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Dietary means of reducing plaque and calculus deposits are frequently sought for the maintenance of oral health
in cats and dogs. In the development of such products sensitive, reliable, reproducible methods of measuring
plaque and calculus are key. The aim of this study was to assess Quantitative Light-induced Fluorescence (QLF
™) for the detection of dental plaque coverage in cats compared to the modified Logan and Boyce technique.
The techniqueswere utilised in a crossover study, which compared two diets for their effect on plaque deposition
in a cohort of 24 adult cats. Analysis of the effect of diet on plaque coverage by both themodified Logan and Boyce
technique and QLF showed a significant effect of feeding regime (p = 0.024 and p ≤0.0001, respectively) with
good agreement between the techniques in the percentage reduction of plaque accumulation. A within study as-
sessment of QLF demonstrated excellent intra-operator repeatability (coefficient of variation 2.2%). Similarly,
inter-operator reproducibility was also good (coefficient of variation 2.3%). A retrospective analysis, using the
data to estimate the sample size required for at least 90% power to detect a 15% difference between treatments
in a two-way crossover study, established that 10 cats would be sufficient for plaque measurement by QLF,
while assessment by the modified Logan and Boyce method required over 30 cats. QLF was determined to be a
reliable, reproducible method for the assessment of plaque deposition in cats and requires fewer subjects for
the detection of differences between treatment effects compared to the modified Logan and Boyce method.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Dental conditions are the most commonly diagnosed disorders in
cats presented to primary veterinary care clinics (Lund et al., 1999;
O'Neill et al., 2014; Robinson et al., 2015). Periodontal disease is the
most frequently occurring dental condition in cats and dogs,with recent
studies demonstrating signs of periodontal disease in between 2.8% and
24.2%of cats (Lundet al., 1999; O'Neill et al., 2014; Robinson et al., 2015)
and 5.4% and 20.5% of dogs (Lund et al., 1999; Robinson et al., 2015).
However, such findings are likely to underrepresent the true incidence
of the disease since periodontal disease is often undetected by the
owner and hence is underrepresented as a presenting condition
(Robinson et al., 2015).Moreover, diagnosis of the disease is problemat-
ic, as studies employing radiographic detection of periodontal bone loss
suggest higher incidences of between 72.0% and 98.2% (Girard et al.,
2009; Lommer and Verstraete, 2001). Since the disease is associated
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with aging (Kortegaard et al., 2008; Hamp et al., 1984), the target pop-
ulation is also likely to influence the identified incidence.

The aetiological agent of periodontal disease is plaque, a complex
biofilm of bacteria that binds to the salivary pellicle on the tooth surface
and to cell surface receptors of bound plaque bacteria in an active and
ordered process (Holcombe et al., 2014; Kolenbrander et al., 2006). If
left undisturbed, this successive microbial colonisation results in the
highly diverse, polymicrobial population of mature dental plaque. The
complexity of these biofilms means that despite multiple studies of
the bacteria present in feline plaque, the exact causal relationship
with disease remains unknown (Booij-Vrieling et al., 2010; Dewhirst
et al., 2015; Harris et al., 2015; Sturgeon et al., 2014). Chronic exposure
of the gingiva to dental plaque can lead to localised inflammation
known as gingivitis, the reversible stage of periodontal disease. If
allowed to progress, however, destruction of the periodontal ligament
and bone loss may follow. The removal of dental plaque by effective
toothbrushing can prevent the progression of periodontal disease and
resolve inflammation in the early stages of the disease (Gorrel and
Rawlings, 1996; Gorrel, 1998). However, pet and owner compliance to
regular toothbrushing is low, particularly in cats (Ingham et al., 2002),
and as such, dietary means of controlling plaque accumulation are use-
ful adjuncts (Larsen, 2010).
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A wealth of pet food products exist claiming to enhance dental
health. However, both host species characteristics and dietary attributes
are key in influencing the effectiveness of plaque removal by mechani-
cal abrasion at the tooth surface in companion animals. The ability to ac-
curately assess the effectiveness of pet food products for the removal of
plaque in the target species is therefore vital to ensure product efficacy
is well understood.

Assessment of oral health status in companion animals in response
to dietary interventions is conducted by measurement of plaque and
calculus deposition on the tooth buccal surface, as well as recording
the level of gingivitis. Due to the inherent challenges of detailed oral ex-
amination and the requirement for dental scaling to produce the clean
mouth model, animals are assessed under anaesthesia. Consequently,
assessments typically require a minimum of three anaesthetic events
for comparison of efficacy between test and control products.1 Reduc-
tion of the number of animals used within efficacy testing is therefore
desirable and consistent with the 3R's approach to animal research
(Russell and Burch, 1959) and as such, anymeans of reducing variability
in the indices used are of interest (Scherl et al., 2007).

