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ABSTRACT
Background and Objective: Traditional and planimetric plaque indices rely on plaque-disclosing agents and cannot quantify 
three-dimensional (3D) structures of dental biofilms. We introduce a novel computer-assisted method for evaluating and visual-
ising plaque volume using intraoral scans (IOSs).
Materials and Methods: This was a 4-day, non-brushing, plaque-regrowth study (n = 15). All plaque was removed at baseline 
(T0). IOSs at T0 and after 4 days (T4) were used for volumetric plaque assessment in six steps: model acquisition, model superim-
position, computer-aided determination of tooth-surface margins, tooth-surface superimposition, visualisation and volumetric 
evaluation of biofilms. Plaque formation at T4 was additionally assessed with the Turesky Modification of the Quigley–Hein 
Plaque Index (TMQHPlI). We used Pearson's correlation coefficients and multilevel models to investigate the relationships be-
tween TMQHPlI, volumetric plaque index (VPI) and the adjusted volumetric plaque index (AVPI, plaque volume/area).
Results: VPI and AVPI positively correlated with the TMQHPlI, showing higher variability at lower TMQHPlI scores. VPI had 
a lower threshold for plaque detection and higher sensitivity than the TMQHPlI. VPI and TMQHPlI were highest on vestibular, 
maxillary and molar surfaces.
Conclusion: VPI quantifies biofilm deposits, is a more precise measure for plaque detection than the TMQHPlI and can be 
visualised using colour-coded maps displaying areas of equal plaque thickness.

1   |   Introduction

Dental biofilms comprise a complex community of micro-
organisms in an extracellular polymeric matrix (Jakubovics 
et al. 2021). Biofilm accumulation is usually evaluated visually 
using plaque-disclosing agents (PDAs) (Fasoulas et  al.  2019), 
usually with the Turesky Modification of the Quigley-Hein 
Plaque Index (TMQHPlI) (Lobene et  al.  1982; Turesky 
et al. 1970). However, its diagnostic accuracy is low because of 

intra-/inter-examiner variability and subjectiveness, impreci-
sion at low/high plaque levels and unequal increments between 
scores (La Rosa et al. 2023).

New imaging methods have the potential to overcome the 
shortcomings of traditional plaque scoring indices (TPSIs). 
Fluorescence-based and planimetric approaches to con-
ventional digital photographs and/or intraoral scans (IOSs) 
have already been investigated (Del Rey et al. 2023; La Rosa 
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et al. 2023). However, these methods (except for quantitative 
light-induced fluorescence) still rely on PDAs (Doi et al. 2021; 
Giese-Kraft et al. 2022; Jung et al. 2022) and do not utilise the 
full potential of three-dimensional (3D) data. Furthermore, no 
method has quantified the volume or thickness of dental bio-
film deposits.

The present study aimed to introduce a novel computer-aided 
method for the volumetric evaluation and visualisation of 
changes in dental biofilms using IOSs and compare it with 
TMQHPlI. We presumed that the volumetric assessment of 
dental biofilms would demonstrate greater sensitivity than 
TMQHPlI due to a lower threshold for plaque detection.

2   |   Materials and Methods

The study was performed from January to February 2023 at the 
University Dental Clinic of Ljubljana, Slovenia. It was approved 
by the National Medical Ethic Committee (0120-444/2022/3) 
and registered at Clint​rials.​gov (NCT05709015). All subjects 
signed informed consent forms. The study followed the princi-
ples of the Declaration of Helsinki.

2.1   |   Design

The study was designed as a 4-day non-brushing plaque-
regrowth model (Addy et  al.  1983). Healthy consecutively se-
lected volunteers without periodontal pathologies were included 
according to an inclusion/exclusion criterion (Table S1). During 
the 4-day test interval, subjects stopped all mechanical/chemical 
oral hygiene. A clinical examination and IOS were performed 
(K.P.) at the beginning and end of the study.

