel containing artificial saliva medium (mucin,
2.5 g/L; bacteriological peptone, 2.0 g/L; tryptone, 2.0 g/L; yeast
extract, 1.0 g/L; NaCl, 0.35 g/L; KCl, 0.2 g/L; CaCl2, 0.2 g/L;
cysteine hydrochloride, 0.1 g/L; hemin, 0.001 g/L; and vitamin
K1, 0.0002 g/L) was attached via a peristaltic pump running at
∼4mL h−1. Medium was delivered drop-wise onto the typodont
for 72 h at 37

◦

C and surfaces were inoculated daily with the
saliva of a healthy adult volunteer (M, 34 years, 2 mL).

Removal of Dental Plaque;—New vs.
Used Brush
Dental plaques were cultivated on typodonts using the drip-
flow model described above. Surfaces were immersed in a plaque
disclosing solution (Tri Plaque ID gel, GC, Alsip, IL, USA)
diluted 1:2 in distilled water, resulting in plaque stained in pink or
purple. Stained typodont sections were mounted on the brushing
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simulator such that occlusal surfaces could be brushed, as above.
Two types of brush were mounted on the simulator; new or
artificially worn. All toothbrush heads were saturated in distilled
water before use. Relevant top-down images were captured and
analyzed, as above, before and after treatment and mean levels of
plaque remaining on surfaces after brushing were quantified.

Image Capture and Analysis
Simulated plaque on treated and untreated typodonts was
visualized under controlled light conditions using a digital SLR
camera (D3200 with an AF-S DX Micro NIKKOR 40mm f/2.8G
lens, Nikon, Tokyo, Japan). Removal of simulated plaque was
indicated by absence or reduction of green coloration. Using
image analysis software (ImageJ, National Institutes of Health,
Bethesda, Maryland, USA); each of three top-down images were
converted to grayscale and the mean light signal was calculated
for the total occlusal surface or interproximal region of each of
three molars (unless stated otherwise).

Statistical Analyses
Differences between treatments were assessed using the
student’s t-test.

Ethical Approval
Advice was taken from the Chair of a University of Manchester
Research Ethics Committee regarding the correct procedures
associated with the use of human saliva samples for the ex
vivo experiment. The committee granted exemption from formal
ethics approval due to the nature of the work, but as advised,
written informed consent was obtained from all volunteers and
all samples were collected anonymously.

RESULTS AND DISCUSSION

The current study describes the development and use of model
system in which typodonts, coated with simulated plaque or
microbial biofilms of oral origin were used to assess the
effectiveness of cleaning following defined hygienic regimens
controlled using a computerized brushing simulator. This was
done using the artificial plaques OccludeTM (an indicator
powder spray with recommended applications that include
intra oral dental articulation marking) and GlogermTM (a
fluorescent powder) or by growing plaque biofilms derived from
freshly collected saliva continuously fed with artificial saliva
on typodonts held within an aseptic housing. An advantage
of the use of in vitro models over human volunteer studies is
that confounders such as poor volunteer compliance, variation
between volunteers in brushing practices or duration can
be eliminated.

Initially, the well-documented and substantial cleaning effect
of brushing could be quantified and was demonstrated using
image analyses of typodonts. Data presented in Figure 3 show a
representative image (Figure 3A) and data (Figure 3B) derived
from image analyses of replicated experiments using OccludeTM

indicator and Figures 3C,D show a representative image and
data, respectively, for GlogermTM fluorescent indicator. These
data indicate that brushing of the occlusal surfaces of the
first, second and third molars with water and an unused soft,

FIGURE 3 | Brushing caused significant changes in simulated plaque. The

molars of plastic typodonts were coated with simulated plaque and brushed

with an unused toothbrush under constant pressure and brushing pattern.