Various methods of plaque measurement have been used in human
dental efficacy research, and a number of these have been approved by
The Veterinary Oral Health Council (VOHC1) for the testing of product
efficacy in cats and dogs. These include the modified Logan and Boyce
method (Hennet et al., 2006), which describes the coverage and thick-
ness of plaque across the gingival and coronal portions of the tooth,
and the gingival contour plaque index (GCPI), which involves the mea-
surement of plaque deposition along the gingival margin (Scherl et al.,
2007, 2009). Both methods involve the application of disclosing stain
and visual assessment of the area of coverage relative to the tooth sur-
face by trained assessors. However, dental scoring indices are subjective
and suffer reduced resolution compared to planimetric methods due to
the ordinal scales used in themeasurement of plaque deposition (Pretty
et al., 2005).

Planimetricmethods involving image capturewith subsequent com-
putational analysis have more recently been developed and enable the
description of plaque coverage as a plaque percentage index (PPI) gen-
erating continuous data. These methods have been shown to be more
objective (Sagel et al., 2000; Shaloub and Addy, 2000; Verran and
Rocliffe, 1986) and more sensitive (Sagel et al., 2000; Söder et al.,
1995) than classic plaque indices. Quantitative Light-induced Fluores-
cence (QLF™) represents one such planimetric technique that exploits
the natural fluorescence of plaque and dental enamel. Initially devel-
oped for the detection of early carious lesions (Ferreira Zandoná et al.,
2013; Jallad et al., 2015; Meller et al., 2006; Yin et al., 2013), QLF has
since been applied to the study of plaque coverage (Pretty et al., 2004,
2005) andmaturation (Kim et al., 2014) aswell as dental staining/whit-
ening (Adeyemi et al., 2010). The technique has also been used in den-
tifrice efficacy studies (Pretty et al., 2004; Yin et al., 2013) and has been
suggested to potentially reduce the number of human subjects required
for clinical assessment of treatment effects (Pretty et al., 2005). Using
the QLF technique the dentition is illuminated using harmless visible
narrow band blue light (centred at 405 nmwavelength), which excites
the porphyrins in some oral bacteria to emit red fluorescence
(Coulthwaite et al., 2006; Kim et al., 2014). High resolution images can
be captured without ambient light allowing controlled conditions for
image capture.

The recent validation of QLF for the quantification of dental plaque in
dogs demonstrated excellent repeatability and reproducibility of the
technique when compared with themodified Logan and Boyce method
(Wallis et al., 2016). When used for the measurement of disclosed
plaque, the study predicted a reduction of N50% in the number of dogs
required to detect a similar treatment effect size using QLF compared
to the modified Logan and Boyce technique. Furthermore, the
1 www.vohc.org.
application of dental image capture for quantification of dental plaque
in conscious dogs may support the refinement of future efficacy studies
for the assessment of product treatment effects.

The aim of this study was to assess the use of QLF for the detection
and measurement of dental plaque in domestic short-haired adult cats.

2. Materials and methods

2.1. Study cohort

A cohort of 24 neutered, adult domestic short-haired cats were re-
cruited to the study and randomly assigned to one of two groups bal-
anced for body weight, age and sex. The cohort comprised 15 males
and 9 females with a mean age of 4.22 years (range 2.8–6.8 years). An-
imals were group housed in environmentally enriched rooms at the Pet
Health and Nutrition Centre (Lewisburg, Ohio, USA). All animals re-
ceived the highest standard of care throughout the study in line with
the MARS Petcare guidelines on animal welfare and ethics. Approval
to conduct the study was granted by the WALTHAM Centre for Pet Nu-
trition Animal Welfare and Ethical Review Body (AWERB) and the Pet
Health and Nutrition Centre Institutional Animal Care and Use Commit-
tee (IACUC). The study complied with the Animal Welfare Act of the
United States. All animals received regular human socialisation accord-
ing to the standard practices for the facility. The cats received a pre-
studymedical examination to ensure suitability for the study, which in-
cluded physical and dental examination and assessment of veterinary
health records. The presence of all scoring teeth was a prerequisite for
recruitment to the study.

