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ABSTRACT

Traditionally, dental research has framed its questions around units of observation such as lesions,
teeth, or specific oral diseases. However, empirical findings may reveal the limitations of these
units, requiring broader explanatory lenses. This critical review reconstructs a scientific trajectory
organized around eight research questions. The findings shifted the unit of inquiry from the caries
lesion to the disease process and to individual, social, and behavioral contexts, oral disease burden,
syndemic frameworks, and complex disease networks. Evidence that carious dentin could be
retained without compromising restoration performance challenged lesion-centered intervention,
while differences in fluoride effectiveness and caries polarization revealed the importance of
social and behavioral conditions. Caries and periodontal indicators subsequently converged into
the Chronic Oral Disease Burden construct across life stages. Associations with inflammatory,
nutritional, metabolic, mental, and vascular conditions then extended the frontiers beyond the
mouth. Throughout this trajectory, sugars remained a thread, shifting from a major causal factor
for dental caries to a shared behavioral risk factor across oral and systemic conditions. Within the
complex NCD network, dental caries emerged as a hub across the life course; when we
incorporated its determinants, socioeconomic disadvantage, high free sugar consumption, and
insulin resistance emerged as key connecting nodes. Because caries is among the earliest NCDs,
these findings raise a question requiring prospective investigation: Could early childhood caries
serve as a sentinel marker of broader NCD trajectories across the life course? The disease
remains the same; what changes is the question-driven lens through which we examine it.
Keywords: Dental Caries; Periodontal Diseases; Noncommunicable Diseases; Dietary Sugars;
Life Course Perspective.

INTRODUCTION

Traditionally, dental research has focused on units of observation such as lesions, tooth
surfaces, teeth, or specific oral diseases. However, empirical findings may reveal the
limitations of these isolated units in explaining the complexity of oral diseases and their place
within the landscape of noncommunicable diseases, necessitating a broader, interdisciplinary
explanatory lens.

In this manuscript, we describe a scientific trajectory organized around eight questions
that collectively form a research framework. Each question emerged from limitations revealed
by previous findings and progressively broadened the explanatory lens: from conservative
removal of carious dentin to control of the caries process, from individual oral diseases to the
proposition of the Chronic Oral Disease Burden construct, and from the mouth to syndemic
frameworks and, ultimately, a complex network approach examining how different NCDs
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interconnect. Throughout this journey, sugar remains a recurring explanatory thread, shifting
from a major causal factor for dental caries to a shared behavioral risk factor across oral and
systemic conditions.

METHODOLOGICAL APPROACH

This critical review provides an interpretive reconstruction of a question-driven scientific
trajectory. Studies were selected based on their contribution to eight successive research
questions that progressively broadened the unit of inquiry, from the caries lesion to individual,
social, and behavioral contexts; oral disease burden; syndemic frameworks; and, ultimately,
complex disease networks. Policy documents were included when they translated findings into
clinical or public health guidance, while additional publications supported the theoretical
interpretation developed in this review (Table 1). Study selection was purposive rather than
exhaustive, and no systematic literature search was undertaken. The review is intended to
interpret the development of this research framework rather than provide a comprehensive
synthesis of all evidence in the field.

RESULTS

From the lesion to the disease process

Question 1: Can a caries lesion be arrested without the complete removal of carious tissue?
The journey began with a clinical question centered on the caries lesion: how much carious tissue
must be removed? Our early study was among the first to challenge the long-standing principle
that carious tissue had to be completely removed for restoration success. It showed that carious
dentin could be retained without compromising clinical performance or radiographic outcomes.
Beyond these outcomes, scanning electron microscopy showed the integrity of the hybrid layer
after one year, even when the adhesive interface was formed over carious dentin in primary teeth
D).