Simulated plaque was visualized under controlled light conditions. Plaque

removal is indicated by absence/reduction of green coloration (A) and

quantification (mean and standard deviations) (B) for occlude and by

fluorescence (C,D). Significantly less plaque was detected on brushed

surfaces (p < 0.01, n = 9 typodonts).

full-head multi-level toothbrush brush for 30 s with a pressure
of 200 g, resulted in a highly significant (88%) removal of
simulated plaque (p < 0.01). Whilst biofilms, including dental
plaque are notoriously difficult to eradicate where they are
inaccessible (37) effective cleaning through physical disruption
by brushing is a universally accepted process in dental hygiene
(38, 39). Thus, data in Figure 3 illustrate the general efficacy
of physical cleaning in removing biofilms from surfaces where
they are accessible such as the occlusal surfaces of molars. The
images support this observation but also indicate that isolated
pockets of simulated plaque persisted within pits and fissures
suggesting that brushing for longer than 30 s. and utilizing
dentifrice would result in improved plaque removal. Indeed, it
is recommended by the American Dental Association that teeth
should be brushed twice a day with gentle force for at least
2min, using a fluoride-containing dentifrice (40), which may
additionally include antimicrobial compounds (41, 42). Whilst
typodonts were brushed for 30 s. in the current study in contrast
to the recommended 2min for optimal oral hygiene, this was
focused on the occlusal surfaces only.
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FIGURE 4 | A fluoride toothpaste (FTP) removed more simulated interproximal plaque than water. Example images are shown. Representative images (A) and data

(mean and standard deviations) (B) show removal of simulated plaque from the interproximal regions. FTP removed significantly more simulated plaque than water (12

separate experiments) (p = 0.017; n = 12).

Since there is evidence in the literature regarding the benefits
of using dentifrice (40, 43) we utilized the controlled and
reproducing brushing regimens facilitated by the brushing
machine to assess this without the variability associated with
manual brushing. An experiment was carried out by brushing
with a dentifrice vs. brushing with water on the removal of
OccludeTM or GlogermTM on tooth cleaning. Since cleaning of
the molar occlusal surfaces described above was highly effective
in the absence of dentifrice, the interproximal areas of the buccal
sides of the first, second, and third molars were selected as a more
challenging surface to clean. Based on experiments that were
repeated independently 12 times, the use of dentifrice achieved
significantly greater cleaning (c 20%) than did brushing with
water alone (Figures 4A,B). This finding agrees with a previous
study (44). The additional cleaning effect is likely to be due
to cleaning compounds present in the dentifrice (45), together
with surfactant-specific effects such as intra-oral dispersion and
micellization of hydrophobic ingredients.

The American Dental Association recommends that
toothbrushes should be replaced every 3–4 months to maximize
plaque removal, but the effect of brush wear on plaque
removal has previously been difficult to assess. Warren et al. (34)
conducted a clinical investigation showing that new toothbrushes
were significantly more effective at removing plaque than those
with significant wear and an additional report by Conforti et al.
(35) supports this observation. In contrast however, Hogan et
al. (46) reported that a worn powered toothbrush head did not
impede the effectiveness of plaque removal.

To develop the model to better represent the diversity and
complexity of in situ dental plaque, a system was developed
in which typodonts, supported in an aseptic housing can be
inoculated with fresh saliva and fed continuously drop-wise

with artificial saliva to grow salivary biofilms on the occlusal
surfaces of the three molars as shown in Figure 5A. Previous
data generated using similar feeding systems (47–49) suggest
that considerable plaque accumulation can be achieved at solid-
air interphases. Once developed, typodont plaques were stained
with a plaque disclosing solution and brushed with water and
brushes that had been mechanically worn to simulate 3 months
of previous use. Image analyses showed that the new brushes
achieved significantly (p < 0.05) greater plaque removal than the
worn toothbrush than did the worn brushes (93.9 and 71.4%,
respectively; Figure 5B). This is likely to be due to the fraying
of the bristles with wear (35).

With respect to limitations of the current study, we focused
on typodonts representing adult dentition, and applied the
brushing regimens specifically to facial and occlusal surfaces of
the molars.

Whilst caries in molar fissures is prevalent in adults, it is
particularly so in children. Therefore, a similar study utilizing
typodonts representing the dental anatomy of children would
also be of relevance to dental hygiene. The current study
established a methodological approach that could be used to
address range to oral hygiene applications. A follow-on study
could therefore consider the removal of plaque from the facial
surfaces and the gingival margins of a range of teeth, including
molars and incisors. Such analysis would have relevance for
periodontal disease as well as caries.

CONCLUSION

In summary, a model utilizing typodonts and simulated

or biological plaque, together with standardized brushing
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FIGURE 5 | New brushes remove more plaque than worn brushes. Oral biofilm was cultivated, stained and brushed with a wetted toothbrush (new or worn) under

constant pressure and brushing pattern. Images show stained plaque before and after brushing (A). The red channel was isolated, converted to gray-scale and

inverted to differentiate between areas with or without plaque. The occlusal surfaces of two molars were isolated and light intensity was measured using ImageJ. Data

show background-corrected mean signal intensity. Higher numbers indicate higher levels of plaque. Black bars represent plaque levels before brushing, while light

bars represent plaque levels after brushing. Error bars show standard deviations (B). Data represent two separate experiments; mean values and standard deviations.