2.2   |   Clinical Protocol

At baseline (T0), subjects received a 30-min full-mouth su-
pragingival dental prophylaxis with piezoelectric ultrasonic 
instruments (PiezoLED ultrasonic scaler, Piezo-Scaler tip-203; 
KaVo dental, Biberach, Germany) and tooth polishing using 
prophylactic bristle brushes and polishing paste (Proxyt RDA-7; 
Ivocal Vivadent, Schaan, Liechtenstein) until all plaque/stain/
calculus was removed. Interdental spaces were cleaned with 
floss (Essential-Floss, Super-Floss; Oral-B, Kronberg, Germany). 
Next, IOSs were obtained in the high-resolution mode (Schmidt 
et  al.  2022) using intraoral optical scanning (Trios 4; 3shape, 
Copenhagen, Denmark). Subjects were then instructed to stop 
all mechanical/chemical oral hygiene practices for four consec-
utive days and follow their normal diet.

A follow-up was performed after 4 days (T4). IOSs were obtained 
first, followed by the application of a two-tone PDA containing 
the dyes CI 42090 and 45410 (Curaprox PlaqueFinder-260 dis-
closing solution; Curaden, Kriens, Switzerland) using cotton 
pellets. Participants were then asked to rinse their oral cavities 
with 20 mL of distilled water for 15 s. New plaque formation was 
evaluated using the TMQHPlI scores 1–5 independently at six 
sites per tooth, excluding third molars. TMQHPlI was assessed 

(K.P.) after calibration (Figure  S1) for dark (blue/purple) dis-
closed plaque (DDP) and total (pink + blue/purple) disclosed 
plaque (TDP) (Volgenant et  al.  2016). Finally, the subjects re-
ceived supragingival dental prophylaxis and tooth polishing, 
followed by topical application of fluorides (Elmex Gelee 1.25% 
dental gel; CP GABA GmbH, Hamburg, Germany).

2.3   |   Digital Volumetric Plaque Analysis

The volumetric plaque analysis was performed (K.P.) in six 
steps (Figure  1): digital model acquisition, model superimpo-
sition, computer-aided determination of tooth surface margins 
on vestibular and oral surfaces of each tooth (defined as re-
gions of interest ROIs), superimposition of tooth surfaces (i.e., 
ROIs), visualisation and volumetric evaluation of dental bio-
film. Changes in surface topography between T0 and T4 were 
assessed separately for each tooth surface pair. The deviation (d) 
values were defined as the ‘thickness’ with regard to the ROI 
at T0. The surface area (s) was also calculated as a function of 
the ROI at T0. Using an automated surface comparison tool, the 
‘volume’ was subsequently calculated in terms of the integrated 
distance using the following formula:

The volumetric plaque index (VPI, in mm3), that is, the volume 
of dental plaque accumulated at T4 with reference to T0, was 
mathematically defined as the positive value of the ‘volume’ 
calculated above (i.e., positive value of the integrated distance) 
using the following formula:

Since teeth vary in shapes/sizes, the volume of plaque was stan-
dardised per individual tooth surface area, that is, the ROI. The 
adjusted volumetric plaque index (AVPI) was expressed in mm3/
mm2 (which should not be interpreted as a weighted average of 
plaque thickness) as

2.4   |   Calibration of Volumetric Analysis

An ex vivo validation protocol using a dental study model was 
devised to assess the accuracy and precision of the volumetric 
analysis. Intraoral (Trios 4; 3shape, Copenhagen, Denmark) 
and extraoral scans (Medit T300, Medit, Seoul, Korea) of the 
model were obtained at baseline and after 4 days of suspension 
in a liquid medium, inoculated with supragingival biofilm, to 
compare differences in plaque accumulation. An extraoral scan-
ner was selected as a reference since it is more accurate than 
intraoral scanners for whole-arch scanning (Lee et  al.  2020). 
Furthermore, an intra-operator calibration exercise was per-
formed to assess the repeatability of the volumetric analysis. 
Both protocols are described in Figure S2.

