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Abstract

Purpose: Measurement of dental plaque is frequently used as an indicator of overall oral health. The purpose of this study
was to compare a manual (visual) plaque scoring system (University of Mississippi Oral Hygiene Index, UM-OHI) with an
innovative automated digital scoring system.

Methods: Mechanically ventilated, intensive care unit (ICU) patients (n=79) were the study population. Informed consent
was given by the subject’s legally authorized representative. Digital images of dental plaque were taken using an intraoral
camera; and the quantity of dental plaque was scored using the UM-OHI and with a digitized automated scoring system.
Distributions of dental plaque scores from both methods were plotted. Pearson correlation coefhcients and intra-class
coeflicients were calculated between the two methods.

Results: Participant mean age was 57.3 years; respiratory failure was the most prevalent admission diagnosis (55.7%). The
mean percentage of dental plaque calculated by the manual method was found to be remarkably higher (67.3% + 18.7%)
than the percentage of dental plaque calculated by the automated scoring method (23.7% + 15.2%) (p<0.0001). Despite
remarkably different distributions of plaque scores, both the automated and manual scoring systems demostrated relatively

high correlation (7=0.62) and good reliability (ICC=0.63).

Conclusion: The automated digital scoring system resulted in a significantly lower overall percentage of total dental plaque as
compared to the UM-OHI manual scoring system. While the automated digital scoring system may be more precise than a
manual (visual) scoring system, its use should be weighed against the added effort, cost, and expertise required for the method.
Further study is needed to determine whether an automated digital scoring system can be commercialized and is warranted
for use outside of research settings.
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Introduction

Good oral health is associated with maintaining optimal
general health.! The normal oral flora of healthy individuals
includes gram-positive organisms and dental pathogens;
good oral hygiene, including brushing and flossing, helps
to keep bacteria within the oral cavity under control. In
contrast, lack of proper oral hygiene practices leads to
an increase in microbial flora within the oral cavity and
subsequent dental and periodontal diseases. Abundance of
these microbial flora leads to accumulation of dental plaque,
a biofilm that provides a microhabitat for organisms with

The Journal of Dental Hygiene

opportunity for adherence either to the tooth surface or to
other microorganisms. Organisms in dental plaque ferment
carbohydrates within the oral cavity leading to dental caries,
contribute to inflammation of the gingiva and underlying
tissues, and have a potential for pathogenicity.>* Involvement
of underlying tissues within the oral cavity further deteriorate
oral health and allow the microbes to enter the blood stream.
This can contribute to debilitating general health including
endocarditis,*” and has also been associated with a variety of
systemic diseases including but not limited to atherosclerosis
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and vascular disease,*'’ poor glycemic control in diabetes,"
preterm birth,'? and dementia.”

Critically ill, hospitalized patients are susceptible to
hospital-acquired infections which may be related to poor oral
healcth."*> Oral health in the intensive care unit (ICU) may
be compromised by ICU equipment, medical conditions or
treatments, and the patient’s inability to attend to their own self-
care.'® Within 48 hours of hospital admission, the composition
of oral florain the critically ill adult can change to predominantly
gram-negative and virulent gram-positive organisms, including
the potential ventilator associated pneumonia (VAP) pathogens
Staphylococcus aureus, Streptococcus pneumoniae, Acinetobacter
Haemophilus
aeruginosa.'*"® Moreover, the risk of developing pneumonia is
6-20 fold higher in ventilated as compared to non-ventilated

baumanii, influenzae and  Pseudomonas

ICU patients,'®" with the highest risk occurring early in the

course of hospitalization.***!

Mechanically ventilated hospitalized patients are depen-
dent upon ICU nurses to perform their oral hygiene due
to their critical illness.® The placement of endotracheal
and other tubes through the oral cavity, puts these patients
at high risk for aspiration and subsequent VAP. Oral care
administered by ICU nurses in ventilated patients includes
effective elimination of evolving gram-negative organisms and
prevention of overall bacterial growth in the mouth.?** ICU
nurses also provide a variety of oral interventions designed
to address patients’ comfort, rather than solely focusing
on oral hygiene and dental plaque removal.'*?¢?® Oral care
intervention research in the ICU has been challenged due
to the complicated nature of measuring dental plaque in
critically ill, mechanically ventilated subjects, which has
prompted this particular investigation of a valid and reliable
asynchronous automated plaque scoring system.