Both brush types caused significant reductions (p < 0.05). The new brush removed significantly more biofilm than the worn brush (p < 0.05; n = 6 typodonts).

parameters reproducing some characteristics of in situ dental

plaque was used to evaluate the effect of various oral hygiene

protocols. Data generated indicate that (i) plaque removal
by standardized brushing regimens could be visualized and

quantified; (ii) that plaque removal was significantly augmented

by the addition of a toothpaste; and (iii) that brush head

wear significantly reduced the effectiveness of brushes for the
removal of biofilms developed from mixed oral bacteria. Whilst
we have focussed on the occlusal surfaces of molars, the
method could be applied other tooth surfaces and materials,
and could incorporate the use of a viability indicator (50) to
assess both plaque removal and bacterial inactivation. The model
system, applying toothpastes at in-use concentrations may have
advantages over in vitro methods that use lower concentrations
since concentration exponents of antimicrobial compounds can

vary markedly (51) and physical and antibacterial effects could
be assessed concomitantly. The study illustrates the utility of the
brushing simulator to investigate oral hygiene regimens.

AUTHOR CONTRIBUTIONS

RL: co-wrote the manuscript and experimental design. JL: co-
wrote the manuscript and data generation. SF: supervision of
laboratory work. JP: data generation. PS: assisted in experimental
design. AM: overall supervision of experimental design, data
generation, and manuscript preparation.

FUNDING

This work was funded by Colgate-Palmolive (USA).

REFERENCES

1. Loe H, Theilade E, Jensen SB. Experimental gingivitis in man. J Periodontol.

(1965) 36:177–87. doi: 10.1902/jop.1965.36.3.177

2. Zachrisson BU. Cause and prevention of injuries to teeth and supporting

structures during orthodontic treatment. Am J Orthod. (1976) 69:285–300.

doi: 10.1016/0002-9416(76)90077-4

3. Espinoza JL, Harkins DM, Torralba M, Gomez A, Highlander SK, Jones

MB, et al. Supragingival plaque microbiome ecology and functional

potential in the context of health and disease. MBio. (2018) 9:e01631-18.

doi: 10.1128/mBio.01631-18

4. Huser MC, Baehni PC, Lang R. Effects of orthodontic bands on microbiologic

and clinical parameters. Am J Orthod Dentofacial Orthop. (1990) 97:213–8.

doi: 10.1016/S0889-5406(05)80054-X

5. Schatzle M, Loe H, Lang NP, Burgin W, Anerud A, Boysen H. The

clinical course of chronic periodontitis. J Clin Periodontol. (2004) 31:1122–7.

doi: 10.1111/j.1600-051X.2004.00634.x

6. Durand R, Roufegarinejad A, Chandad F, Rompre PH, Voyer R, Michalowicz

BS, et al. Dental caries are positively associated with periodontal

disease severity. Clin Oral Investig. (2019). doi: 10.1007/s00784-019-

02810-6. [Epub ahead of print].

7. Axelsson P, Lindhe J. The effect of a preventive programme on dental plaque,

gingivitis and caries in schoolchildren. Results after one and two years. J Clin

Periodontol. (1974) 1:126–38. doi: 10.1111/j.1600-051X.1974.tb01248.x

8. Pyysalo MJ, Mishra PP, Sundstrom K, Lehtimaki T, Karhunen PJ, Pessi T.

Increased tooth brushing frequency is associated with reduced gingival pocket

bacterial diversity in patients with intracranial aneurysms. PeerJ. (2019)

7:e6316. doi: 10.7717/peerj.6316

9. Marsh PD, Head DA, Devine DA. Ecological approaches to oral

biofilms: control without killing. Caries Res. (2015) 49(Suppl. 1):46–54.