Integrated distance =
∑

d × si

Integrated abs distance− |negative values|=
Integrated abs distance−

(Integrated abs distance− Integrated distance)

2

=positive values=VPI

AVPI =
VPI

ROI surface area
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FIGURE 1    |    Workflow of the digital volumetric plaque analysis.
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The clinical applicability of the method was assessed in an 
in vivo validation trial to evaluate volumetric changes specifi-
cally related to plaque accumulation and its subsequent removal 
(Figure S3).

2.5   |   Statistical Analysis

The a priori sample size could not be determined in advance 
because no prior data exists regarding dental plaque volume. 
A convenience sample of 15 subjects was chosen (Gkavela 
et al. 2024). The sample size was increased by 10% to account for 
potential dropouts. An additional sample size calculation based 
on the study's primary objective (comparison between the VPI 
and TMQHPlI for TDP) was performed post hoc for a two-tailed 
test using the Fisher Z-transformation of Pearson's r:

At r0 = 0, r1 = 0.66, α = 0.05 and β = 0.2, the sample size was cal-
culated to be 15 subjects (MedCalc v. 23.3.2; MedCalc Software 
Ltd., Ostend, Belgium). The statistical power of the correlations 
between the VPI/AVPI and the TMQHPlI was also determined 
post hoc.

VPI and AVPI were described with means and standard de-
viations (SD). Distribution normality was assessed using the 
Shapiro–Wilk test. SDs were calculated by taking into account 
the nesting of measured values within tooth surfaces (i.e., ROIs), 
jaws and individuals. Multilevel models with random intercepts 
were used to test for differences between tooth surfaces, jaws and 
tooth types for both VPI and AVPI to account for data nesting 

(site–tooth–individual). Pearson's correlation coefficient was 
used to calculate the correlation between the mean VPI/AVPI 
and the mean TMQHPlI (average of three scores per tooth sur-
face). The Kruskal–Wallis test was used to evaluate differences in 
VPI and AVPI between rounded averaged TMQHPlI scores at the 
level of individual tooth surfaces. Multilevel models were used to 
explore the relationship between VPI, AVPI and TMQHPlI. The 
Mann–Whitney U test was used for exploratory pairwise compar-
isons between DDP/TDP scores (as assessed using the TMQHPlI) 
for VPI and AVPI. Intra-examiner reliability of TMQHPlI was 
assessed using Cohen's kappa. Intra-examiner reliability of VPI 
was assessed using the interclass correlation coefficient (ICC). 
Wilcoxon's signed-rank test was employed for the comparison of 
intraoral and extraoral scans. Sensitivity, specificity and accu-
racy were calculated using TMQHPlI and VPI as the diagnostic 
reference standards for plaque detection. Statistical significance 
was set at α = 0.05. GRRAS guidelines (Table S2) for reporting re-
liability and agreement (Kottner et al. 2011) were followed. Other 
than the post hoc power calculation, all analyses were performed 
in SPSS v. 26 (IBM, Armonk, New York, USA).

3   |   Results

3.1   |   Study Population

Sixteen subjects were selected for inclusion; one dropped out 
on day 3 (personal reasons). The final sample comprised seven 
males and eight females (mean age: 25.25 years). One subject 
had a deciduous second upper right molar, which was excluded 
from analysis. One subject presented a case of maxillary lateral 
incisors aplasia, which was excluded from statistical analyses. 
In total, 834 tooth surfaces were analysed. In agreement with 
the inclusion criteria, the average number of teeth, TMQHPlI 

n =

⎛⎜⎜⎜⎝

Z1−α∕2+Z1−β

0.5× ln
�
1+r1
1−r1

�
−0.5× ln

�
1+r0
1−r0

�
⎞⎟⎟⎟⎠

2

+ 3

TABLE 1    |    Mean TMQHPlI scores and standard deviations after 4 days.