A subsequent randomized clinical trial by Lula et al. showed that residual bacterial
colonization after selective carious tissue removal was similar to that observed after complete
carious tissue removal, suggesting that bacterial persistence alone was not a reason to reopen the
cavity (2). Although softer and wetter dentin was initially associated with greater bacterial
contamination during carious tissue removal, its clinical characteristics, including color,
consistency, and moisture, changed substantially after sealing. Together with reduced bacterial
counts, these changes indicated caries lesion arrest (3). Nearly three decades after the earliest
studies, these findings continue to inform the principles of Minimal Intervention Dentistry and are
cited in clinical practice guidelines issued by the Brazilian Ministry of Health (4) and the
American Dental Association (5).

Lesion arrest does not necessarily imply disease control. Systematic reviews showed that
caries remained a major reason for restoration failure and that patient-related factors, particularly
caries risk, influenced restoration longevity (6,7). Thus, these findings exposed the limitation of
the lesion as the unit of intervention: a lesion could be arrested despite retained carious dentin, but
lesion control alone was insufficient to control the disease process.



SciELO Preprints - This document is a preprint and its current status is available at: https://doi.org/10.1590/SciELOPreprints.18362

From the disease process to the individual

Question 2: Does the same fluoride dose work for every child?

Once caries control was understood as extending beyond managing individual lesions, attention
shifted to whether preventive interventions worked equally for every child. A randomized clinical
trial comparing dentifrices containing 500 and 1,100 ppm fluoride showed that their effects
differed by baseline caries experience. Children with active caries benefited more from the
conventional fluoride concentration, whereas this difference was not observed in caries-free
children (8). These findings exposed the limitations of low-fluoride dentifrices as a population-
wide strategy: the lower concentration did not provide the same caries control for children with
active disease, the group most in need of protection. Thus, the effect of fluoride concentration
depended on who received it. The study was later cited in a report by the Irish Department of
Health evaluating fluoride toothpaste use in children under six, underscoring its relevance to
public health guidance (9).

From individual differences to social and behavioral contexts

Question 3: Why does early childhood caries affect children so unequally?

The finding that preventive interventions did not work equally for every child raised a
broader question about the unequal distribution of early childhood caries. In a low-income
population, caries was strongly polarized: most children had few or no lesions, whereas a small
subgroup carried a substantially greater disease burden (10). Although these children shared
broadly similar conditions of social vulnerability and access to health care, these common
conditions alone did not fully account for the observed polarization. Frequent sucrose
consumption was associated with higher caries experience, suggesting that differences in sugar
exposure helped distinguish children with a greater disease burden even within the same socially
vulnerable population (10).

From social and behavioral contexts to co-occurring conditions

Question 4: What else accompanies early childhood caries?

Frequent sugar consumption was associated with the polarization of early childhood caries, even
among children living under disadvantaged conditions (10). A subsequent study broadened the
explanatory framework by identifying undernutrition, overweight/obesity, and frequent sugar
consumption as risk indicators for early childhood caries (11). These findings placed sugar
exposure, dental caries, and contrasting nutritional conditions within the same empirical picture.
Moreover, children with early childhood caries exhibited elevated inflammatory biomarkers in
saliva and serum (12,13). Thus, a condition clinically expressed in the teeth co-occurred with
contrasting nutritional states and inflammatory alterations at both local and systemic levels.
From a caries-related exposure to a shared oral risk factor

Question 5: Does the association of sugar end with dental caries?

Sugar had repeatedly appeared in relation to caries. The next step was to ask whether its
association extended to the periodontium. Lula et al. provided early evidence that, in a population-
based sample of American young adults, more frequent added-sugar consumption was associated
with greater prevalence and extent of periodontal disease, independent of traditional risk factors
(14). This association was observed when the disease affected multiple teeth, but not when it was
limited to a single tooth, suggesting a relationship beyond a purely local effect. Our findings were
subsequently cited in a World Health Organization policy document addressing oral diseases as
part of essential noncommunicable disease interventions in Africa (15).
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We later examined the question across different populations and life stages. Menezes et al.
showed that higher soft-drink consumption was associated with more teeth with probing depth >4
mm with bleeding on probing among pregnant women (16). In Brazilian adolescents, Moreira et
al. showed that added sugar intake above 10% of daily energy was associated with a greater extent
of periodontal disease (17). Together, these findings showed that the association between sugar
exposure and periodontal alterations was observed across populations and life stages.

