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ABSTRACT

Aims: To evaluate the diagnostic accuracy of periapical, bitewing or panoramic radiographs (standard 2D radiographs) in detect-
ing and monitoring periodontitis (PICO 1) and to assess the clinical relevance of alternative and emerging diagnostic methods
(e.g., cone-beam computed tomography [CBCT], magnetic resonance imaging [MRI], ultrasound imaging [USG]) compared to
standard 2D radiographs or clinical/intra-surgical examination in the diagnosis and surveillance of the disease (PICO 2).
Materials and Methods: A systematic literature search was conducted through MEDLINE EMBASE, Scopus and Cochrane
Library. When feasible (n>2 comparable studies), a meta-analysis of diagnostic accuracy was performed.

Results: For PICO 1, 26 studies met the inclusion criteria. Pooled-data analysis from three studies showed a sensitivity of 0.77
(95% confidence interval, CI: 0.66-0.85), specificity of 0.76 (95% CI: 0.64—-0.84) and accuracy of 0.82, with a diagnostic odds ratio
(DOR) 0f 137.99 (95% CI: 6.99-368.90). For PICO 2, 51 articles were included dealing with different techniques. The meta-analysis
for CBCT (three studies) showed a pooled sensitivity and specificity of 0.98 (95% CI: 0.96-1.00) and 0.98 (95% CI: 0.95-1.00), re-
spectively, and a diagnostic accuracy of 0.99 in the detection of furcation involvement compared to intra-surgical measurements.
Conclusions: Standard 2D radiographs appear to have adequate diagnostic accuracy for periodontitis, while CBCT is highly sen-
sitive and specific to detect and classify furcation involvement. The role of non-ionizing techniques (MRI and USG) in diagnosing
periodontitis remains under investigation.

1 | Introduction abundant information that cannot be obtained by any other non-

invasive method (e.g., root length, root form, periapical lesions,

Periodontitis is a ubiquitous dysbiotic inflammatory disease
mediated by bacterial dental biofilms (Caton et al. 2018; Sanz
et al. 2020) and characterized by progressive destruction of the
tooth-supporting apparatus. At a patient level, according to the
2018 WWP Classification (Caton et al. 2018), the diagnosis of
periodontitis is based on clinical and radiographic parameters
(Tonetti et al. 2018). Two-dimensional (2D) radiographs provide

root proximity, estimates of density and amount of residual al-
veolar bone) and are an essential component of a complete peri-
odontal examination (Armitage 1995). Periodontitis definitions,
although based on marginal radiographic bone loss, suffer from
severe limitations because they are not sensitive enough and
may miss detection of mild to moderate periodontitis (Lang and
Will 1977). Indeed, seminal in vitro experiments have indicated
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that the unaided eye could detect radiographic changes when
approximately 50% of the bone mineral has already been lost
(Ortman et al. 1982).

Classical literature on radiographic interpretation points out
that radiographs usually underestimate the true amount of bone
loss (Goldman et al. 1957; Theilade 1960) and extensive loss of
clinical attachment can occur before there is radiographic evi-
dence of bone remodelling (Goodson et al. 1984; Prichard 1961).
At the site level, within the multidimensional staging process in
use (Tonetti et al. 2018), radiography contributes to the assess-
ment of specific key diagnostic factors such as infrabony defects
and ridge defects, thus optimizing prognosis and individual
treatment plans.

Two-dimensional ionizing radiation techniques (Mallya and
Lam 2018) suffer from inherent and well-documented lim-
itations such as distortion, superimposition and misrepresen-
tation of structures (Kasaj and Willershausen 2007; Woelber
et al. 2018). To overcome these limitations, 3D imaging tech-
niques, such as cone-beam computed tomography (CBCT), have
been introduced. More recently, non-ionizing 3D modalities
(e.g., magnetic resonance imaging, MRI) have been proposed to
improve diagnostic accuracy without exposing the patient to the
risks associated with ionizing radiations.

Therefore, the present systematic review and meta-analysis was
conducted to answer the following research questions:

1. What is the diagnostic accuracy in detecting and moni-
toring periodontitis and periodontal changes over time of
standard 2D radiographs (including periapical, bitewing
and panoramic) taken in an adult patient seeking a dental
diagnosis and/or treatment? (PICO 1).

2. Inindividuals assessed for periodontitis, what is the diag-
nostic accuracy and clinical relevance of alternative and
emerging diagnostic methods (i.e., CBCT, MRI, subtrac-
tion radiography, periodontal endoscopy, optical coher-
ence tomography, fluorescence spectroscopy, ultrasound
imaging [USG], intraoral scanning, absorptiometry and
xeroradiography) in detecting and monitoring the dis-
ease compared to standard 2D radiographs or clinical
measurements? Specifically, do these methods provide
more accurate, earlier, safer and cost-effective diagnosis?
(PICO 2)

Novel approaches, such as artificial intelligence technologies,
are deliberately excluded from the present review.

2 | Methods

2.1 | Protocol Development and Research
Questions

This review was registered at the PROSPERO International
Prospective Register of Systematic Reviews(CRD42024574265).
The systematic review protocol was structured and re-
ported according to the PRISMA statement checklist (Moher
et al. 2009).

2.2 | Criteria Definition for the PICO Questions
2.21 | Population

Adults being assessed for periodontitis.

2.2.2 | Intervention (Index Diagnostic Test)

For PICO 1: standard 2D imaging modalities, including periapi-
cal, panoramic and bitewing radiographs. For PICO 2: alternative
and emerging imaging and diagnostic methods including CBCT,
MRI, subtraction radiography, periodontal endoscopy, optical
coherence tomography (OCT), fluorescence spectroscopy, USG,
intraoral scanning, absorptiometry and xeroradiography.