Measurement of dental plaque is frequently used as an
indicator of overall oral health. Quantification of dental
plaque is critically important in clinical practice, as well as
in research studies. Commonly used visual scoring systems
of dental plaque include: University of Mississippi Oral
Hygiene Index (UM-OHI),*” Oral Hygiene Index (OHI),*
Simplified Oral Hygiene Index (OHI-S),31 Turesky Plaque
Index,** and Silness and Loe Index.* While all of these
instruments are relatively straightforward to use in terms of
assessing oral health, limitations on evaluating plaque levels
exist, including variable number of teeth that are assessed, the
relatively crude coding of binary values of 0 (No) and 1 (Yes)
for tooth segments, the presence versus absence of plaque, the
subjective nature of the process, the lack of reliability within
and between assessors, personnel burden, and differing
plaque level scoring properties.
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‘The purpose of this study was to compare the psychometric
properties of an automated versus a more traditional manual
plaque scoring method (UM-OHI) to gain insight into
whether an automated method may be warranted for both
research and clinical practice purposes.

Methods

Data used in this cross-sectional analysis are from a
subgroup of critically ill, mechanically ventilated patients
(n=79) enrolled in a prospective, randomized controlled trial
designed to determine the optimal frequency (once, twice,
or three times daily) of ICU nurse delivered tooth brushing.
Informed consent was obtained from the subject’s legally
authorized representative, in accordance with the University
of South Florida IRB approval process (Pro 00016479).
The first research aim of the parent clinical trial, was to
evaluate the clinical equivalence (non-inferiority) of three
tooth brushing frequencies on oral health (dental plaque and
mucosal inflammation). All tooth brushing interventions
were delivered by study personnel using a standardized tooth
brushing protocol, performed with a compact head adult
tooth brush and Biotene® (GSK; Philadelphia, PA) fluoride
toothpaste.”® Subjects received scheduled toothbrushing
interventions for the first 7 days of intubation, or until
extubation within a 7-day period. All subjects received
standard clinical care for mechanically ventilated patients, as
per clinical and agency guidelines.”® The trial was registered
at Clinical Trials.gov (NCT02289131); a detailed description
of the parent study protocol has been previously published.*®

Dental plaque assessment

Digital images of all teeth (buccal and lingual) were
obtained with the use of an intraoral camera (Soprocare,
Acteon Inc; Mount Laurel, NJ). For this study, dental
plaque levels were assessed from the digital images in two
ways. The first method utilized the well-established UM-
OHI instrument (as specified in the parent study protocol)
and was completed by the same dental hygienist. The dental
hygienist evaluator was experienced in evaluating oral health
of critically ill mechanically ventilated patients. Concurrently,
a software code was used to obtain and score images of every
tooth. Both methods used video and photographs taken of
the subject’s entire oral cavity while in the ICU. Assessment
was blinded by random group assignment. No disclosing
dyes were used in either scoring system; the intraoral camera
included fluorescence and chromatic amplification to high-
light dental plaque.
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Manual plaque assessment scoring procedure

The UM-OHI had been selected as the manual, visual
plaque scoring method for the parent study because every
available tooth in the mouth is scored as compared to certain
representative teeth as in other plaque scoring systems. The
dental hygienist evaluator reviewed digital photos of the oral
cavity, divided into 12 regions: left and right posterior teeth
and anterior teeth in each arch, further subdivided into buccal
and lingual surfaces.” Each individual digital photo was
divided into five sections for the buccal and lingual surfaces
and included the mesial, distal, and middle sections which
were further subdivided horizontally into gingival, middle,
and occlusal sections. Each section, a total of 10 per tooth,
was scored for presence or absence of plaque. If a section was
determined to have plaque present, it was scored as 1; if no
plaque was present, the section received a value of 0. Each tooth
was scored from 0 (no plaque in any section) to 10 (plaque
in every section). The mean plaque score for the subject was
calculated by dividing the total score by number of teeth.

Automated plaque assessment scoring procedure

A patented, algorithm-based, automated scoring system
was used to quantify extent of dental plaque. The automated
system used video and photographic images, selected
based on overall clarity, from digital images taken with an
intraoral camera of all teeth (buccal and lingual surfaces).”
Specifically, all images used in the assessment had a 640*480
resolution, and were cropped to leave only the tooth in the
picture. The final cropped image had at least 10,000 pixels
in resolution and was imported into a computer software
program which scored the value of a specific pixel to produce
a three-dimension point (x, y, z) that uniquely defined the
color of the pixel. The software used two digits for each color
dimension and each digit used a hexadecimal system to count
the numbers. There were 256 possible values to score each
color dimension. Since plaque typically presents as yellow
in color, the automated scoring system was developed and
used to judge whether each pixel should be classified as yellow
(plaque) or not (no plaque).