Full mouth

TDP (mean [SD]) 2.49 (0.31)

DDP (mean [SD]) 0.82 (0.42)

Non-interdental sites Interdental sites p

TDP (mean [SD]) 2.45 (0.34) 2.51 (0.31) 0.176

DDP (mean [SD]) 0.78 (0.43) 0.85 (0.42) 0.142

Vestibular sites Oral sites p

TDP (mean [SD]) 2.97 (0.48) 2.01 (0.25) < 0.001*

DDP (mean [SD]) 1.23 (0.56) 0.42 (0.39) < 0.001*

Non-molars Molars p

TDP (mean [SD]) 2.47 (0.34) 2.53 (0.38) < 0.001*

DDP (mean [SD]) 0.82 (0.47) 0.84 (0.38) 0.364

Maxilla Mandible p

TDP (mean [SD]) 2.69 (0.31) 2.29 (0.38) < 0.001*

DDP (mean [SD]) 1.18 (0.54) 0.47 (0.42) < 0.001*

Abbreviations: DDP, dark coloured disclosed plaque; SD, standard deviation; TDP, total disclosed plaque.
*Statistical significance at α = 0.05.
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and probing pocket depth were 29.7 teeth (SD = 0.9 teeth), 8.6% 
(SD = 4.1%) and 2.7 mm (SD = 0.4 mm), respectively.

3.2   |   Visual Evaluation

The calibration exercise for TMQHPlI yielded Cohen's kappa = 0.82 
and 95% confidence interval (CI): 0.71–0.90. Mean TMQHPlI full-
mouth scores at T4 are shown in Table  1. Significantly higher 
plaque scores (p < 0.001) were observed at vestibular and maxil-
lary sites for both TDP and DDP and at molars for TDP.

3.3   |   Digital Evaluation

The means of the VPI and AVPI at T4 are shown in Table 2. Plaque 
volume differed significantly between tooth surfaces, types and 
jaws. VPI was greater on vestibular surfaces (p < 0.001), molars 
compared to incisors (p = 0.001) and canines (p < 0.001) and 
in the maxilla (p < 0.001). After adjustment, plaque volume re-
mained significantly greater on vestibular surfaces (p = 0.008) 
and did not differ with regard to tooth type and jaw. Colour-
coded maps were used to visualise plaque thickness (Figure 2b), 

showing more plaque at predilection sites. The average of the 
mean absolute distances at the level of all ROIs was 0.0099 mm 
(SD = 0.0028 mm). The average scan resolution was 27.2/mm2 at 
the level of all whole scans and 39.2/mm2 at the level of all ROIs.

The ex  vivo calibration exercise showed no statistical differ-
ences (Table S3). Average VPI values from IOSs (0.61 mm3) were 
0.04 mm3 higher than extraoral scans (0.57 mm3). AVPI values 
from IOSs (0.02 mm3/mm2) were 0.01 mm3 higher than extraoral 
scans (0.01 mm3/mm2). Accuracy was thus found to be excellent 
(Figure  2d,e). The VPI difference after plaque accumulation 
versus removal was 0.06 mm3 (extraoral) and 0.05 mm3 (in-
traoral). VPI values of consecutive extraoral scans (0.06 mm3) 
were 0.02 mm3 lower than consecutive IOSs (0.08 mm3). AVPI 
averages were identical (0.00 mm3/mm2), showing high pre-
cision. The ICC for VPI was 0.98 (95% CI: 0.98–0.99). In vivo, 
VPI values after plaque accumulation (1.18 mm3) and removal 
(1.31 mm3) differed by 0.13 mm3 (p = 0.283); baseline versus 
post-plaque removal values differed by 0.11 mm3 (Table S4).

3.4   |   Relationship Between the TMQHPlI, VPI 
and AVPI

Pearson's correlation coefficient showed a moderate relation-
ship between traditional (DDP, TDP) and volumetric (VPI, 
AVPI) plaque indices (Table 3). The results of multilevel models 
showed statistically significant regression coefficients between 
traditional and volumetric plaque indices, with the weakest re-
lationship being between AVPI and VPI (Table 4).