2.2.3 | Comparison (Reference Standard)

For PICO 1: clinical reference measures (including both clinical
examination and intra-surgical measurements) to obtain peri-
odontal measurements (e.g., clinical attachment level [CAL]).
For PICO 2: also, standard 2D radiographs.

2.2.4 | Outcome

Accuracy in the detection, staging, monitoring and surveillance
of periodontitis or periodontal parameter changes over time.

2.3 | Literature Search Strategy

Once the selection criteria have been determined, the following
databases were screened by two independent reviewers (C.W.
and I.D.R.): MEDLINE (through PubMed), EMBASE, Scopus
and Cochrane Library. A grey literature search was conducted
on OpenGrey and Google Scholar databases. A specific research
equation was formulated for each PICO question and adapted
to the different databases using keywords and MeshTerms. The
literature search and selection process were conducted with the
help of Ryyan software (https://www.rayyan.ai) in a stepwise
manner, first upon title and abstract and then on full text. Any
disagreement between the two reviewers was solved by consen-
sus or eventually with discussion with a third author (M.C.C. or
N.D.) acting as moderator. Concordance between the reviewers
was assessed by estimating the kappa value and percentage of
agreement.

2.4 | Literature Search Restrictions
2.4.1 | Eligibility Criteria

a. English literature.
b. Human clinical studies in adult populations.

c. The target condition being the disease (i.e., periodontitis),
disease stage or a complicating condition associated with
the clinical manifestation of the disease (e.g., intrabony
defect).
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d. Periodontitis case definition based on epidemiological cri-
teria (Page and Eke 2007) or clinical parameters, according
to the 2018 WWP Classification or previous classification
systems.

e. A minimum sample size of 20 patients or 20 teeth/sites, ac-
cording to the statistical units considered.

f. Study designs: cross-sectional, case-control, longitu-
dinal (with a minimum follow-up of 6 months) (Deeks
et al. 2023), randomized controlled trials (RCTs). For ret-
rospective studies, the time interval between the index test
execution (e.g., CBCT) and the reference standard (e.g.,
clinical examination) was not to exceed 6 months.

g. Owing to the expected heterogeneity in the literature,
any measure of accuracy, validity, reproducibility or per-
formance of the diagnostic test versus the reference stan-
dard(s) was considered.

2.5 | Critical Evaluation

The critical evaluation was conducted by two reviewers (I.D.R.
and C.W.) using the critical review checklist outlined in the re-
vised Quality Assessment of Diagnostic Studies (QUADAS-2)
(Whiting et al. 2011). A consensus was reached through discus-
sion in case of disagreement. Reporting bias and sponsoring bias
were also evaluated.

2.6 | Data Extraction

Two reviewers (M.C.C. and N.D.) performed an independent
data extraction on a dedicated excel spreadsheet. A third re-
viewer compared the files, checked for possible discrepancies
and compiled the final database that was used to produce sum-
mary tables for the qualitative and quantitative syntheses (meta-
analysis, whenever possible).

2.7 | Data Analysis

The feasibility of a meta-analysis was checked by the PICO ques-
tion and the diagnostic technique used. Meta-analysis was under-
taken when sufficient comparable studies (n > 2) were available.
If judged feasible, a meta-analysis of diagnostic accuracy was
conducted using the hierarchical summary receiver operating
characteristic (HSROC) model (Rutter and Gatsonis 2001), ac-
counting for both within-study and between-study variability.
True positives (TPs), false positives (FPs), true negatives (TNs)
and false negatives (FNs) were extracted from the individual
studies and used to calculate sensitivity, specificity and accuracy.

Diagnostic odds ratios (DORs) were computed to summarize
test performance across studies, and a random-effects model
was used to pool log-transformed DORs. The pooled DOR,
sensitivity and specificity were eventually calculated, with
heterogeneity assessed using I? statistics; and values of 25%,
50% and 75% were considered low, moderate and high hetero-
geneity, respectively. A summary ROC (SROC) curve was plot-
ted, incorporating individual study estimates, and confidence
intervals (CIs) for sensitivity and specificity were computed

using the Wilson score method. RevMan (version 5.3; Cochrane
Collaboration) and Stata IC 18 software were used.

3 | Results

3.1 | Search Results and Selection of Included
Studies

For PICO 1, a total of 2095 records were retrieved from database
searches, with 19 additional records identified through man-
ual search. Eventually, without retrieving any duplicates, 2114
records were screened by title and abstract; 1995 records were
excluded and 113 reports were selected for further full-text eval-
uation. Twenty-six studies were included in the present work.
The PRISMA flowchart illustrates the study selection process
and search results (Figure 1).

For PICO 2, the literature search yielded 2417 relevant records.
Ultimately, 51 studies were selected (Figure 2). The kappa score
calculated for screening agreement between the reviewers was
0.90 for PICO 1 and 0.92 for PICO 2.

3.2 | Characteristics of Included Studies for PICO 1

Concerning the traditional radiography, studies investigating the
accuracy of the diagnosis of periodontitis at the patient level are
summarized in Table 1 and at site level in Table 2. Appendix 1
gives complete information about the included studies.

3.3 | Characteristics of Included Studies for PICO 2

Concerning the alternative and emerging imaging techniques,
studies investigating the accuracy of CBCT are summarized in
Table 3, those exploring the role of fractal analysis in Table 4,
those exploring digital methods applied to analyse radiographic
(ionizing) imaging in Table 5 and those exploring the diagnostic
performance and application of non-ionizing imaging methods
in Table 6. Appendix 1 gives complete information about the in-
cluded studies.