The explanatory question then moved from sugar as an isolated exposure to dietary
patterns. An unhealthy dietary pattern, including sugars, snacks, and salty/fast foods, was
associated with greater periodontitis extent and severity, whereas a healthy dietary pattern was
associated with better periodontal conditions. Biofilm mediated part of the association between
unhealthy diet and periodontal outcomes, while the study also supported systemic pathways
linking diet to the periodontium (18). Thus, the explanatory lens expanded from viewing sugars
as a caries-related exposure to understanding sugars and dietary patterns as exposures associated
with periodontal disease through local and systemic pathways.

From disease-specific outcomes to integrated oral health

Question 6: If dental caries and periodontal disease share common determinants, why study
them separately?

We first addressed this question epidemiologically. Rather than treating dental caries and
periodontal disease as separate outcomes, Carmo et al. investigated whether their shared
variation could be represented by a common latent construct (19). The Chronic Oral Disease
Burden was proposed to capture the common variance across caries and periodontal indicators,
providing an integrated epidemiological representation of oral disease burden (19). The
Swedish National Board of Health and Welfare later cited the study in the evidence base
supporting Sweden’s National Guidelines for Dental Care (20).

Using the same integrated construct, a subsequent study by Ladeira et al. found that
sugar intake above international recommendations was associated with a greater Chronic Oral
Disease Burden in adolescents (21). Notably, associations with individual caries and
periodontal indicators were observed even at half the intake limits recommended by
international organizations.

The construct was then tested in an American population aged 13 to 80 years. Costa et
al. showed that caries and periodontitis indicators consistently converged into a common
Chronic Oral Disease Burden across age groups, supporting the construct's consistency from
adolescence to older adulthood (22).

The construct was later extended to early childhood by incorporating gingivitis as the
periodontal manifestation alongside dental caries (23). Araujo et al. examined this early burden
in relation to added sugar consumption and obesity within mother—child dyads (23). In the
BRISA cohort, the shared variance of visible plaque, gingivitis, and dental caries was already
identifiable as a common oral disease burden within the first 1,000 days. Maternal and
childhood sugar consumption, together with obesity, were linked to this burden through
intergenerational risk pathways (24). Together, these findings shifted the unit of inquiry from
individual oral diseases to the burden they share.
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From the Chronic Oral Disease Burden to a syndemic framework

Question 7: If oral diseases share determinants with systemic conditions, why should the mouth
remain the boundary of explanation?

Integrating caries and periodontal disease into a common oral disease burden raised a broader
question about their relationships with conditions beyond the mouth. A connection emerged
between periodontal and skeletal health. By the end of the second decade of life, near peak bone
mass, low bone mineral density was associated with severe periodontitis and greater periodontal
disease extent (25). This finding showed that relationships between periodontal and systemic
conditions were already observable in adolescence.

The shared-risk perspective was subsequently extended beyond sugars. Monteiro et al.
showed that an unhealthy dietary pattern was associated with caries both directly and indirectly
through dental biofilm, whereas addictive behaviors, comprising smoking and risk of alcohol
dependence, were associated with caries indirectly through biofilm. Unhealthy diet and
addictive behaviors were also interrelated (26). These findings positioned caries within a
broader behavioral risk context shared with other NCDs.

The lens then expanded from shared risk factors to co-occurring diseases. Ladeira et
al. investigated caries, periodontitis, obesity, and insulin resistance as co-occurring rather than
isolated conditions, examining their relationships within a shared social and behavioral context
(27). The findings showed that oral and metabolic conditions co-occurred and shared
determinants, supporting their interpretation within a syndemic framework.