The distributions of VPI and AVPI according to the mean 
TMQHPlI score per tooth surface (average of three scores) 
rounded to the nearest whole number are presented in Figure 3. 
VPI and AVPI distributions differed significantly between 
TMQHPlI scores at the level of both DDP and TDP (p < 0.001). 
The variability of both volumetric plaque indices was higher at 
lower TMQHPlI scores. DDP never exceeded two-thirds of any 
tooth surface (no TMQHPlI score 5). The outcomes of the ex-
ploratory pairwise comparisons between DDP/TDP scores for 
VPI and AVPI are presented in Tables S5 and S6.

When using TMQHPlI as the reference, the specificity of VPI 
was low at the level of both TDP and DDP, while accuracy was 
low for DDP and high for TDP. When using VPI as the reference, 
the sensitivity and accuracy of TMQHPlI were high at the level 
of TDP and low for DDP (Table S7).

4   |   Discussion

The study introduced a novel method for the digital volumetric 
assessment of dental biofilms using two indices—VPI and AVPI. 
The main advantages of a volumetric approach included the ob-
jective assessment of plaque volume and the visualisation of 
plaque location using colour-coded maps showing areas of equal 
plaque thickness without the need for PDAs. Unlike planimetry, 
volumetry overcame the distortion of 3D objects on 2D surfaces 
and avoided the poor reproducibility of planimetric approaches 
due to the limited colour image quality of screenshots taken by 
IOSs (Jung et al. 2024).

TABLE 2    |    VPI and AVPI (mean and standard deviation; SD) 4 days 
after the cessation of all mechanical and chemical oral hygiene practices.

VPI (mm3)
AVPI (mm3/

mm2)

Mean (SD) p
Mean 
(SD) p

All teeth 0.78 (0.52) 0.020 
(0.010)

Tooth surface < 0.001* 0.008*

Vestibular 0.94 (0.48) 0.018 
(0.010)

Oral 0.60 (0.49) 0.016 
(0.012)

Jaw < 0.001* 0.877

Mandibular 0.68 (0.44) 0.017 
(0.012)

Maxillary 0.87 (0.57) 0.017 
(0.011)

Tooth type 0.344

Incisor 0.75 (0.57) 0.001* 0.018 
(0.015)

Canine 0.88 (0.43) 0.646 0.018 
(0.011)

Premolar 0.62 (0.41) < 0.001* 0.017 
(0.011)

Molar 0.90 (0.55) 0.016 
(0.008)

Abbreviations: AVPI, adjusted volumetric plaque index; SD, standard deviation; 
VPI, volumetric plaque index.
*Statistical significance at α = 0.05.
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Nevertheless, TPSIs (Rustogi et al. 1992; Silness and Löe 1964; 
Turesky et al. 1970) remain the gold standard for plaque as-
sessment. TPSIs provide ordinal scales for scoring the dis-
tribution and/or location of plaque. TMQHPlI is the most 

widely used plaque index (La Rosa et al. 2023) and is based on 
a subjective visual criterion (Lobene et al. 1989). To evaluate 
all plaque, a two-tone PDA was selected in the present study 
because it provides thickness-dependent differential staining: 

FIGURE 2    |     Legend on next page.

 1600051x, 2025, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jcpe.70019 by Pharm

aSw
iss D

.O
.O

., W
iley O

nline L
ibrary on [15/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



1693Journal of Clinical Periodontology, 2025

pink dye (supposedly ‘new plaque’) adheres to all plaque, 
whereas blue dye (supposedly ‘old/mature’ plaque) adheres 
and diffuses into denser/thicker plaque (Gallagher et al. 1977; 
Volgenant et al. 2016). Our results showed that the amount of 
DDP and TDP was lower on oral and mandibular tooth sur-
faces, as found by previous studies (Danser et al. 2003; Lang 
et al. 1973). A 4-day non-brushing model was selected because 
most plaque forms in the first 4 days without brushing, fol-
lowed by moderate additional plaque accumulation (Dahlén 
et al. 1992).