3.4 | Quantitative Synthesis

For PICO 1, pooled data analysis was based on three studies com-
prising 983 patients (Atchison et al. 1995; Machado et al. 2020;
Merchant et al. 2004). The pooled sensitivity was 0.77 (95% CI:
0.66-0.85), while the pooled specificity was 0.76 (95% CI:0.64—0.84)
with a high level of accuracy (0.82). The DOR was 137.99 (95% CI:
6.99-368.90), indicating strong diagnostic accuracy. Heterogeneity
was moderate to high, with I? values of 74.9% for sensitivity and
81.3% for specificity, suggesting some variability in diagnostic per-
formance across the studies. The SROC curve shows the balance
between sensitivity and specificity, with CIs around individual
studies and pooled estimates reflecting variability in the diagnos-
tic test performance (Figures 3 and 4).

For PICO 2, meta-analysis was deemed possible only for studies as-
sessing the diagnostic accuracy of CBCT for furcation involvement
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FIGURE1 |

PRISMA flow diagram for PICO 1. This work is licensed under CC BY 4.0. To view a copy of this license, visit https://creativeco

mmons.org/licenses/by/4.0/. Source: Page MJ, et al. BMJ 2021;372:n71. https://doi.org/10.1136/bmj.n71.

(FI). Only 3 studies (Komsic et al. 2019; Qiao et al. 2014; Walter
et al. 2010) out of the 14 assessing the role of CBCT in FI were
sufficiently homogenous in design to be pooled together. These
three studies analysed FI in maxillary first and second molars
(n=168) and employed intra-surgical measures as a gold standard
reference. FI was assessed in terms of presence/absence (yes/
no), distinguishing between Grades 2 and 3 (yes) versus Grades
0 and 1 (no). Thus, compared to those of direct intra-surgical
measurements, the pooled sensitivity and specificity of CBCT to
correctly diagnose/detect an FI were 0.98 (95% CI: 0.96-1.00) and
0.98 (95% CI: 0.95-1), respectively (I%: 0%), with a pooled DOR of
1450.14 (95% CI: 181.38-11593.50), indicating that CBCT discrim-
inates correctly the presence of FI in maxillary molars (Figure 5).
Indeed, the calculated diagnostic accuracy for CBCT for FI was
0.99. Conversely, when compared to clinical measurements to di-
agnose FI (Walter et al. 2009; Cimbaljevic et al. 2015; Zhu and
Ouyang 2016), CBCT was associated with excellent sensitivity
(0.95; 95% CI: 0.91-0.98) but very low specificity (0.12; 95% CI:
0.06-0.17), with a pooled DOR of 0.20 (95% CI: 0.07-0.57) and
very high heterogeneity (I*: 89.14%; Figure S1).

3.5 | Risk of Bias and Quality Assessment

The risk of bias and applicability assessment of the studies se-
lected for the PICO 1 are presented in Figures 6 and S4.

In the patient selection domain, 28% of the articles were consid-
ered to have an unclear risk of bias, due to unspecified methods

of patient selection and the absence of clear exclusion criteria.
Eight studies were judged to have a high risk, due to the employ-
ment of purposive sampling. One study was rated at high risk
in domain 2, because the threshold used for the index tests and
the blinding of examiners were not specified (Saberi et al. 2017).
Unclear concerns regarding applicability in domain 3 were iden-
tified in 2 of the 17selected studies because of the use of CPITN
(community periodontal index treatment need) as the reference
standard and the lack of sufficient details on the clinical mea-
surements (Douglass et al. 1986; Walsh et al. 1997).

The risk of bias of the 51 studies included in PICO 2 is summa-
rized in Figures 7 and S5. In domain 1, five studies were classified
at high risk of bias, while 29% were considered to have an unclear
risk, due to the use of case—control designs, the absence of consec-
utive or random sampling or the selection of specific patient pop-
ulations. In the index test domain, six articles showed an unclear
risk due to the lack of information regarding the blinding of ex-
aminers or the threshold used. The absence of information about
patient characteristics (de Faria Vasconcelos et al. 2012) and the
study focus on implant treatment rather than on periodontal dis-
ease (Goodarzi Pour et al. 2015) resulted in high applicability con-
cerns in two studies and unclear in one (Shrout et al. 1998).

3.6 | Risk of Bias Across Studies

No significant publication bias was observed (Deeks
et al. 2005) based on DOR when considering studies reporting
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PRISMA flow diagram for PICO 2. This work is licensed under CC BY 4.0. To view a copy of this license, visit https://creativeco

mmons.org/licenses/by/4.0/. Source: Page MJ, et al. BMJ 2021;372:n71. https://doi.org/10.1136/bmj.n71.

the accuracy of standard 2D radiography (Figure S2) and
CBCT (Figure S3).

4 | Discussion

The present systematic review provides an updated synthe-
sis of the body of evidence supporting the role of imaging in
the diagnosis of periodontitis. The results are based on two
focus questions, which retrieved a total of 69 publications. A
meta-analysis was performed for the diagnostic accuracy of
standard 2D radiography for the diagnosis of periodontitis at
the patient level and for the diagnostic accuracy of CBCT for
furcation defects on maxillary molars. The great variability in
study designs, population characteristics, reference measure
and disease definitions demands caution at the time of inter-
preting the results.