To identify the right combination of the three colors
leading to the determined yellow color, the color dimension
was divided into four categories: (0,64), (64,128), (128,192),
(192,255). These four categories were chosen with the
rationale of being an acceptable balance between accuracy
and computational difficulty and there were 4+4+4 = 64
categories in total. Next, the middle point of each range was
chosen, namely 32, 96, 160, 224, and used the color of that
specific combination to represent the color for that category.
For example, for the category (0,64) in red, (0,64) in blue
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and (0,64) in green, the color point, 32 in red, 32 in blue, and
32 in green was used to represent the color for that category.
After scoring all 64 categories, several common properties
shared by categories were identified as yellow. These properties
included: value of the red dimension must be between 0.75
to 2.5 times the value of the green dimension; the value of
both the green and red dimensions must be at least 1.2 times
of the value of the blue dimension; and the value of the red
dimension must be at least 60. Therefore, if values of the pixel
met these requirements, they were classified as yellow (plaque),
otherwise they were classified as non-yellow (normal). From
the binary results of each pixel, the percentage of yellow
(dental plaque) was calculated by the number of yellow pixels
divided by the total number of pixels in the picture. Selected
examples of this coding system are depicted in Table I.

Statistical Analysis

Demographic and clinical characteristics of the patient
sample were described using means and standard deviation
(SD) for continuous variables and percentages for categorical
variables. The distribution of dental plaque scores along with
their interquartile range and the 5th and 95th percentiles from
both scoring methods were plotted side-by-side and mean
differences were compared using paired 7 tests. Analyses were
also stratified by period of assessment (during intervention
vs. post-extubation), number of pictures used for automated
scoring (<15 vs. >15), and number of pixels used for automated
scoring (<150,000 vs. >150,000). Pearson correlation coeflicients
were calculated between manual and automated dental plaque
scores, including stratified analyses. Furthermore, the intra-class
coefficient (ICC) was computed between both methods using
their respective transformed z-score values. Finally, a Bland-
Altman plot was constructed to examine the manner (direction
and magnitude) in which dental plaque scores differed between
the manual and automated scoring methods. A 2-sided p-value
of <0.05 was used to define statistical significance for all analyses
and 95% confidence intervals for the mean difference were
reported. The sample size (n=79) was based on the goal of having
a minimum of 50 subjects with non-missing data for reliable
estimation of correlation coeflicients and confidence intervals.
Methods and results are presented using the strengthening the
reporting of observational studies in epidemiology (STROBE)
guidelines for reporting observational studies.

Results

The patient sample consisted of critically ill, intubated ICU
patients (n=79), with a mean age of 57.3 (SD=16.5), Sample
population demographics are shown in Table II. The most
prevalent admission diagnosis was respiratory failure (55.7%),
and sepsis was present in 24.1% of the sample. The mean
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Table I. Examples of color system used in automated Table II. Patient demographic and cinical characteristics

dental plaque scoring method (n=79)
- - - - Characteristic Prevalence (%)
Normal Normal Normal Normal Age in years
- - - 18 to 49 34.2
50 to 59 11.4
Normal Normal Normal Normal
60 to 69 26.6
] ] ] ] - 90
Normal Normal Normal Normal 30 or older 8.9
- - - Female gender 43.0

Race and presenting conditions

Normal Normal Normal Normal

White 67.1

- - - - Black/African American 19.0
Normal Normal Normal Normal Other 13.9
- - - - Hispanic ethnicity 12.7
Normal Normal Normal History of smoking 50.6

- - - - History of diabetes 34.2
Normal Normal Normal Normal Bacteremia present 7.6
- - Sepsis present 24.1
Antibiotic therapy >=48 hrs-past 10 days 56.6

