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Nutrition is, like oxygen, one of the basic requirements for animals and, accordingly,
Homo sapiens to live. The entire evolution of Homo sapiens was consistently influenced
by the nutritional environment, which also included the microbial coevolution. While the
most common oral diseases in the form of caries and periodontal diseases were very rare
in prehistoric hominins and are still very rare in wild-living animals [1–3], today, caries
and periodontitis taken together are the most common diseases of mankind [4,5]. Reasons
for this dramatic increase can be found in the successive appearance of disease-promoting
risk factors in the course of cultural evolution from the Neolithic era to the Industrial
Revolution, especially regarding the dietary patterns [6]. This change from a whole-food
natural diet towards a Western diet, rich in macronutrients and salt, but poor in fibers
and micronutrients, has not only increased the prevalence of oral diseases, but also caused
a dramatic increase in non-communicable diseases [7]. Today, diet has even become the
strongest risk factor for premature death [8]. On the other hand, these widespread and
harmful conditions of a Western diet explains why dietary interventions for oral diseases
are so efficient [7,9–12].

Accordingly, a cause-related prevention and therapy in dentistry must consider these
dietary changes in human evolution, which is a fundamental call for the field of nutritional
dentistry. This field does not exclude modern symptomatic approaches like plaque control
and the use of fluorides [13,14]. It rather aims to build a preventive basis in order to address
both oral and other non-communicable diseases in one approach. This strategy is in line
with the so-called common risk factor approach [15], which aims to address up-stream risk
factors to heighten the efficacy of prevention on an individual and public health level.

Research on this topic demands adequate methods for collecting or generating relevant
data as well as for analyzing these data. More and more apps are now being used in
addition to the previously widespread paper-based food diaries [16]. In order to achieve
comparability of the results, of course, validated survey instruments in several languages
are necessary to capture information at different stages across countries and cultures [17].
The statistical analysis of the data also has to meet requirements that go beyond purely
descriptive analyses, in order to be able to take the overall complexity into account. In
nutritional dentistry, different study types are used, whereas randomized trials of dietary
interventions have several limitations and are often unfeasible for ethical or practical
reasons, at least as long-term studies. Similar to nutritional epidemiology, there is a broad
field of outcomes and exposures.

Against this background, we are honored to add important pieces of evidence for
nutritional dentistry by presenting this Special Issue on “Nutrition and Human Oral
Health”. It includes twelve studies, two systematic reviews and two narrative reviews.
Please let us introduce the articles with a short summary:

Renggli et al. [18] further analyzed data of the Cambodian Health and Nutrition
Monitoring Study (CAHENMS) on sociodemographic characteristics, feeding practices and
clinical measures for the anthropometric measures and dental status of related Cambodian
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toddlers. Based on the results, they concluded that severe caries experience was associated
with poorer childhood growth and, as such, could be an underinvestigated contributor
to stunting.

Components of foods often have special properties, like anti-inflammatory or anti-
bacterial effects. Chrubasik-Hausmann et al. [19] investigated the antimicrobial effects of
antimicrobial photodynamic therapy (aPDT) with pure juices against typical cariogenic
oral Streptococcus pathogens in their planktonic form and its eradication potential on
total human salivary bacteria. This pilot study has shown that pure pomegranate juice is
superior to the berry juices as a multicomponent PS for killing pathogenic oral bacteria
with aPDT.

In nutritional dentistry research, a basic challenge is to understand the influence of
nutrition on the oral microbiota and on the interaction between the oral bacteria, which is
also statistically challenging. Thus, Vach et al. [20] investigated log-transformed ratios of
two bacteria concentrations as the basic analytic tool. The framework was illustrated by
application in an experimental study exposing eleven participants to different nutrition
schemes in five consecutive phases. The methods presented made it possible to become
independent of the behaviour of other bacteria, which is an advantage compared to common
analysis methods of compositions.

Dental patients are often interested in the topic of oil pulling as an additional tool in
oral hygiene. In this Special Issue, Kensche et al. [21] investigated the effects of linseed
oil on the composition and ultrastructure of the in situ pellicle. They found that linolenic
acid was an excellent marker for the investigation of fatty acid accumulation in the pellicle.
New preventive strategies could benefit from the accumulation of lipid components in
the pellicle.

Dodington et al. [22] determined whether a relationship between periodontal healing
and protein intake existed in patients undergoing non-surgical treatment for periodontitis.
Dietary protein intake was assessed using the 2005 Block food frequency questionnaire in
patients with chronic generalized periodontitis undergoing scaling and root planing. The
researchers concluded consuming ≥1 g protein/kg body weight/day was associated with
reductions in periodontal disease burdens, following scaling and root planing in patients
who were nonsmokers.

In order to identify natural diet-based mouthwashes, Kurz et al. [23] examined the
antimicrobial effect of Inula viscosa extract on the initial microbial adhesion in the oral
cavity in situ. For the first time, significant antimicrobial effects on the initial microbial
adhesion in in situ oral biofilms were reported for an I. viscosa extract.