4.1 | Standard 2D Radiography

PICO 1 provided answer to the need for assessing the diagnos-
tic accuracy of standard 2D radiography for the diagnosis of
periodontitis. The quantitative pooled data analysis highlights
a high level of diagnostic accuracy in terms of DOR, sensitivity
and specificity, supporting the principle that clinical and radio-
graphic diagnosis can be considered as complementary. In fact,
even though the identification of a ‘periodontitis case’ is primar-
ily based on clinical findings (Tonetti et al. 2018) according to

the 2018 WWP Classification System, radiography plays a com-
plementary role in the case of staging (when CALs cannot be
assessed). Additionally, in establishing the grade, radiographs
provide indirect evidence, but it is an essential evaluation tool
to assess the risk of disease progression (Caton et al. 2018;
Machado et al. 2020; Jacobs et al. 2024). Radiography finds its
applicability in the prognosis and longitudinal evaluation of the
risk of disease recurrence (Lang and Bartold 2018; Papapanou
et al. 2018).

Beyond the inherent limitations of radiography (e.g., incomplete
view of the bucco-lingual aspects of the interproximal bone,
underestimation of initial alveolar bone loss, overestimation of
severe bone loss), the lack of reporting about standardization is
noteworthy (Table 1). The accuracy and reliability of panoramic
and intraoral radiography are indeed greatly influenced by the
standardization of the alignment among radiographic compo-
nents, such as the image receptor plane, the X-ray beam and the
teeth (Akesson, et al. 1989a, 1989b; Benn 1990; Eickholz and
Hausmann 2000; Pepelassi et al. 2000).

The diagnostic accuracy of 2D radiographs was also explored at
the site level considering both clinical and intra-surgical mea-
surements as reference standards (Table 2). However, due to
heterogeneity of the selected studies, no quantitative synthesis
could be performed. Moreover, the correlation between clinical
measures and radiographic methods for furcation evaluation re-
sulted in high heterogeneity, with sensitivity values ranging from
30% to 70% and specificity values ranging from 70% to >90%. A
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general tendency to underestimate the lesions was observed, and
all methods became more reliable in case of more advanced level
of involvement (i.e., Grades I and III furcation). While assessing
bone crater morphology is essential, none of the included stud-
ies directly measured this aspect. Some studies indirectly eval-
uated bone morphology by distinguishing between vertical and
horizontal components, but a detailed analysis of bone craters
was not their focus. There are several parameters, such as the
anatomical complexity of molars, the different locations of the
tooth, the site of furcation entrance and experience of the clinical
examiner, that could have influenced the magnitude of the cor-
relation (Graetz et al. 2014; Kom§ic et al. 2019; Jolivet et al. 2022).

The results for the relationship between radiographic bone level,
intrabony defects and CAL account for both moderate to weak
correlation and low sensitivity with higher accuracy for bitewing
radiography. Tooth type (maxillary molars and mandibular in-
cisors less reliable), timing of evaluation and the index measure
applied might have influenced the results. Previous seminal short-
term retrospective studies have already addressed the reasons for
this low diagnostic correlation (Armitage et al. 1994; Goodson
et al. 1984; Mann et al. 1985). The measurement error associated
with either technique or the analysed tissue target might account
for a poor site correlation. In fact, the changes detected by radi-
ography relate with the bone height, while the changes detected
by the clinical measure relate with both anatomical attachment
level and tissue tone. Moreover, the soft- and hard-tissue remodel-
ling could occur in distinct time, thus progressing independently
(Goodson et al. 1984; Machtei et al. 1997; Teles et al. 2018).

42 | CBCT

CBCT hasbeen used for more than two decades, and over 250 dif-
ferent CBCT models are available on the market (Gaéta-Araujo
et al. 2020). This is deductible from the different protocols of
image acquisition detailed in the selected studies, including dif-
ferences in the field of view, peak voltage, voxel size, scanning
time and slice thickness. This highlights a very important point:
the image acquisition protocol as well as the subsequent image
evaluation is influenced by the technical characteristics of the
CBCT and those set by the practitioner. Generally, these should
be adapted to obtain an adequate image quality while minimiz-
ing the radiation dose to which patients are exposed. Still, it re-
mains an ionizing-radiation-based technique whose use must be
justified by clear diagnostic advantages.

CBCT provides a 3D image of the dental and periodontal tissues
without the limitation of superposing anatomical structures that
can hamper the correct interpretation of the standard 2D radio-
graphs. It is relatively rapid to perform, and several pieces of in-
formation supporting diagnosis and treatment planning can be
gathered. Back in 2017, the American Academy of Periodontology
published a consensus statement indicating that there was little
evidence to support CBCT as a routine replacement or adjunct
to 2D imaging in the management of periodontitis (Mandelaris
et al. 2017). Based on expert opinions, CBCT was considered
useful in case of severe periodontitis, when furcation areas are
involved, to evaluate other anatomical structures such as the
maxillary sinus or the inferior alveolar nerve and when planning
for dental implants. In these clinical scenarios, CBCT may be