2.2. Study design

A two-phase, crossover study design was utilised, whereby each an-
imal received each of two commercially available diets, one premium
dry kibble control diet with no reported oral health benefit (Royal
Canin Feline Selective 40 Protein Preference) and one veterinary diet
with current clinical dental efficacy data (Royal Canin Oral Care 30).
Both dietswere fed dry and conformed to theNational Research Council
Nutrient Guidelines 2006 (National Research Council, 2006). Animals
were fed once per day according to their individual energy require-
ments to maintain bodyweight. Fresh water was available to the ani-
mals ad libitum throughout the study.

Plaque accumulation was assessed within a cleanmouthmodel. An-
imals received a professional dental cleaning (scaling and polishing)
under general anaesthesia at the start of the study to remove any dental
deposits. Following each dental cleaning procedure disclosing solution
was applied to the dentition to determine the degree of removal of den-
tal deposits. Scaling and polishingwas continued as required, until den-
tal deposits were completely removed. After 28 days of receiving the
test or control diet, QLF images were acquired of undisclosed, followed
by disclosed, dental plaque, and plaque scoring was undertaken using
the modified Logan and Boyce method, while still under general anaes-
thesia. A professional dental cleaningwas then repeated to reinstate the
cleanmouthmodel. The animalswere transferred to the alternative diet
for a further 28 days prior to repeated QLF imaging and plaque scoring
under general anaesthesia. QLF imaging and plaque scoring were con-
ducted on the maxillary canine teeth (104, 204), maxillary third and
fourth premolar teeth (107, 108, 207, 208), mandibular canine teeth
(304, 404), mandibular third and fourth premolar teeth (307, 308,
407, 408) andmandibular first molar teeth (309, 409). For a description
of the feline dentition see Fig. 1.

Intra-operator repeatability of QLF measurements was assessed in
12 cats during the first phase of the study by capture of three different
QLF images of disclosed plaque by the same individual. Assessment of
inter-operator reproducibility was undertaken in the second study
phase, where images of disclosed plaque on the dentition of 12 cats
were captured by three independent operators.

http://www.vohc.org


Fig. 1. Themodified TRIADAN system for the classification of dentition in the domestic cat.
Image supplied by David Crossley.
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2.3. Anaesthesia

Sedation was administered intra-muscularly 20–30 min prior to in-
duction of general anaesthesia using a combination of acepromazine
(0.01 mg/kg; Atroject, Henry Schein) and hydromorphone (2 mg/kg;
West-Ward). An intravenous catheter was placed into the cephalic
vein. General anaesthesia was induced via intravenous injection of
propofol (3 mg/kg; Propoflo 28, Zoetis) followed by endotracheal intu-
bation and administration of isoflurane gas (Isothesia, Henry Schein)
and oxygen for the duration of the procedure. Lactated Ringers solution
(Hospira)was infused at a rate of 10ml/kg/h for the duration of the pro-
cedure. The cats were monitored during the induction, procedure and
recovery by means of pulse oximetry and thoracic auscultation by a
trained technician. When cessation of inhaled anaesthetic gas occurred,
pure oxygenwas continued for 5–7 min. The endotracheal tube was re-
moved when the swallow reflex returned. Cats were recovered in heat-
ed recovery cages and returned to normal housing once internal body
temperature and mentation returned to normal.
2.4. QLF image acquisition and analysis

QLF imaging was undertaken using the QLF-D Biluminater™ 2 sys-
tem (Inspektor Research Systems, Netherlands) in a darkened room.
Images were taken at a distance of approximately 10–15 cm from the
dentition under blue light (405 nmwavelength) using proprietary soft-
ware (C3 V1.25, Inspektor Research Systems, Netherlands) at a shutter
speed of 1/30 s, aperture of 8.0 and ISO speed of 1600. Images were
taken of the buccal crown surface of the teeth consistent withmeasure-
ment of plaque by the modified Logan and Boyce and obtained prior to
and after disclosure of the plaque using GUM™Red-cote™ (Sunstar
Americas, Inc., Schaumburg, IL, USA) disclosing solution. Each image
was inspected at the time of capture for quality control purposes, and
repeats were taken if teeth were not captured, or were obscured or
blurred within the initial image. QLF imaging of all scoring teeth rou-
tinely assessed by the modified Logan and Boyce technique was
conducted.

QLF image analysis was undertaken using the QLF-D software
(Inspektor-ProQA2 v1.25 Inspektor Research Systems, Netherlands).
Briefly, the region around the tooth was selected using the masking
tool which allows the software to identify the scoring tooth within
this area (Fig. 2). Each tooth was annotated, and the percentage plaque
coverage was automatically calculated as the percentage of pixels clas-
sified as plaque relative to the total buccal crown area (ΔR%; De
Josselin De Jong et al., 2009). The ΔR30 values were used for all subse-
quent analyses.