doi: 10.1159/000377732

10. Kumar S, Tadakamadla J, Johnson NW. Effect of toothbrushing frequency

on incidence and increment of dental caries: a systematic review and meta-

analysis. J Dent Res. (2016) 95:1230–6. doi: 10.1177/0022034516655315

Frontiers in Public Health | www.frontiersin.org 6 May 2019 | Volume 7 | Article 91

https://doi.org/10.1902/jop.1965.36.3.177
https://doi.org/10.1016/0002-9416(76)90077-4
https://doi.org/10.1128/mBio.01631-18
https://doi.org/10.1016/S0889-5406(05)80054-X
https://doi.org/10.1111/j.1600-051X.2004.00634.x
https://doi.org/10.1007/s00784-019-02810-6
https://doi.org/10.1111/j.1600-051X.1974.tb01248.x
https://doi.org/10.7717/peerj.6316
https://doi.org/10.1159/000377732
https://doi.org/10.1177/0022034516655315
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Ledder et al. Quantification and Visualization of Plaque Removal

11. WolffMS, Schenkel AB. The anticaries efficacy of a 1.5% arginine and fluoride

toothpaste. Adv Dent Res. (2018) 29:93–7. doi: 10.1177/0022034517735298

12. Haraszthy VI, Raylae CC, Sreenivasan PK. Antimicrobial effects of a stannous

fluoride toothpaste in distinct oral microenvironments. J Am Dent Assoc.

(2019) 150:S14–24. doi: 10.1016/j.adaj.2019.01.007

13. van der Weijden GA, Hioe KP. A systematic review of the effectiveness

of self-performed mechanical plaque removal in adults with gingivitis

using a manual toothbrush. J Clin Periodontol. (2005) 32(Suppl. 6):214–28.

doi: 10.1111/j.1600-051X.2005.00795.x

14. Jepsen S, Blanco J, Buchalla W, Carvalho JC, Dietrich T, Dorfer C, et al.

Prevention and control of dental caries and periodontal diseases at individual

and population level: consensus report of group 3 of joint EFP/ORCA

workshop on the boundaries between caries and periodontal diseases. J Clin

Periodontol. (2017) 44(Suppl. 18):S85–93. doi: 10.1111/jcpe.12687

15. Van der Sluijs E, Slot DE, Hennequin-Hoenderdos NL, Van der Weijden

GA. A specific brushing sequence and plaque removal efficacy: a randomized

split-mouth design. Int J Dent Hyg. (2016) 85–91. doi: 10.1111/idh.12262

16. Morris AJ, Steele J, White DA. The oral cleanliness and periodontal health

of UK adults in 1998. Br Dent J. (2001) 191:186–92. doi: 10.1038/sj.bdj.

4801135

17. Claydon NC. Current concepts in toothbrushing and interdental cleaning.

Periodontol 2000. (2008) 48:10–22. doi: 10.1111/j.1600-0757.2008.00273.x

18. Demirci M, Tuncer S, Yuceokur AA. Prevalence of caries on individual tooth

surfaces and its distribution by age and gender in university clinic patients.

Eur J Dent. (2010) 4:270–9.

19. Arnold M, Trost G. Dependence of the brushing effect on different forms of

the toothbrush head. Dtsch Stomatol. (1972) 22:46–53.

20. Nygaard-Ostby P, Edvardsen S, Spydevold B. Access to interproximal tooth

surfaces by different bristle designs and stiffnesses of toothbrushes. Scand J

Dent Res. (1979) 87:424–30. doi: 10.1111/j.1600-0722.1979.tb00703.x

21. Rawls HR, van Gelder R, Smith NK, Jeppesen M, Yuan C. Bristle end-

rounding in children’s toothbrushes: a comparative study. J Clin Dent.

(1993) 4:61–6.

22. Volpenhein DW, Walsh ME, Dellerman PA, Burkett TA. A new method for

in vitro evaluation of the interproximal penetration of manual toothbrushes. J

Clin Dent. (1994) 5:27–33.

23. Ernst CP,Willershausen B, Driesen G,Warren PR, Hilfinger P. A robot system

for evaluating plaque removal efficiency of toothbrushes in vitro.Quintessence

Int. (1997) 28:441–5.

24. Driesen GM, Warren PR, Hilfinger P, Ernst CP, Willershausen B. The

development of the braun oral-B ultra-plaque remover: an in vitro robot

study. Am J Dent. (1996) 9:S13–17.

25. Driesen GM, Warren PR, Bielfeldt U, Helbig G. A laboratory comparison of

the efficacy of battery-operated, non-rechargeable power toothbrushes. Am J

Dent. (2001) 14:5B−8B.