more appropriate than 2D radiographs, but no evidence for this
was provided (Mandelaris et al. 2017). In the present systematic
review, 29 studies were considered. CBCT was mainly used to
evaluate and classify intrabony defects or FI, and in several stud-
ies the diagnostic accuracy of CBCT was compared with intra-
surgical measurements as the reference standard. In general,
the studies assessing intrabony defects consistently found that
CBCT is a precise, reliable and accurate tool, superior to intra-
oral radiographs (Grimard et al. 2009). In the case of FI, pooled
data analysis showed that the diagnostic accuracy of CBCT to
correctly detect FI was very high (0.99), with pooled sensitivity
and specificity of 98%, compared to intra-surgical measurements.
Conversely, the sensitivity and specificity changed if clinical
measurements were taken as reference. In general, a low level of
agreement was found between CBCT classification and clinical
classification of furcation defects, particularly for Grade I. This
can be most likely explained by the fact that the clinical diagnosis
of FI is challenging, and correctly probing this area is not always
possible. Frequently, the inability to fully penetrate the furcation
with the probe, even in the absence of clinical attachment, con-
tributes to the evidenced disparity between clinical and CBCT
measurements. When the tip of the probe does not penetrate the
furcation, Grade III FI can be assumed if the sum of the vestibu-
lar and lingual probing depths exceeds the tooth's vestibulo-oral
dimension (Graetz et al. 2014; Ammons and Harrington 2006).
This highlights the meaning of clinical probing (CAL) and the
inherent limitations of probing furcation areas, which has led
many studies to consider CBCT as a more reliable reference stan-
dard over clinical measurements. Indeed, also other selected
studies assessing FI by CBCT (but not included in the pooled data
analysis) consistently reported great accuracy in detecting FI
and in correctly classifying the degree of horizontal and vertical
bone loss (Walter et al. 2009; Cimbaljevic et al. 2015; Pajnigara
et al. 2016; Marinescu et al. 2014; Padmanabhan et al. 2017; Zhu
and Ouyang 2016; Zhang et al. 2018; Lam et al. 2022; Alsakr
et al. 2022; Yusof et al. 2021; Alotaibi et al. 2024). This increased
accuracy may also impact treatment planning and therapeutic
decision. Indeed, a study by Walter et al. (2012) observed that
CBCT assessments of maxillary molars with FI can influence
the treatment choice and finally reduce the treatment-associated
costs and time. Thus, several studies concluded that CBCT may
be considered as the reference standard in cases of FI and severe
periodontal lesions that merita 3D imaging assessment. However,
CBCT imaging can be drastically compromised by artefacts if
metallic materials, such as titanium or zirconia implants or res-
torations, are present in the area of interest. Considering these
limitations, its use should be considered on a case-by-case basis
by weighing the risk/benefit and costs/benefit ratios (Jacobs and
Quirynen 2014; Jacobs et al. 2018).

4.3 | Fractal Analysis

Fractal analysis consists in a mathematical method of analys-
ing standard 2D digital radiographs (periapical or panoramic)
to evaluate the morphological pattern of the alveolar trabecular
bone and its possible change over time, making this tool inter-
esting to differentiate between health and disease and to mon-
itor response to treatments. A quantitative measure of image
complexity is estimated as the fractal dimension (FD); an in-
crease in FD value is observed when the imaging patterns have
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FIGURE 3 | Pooled sensitivity and specificity across the studies
(PICO 1).

1o Summary ROC Curve with Focus on Confidence Intervals
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FIGURE 4 | Summary ROC (SROC) curve incorporating individual
study estimates (PICO 1).

a more complex structure, while lower values indicate a simpler
structure. The selected studies applied the protocol developed
by White and Rudolph, which generates FD values representing
the morphological features of the bone architecture (White and
Rudolph 1999). Almost all the studies used ImageJ software to
calculate the fractal size, and thus they can be considered quite
homogenous in their methods. In general, these studies found
that FD decreases with the severity/stage of periodontitis, with
the highest values found in healthy controls (Khajavi et al. 2017;
Sener et al. 2015; Updike and Nowzari 2008; Soltani et al. 2021;
Korkmaz et al. 2023; Mishra et al. 2023; Yarkac et al. 2023; Eser
and Saribag 2024). Although a standardized cut-off value of FD
remains to be identified, these findings suggest the diagnostic
utility of fractal analysis to detect periodontal breakdown, also
in the early stages, and to monitor trabecular changes over time.
However, it is worth mentioning that 90% of the studies were

found to have used an inappropriate method of patient selection
and an unclear, thus hardly reproducible, strategy of application
and interpretation of the index test in use, consequently affect-
ing the applicability of the results.

4.4 | USG

USG was introduced as a promising 3D tool to evaluate
the morphology of the periodontal tissues by using a high-
resolution, non-ionizing, miniaturized probe connected to
an ultrasound scanner that allows the real-time visualization
of the tooth crown, root, gingival margin and alveolar bone
(Mahmoud et al. 2010; Qi et al. 2023). Intraoral USG may offer
several advantages over ionizing techniques, particularly for
its non-invasiveness and being less affected by metal artefacts
(Miiller et al. 2000; Shah 2014). Several studies have shown
that USG is accurate in the detection and visualization of peri-
odontal anatomical structures and characteristics, such as gin-
gival margin, gingival/mucosal thickness, interdental papilla
height, periodontal pocket, alveolar bone loss and bony defects
(Tattan et al. 2020). Most of these measurements were vali-
dated against a clinical assessment or a CBCT, with a moderate
to good agreement (Tattan et al. 2020). However, most of these
in vivo studies applied USG in healthy individuals without
periodontal diseases (Salmon and Le Denmat 2012; Zimbran
et al. 2013; Tattan et al. 2020; Moore et al. 2022); nor did they
assess the diagnostic accuracy of USG for the diagnosis of peri-
odontitis. Indeed, no study was found concerning the diagnosis
of the disease, and only one study (Tanaka et al. 2023) met the
inclusion criteria of the present systematic review as investi-
gating the role of USG for the diagnosis of FI. In the study by
Tanaka et al. (2023), USG showed excellent agreement with
CBCT and high diagnostic accuracy (sensibility: 98.3%; spec-
ificity: 100%) in the detection of FI and the assessment of the
horizontal component of defect involving the furcation area in
mandibular molars. Moreover, both CBCT and USG appeared
to be more accurate than clinical examination (probing), par-
ticularly in case of FI Grade I (Tanaka et al. 2023). However,
as stated by the authors, the application of USG may be limited
by several factors, such as the USG probe size and design, the
narrow field of view, the accessibility of the area scanned (only
buccal furcation of mandibular molars were evaluated) and, fi-
nally, the operator's skills and experience (Tanaka et al. 2023).
Thus, although promising, the routine application of intraoral
USG in daily practice will remain under validation until fur-
ther studies prove that its use for periodontitis diagnosis can be
considered reliable, affordable, streamlined and with a positive
cost/benefit ratio.