Images of disclosed plaque where the coverage is very high, thus
providing little clean tooth for comparison, occasionally cause the algo-
rithm tomis-identify the area of plaque coverage. To prevent this, a pre-
processing step was included in all images of disclosed plaque prior to
analysis. Images were opened in Photoshop CC®, and a standardised
white spot was added to each image providing a baseline reference
point for the algorithm. Images were then analysed using QA2 software
with the baseline reference point included within the contour sur-
rounding the crown. Image analysis quality was assessed visually for
each individual image to determine any occurrences of mis-identifica-
tion of the percentage plaque coverage.

2.5. Plaque scoring by the modified Logan and Boyce technique

Plaque scoring was undertaken by a trained assessor according to
the modified Logan and Boyce method (Hennet et al., 2006). Following
disclosure of the plaque, the crowns of teeth were visually divided into
coronal and gingival portions. Each half of the crown of a tooth was
assigned a numerical score for the extent of plaque coverage (0–4)
and plaque thickness (1–3) based on the percentage area of the crown
portion covered (coverage) and the intensity of the colouration after
rinsing. Percent area was graded on a 5 point scale and was scored as
follows: 0 = No plaque; 1 = 1–24% coverage; 2 = 25–49% coverage;
3 = 50–74% coverage; 4 = 75–100% coverage. Intensity was scored
on a 3 point scale as follows: 1 = light – pink; 2 = medium – red;
3 = heavy – purple. The gingival and occlusal values for each tooth
were added together to obtain a total tooth score. The average score
for all teeth evaluated was then calculated providing a whole mouth
mean plaque score.

2.6. Statistical analysis

Intra-operator repeatability and inter-operator reproducibility were
assessed in study phases 1 and 2, respectively. To assess the treatment
effect of diet in a crossover efficacy study, data from the initial photo-
graph taken during phase 1 and the image taken by the same operator
in phase 2 were utilised. Statistical analyses were performed in R soft-
ware v3.2.2 using libraries nlme and multcomp.

To quantify the intra-operator repeatability and inter-operator re-
producibility variance components, analyses were performed using lin-
ear mixed effects models (LMM). Initially, variance components were
quantified for individual teeth by including repeat nested in cat as the
random effects. The same model was used to investigate a whole
mouth average (the average of the percentage plaque coverage of all
teeth assessed in the mouth, giving equal weighting to each tooth)
and a weighted mouth percentage plaque coverage, whereby the total
plaque coverage was divided by the digital sum of the total crown buc-
cal surfaces of the scored teeth, thus weighting by tooth area. The per-
centage variability that was accountable to the repeatability or
reproducibility and the percentage coefficient of variability (%CV; the
standard deviation of the repeatability or reproducibility relative to
the overall mean of the model) were then calculated.

The comparison of the QLF technique to the modified Logan and
Boyce plaque indices wasmade by analysis of thewholemouth average
percentage plaque coverage and the weighted mouth percentage
plaque coverage using LMM with diet nested in cat as random effects
and diet as a fixed effect. This was used to assess the difference in treat-
ment effects between the two diets at the 5% significance level. The
mean and the difference between mean plaque scores for each diet
are reported with 95% confidence intervals (CI). The data and their



Fig. 2. Designation of the dentition and assessment of plaque coverage using Inspektor Pro Image analysis software; A) contouring and annotation of teeth including the ‘white spot’
reference area, B) software identification of pixels assigned to dentition (yellow) and C) software identification of plaque (blue). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 3. Images of Ai) undisclosed and Bi) disclosed plaque coverage and of ii) plaque detection in the same images using the QLF algorithm.
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associated variances were used to inform retrospective sample size
analyses for a two-way crossover study to detect a 15% difference in
plaque accumulation with at least 90% power. The power analyses
were performed by simulation (1000) for a mixed model analysis
with cat as a random effect and diet as a fixed effect.