The explanatory framework next incorporated mental health. Barbosa et al. showed that,
in adolescents, substance use behaviors and added sugar consumption were associated with both
depression and suicide risk, suggesting that behavioral risks shared with NCDs also intersected
with mental health (28). Building on this connection, Nogueira Filho et al. investigated dental
caries and depression as correlated conditions shaped by common determinants (29). Lower
socioeconomic status was associated with higher sugar consumption and depression, while sugar
consumption was directly associated with both caries experience and depression. Caries and
depression were also positively correlated. Thus, sugar, initially investigated as a caries-related
exposure, emerged as a shared behavioral factor connecting oral and mental health within a
broader context of social vulnerability.

The syndemic perspective extended beyond questions originating in oral health. Falcdo et
al. examined socioeconomic status, insulin resistance, asthma, and depression in adolescents
without including an oral condition (30). Lower socioeconomic status was associated with higher
insulin resistance and depression; higher insulin resistance was associated with asthma, which in
turn was associated with depression. These findings extended the explanatory framework beyond
the mouth, linking social disadvantage with metabolic, respiratory, and mental health conditions.

The temporal dimension of this framework became clearer when Barbosa et al. showed
that the Insulin Resistance Phenotype was already associated with the Vascular Risk Phenotype at
the end of the second decade of life. Lower socioeconomic status, harmful alcohol use, and higher
body fat were also associated with both phenotypes (31). These interconnected phenotypes may
represent early events along the continuums of type 2 diabetes and cardiovascular disease, long
before these conditions typically become clinically manifest. Oral health re-entered this expanded
framework, where periodontitis was correlated with the Vascular Risk Phenotype in late
adolescence, and both conditions shared socioeconomic and metabolic determinants (32).
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Altogether, these findings raised a broader question: if oral, mental, metabolic, and
vascular processes are already interconnected by adolescence, how are multiple NCDs and their
determinants organized within a complex system?

From a syndemic approach to complex disease networks
Question 8: If noncommunicable diseases are interconnected, how are they organized within a
complex disease network?

While the syndemic approach allowed us to investigate disease co-occurrence within a
context of shared social and behavioral risk factors, the next question required a different
explanatory perspective. Complex network analysis allowed us to examine multiple NCDs
simultaneously, revealing how they were interconnected and which diseases occupied the most
central positions. Using this approach, Alves-Costa et al. found that dental caries emerged as a
hub connecting oral and systemic NCDs across the life course. Caries formed a triad with asthma
and obesity from early childhood onward, while remaining connected with other NCDs at later
life stages (33).

Our earlier findings helped contextualize some of these network connections, showing that
sugar-related exposures were associated not only with dental caries but also with asthma (34,35)
and allergic conditions (36) early in life. Together, these findings raised another question: why
was dental caries so central to the NCD network? To explore this question, we expanded the
network beyond the diseases themselves to include their social, behavioral, and metabolic
determinants in a population-based sample of adolescents. In this expanded network, free sugar
consumption, insulin resistance, and socioeconomic disadvantage emerged as central elements
connecting multiple NCDs (37).

Taken together, these findings repositioned dental caries from an isolated oral outcome to
a central condition within a network of interconnected disease processes.

DISCUSSION AND FUTURE DIRECTIONS
The next step is to consider how and why these diseases emerge and become interconnected across
the life course.

NCDs, including oral diseases, evolve along continuums of pathophysiological processes
that are dynamic and non-deterministic, and may become clinically manifest across the life course.
Depending on individual susceptibility, risk exposures, protective factors, disease-control
interventions, and the stage of tissue damage, these processes may progress, stabilize, regress, or
be interrupted. This continuum perspective has been applied to cardiovascular disease (38), type
2 diabetes (39), and dental caries (40). Periodontal disease has similarly been described through
transitions from health to reversible gingivitis and, in susceptible individuals, to periodontitis with
irreversible attachment loss (41). Figure 1 schematically illustrates these continuums and their
potential overlap across the life course.