45 | MRI

MRI also is a non-ionizing technique providing a tomograph
or sectional image that is particularly adapted for soft-tissue
evaluation. High-resolution images can be constructed in all
planes, and the use of contrast agents (such as the intrave-
nous gadolinium-based contrast agent, GBCA) can enhance
the diagnostic value of the technique (Juerchott et al. 2018;
Lizio et al. 2018). For periodontal diagnosis, only three studies
published between 2019 and 2021 were identified (Juerchott
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FIGURE 6 | Risk of bias and applicability concerns graph (PICO 1).

et al. 2020b; Probst et al. 2021; Ruetters et al. 2019). Reutters
et al. assessed the diagnostic accuracy of MRI in measuring
bone loss around teeth in comparison with standard periapi-
cal radiographs and reported a very high concordance between
the two techniques, together with an excellent inter-rater and
intra-rater agreement. Indeed, the extent of periodontal bone
loss (expressed as a ratio) measured on MRI was 0.0019-0.0056
(depending on the rater), which was smaller than on a periapi-
cal radiograph, suggesting good reliability and reproducibility
(Ruetters et al. 2019).

With the purpose of detecting and classify FI, Juerchott et al.,
evaluated the diagnostic accuracy of MRI in 195 furcation en-
trances of 65 maxillary molars in 23 patients with Stage III or IV
periodontitis. The study also reported the clinical classification
and CBCT evaluation of the FI. MRI, performed without any con-
trast agent, showed values of sensitivity and specificity >98% in
detecting inter-radicular bone loss, and it was highly sensitive in
the classification of horizontal grades and vertical subclasses of FI
compared to CBCT. Conversely, its sensitivity and specificity were
low (62.8% and 84.6%, respectively) when compared to clinical
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diagnosis. This highlights the value of clinical probing (CAL) and
the inherent limitations of probing furcation areas, which has led
many studies to consider CBCT as a more reliable reference stan-
dard over clinical measurements (Juerchott et al. 2020; Juerchott
et al. 2020). Although not meeting the eligibility criteria of the
present systematic review, Juerchott et al. (2020) and Juerchott
et al. (2020) also evaluated the accuracy of dental MRI with a con-
trast agent against CBCT as reference standard. In a sample of pa-
tients diagnosed with Stages IIT and IV periodontitis, the authors
analysed 192 furcation entrances on MRI T1-weighted imaging
(obtained after the intravenous administration of 0.1 mmol/kg
gadoterate meglumine) and compared them with those obtained
by CBCT. Their results showed excellent intra- and inter-reader
agreement (>0.90) for both MRI- and CBCT-based detection and
classification of FI, with no significant difference for the absolute
measurement values of the horizontal component of defect in the
furcation area. Compared to that of CBCT, the diagnostic accu-
racy of MRI for FI was considered excellent, with a sensitivity
of 98% and a specificity of 99% (Juerchott et al. 2020; Juerchott
et al. 2020). Dental MRI also showed a high accuracy for the three
different furcation sites, with sensitivity rates (based on correct
identification of presence and grade of FI) of 86% for buccal, 93%
for disto-palatal and 100% for mesio-palatal FI, differences that
the authors explained as due to the relationship between spatial
resolution of the applied MRI technique and the width of furca-
tion entrances (Juerchott et al. 2020).

Unclear

Finally, in the study by Probst et al., MRI was used to discrim-
inate between periodontal health and disease. MRI findings,
particularly osseous oedema, correlated with standard clinical
periodontal measures (e.g., PPR, BOP), suggesting that MRI
could be applied to depict osseous changes with oedema as sur-
rogate marker for early stages of periodontal disease that would
not be detected in a standard 2D periapical or panoramic radio-
graph (Probst et al. 2021).

Globally, MRI—both with and without the use of contrast
agents—appeared as a promising imaging modality for the di-
agnosis of FI and to detect alveolar bone loss in patients with
periodontitis. However, several limitations of the techniques
must be acknowledged, including the time consumed in ac-
quisition and sequencing, high cost and limited availability.
In addition, high resolution is needed to detect the alveolar
bone topography and provide detailed information susceptible
to contribute to the clinical diagnosis, but artefacts may occur
depending on the type of metal/material of dental restorations
present in the area of interest (e.g., stainless steel) (Chockattu
et al. 2018). It must be noted that in the included studies, the
MRI acquisition protocols were different, as were the targeted
condition and disease definition. Thus, no robust conclusion
could be drawn, and further investigations are awaited to ex-
plore the applicability and cost effectiveness of MRI for peri-
odontal diagnosis.
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4.6 | Other Techniques

It is worth noting that no study dealing with other non-ionizing
techniques applied as diagnostic tools for periodontitis met the
selection criteria. Thus, their role in assisting clinicians during
the diagnostic process remains to be determined. For instance,
optical coherence tomography, periodontal endoscopy and fluo-
rescence spectroscopy have been mainly tested to detect subgin-
gival calculus and verify its adequate removal after periodontal
treatment (Buchalla et al. 2004; Chang et al. 2023). Although
it is essential to correctly evaluate the location and amount of
calculus in patients with periodontitis, this is not a diagnostic
criterion and thus the diagnostic performance, in terms of ac-
curacy and reliability, of these techniques cannot be estimated.
Moreover, these techniques are usually characterized by so-
phisticated hardware components, expensive disposable mate-
rials and a steep learning curve for the operator, both in terms
of correct applications and imaging interpretation, which can
be highly influenced by the presence of blood, saliva, debris
and water.