3. Results

3.1. QLF imaging of undisclosed and disclosed plaque

Detection of plaque coverage by QLF was markedly lower in images
of undisclosed plaque compared to those captured following the appli-
cation of plaque disclosing solution (Fig. 3). Analysis of triplicate undis-
closed plaque images by QLF in phase 1 of the study resulted in a 0%
plaque coverage score (at ΔR30) in over 50% of the dataset for 10 of
the 14 teeth analysed. These included themaxillary andmandibular ca-
nine teeth (104, 204, 304, 404), maxillary andmandibular third premo-
lar teeth (107, 207, 307, 407), and mandibular fourth premolar teeth
(308, 408). Data from the maxillary fourth premolar teeth (108, 208)
and mandibular first molar teeth (309, 409) demonstrated, average
plaque coverage of between 0.8% and 11.0% when considering undis-
closed plaque compared to between 39.5% and 77.2% coverage after ap-
plication of plaque disclosing solution. Similarly, in phase 2 of the study
undisclosed plaque coverage was measured at between 1.3% and 16.0%
in the same subset of four teeth, while the remaining 10 teeth had N50%
of the dataset scoring 0% plaque coverage. Average percent plaque cov-
erage for these teeth (108, 208, 309 and 409) following the application
of disclosing solution was between 54.1% and 86.9%. Despite lower
Fig. 4. Variability charts demonstrating A) intra-operator repeatability and B) inter-operator re
fourth premolars and the mandibular molars (108, 208, 309 and 409). Percent coverage is sho
percent coverage being recorded for images of undisclosed plaque, the
variation attributable to repeatability of the triplicate images of this sub-
set of four teeth during phase 1 represented between 0.4 and 5.4% of the
total variance in measurements of plaque coverage (Fig. 4A). Similarly,
the detection of undisclosed plaque from the same four teeth by three
independent operators in phase 2 of the study showed that the variation
introduced by reproducibility of the technique represented between 0.4
and 1.3% of the total variance (Fig. 4B). The remaining 10 teeth analysed
demonstrated 0% values for percentage plaque coverage in N50% of the
dataset andwere not subject to statistical analysis since the assumption
of normally distributed and constantly varying residuals could not be
made.

3.2. Intra-operator repeatability in detection of disclosed plaque coverage

Variance components analysis of data from 168 teeth from 12 cats
with disclosed plaque were used to quantify the repeatability of data
collected from triplicate images taken by an individual operator. Mean
plaque coverage across the individual teeth ranged between 13.4% and
77.2%. The variability of repeatability accounted for 1.7–8.2% of the
total variability for each tooth, with the percentage coefficient of varia-
tion (%CV) ranging from 2.4–18.7% (Table 1). The largest %CV values of
18.7% and 11.5% were foundwhere the lowest levels of plaquewere de-
tected on the mandibular canines 404 and 304 (mean plaque coverage
13.4% and 20.1% respectively). When considered as a whole mouth av-
erage score or weighted whole-mouth score the variability of repeat-
ability accounted for 0.7% and 0.9% of the total variability, respectively,
with respective coefficients of variation of 2.2% and 2.3% (Fig. 5A and B).
producibility in detection of undisclosed plaque coverage by QLF imaging of the maxillary
wn for each individual tooth by cat (A–L) and repetition (A; 1–3) or operator (B; 1–3).



Table 1
Intra-operator repeatability resulting from one photographer capturing triplicate images
of disclosed plaque on the dentition of 12 cats: Average percentage plaque coverage and
variability in plaque detection on the maxillary canine teeth (104, 204), maxillary third
and fourth premolar teeth (107, 108, 207, 208),mandibular canine teeth (304, 404),man-
dibular third and fourth premolar teeth (307, 308, 407, 408) and mandibular first molar
teeth (309, 409).

Tooth Mean % plaque
coverage

Standard
deviation

% of total
variance

% coefficient of
variation

104 36.0 3.1 3.5 8.6
107 52.6 2.4 2.0 4.5
108 77.2 1.9 2.5 2.4
204 25.6 2.4 3.8 9.2
207 42.9 2.7 1.8 6.4
208 72.7 2.1 2.0 2.9
304 20.1 2.3 6.0 11.5
307 57.6 2.9 2.1 5.1
308 55.5 2.3 1.7 4.1
309 39.5 4.4 5.8 11.3
404 13.4 2.5 5.7 18.7
407 51.0 5.1 4.8 10.0
408 55.0 4.9 8.2 8.9
409 41.4 3.2 4.2 7.8
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3.3. Inter-operator reproducibility in detection of disclosed plaque coverage

Percentage plaque coverage data from analysis of 504 QLF images of
disclosed plaque on the 14 scoring teeth from 12 cats taken by three in-
dependent operators were analysed by variance components analysis.
Mean plaque coverage ranged between 15.4% and 86.9%. The variability
of reproducibility between operators ranged between 0.7% and 9.9% of
the total variance for each tooth with %CVs ranging from 2.0–19.1%
Fig. 5. Intra-operator repeatability: Variability chart showing whole mouth average percenta
determined by QLF in triplicate images of disclosed teeth in 12 cats taken by a single operator.
(Table 2). As with the assessment of repeatability, the greatest %CV
values of 19.1% and 12.5% were detected in the mandibular canines,
404 and 304 respectively, where the lowest percentage plaque coverage
was measured (15.4% and 21.5%, respectively). Whole mouth average
percentage plaque coverage and weighted whole mouth averages
were calculated, and the variance of reproducibility was investigated
by LMM. The variability of reproducibility accounted for 1.3% of the
total variability with a %CV of 2.3% for the whole mouth average per-
centage plaque coverage, while reproducibility accounted for 2.1% of
the total variance with a %CV of 2.8% for the weighted whole mouth av-
erage plaque coverage (Fig. 6).