VPI is an alternative plaque evaluation approach and uses su-
perimpositions of serial 3D IOSs. It does not require a PDA, 
which was, in the present study, used exclusively to evaluate the 
TMQHPlI. Just like TPSIs, VPI did not account for the variation 

in the surface areas of individual teeth. It yielded similar out-
comes as the TMQHPlI in that more plaque accumulated on 
vestibular and maxillary sites, as well as on molars. AVPI, a 
measure of plaque per area, however, only showed a statistically 
significant difference between the volume of plaque on vestib-
ular and oral tooth surfaces. This reflects the lower discrimi-
natory power of standardisation (volume per area) because it 
reduces means and variances compared to conventional aver-
aging (Lütkenhöner et  al.  1985). This study did not limit the 
diet of the subjects and evaluated the natural pattern of plaque 
accumulation during real-life eating practices.

Digital plaque scoring systems based on (semi-)automated, 
computer-aided principles, such as VPI and AVPI, offer several 
advantages over TPSIs: acquisition of all regions (even ones in-
accessible to visual examination), increased accuracy (especially 
area assessment, as compared to planimetric/photograph-based 
methods), no examiner subjectivity/variability, data archiving 
(La Rosa et al. 2023) and the possibility of evaluating/visualis-
ing changes with colour-coded maps (Kuralt and Fidler 2021). 
Colour-coded maps show plaque accumulation patterns in 
grooves/lingulae/valleys, accounting for the anatomical het-
erogeneity of teeth and (rotated) positions. Since plaque was 
removed from all teeth at T0, the results showed only positive 
changes in plaque; however, in clinical practice, volumetric 
changes may also be negative, indicating a reduction in plaque 
levels. This reverse approach, specifically related to plaque ac-
cumulation and its subsequent removal, may be more relevant 
for clinical practice and, as shown by the ex  vivo and in  vivo 
validation exercises, yields comparable results to the verified no-
plaque/plaque sequence.

The process of volumetric plaque assessment has several lim-
itations. Distortions during scanning often occur in posterior 
regions due to the scanner tip size, poor access (Abduo and 
Elseyoufi  2018), and shaking/movement during scanning, 
which affect the accuracy of model superimposition (Kihara 
et  al.  2020). In addition, 3D model reconstruction causes 
larger deviations in curved areas (premolars, canines and the 
distal surfaces of molars) and interdental spaces, which re-
quire more captured angles during shooting (Lin et al. 2024; 
Winkler and Gkantidis 2020). Interdental spaces were there-
fore excluded from the analysis, which is one of the limita-
tions of the study. Since scanning and superimpositions at 
the level of the whole digital model contribute to alignment 
deviations of approximately 0.1 mm (Kuralt et  al.  2020), the 
present study performed best-fit superimpositions at the level 
of individual tooth surfaces, decreasing potential precision 
errors to approximately 0.01 mm. We can therefore not be 

FIGURE 2    |    Volumetric evaluation of dental biofilm. (a) Screenshot from intraoral scan; dental biofilm was stained with a two-tone disclosing 
solution (Curaprox PlaqueFinder 260 disclosing solution; Curaden, Kriens, Switzerland). Plaque deposits on the buccal tooth surfaces (excluding 
proximal surfaces) were evaluated on three areas (distobuccal, central, mesiobuccal—separated by dotted lines) using the Turesky Modification of 
the Quigley–Hein plaque index (TMQHPlI) for dark disclosed plaque (DDP) and total disclosed plaque (TDP). (b) Delineated buccal surfaces (ref-
erence areas) of a 3D digital model visualised using a colour-coded map of plaque thickness with discrete threshold colour ranges. The dotted line 
represents the location of the cross section in (c). (c) Cross section of the upper right central incisor with displayed colour-coded thickness, repre-
senting the distances between baseline and follow-up (Day 4) intraoral scans. (d, e) Volumetric evaluation of dental biofilm on a dental study model, 
compared between an (d) intraoral (Trios 3shape 4) and (e) extraoral (Medit T300) scanner; tooth surfaces are visualised using a colour-coded map 
of plaque thickness with discrete threshold colour ranges.