Finally, it must be acknowledged that none of the selected stud-
ies investigated the safety, applicability and cost effectiveness of
these diagnostic tools. These important aspects, which clearly
influence the implementation of a new technology, remain to be
explored.

4.7 | Implications for Future Research

+ The evaluation of radiographic techniques should be tested
or compared against the clinical diagnostic criteria used to
classify periodontal patients into stages and grades accord-
ing to the 2018 WWP Classification System.

« Efforts should be made to report standard diagnostic ac-
curacy and validity parameters, such as sensibility, speci-
ficity, negative and positive predictive values, compared to
the reference standard, which should be correctly identified
according to the case definition considered (e.g., furcation
involvement, periodontitis).

+ Future studies should evaluate the cost and time effective-
ness of alternative and emerging imaging techniques intro-
duced as complementary tools to the clinical assessment of
periodontitis.

« The operator's learning curve necessary to reach profi-
ciency in the implementation, use and interpretation of
these alternative and emerging imaging techniques should
be specifically evaluated in the field of periodontology.

5 | Conclusion

Within the limitation of the present systematic review and
meta-analysis, and considering the moderate to high risk of
bias of the included studies, the following conclusions can
be drawn:

« Standard 2D radiography has high diagnostic accuracy
in periodontitis assessment and can be considered as

complementary to clinical diagnosis in the definition of the
stage and grade.

« In the evaluation of furcation areas, the correlation be-
tween clinical measures and 2D radiography is highly het-
erogeneous with a tendency to underestimate the defects.
Accuracy increases for more advanced level of involvement
(i.e., Grades IT and III furcation).

« CBCT is a precise, reliable and accurate tool, superior to in-
traoral radiographs, for the assessment of FI and intrabony
defects. However, its use should be considered on a case-by-
case basis by weighing the risk/benefit and cost/benefit ratios.

« Routine application of fractal analysis, USG and MRI will
remain under validation until further studies highlight that
their use for periodontitis diagnosis can be considered reli-
able, affordable, streamlined and with a positive cost/bene-
fit ratio.
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Appendix 1
Characteristics of Included Studies (PICO 1)

Patient-Level Analysis (Table 1)

Study Design

The studies included in the patient-level analysis comprised pro-
spective cohort (Douglass et al. 1986) and cross-sectional designs
(Atchison et al. 1995; Farook et al. 2020; Machado et al. 2020; Walsh
et al. 1997).

Disease Definition

The definition of periodontitis across the selected studies was
heterogeneous. Investigations published after 2018 were based on
the 2018 International Classification (Farook et al. 2020; Machado
et al. 2020), while Walsh et al. (1997) used the definition based on the
community periodontal index needs (CPITN) (Schiirch et al. 1990).
No precise periodontitis definition was provided across the other
investigations: radiographic bone loss was the major parameter to
define a ‘target’ patient (Table 1) (Atchison et al. 1995; Douglass
et al. 1986).

Study Population/Selected Samples. Adult patients seek-
ing a dental diagnosis were enrolled into two studies (Atchison
et al. 1995; Douglass et al. 1986) and patients with an exist-
ing diagnosis of periodontitis in two other studies (Farook
et al. 2020; Walsh et al. 1997). An epidemiological sample
(SoPHiAS) was the source of Machado et al. (2020).

Reference Standard and Index Test. All selected studies
used the clinical examination, including periodontal probing
(UNC 15) as the reference standard against which to assess
the diagnostic accuracy of the radiographic technique. Several
combinations of radiographic techniques were evaluated. Pan-
oramic radiography was evaluated in two studies (Machado
et al. 2020; Walsh et al. 1997), bitewing and periapical radio-
graphs in one study (Atchison et al. 1995), while both panoramic
and periapical radiographs or their combination were evaluated
by Farook et al. (2020) and Douglass et al. (1986).

Site-Level Analysis (Table 2)

Study Design

A cross-sectional study design was applied in six studies (Alasqah
et al. 2022; Ashwinirani et al. 2015; Deas et al. 2006; Khocht et al. 1996;
Kim et al. 2008; Saberi et al. 2017), while a longitudinal prospective
study design was followed in four studies (Gedik et al. 2008; Hausmann
et al. 1994; Rams et al. 1994). One publication was a retrospective
study (Rams et al. 2018) and one a randomized clinical trial (Yusof
et al. 2021).

Disease Definition

In accordance with the characteristics of the site analysed, a different
specific classification or morphological description of the defect was
applied. Furcation defects, classified according to the Hamp classifi-
cation, morphological description of the marginal bone crest and the
presence of radiographic angular bony defects were also taken into
consideration.

Study Population/Selected Samples

Only one investigation used the 2018 International Classification defi-
nition of periodontitis (Yusof et al. 2021).
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Reference Standard and Index Test

All investigations included used a clinical examination performed with
a periodontal probe as the reference with which to compare the radio-
graphic techniques.

Periapical radiographs were the most common radiological tool used to
describe interproximal defects. Two publications used either only ortho-
pantomograms (Saberi et al. 2017) or bitewing radiographs (Hausmann
et al. 1994). The study by Ashwiniriani et al. (Ashwinirani et al. 2015)
implemented the analysis with the use of radiovisiography, and the
study by Gedik et al. (Gedik et al. 2008) analysed the defects with peri-
apical, bitewing and panoramic radiographs. Only three publications
specified whether the latter technique was deployed with any form of
standardization.

Characteristics of Included Studies (PICO 2)

Concerning the emerging imaging techniques and taking into account
both the attempt to improve the diagnostic accuracy of the 2D examina-
tion and the attempt to reduce their biological radiation's effect, studies
investigating the accuracy of CBCT are summarized in Table 3; those
exploring the role of fractal analysis are summarized in Table 4; those
exploring digital methods applied to analyse radiographic (ionising)
imaging are shown in Table 5 and those exploring the diagnostic per-
formance and application of non-ionizing imaging methods in Table 6.