26. Kaiser E, Thurnay S, Markgraf D, Pack S, Grender J, Hengehold D, et al.

Brush head wear, subject-perceived and laboratory cleaning performance of

two oscillating-rotating electric toothbrush heads over 3 months. Am J Dent.

(2012) 25:84–90.

27. Imfeld T. Comparison of the mechanical effects of a toothbrush and standard

abrasive on human and bovine dentine in vitro. J Clin Dent. (2001) 12:92–6.

28. Schatzle M, Sener B, Schmidlin PR, Imfeld T, Attin T. In vitro tooth cleaning

efficacy of electric toothbrushes around brackets. Eur J Orthod. (2010) 32:481–

9. doi: 10.1093/ejo/cjp166

29. van der Weijden GA, Danser MM, Nijboer A, Timmerman MF, van

der Velden U. The plaque-removing efficacy of an oscillating/rotating

toothbrush. A short-term study. J Clin Periodontol. (1993) 20:273–8.

doi: 10.1111/j.1600-051X.1993.tb00357.x

30. Van der Weijden GA, Timmerman MF, Nijboer A, Lie MA, Van der Velden

U. A comparative study of electric toothbrushes for the effectiveness of plaque

removal in relation to toothbrushing duration. Timerstudy. J Clin Periodontol.

(1993) 20:476–81. doi: 10.1111/j.1600-051X.1993.tb00394.x

31. Paraskevas S, Rosema NA, Versteeg P, Timmerman MF, van der Velden U,

van der Weijden GA. The additional effect of a dentifrice on the instant

efficacy of toothbrushing: a crossover study. J Periodontol. (2007) 78:1011–6.

doi: 10.1902/jop.2007.060339

32. van der Weijden F, Slot DE. Oral hygiene in the prevention of

periodontal diseases: the evidence. Periodontol 2000. (2011) 55:104–23.

doi: 10.1111/j.1600-0757.2009.00337.x

33. Valkenburg C, Slot DE, Bakker EW, Van der Weijden FA. Does dentifrice

use help to remove plaque? A systematic review. J Clin Periodontol. (2016)

43:1050–8. doi: 10.1111/jcpe.12615

34. Warren PR, Jacobs D, Low MA, Chater BV, King DW. A clinical investigation

into the effect of toothbrush wear on efficacy. J Clin Dent. (2002) 13:119–24.

35. Conforti NJ, Cordero RE, Liebman J, Bowman JP, Putt MS, Kuebler DS, et al.

An investigation into the effect of three months’ clinical wear on toothbrush

efficacy: results from two independent studies. J Clin Dent. (2003) 14:29–33.

36. Goldsmith RN, Shey Z, Houpt MI, Fine D, Schreiner H, Greenberg B.

Toothbrush bristle wear and adherence of Streptococcus mutans. Pediatr

Dent. (2007) 29:243–7.

37. Hansen F, Gjermo P. The plaque-removing effect of four toothbrushing

methods. Scand J Dent Res. (1971) 79:502–6.

38. Bass CC. An effective method of personal oral hygiene. J La State Med Soc.

(1954) 106:57–73; contd.

39. Waerhaug J. Effect of toothbrushing on subgingival plaque formation. J

Periodontol. (1981) 52:30–4. doi: 10.1902/jop.1981.52.1.30

40. Topping G, Assaf A. Strong evidence that daily use of fluoride toothpaste

prevents caries. Evid Based Dent. (2005) 6:32. doi: 10.1038/sj.ebd.6400320

41. Marsh PD. Controlling the oral biofilm with antimicrobials. J Dent. (2010)

38(Suppl. 1):S11–5. doi: 10.1016/S0300-5712(10)70005-1

42. Riley P, Lamont T. Triclosan/copolymer containing toothpastes

for oral health. Cochrane Database Syst Rev. (2013) 12:CD010514.

doi: 10.1002/14651858.CD010514

43. Ekstrand KR, Poulsen JE, Hede B, Twetman S, Qvist V, Ellwood RP. A

randomized clinical trial of the anti-caries efficacy of 5,000 compared to 1,450

ppm fluoridated toothpaste on root caries lesions in elderly disabled nursing

home residents. Caries Res. (2013) 47:391–8. doi: 10.1159/000348581

44. Xu T, Herles SM, Barnes VM. New laboratory methods to study tooth surface

coverage and interproximal plaque control by dentifrice products. J Clin Dent.