3.4. Assessment of product efficacy

Use of the modified Logan and Boyce method of plaque measure-
ment compared to detection of plaque coverage by QLF imaging of
disclosed plaque was assessed in a two-way crossover product efficacy
study. Analysis of the 672 QLF images of 14 teeth from 24 cats during
the two study phases, detected an average whole mouth plaque reduc-
tion of 14.3% with 95% confidence interval (8.9%, 19.6%) p b 0.0001,
when cats received the dental diet compared to the control diet (Table
3). When considered as a weighted whole-mouth adjusting for the
size of the tooth, the reduction in plaque accumulation from the dental
to control diet was 14.2% (8.7%, 19.8%), p b 0.0001. Plaque reduction as
measured by themodified Logan and Boycewasdetected at 14.6% (2.0%,
27.3%), p = 0.024, when cats received the dental diet compared to the
control diet.

A retrospective power analysis was performed using the within and
between cat variance components of the efficacy study. This analysis in-
vestigated the number of animals thatwould be required to detect a 15%
ge plaque coverage (A) and weighted mouth average percentage plaque coverage (B) as
Percent coverage is shown by cat (A–L) and repetition (1–3).



Table 2
Inter-operator reproducibility in QLF images of disclosed dentition in 12 cats captured by
three photographers: Average percentage plaque coverage and variability in plaque detec-
tion on the maxillary canine teeth (104, 204), maxillary third and fourth premolar teeth
(107, 108, 207, 208), mandibular canine teeth (304, 404), mandibular third and fourth
premolar teeth (307, 308, 407, 408) and mandibular first molar teeth (309, 409).

Tooth Mean % plaque
coverage

Standard
deviation

% of total
variance

% coefficient of
variation

104 35.9 2.1 1.2 5.8
107 55.8 3.0 2.0 5.4
108 86.9 2.1 4.2 2.4
204 26.0 1.7 1.2 6.4
207 47.5 2.1 0.7 4.3
208 82.3 1.6 1.6 2.0
304 21.5 2.7 7.6 12.5
307 40.9 3.6 9.9 8.9
308 55.0 3.9 3.4 7.2
309 54.1 3.6 3.4 6.7
404 15.4 2.9 7.0 19.1
407 46.5 4.4 3.2 9.4
408 64.2 3.1 4.1 4.8
409 55.7 2.8 2.4 5.1
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reduction in plaque accumulationwith at least 90%power in cats receiv-
ing two alternative treatments. The results of these power analyses
demonstrated that the QLF whole mouth and weighted whole-mouth
measures are poweredwith approximately 9–10 cats, but that themod-
ified Logan and Boyce technique would require N30 cats (Fig. 7).
4. Discussion

In recent years efforts have beenmade to increase the precision (re-
peatability and reproducibility) of dental plaque indices (Hennet, 1999)
leading to the development of the modified Logan and Boyce method
for quantification of plaque in dogs (Hennet et al., 2006) and its applica-
tion to cats.1 However, methods of plaque scoring that require trained
assessors remain subjective, and sensitivity is lost due to the ordinal na-
ture of the data collected. Development of computerised image analysis
Fig. 6. Inter-operator reproducibility: Variability chart showing whole mouth average percenta
determined by QLF triplicate images of disclosed teeth in 12 cats taken by three independent o
techniques have therefore been suggested as a valuable alternative
(Hennet et al., 2006).