Our findings place oral diseases within the same inflammatory and cardiometabolic
context as other NCDs. Early childhood caries was accompanied by elevated systemic
inflammatory biomarkers (13), and both caries and periodontitis were associated with systemic
inflammatory alterations in adolescence (42,43). During adolescence, oral diseases also co-
occurred with obesity and insulin resistance (27), while periodontitis was correlated with a
vascular risk phenotype (32).

Across their trajectories, some NCDs may precede others by decades. Dental caries, for
instance, is among the earliest NCDs to become clinically detectable, often emerging in the first
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years of life. The breakdown of mineralized dental tissues may therefore be detected one or two
decades before clinically evident damage to the periodontal supporting tissues, which may already
be present by the end of the second decade of life (25).

This temporal difference invites us to reconsider the role of dental caries across the life
course, particularly in the current epidemiological context. After decades of stable or declining
trends, the prevalence of early childhood caries has increased globally over the most recent decade
(44). In Brazil, the prevalence of periodontitis has also increased since 2005, alongside increases
in sugar-sweetened beverage consumption and high body mass index (45). Consistent with this
pattern, sugar-sweetened beverage consumption has increased nationally and globally and is
projected to rise further by 2050 (46).

Seen through this broader lens, caries represents more than an isolated oral disease. It
shares behavioral determinants with other NCDs (26) and occupies a central position within
complex disease networks (33). When we expanded the network to incorporate NCD
determinants, its central architecture shifted: socioeconomic disadvantage, high sugar
consumption, and insulin resistance emerged as key connecting nodes in adolescence (37).
CONCLUSION

The answers to the earliest questions in this scientific journey remain clinically relevant
and provide support to guidelines and policies. Selective carious tissue removal is an established
component of minimally invasive dentistry, helping to arrest lesion progression while reducing
the risk of pulp exposure and necrosis. Likewise, twice-daily toothbrushing with fluoride
toothpaste containing at least 1,000-1,100 ppm fluoride remains central to preventing caries and
controlling mineral loss in individuals with active disease.

Other questions have gained attention more recently. Although caries and periodontal
diseases involve distinct pathophysiological processes, they share social, behavioral, and dietary
determinants, as well as dental biofilm, contributing to a chronic oral disease burden from early
childhood through later life. A recent consensus on gingival and periodontal diseases in children
and adolescents identified mechanical biofilm control as the foundation for preventing and
controlling gingival inflammation. It also recognized that frequent consumption of simple sugars
and refined carbohydrates is associated with greater biofilm accumulation, gingivitis, and dental
caries, recommending reduced free sugar intake, a balanced diet, and twice-daily toothbrushing
with fluoride toothpaste (47). Together, these measures provide a practical basis for the
coordinated prevention of caries and gingival inflammation.

Broader explanatory lenses also generate new questions. Can interventions confined to
the oral cavity sustainably control caries and gingival inflammation while children and
adolescents remain exposed to the double burden of undernutrition and overweight/obesity,
systemic inflammation, and co-occurring conditions? Investigating this question is particularly
challenging because NCDs are connected through complex, nonlinear relationships and evolve
along continuums in which early events may co-occur and interact long before clinical
diagnoses are established.

The early emergence of dental caries may provide an opportunity to identify broader
NCD trajectories while they are still developing and potentially modifiable. Prospective
research should now determine whether early childhood caries can serve as a sentinel marker
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of interconnected NCD trajectories and whether acting on their shared determinants can alter
their course across the life course. The disease is the same. What has changed throughout this
question-driven scientific journey is not only the lens through which we examine it, but also
what its early manifestation may allow us to anticipate and prevent.

Effective health promotion may therefore require both coordinated clinical care and
upstream policies that act on the contexts in which oral and systemic diseases jointly emerge.
This requires confronting the social and commercial determinants that shape the production,
marketing, and consumption of sugar-rich ultra-processed foods.
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Table 1. Evidence supporting the eight research questions and translation into clinical and public health guidance

Q.