(2004) 15:123–7.

45. Lippert F. An introduction to toothpaste - its purpose, history and ingredients.

Monogr Oral Sci. (2013) 23:1–14. doi: 10.1159/000350456

46. Hogan LM, Daly CG, Curtis BH. Comparison of new and 3-month-old brush

heads in the removal of plaque using a powered toothbrush. J Clin Periodontol.

(2007) 34:130–6. doi: 10.1111/j.1600-051X.2006.01022.x

47. McBain AJ, Sissons C, Ledder RG, Sreenivasan PK, De Vizio W, Gilbert P.

Development and characterization of a simple perfused oral microcosm. J

Appl Microbiol. (2005) 98:624–34. doi: 10.1111/j.1365-2672.2004.02483.x

48. Ledder RG, Sreenivasan PK, DeVizio W, McBain AJ. Evaluation of

the specificity and effectiveness of selected oral hygiene actives in

salivary biofilm microcosms. J Med Microbiol. (2010) 59(Pt 12):1462–8.

doi: 10.1099/jmm.0.024372-0

49. Ledder RG, Latimer J, Humphreys GJ, Sreenivasan PK, McBain

AJ. Bacteriological effects of dentifrices with and without active

ingredients of natural origin. Appl Environ Microbiol. (2014) 80:6490–8.

doi: 10.1128/AEM.02315-14

50. Wilkinson HN, McBain AJ, Stephenson C, Hardman MJ. Comparing

the effectiveness of polymer debriding devices using a porcine wound

biofilm model. Adv Wound Care (New Rochelle). (2016) 5:475–85.

doi: 10.1089/wound.2015.0683

51. Gilbert P, Das JR, Jones MV, Allison DG. Assessment of resistance

towards biocides following the attachment of micro-organisms

to, and growth on, surfaces. J Appl Microbiol. (2001) 91:248–54.

doi: 10.1046/j.1365-2672.2001.01385.x

Conflict of Interest Statement: PS is an employee of Colgate-Palmolive.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2019 Ledder, Latimer, Forbes, Penney, Sreenivasan and McBain. This

is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Public Health | www.frontiersin.org 7 May 2019 | Volume 7 | Article 91

https://doi.org/10.1177/0022034517735298
https://doi.org/10.1016/j.adaj.2019.01.007
https://doi.org/10.1111/j.1600-051X.2005.00795.x
https://doi.org/10.1111/jcpe.12687
https://doi.org/10.1111/idh.12262
https://doi.org/10.1038/sj.bdj.4801135
https://doi.org/10.1111/j.1600-0757.2008.00273.x
https://doi.org/10.1111/j.1600-0722.1979.tb00703.x
https://doi.org/10.1093/ejo/cjp166
https://doi.org/10.1111/j.1600-051X.1993.tb00357.x
https://doi.org/10.1111/j.1600-051X.1993.tb00394.x
https://doi.org/10.1902/jop.2007.060339
https://doi.org/10.1111/j.1600-0757.2009.00337.x
https://doi.org/10.1111/jcpe.12615
https://doi.org/10.1902/jop.1981.52.1.30
https://doi.org/10.1038/sj.ebd.6400320
https://doi.org/10.1016/S0300-5712(10)70005-1
https://doi.org/10.1002/14651858.CD010514
https://doi.org/10.1159/000348581
https://doi.org/10.1159/000350456
https://doi.org/10.1111/j.1600-051X.2006.01022.x
https://doi.org/10.1111/j.1365-2672.2004.02483.x
https://doi.org/10.1099/jmm.0.024372-0
https://doi.org/10.1128/AEM.02315-14
https://doi.org/10.1089/wound.2015.0683
https://doi.org/10.1046/j.1365-2672.2001.01385.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

	Visualization and Quantification of the Oral Hygiene Effects of Brushing, Dentifrice Use, and Brush Wear Using a Tooth Brushing Simulator
	Introduction
	Materials and Methods
	Development of a Reproducible Brushing Model
	Simulated Plaque Removal
	Removal of Simulated Plaque; Water vs. Dentifrice
	Development of an in vitro Model to Cultivate Dental Plaque on Typodont Surfaces
	Removal of Dental Plaque;—New vs. Used Brush
	Image Capture and Analysis
	Statistical Analyses
	Ethical Approval

	Results and Discussion
	Conclusion
	Author Contributions
	Funding
	References