TABLE 3    |    Pearson's correlation coefficient between traditional and 
volumetric plaque index scores.

Turesky Modification of the 
Quigley–Hein Plaque Index

TDP [r (1 – β)] DDP [r (1 – β)]

VPI 0.66* (0.78) 0.62* (0.71)

AVPI 0.73* (0.89) 0.68* (0.82)

Note: The statistical power (1 – β) of the correlations between VPI and AVPI in 
relation to the TMQHPlI was determined post hoc.
Abbreviations: AVPI, adjusted volumetric plaque index; DDP, dark coloured 
disclosed plaque; TDP, total disclosed plaque; VPI, volumetric plaque index.
*Statistically significant relationship (p < 0.001).

TABLE 4    |    Comparison of regression coefficients of multilevel 
model analysis, with the Turesky Modification of the Quigley-Hein 
Plaque Index as the independent variable.

Regression 
coefficient

95% confidence 
interval p

DDP

VPI 0.780 0.700–0.850 < 0.001*

AVPI 0.002 0.001–0.003 < 0.001*

TDP

VPI 0.160 0.130–0.190 < 0.001*

AVPI 0.002 0.001–0.003 < 0.001*

Abbreviations: AVPI, adjusted volumetric plaque index; DDP, dark coloured 
disclosed plaque; TDP, total disclosed plaque; VPI, volumetric plaque index.
*Statistical significance at α = 0.05.
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certain whether plaque is present or absent up to a thickness 
of 0.01 mm. However, this measurement error only insignifi-
cantly contributes to the computed plaque volume due to the 
large variability in plaque thickness across each tooth surface. 
In addition, a calibration exercise assessing the volumetric dif-
ferences between superimposed scans obtained from intraoral 
versus extraoral scans of the same object found excellent out-
comes. The difference in VPI between intraoral and extraoral 
scans measured 0.04 mm3 for plaque-covered tooth surfaces 
and 0.02 mm3 for scan–rescan procedures, showing excel-
lent accuracy (i.e., closeness to the true value) and precision 
(i.e., closeness of measurements to one another). Considering 

that VPI of the subjects' tooth surfaces ranged from 0.113 to 
6.12 mm3, measurement errors can be considered clinically 
insignificant.

The semi-automated delineation of tooth surface margins 
on the digital models was performed using landmark curves 
created by hand-picked points that snapped to their clicked 
positions (Kuralt and Fidler  2021; Rusinkiewicz  2004). Even 
though this approach to obtain VPI values shows excellent 
intra-operator agreement (ICC: 0.98; 95% CI: 0.98–0.99), it re-
quires a substantial and time-consuming workload at present 
(10 h/patients), which is significantly more than scoring with 