In the reported study, QLF imaging of the buccal surface of the
disclosed dentition was demonstrated to be a repeatable and repro-
ducible method for the detection of percentage plaque coverage of
crowns of teeth in cats. The technique was suitable for analysis of
plaque coverage across all of the crowns of teeth that are defined
by the VOHC as scoring teeth based on their functional importance,
likelihood of accumulation of plaque and calculus, likelihood of
being present in the mouth in the presence of moderate periodontal
disease, and their size for ease of recording. Visual inspection of the
images suggested accurate detection of disclosed plaque coverage
across the scoring teeth by the QLF algorithm, while undisclosed
plaque appeared to under-represent the extent of coverage. This
has previously been reported in both humans (Pretty et al., 2005)
and dogs (Wallis et al., 2016) and may be due to abundance or vari-
ation of the species present within maturing plaque biofilms. Studies
of maturing plaque have shown that red fluorescence increases with
plaque biofilm maturation in humans (Meller et al., 2006) and may
be attributed to the secondary and tertiary colonisers including
Porphyromonas gingivalis (Coulthwaite et al., 2006; Pretty et al.,
2005). Although the fluorescent species present in feline plaque are
unknown, organisms from the genus Porphyromonas were the most
abundant species present in subgingival plaque of both healthy cats
and those with periodontal disease (Harris et al., 2015). Red fluores-
cence under excitation from various sources including QLF has also
been detected in Prevotella spp., Actinomyces spp. and Candida
albicans (Coulthwaite et al., 2006) and is attributed to porphyrins
of bacterial origin (König et al., 1998). Meanwhile, green fluores-
cence is observed under QLF excitation of other organisms consid-
ered earlier colonisers of the tooth surface such as Streptococcus sp.
and Fusobacterium nucleatum that are greater in abundance in less
mature human plaque biofilms (Coulthwaite et al., 2006). As
disclosed plaque was considered to more accurately represent the
full extent of plaque coverage, assessments of the repeatability, re-
producibility and use of the technique in the detection of differences
between treatment effects were conducted using disclosed plaque.
ge plaque coverage (A) and weighted mouth average percentage plaque coverage (B) as
perators. Percent coverage is shown by cat (A–L) and operator (1, 2, 3).



Table 3
Comparison of QLF imaging of plaque coverage to the modified Logan & Boyce plaque index for assessment of the difference in percentage plaque reduction between cats fed a diet with
clinical dental efficacy compared to a control premium dry kibble diet. Values are given as means with 95% confidence intervals.

Measure Means and 95% confidence intervals p-Value

Control Dental Difference % reduction from control mean

% plaque coverage weighted mouth 53.5
(49.19, 57.81)

45.88
(41.61, 50.14)

7.62
(4.64, 10.6)

14.24
(8.67, 19.82)

b0.0001

% plaque coverage average tooth 53.88
(49.41, 58.36)

46.2
(41.77, 50.63)

7.68
(4.8, 10.57)

14.26
(8.9, 19.62)

b0.0001

Modified Logan & Boyce plaque score 4.51
(4.05, 4.97)

3.85
(3.39, 4.31)

0.66
(0.09, 1.23)

14.64
(1.95, 27.34)

0.024
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The variability of intra-operator repeatability accounted for up to
8.2% of the total variability for individual teeth, with %CVs ranging be-
tween 2.4 and 18.7%. The %CV of the repeatability was found to be
highestwhere the lowest plaque coveragewas detected on themandib-
ular canines. When considered as a whole mouth average tooth score
the variation introduced by repeated analyses accounted for 0.7% of
the total variation with a %CV of 2.2. A criticism of scoring methodolo-
gies that typically involve the averaging of all of the tooth scores is
that a small tooth with a low plaque score and a large tooth with a
high plaque scorewill have equalweighting despite the large tooth hav-
ing a wider gingival margin and consequently a greater area for poten-
tial periodontal assault (Harvey, 2002). This is evenmore pronounced in
cats and dogs than in humans since the labial and buccal surface area
and coronal width have greater variability. For example, the maxillary
fourth premolar in the cat represents the tooth with thewidest gingival
margin, with the any other teeth having only 43–69% of its width
(Harvey, 2002). Since QLF imaging involves the calculation of both the
total tooth area and the area of plaque coverage, a weighted mouth av-
erage was employedwhereby total plaque coverage was divided by the
total area of the dentition, thus adjusting for the size of individual teeth.
Repeatability was again demonstrated with 0.9% of the total variation
attributable to repeated imaging representing a %CV of 2.3. Hence,
with the plaque coverage levels observed in the current study, the ad-
justment for tooth size made little difference in the assessment of re-
peatability of QLF imaging and analysis.
Fig. 7.Retrospective power analysis demonstrating the number of cats required to detect a
15% reduction in plaque accumulation between two treatments in a two-way crossover
trial. Solid line depicts QLF (whole mouth average), dashed line modified Logan & Boyce
and the dot dashed line QLF (weighted mouth average).
Reproducibility of the calculation of plaque coverage by QLF imaging
was also excellent. Two additional photographers were given a half day
training period on the equipment prior to taking repeat images. After
analysis the variability resulting from reproduction of the images repre-
sented 0.7–9.9% of the total variance with a %CV between 2.0 and 19.1%
for the individual teeth. Again the variability of reproducibility was
greatest on themandibular canines where plaque coverage was lowest.
Calculation of the average tooth percentage plaque coverage from the
images taken by each individual showed that the reproducibility
accounted for 1.3% of the total variance with a %CV of 2.3%, while
again weighted tooth scores showed similar levels of variation to aver-
age tooth scores with 2.1% of the total variance and a %CV of 2.8% attrib-
utable to the variability of reproducibility.