Normal Normal Normal Normal

Location of ICU admission

- - Medical 67.9

Normal Normal Normal Normal

Surgical/trauma 10.3
- - - - Neurological 21.8
Normal Normal Normal Reason for intubation
- - - Airway control: AMS or procedure 22.8
Normal Normal Hypoxemic Respiratory failure 55.7
Both hypoxemic & vent failure 10.1
Normal Normal Normal Normal Respiratory distress: high work 11.4
- - - - Intubation status
Elective: no patient distress 16.5
Normal Normal Normal Normal
Urgent: non-elective 38.0
- - - - Emergent: immediate 45.6
Normal Normal Normal Discharge outcome/location
Home 39.2
Normal Normal Rehabilitation center 5.1
Assisted living facility 17.7
Normal Expired 38.0
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number of decayed/missing/filled teeth (DMFT score) was
13.7 (SD= 9.4) and was distributed as follows: decayed: (2.2
+ 3.0); missing (7.4 + 7.6); filled (4.0 + 4.5). Patient mortality
during the ICU stay was 38%, and the mean Acute Physiology
and Chronic Health Evaluation (APACHE-IV) score®® was
70.6 + 20.3.

Calculation of Automated Digital Plaque Scores

The number of pictures used in the automated digital
plaque scoring (based on clarity and number of teeth assessed)
was highly variable and ranged from 2 to 58, with a mean
of 13.5 (SD= 8.9) and a median of 13 (IQR=10). The total
number of pixels used in the automated digital plaque scoring
ranged from 10,272 to 586,433 with mean of 139,778 (SD=
93,229) and median value of 130,130 (IQR= 105,801). The
Spearman rank correlation between the number of pictures
and pixels evaluated was 0.96, indicating a near perfect

correlation, with a mean of 10,391 + 2,159 pixels evaluated
per tooth.

Comparison of Plaque Scoring Methods

Plaque assessment distribution by scoring method (manual
vs. automated) and stratified by subgroups are shown in Figure
1. As depicted, dental plaque scores calculated by the manual
method were remarkably higher (mean = 67.3 + 18.7) than
those calculated by the automated scoring method (mean = 23.7
+ 15.2). The mean difference between manual and automated
dental plaque scores was 43.6 (95% confidence interval: 40.2
—46.9, p<0.0001). In stratified analyses, the disparity between
manual and automated dental plaque scores was most evident
for the subjects (n=32) whose automated assessment involved >15
pictures (mean difference = 47.8 95% confidence interval: 44.1
- 51.6, p<0.0001), and the subjects (n=32) whose automated
assessment involved 150,000 or more pixels (mean difference =

Figure 1. Plot of distributions of total dental plaque scores using the manual (UM-OHI) assessment method
(fully shaded rectangles) and the automated digital scoring method (partially shaded rectangles).
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Figure 2. Plot of manual dental plaque scores (x-axis) by automated dental plaque

scores (y-axis), including best fitting regression line. The upper figure depicts all
participants; middle and lower left and right figures depict results for selected

patient subgroups.
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48.3, 95% confidence interval:
44.6-52.1, p<0.0001). Nonethe-
less, in all subgroups examined,
mean manual dental plaque
scores were significantly higher
(p<0.0001) than mean automated

dental plaque scores.

Despite the automated dental
plaque scores being systematically
substantially lower than manual
dental plaque scores, the Pearson
correlation coefficient between the
two methods was relatively strong
(r=0.62, p < 0.0001); shown in the
upper plot in Figure 2. In stratified
analyses, the highest correlations
between the manual and automated
dental plaque scoring methods
were observed for subjects (n= 34)
with measurements obtained post-
intubation (r = 0.75, p < 0.0001),
and those (n = 32) whose auto-
mated assessment involved >15
pictures (» = 0.68, p < 0.0001);
illustrated in the middle and lower
plots of Figure 2. Similarly, the
automated scoring method showed
good reliability with the manual
method, as shown by an ICC value
of 0.63.

In the Bland-Altman plot
(Figure 3), with both manual
and automated dental plaque
scores averaged on the x-axis, the
substantial difference in scores
between the two methods (y-axis)
was consistently present (i.e.
irrespective of magnitude of plaque
burden). However, there was an
indication that as plaque burden
increased, the disparity between the
2 scoring methods increased. Only
a very small percentage of subjects
( n=2, 2.5%) had a lower manual
dental plaque score compared to

the

dental plaque score.

corresponding  automated
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Figure 3. Bland-Altman plot of manual and automated dental plaque scores averaged on the x-axis, and the difference
of the two methods on the y-axis.
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Discussion definitely answered with the data at hand. However, it

In this study, distributions of estimated total plaque scores
varied dramatically between using a manual method of plaque
assessment (UM-OHI, mean score of 67.3 + 18.7) versus an
automated system (patented algorithm-based system, mean
score 23.7 + 15.2). Profound differences (mean difference of
43.6) in the distributions of plaque scores were observed across
patient subgroup analyses; only a small number of subjects
(n=2, 2.5%) had lower manual dental plaque scores compared
to their corresponding automated dental plaque score. Despite
the dramatic differences in scores, the Pearson correlation
coeflicient (0.62) and intra-class correlation coeflicient (0.63),
were quite strong between the two methods, indicating that
both methods measured overall plaque burden, yet with
substantially different numerical properties.