CBCT

Study Design

Overall, 29 studies investigated the diagnostic accuracy of CBCT;
of these, one was a prospective cohort (Pajnigara et al. 2016) and
one was an RCT (Yusof et al. 2021). The remaining 27 studies had a
cross-sectional design (Adurty et al. 2021; Alotaibi et al. 2024; Alsakr
et al. 2022; Cimbaljevic et al. 2015; De Faria Vasconcelos et al. 2012;
Fleiner et al. 2024; Goodarzi Pour et al. 2015; Grimard et al. 2009;
Guo et al. 2016; KomsSic et al. 2019; Lam et al. 2022; Li et al. 2015;
Marinescu et al. 2014; Moradi Haghgoo et al. 2014; Nikolic-Jakoba
et al. 2021; Padmanabhan et al. 2017; Patil et al. 2023; Qi et al. 2023;
Raichur et al. 2012; Suphanantachat et al. 2017; Walter et al. 2009; Yang
et al. 2019; Zhang et al. 2018; Zhu and Ouyang 2016). The great major-
ity (n=26) were conducted in a university/dental college setting; only
two (De Faria Vasconcelos et al. 2012; Goodarzi Pour et al. 2015) were
conducted in private practice and one was not specified (Marinescu
et al. 2014).

Disease Definition

The diagnostic accuracy of CBCT was assessed to detect and de-
scribe three types of periodontal defects: intrabony defects, furcation
involvement and marginal bone crest (Table 3). Furcation involve-
ment was most of the time diagnosed and classified based on Hamp's
(Hamp et al. 1975) or Glickman's classification systems (Glickman and
Carranza 1979). The number of defects analysed in the selected studies
ranged between 20 and 200.

Study Population/Selected Samples

All studies included patients with periodontitis, history of periodontitis
or seeking periodontal treatment. In some studies, the need of periodon-
tal surgery was applied as a selection criterion.

Reference Standard and Index Test

Sixteen studies used intra-surgical measurements as reference stan-
dard against which to evaluate CBCT accuracy (Banodkar et al. 2015;
Goodarzi Pour et al. 2015; Grimard et al. 2009; Guo et al. 2016; KomSic
et al. 2019; Li et al. 2015; Moradi Haghgoo et al. 2014; Nikolic-Jakoba
et al. 2021; Padmanabhan et al. 2017; Pajnigara et al. 2016; Patil
et al. 2023; Qiao et al. 2014; Raichur et al. 2012; Walter et al. 2009; Yang

et al. 2019; Yusof et al. 2021). The other studies used a clinical evalua-
tion or peri-apical radiographs as reference standard.

CBCT was the index text. The specific technical parameters used in the
selected studies are detailed in Table 3.

Fractal Analysis

Study Design

Overall, 10 studies investigating the usefulness and accuracy of frac-
tal analysis on periapical radiographs were included (Table 4) (Aktuna
Belgin and Serindere 2020; Khajavi et al. 2017; Eser and Saribas 2024;
Korkmaz et al. 2023; Mishra et al. 2023; Sener et al. 2015; Shrout
et al. 1998; Soltani et al. 2021; Updike and Nowzari 2008; Yarkac
et al. 2023). All had cross-sectional design and were conducted in a
university-based setting, except one that did not specify this aspect
(Khajavi et al. 2017). Five studies were conducted in Turkey, two in the
United States, two in Iran and one in India. All studies were designed
to compare at least two groups of patients, such as patients presenting
with periodontal health or gingivitis with patients with periodontitis
or different stages of periodontitis (based on the 2018 International
Classification definition of periodontitis).

Disease Definition and Study Populations

Heterogeneous clinical case definitions were applied, including the
most recent ones based on the 2018 WWP Classification (Korkmaz
et al. 2023; Mishra et al. 2023; Yarkac et al. 2023). Patients were selected
from among those seeking periodontal treatment.

Reference Standard and Index Test
The reference standard was clinical examination in all studies.

The index test was the evaluation of the trabecular bone structure, most
of the time assessed on first mandibular molars, based on the calcula-
tion of the fractal dimension (FD). This measure could be calculated on
a periapical or panoramic radiograph by using the ImageJ software in
all studies except one (Shrout et al. 1998).

Digital Methods to Analyse Radiographic Imaging and
Non-Ionizing Techniques

Study Design

There were nine prospective cohort studies, one controlled clinical
trial, one case—control and one cross-sectional investigation. These
investigated computer-assisted densitometric image analysis (CADIA)
for alveolar bone density (Deas et al. 1991; Payne et al. 2013), digital
subtraction analysis (Bragger et al. 1992; Eickholz and Hausmann 1997;
Eickholz et al. 1998; Jeffcoat 1992; Preshaw et al. 1999; Reddy and
Jeffcoat 1993), intraoral USG (Tanaka et al. 2023) and MRI (Juerchott
et al. 2020; Probst et al. 2021). The study characteristics are summarized
in Tables 5 and 6.

Disease Definition and Study Populations

All studies included patients with periodontitis (different case defini-
tions) or seeking periodontal treatment. The target condition was the
disease (i.e., periodontitis) in six studies, furcation involvement (FI) in
four studies and intrabony defect or bone loss in two studies.

Reference Standard and Index Test

All studies used clinical examination or conventional radiography as
the reference standard. In addition, Tanaka et al. (2023) and Juerchott
et al. (2020), Juerchott et al. (2020) also compared the index technique
with CBCT results (Tanaka et al. 2023; Juerchott et al. 2020).
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