FIGURE 3    |    Agreement between the volumetric plaque index (VPI), adjusted volumetric plaque index (AVPI) and the Turesky Modification of 
the Quigley–Hein plaque index (TMQHPlI). The values of the TMQHPlI (scores 0–5) represent the average score per tooth surface (average of three 
scores), rounded to the nearest whole number. Relationship between (a) VPI and dark coloured disclosed plaque scores, (b) VPI and total disclosed 
plaque scores, (c) AVPI and dark coloured disclosed plaque scores and (d) AVPI and total disclosed plaque scores, as assessed using the TMQHPlI.
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the TMQHPlI (minutes); a higher degree of automatization and 
the establishment of a standardised operational framework 
are necessary for using VPI and AVPI in everyday clinical or 
research purposes (Conte et al. 2023; La Rosa et al. 2023). At 
present, the proposed method is at a proof-of-principle stage. 
Considering the rapid development of machine learning, the 
proposed method could be integrated into existing intraoral 
scanning software interfaces in the form of expansion modules, 
thus offering a fully automated and user-friendly experience for 
dentists and researchers alike, reducing the time-consuming 
workload to a matter of minutes needed to perform an IOS. The 
rationale for the volumetric analysis of dental biofilms includes 
objectiveness, no need for PDAs, no examiner bias, a numerical 
scale for statistical analysis and the possibility of comparing 
colour-coded maps from different timepoints. The latter com-
parison can expose plaque predilection sites and may be used 
to motivate caries-prone/periodontal/orthodontic patients in 
their oral hygiene practices.

The correlation coefficients between VPI/AVPI and TMQHPlI 
indicated a moderate (Schober and Schwarte  2018) relation-
ship, the volume of accumulated plaque increasing at higher 
TMQHPlI scores. The differences between plaque volumes were 
smallest at the lower end of the TMQHPlI scale, which demon-
strates the exponential nature of TMQHPlI and indicates that 
TMQHPlI inadequately describes the natural development 
of plaque, failing to recognise plaque as a 3D object just like 
planimetric approaches. The variability of VPI/AVPI was also 
greatest at lower TMQHPlI scores, which indicates unreliable 
staining and shows a great underestimation of higher volumes, 
particularly for scores 1 and 2 (both describing plaque at the gin-
gival margin). This suggests that plaque volume at the gingival 
margin is often uneven and determined by site-specific variables 
(tooth anatomy). In addition, the gingival margin is naturally 
shaped as an anatomic groove itself, representing a predilection 
site for plaque accumulation, and exhibits thicker plaque depos-
its compared to the rest of the tooth due to its specific form. On 
the other hand, TMQHPlI scores and planimetric approaches 
seem to be a measure of plaque location as opposed to plaque 
thickness, which explains the presence of outliers within each 
score (especially TMQHPlI score 1; Figure 3). The increase in 
plaque volume at higher TMQHPlI scores is, in turn, minimal, 
giving low values of the regression coefficients. Digital images 
(Figure 2b) emphasise small areas of thick plaque, located close 
to the gingival margin, while the prevailing impression by 
clinical visual evaluation is diffuse areas of plaque (unknown 
thickness) on buccal surfaces, which hamper the detection of 
marginal plaque quantity.

The specificity of VPI with reference to TMQHPlI was very low; 
the former detected plaque in significantly more cases where 
plaque was deemed absent by the latter. Similarly, the sensitivity 
of TMQHPlI was low for DDP when VPI was used as the refer-
ence standard; VPI detected significantly more sites with plaque 
deposits than TMQHPlI. Both outcomes may be attributed to 
the lower threshold for plaque detection by VPI, which seems to 
be a more precise measure for plaque recognition and is able to 
identify plaque that is not visible to the naked eye (at a 0.01 mm 
limit of detection, corresponding to the size of a few bacterial 
cell layers; Li et  al.  2015). The low values of sensitivity/speci-
ficity/accuracy emphasise the inability of TMQHPlI to detect 

small sub-clinical biofilm volumes and differentiate between 
scores 0 and 1, which puts its reputation as a gold standard under 
question. It is still, however, unclear which parameter (volume, 
thickness, location) is clinically most relevant in the maturation 
process of dental biofilms, thus preventing definite conclusions 
regarding the optimal plaque index choice.

5   |   Conclusion

Both VPI and AVPI positively correlated with TMQHPlI, offer-
ing greater objectiveness, precise and accurate volume/thick-
ness measurements, non-invasiveness, a numerical scale and 
visualisation of plaque thickness using colour-coded maps with-
out PDA application. Future longitudinal studies should moni-
tor volumetric plaque changes in relation to its microbiological 
composition.
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