An obvious question that arises is “which method
is more accurate?” Empirically, this question cannot be
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can be postulated that the automated method is likely to
be more accurate simply based on numerical properties of
each method. Specifically, with the tooth “section-based”
method used with the UM-OHI, even a small amount of
plaque observed in a section results in a value of 1.0 for the
entire section. Therefore, tooth sections with small versus
large amounts of plaque receive the same value and cannot
be differentiated with this particular scoring method. In
contrast, the automated scoring method evaluated each pixel
from each tooth for presence versus absence of plaque which
conceptually, allows for fine gradation (on a continuous
scale) between teeth with small, versus medium, versus large
amounts of plaque. However, the automated method is only
as accurate as the binary algorithmic-based determination of
plaque (yellow color) versus absence of plaque. Correlation
coefficients between the methods were highest under more
favorable assessment conditions (post-extubation, with the
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availability of a larger number of clearer images) which again
suggests the validity of both methods (i.e. both are measuring
the same quantity of plaque burden).

The automated digital scoring system used in this study is
not the only method previously proposed to objectively measure
dental plaque. Bellamy et al. developed a digital plaque image
analysis (DPIA) system designed to capture images of healthy
subjects’ teeth via an external digital computer-controlled
camera, under white light without disclosing agents, as well as
image processing and image analysis software that identifies
color differences indicative of dental plaque.”” The accuracy of
the Bellamy et al. system versus the automated digital scoring
system, utilizing algorithms from the red-green-blue color
spectrum used in this study, cannot be directly compared.
However, the DPIA systems used in dental research, designed
for healthy subjects, are not appropriate for populations of
critically ill, mechanically ventilated, patients. DPIA systems
require a cooperative subject, sitting upright, and positioned
in a cephalometric head restraint apparatus in order to obtain
external images. As technology progresses, a major emphasis
will be on systems that can capture images in a comprehensive,
minimally invasive manner and across a range of clinical
settings, and ideally with real time scoring feedback.

Considering both research and clinical practice relevance,
there are strengths and limitations to both an established
(UM-OHI) and this
algorithm-based automated scoring system. The UM-OHI

manual method of assessment
method has been used for decades, and is well known and
accepted by dental health professionals. However, the current
analysis suggests that it likely overestimates the percentage
of total plaque burden in a given individual, can be time-
consuming to score, and has an inherent degree of subjectivity
in interpretation of presence versus absence of plaque by the
evaluator. Due to the ordinal and compressed (0-10 per
tooth) nature of the scoring algorithm, it is insensitive to all
but large changes in the amount of dental plaque present.
The automated scoring system offers the advantages of being
entirely objective and reproducible, and digital dental images
result in archival raw data which can be retested and used
to refine the scoring algorithms to enhance validity. New
objective measures may add value as documented evidence
to support diagnostic criteria for procedures to be approved
for insurance coverage. However, the automated scoring
system requires selection of appropriate images of acceptable
visual quality, and images that are exclusive to the areas
suitable for plaque assessment (e.g. teeth only and not gums).
These conditions and the refinement of the color-coding
algorithms to represent full assessment exclusively of plaque
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remain challenges for future use in both research and clinical
settings. Results from this study are specific to mechanically
ventilated patients and may not generalize directly to other
clinical settings, including primary care practice.

Conclusion

Automated digital systems have been postulated to be
more precise than conventional visual methods of assessing
and scoring dental plaque. In this study, an automated digital
scoring system resulted in much lower overall dental plaque
scores as compared to those from the an established manual
scoring system (UM-OHI). While the objective automated
digital scoring system may be more precise than the manual
or visual scoring of dental plaque, its use should be weighed
against the added effort, cost, and expertise required to use
the method. Further study is needed to determine whether an
automated digital scoring system can be commercialized and
is warranted for use outside of research settings.
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