Q1

Q2

Q3

Q4

Q5

Q6

Shift in the
explanatory lens

Lesion -> disease
process

Disease process ->
individual

Individual -> social
and behavioral
contexts

Caries -> co-occurring
conditions

Caries-related
exposure -> shared
oral risk factor

Disease-specific
outcomes -> integrated
oral health

Key supporting studies

Ribeiro et al., 1999 (Ref. 1);
Lulaet al., 2009 (Ref. 2)*;
Lulaetal., 2011 (Ref. 3)

Lima et al., 2008 (Ref. 8)*

Nunes et al., 2014 (Ref. 10)

Ribeiro et al., 2017 (Ref. 11);
Ribeiro et al., 2018 (Ref. 12);
Lima et al., 2018 (Ref. 13)

Lula et al., 2014 (Ref. 14);
Menezes et al., 2019 (Ref. 16);
Moreira et al., 2021 (Ref. 17);
Costa et al., 2022 (Ref. 18)

Carmo et al., 2018 (Ref. 19)*;
Ladeira et al., 2024 (Ref. 21);
Costa et al., 2023 (Ref. 22);
Aradjo et al., 2022 (Ref. 23);
Araujo et al., 2024 (Ref. 24)

Answer developed

A caries lesion can be arrested without complete removal
of carious tissue. However, lesion arrest alone is
insufficient to control the disease process.

The effect of fluoride concentration depends on baseline
caries experience; the same fluoride dose does not provide

equivalent protection for every child.

Shared social vulnerability does not fully explain caries
polarization. Differences in sugar exposure frequency help
distinguish children with a greater disease burden.

Early childhood caries co-occurs with contrasting
nutritional conditions (double burden of malnutrition) and
with local and systemic inflammatory alterations.

Sugar exposure and unhealthy dietary patterns are
associated with periodontal disease through potential local

and systemic pathways.

Caries and periodontal indicators converge into a common
Chronic Oral Disease Burden, identifiable from early

childhood through older adulthood.

Guideline or policy citation

Brazilian Ministry of Health clinical
guideline, 2024 (Ref. 4);

American Dental Association clinical
practice guideline, 2023 (Ref. 5)

Irish Department of Health report on
fluoride toothpaste use in children
under six, 2018 (Ref. 9)

WHO Regional Office for Africa
policy document, 2016 (Ref. 15)

Swedish National Board of Health
and Welfare, National Guidelines for
Dental Care, 2022 (Ref. 20)
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Q. Shift in the

explanatory lens Key supporting studies Answer developed Guideline or policy citation

Costa et al., 2021 (Ref. 25);
Monteiro et al., 2025 (Ref. 26);
Ladeira et al., 2023 (Ref. 27);

Oral disease burden -> Barbosa et al., 2022 (Ref. 28): Oral, metabolic, respiratory, vascular, and mental health

Q7 demic f K o conditions co-occur and are interconnected within shared -
synaemic iramework  Nogueira Filho et al., 2026 (Ref. 29); social and behavioral contexts in adolescence.
Falcdo et al., 2026 (Ref. 30);
Barbosa et al., 2022 (Ref. 31);
Costa et al., 2026 (Ref. 32)
Alves-Costa et al., 2025 (Ref. 33);
Syndemic framework - Nascimento et 2017 (Ref. 34) monCommunicabl csease newonks whil fre suga
Q8 > complex disease Padilha et al., 2020 (Ref. 35); ' g -

networks ) consumption, insulin resistance, and socioeconomic
Muniz et al., 2023 (Ref. 36); disadvantage structure multiple connections.
Alves-Costa et al., 2024 (Ref. 37)

* Study directly cited in the corresponding guideline or policy document.
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Figure 1. Oral and systemic disease continuums across the life course

Oral and Systemic Disease Continuums Across the Life Course
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Conceptual illustration of oral and systemic disease continuums, early disease events, chronic oral disease burden, and their potential overlap within a syndemic framework. Timing is
schematic and does not represent fixed ages, inevitable progression, or established causal relationships between conditions.
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