The assessment of treatment effects in cats receiving a premium dry
kibble diet without reported oral health benefit and a diet with efficacy
against plaque and calculus accumulation was conducted to assess the
use of QLF imaging for the detection of treatment effects compared to
themodified LoganandBoycemethod (Hennet et al., 2006). Plaque cov-
eragewas on average 53.9% (49.4, 58.4%)while the animals received the
control diet and was reduced to 46.2% (41.8, 50.6%) when cats received
the dental diet. When considered as a weighted mouth average, plaque
coverage was 53.5% (49.2, 57.8%) and 45.9% (41.6, 50.1%) for the refer-
ence and dental diets, respectively, equating to a 14.3% (8.9, 19.6%) re-
duction for the mean mouth percentage coverage and a 14.2% (8.7,
19.8%) reduction for the mean weighted mouth percentage coverage.
Hence, adjustments for the size of the individual teeth were not found
to affect the overall detection of treatment effects. Assessment of plaque
accumulation by themodified Logan and Boycemethodology detected a
14.6% (2.0, 27.3%) reduction in plaque accumulation when the animals
received the dental diet, demonstrating similarity with the percentage
plaque reduction detected by QLF. However, the width of the 95% CI
and significance levels between diets suggest a lower level of variability
in the QLF measures compared to those achieved with the modified
Logan and Boyce technique. This was tested in a retrospective power
analysis, which showed that fewer cats would be required to observe
a significant difference between treatment effects by QLF than using
the modified Logan and Boyce. Using the modified Logan and Boyce
over 30 cats were required to detect a 15% difference1 in plaque levels,
whereas QLF required 9–10 cats to detect the same size treatment effect
with at least 90% power. The sensitivity of the technique therefore dem-
onstrated advantages over a currently accepted method of plaquemea-
surement, at levels of treatment effects relevant to the VOHC
endorsement of product efficacy. Consequently, QLF imaging would
have the advantage in future efficacy studies of requiring fewer animals
consistent with the reduction element of the 3Rs, which were devel-
oped as a framework for humane animal research (Russell and Burch,
1959).

This studyhas demonstratedQLF to be a sensitive, repeatable and re-
produciblemethod for the detection andmeasurement of dental plaque
in cats. Furthermore, the ability to automate QLF imaging provides a rel-
atively rapid method for the non-destructive assessment of plaque cov-
erage resulting in archival images.

Despite the consistencywith themodified Logan and Boycemethod-
ology for the detection of treatment effects, areas for development of
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the technique exist. Under the current analyses plaque depth is not con-
sidered by the QLF algorithm, however, stain intensity as measured by
traditional indices to represent plaque thickness may also be possible
to assess by QLF imaging through amendments to the algorithm. QLF
as conducted in the current study also considers the entire buccal sur-
face. Since plaque and calculus are known to accumulate more rapidly
at the gingival margin than on the occlusal aspect of the tooth
(Rosenberg et al., 1966), this may under-represent plaque coverage at
the gingival margin. It would, however, be considered possible to em-
ploy additional criteria such as anatomical landmarks (Hennet et al.,
2006) to segment teeth into gingival and occlusal segments prior to
the calculation of percentage plaque coverage.

The evaluation of plaque reduction represents thefirst step in the as-
sessment of product efficacy in the inhibition of dental deposits. This
study reports QLF imaging as a sensitive, repeatable and reproducible
method of plaque measurement in cats. The method provided a similar
assessment of plaque reduction to the accepted modified Logan and
Boyce technique, however, QLF imaging showed increased statistical
sensitivity. As such, QLF is predicted to require one third of the number
of cats for the detection of treatment effects compared to the modified
Logan and Boyce technique. The development of QLF imaging for the
measurement of dental plaque in cats has resulted in a viable, automat-
ed and non-destructive method of plaque measurement with advan-
tages in statistical sensitivity, and hence requiring fewer animals
compared to traditional plaque measurement indices.
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