Since healthy diets and their associations might not only rely on one dietary factor, it is
important to investigate their association with regard to complete dietary patterns. Within
this context, Altun et al. [24] investigated the relationship between specific known dietary
patterns and the prevalence of periodontal disease in a northern population-based cohort
study. They evaluated data from 6209 participants of the Hamburg City Health Study
(HCHS). The current cross-sectional study identified a significant association between
higher adherence to the DASH and Mediterranean diets and lower odds of being affected
by periodontal diseases (irrespective of disease severity).

Ketogenic diets are dietary patterns, which almost completely exclude carbohydrates.
They’re used for a variety of diseases and corresponding dietary therapies like epilepsy,
forms of cancer, obesity, or diabetes. Woelber et al. [25] investigated the safety and the
effect of a ketogenic diet on oral parameters. They found that the ketogenic diet did not
lead to clinical changes in periodontal parameters in healthy participants under continued
oral hygiene, but it did lead to a significant weight loss.

Since the relationship between low-density lipoprotein cholesterol (LDL-C) or levels
of 25-hydroxyvitamin D (25OHD) with periodontal diseases is frequently discussed in the
literature, Thim et al. [26] investigated the association between these serum parameters and
radiographic levels of bone loss in 163 dental patients. They found that radiographic bone
loss (RBL) was associated with known patient-specific markers, particularly with age and
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high LDL-C levels. Patients with high 25OHD levels (≥40 ng/mL) exhibited significantly
less RBL.

A further important topic in this area is the assessment of dietary behavior in relation
to oral health. Schlenz et al. [27] investigated whether traditional dietary questionnaires
are suitable for assessing the relationship between tooth wear and diet. They found that
none of the assessed dietary parameters showed a significant relationship with tooth wear
and concluded that the suitability of dietary questionnaires to assess tooth-relevant dietary
behavior seems to be limited. Bartha et al. [28] analyzed data of a randomized clinical
trial to assess the usefulness of the Mediterranean Diet Adherence Screener (MEDAS)
with regard to periodontal parameters. They found that MEDAS was a sufficient diet
correlating with oral inflammatory parameters. Due to this, the MEDAS might also be
useful in dental practice.

Nicklisch et al. [29] performed a bioarchaeological study on caries and stable isotope
data obtained from prehistoric individuals (n = 101) 17 from three Early Neolithic sites
(c. 5500-4800 BCE) in central Germany. The combined evidence from caries and isotope
analysis suggested a prevalence of starchy foods, such as cereals, in the diet of these
early farmers.

Even though these studies represent a rather small sample, one can already gain an
impression of the efficacy and power of nutritional dentistry. Furthermore, this field is still
quite uninvestigated, with a lot of unknown helpful knowledge which could empower
everyone’s lives in regard to oral and overall health. This also applies to the pathogenicity
of oral biofilms (dental plaque) and the corresponding host resistance, whereby initial
nutritional studies no longer see any or only a very weak correlation between plaque and
oral diseases, like caries and periodontal inflammation, in natural or optimized dietary envi-
ronments [9–11]. Future studies will also have to consider the application and development
of new statistical methods in order to deliver a sufficient picture of the connections [20,30].

Based on the impressive studies of this Special Issue, we hope to have made a small
contribution to the emerging field of nutritional dentistry.

Author Contributions: Conceptualization, J.P.W. and K.V.; writing—review and editing, J.P.W. and
K.V. All authors have read and agreed to the published version of the manuscript.
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Abstract: Background: The persistently high prevalence of undernutrition in Cambodia, in particular
stunting or chronic malnutrition, calls for innovative investigation into the risk factors that affect
children’s growth during critical phases of development. Methods: Secondary data analysis was
performed on a subgroup of children who were present at two time points within the Cambodian
Health and Nutrition Monitoring Study (CAHENMS) and who were less than 24 months of age at
the nominated baseline. Data consisted of parent interviews on sociodemographic characteristics
and feeding practices, and clinical measures for anthropometric measures and dental status. Logistic
regression modelling was used to examine the associations between severe dental caries (tooth
decay)—as indicated by the Significant Caries Index—and the presence of new cases of stunting
malnutrition at follow-up. Results: There were 1595 children who met the inclusion criteria and
1307 (81.9%) were followed after one year. At baseline, 14.4% of the children had severe dental caries,
25.6% presented with stunted growth. 17.6% of the children transitioned from healthy status to a low
height-for-age over the observation period. Children with severe dental caries had nearly double
the risk (OR = 1.8; CI 1.0–3.0) of making that transition. Conclusion: Severe caries experience was
associated with poorer childhood growth and, as such, could be an underinvestigated contributor
to stunting.

Keywords: severe caries; tooth decay; dental; early childhood; early childhood caries; malnutrition;
undernutrition; stunting; growth and development

1. Introduction

Over recent decades, early childhood undernutrition has been declining globally. How-
ever, high rates of stunting have persisted, while the rates of obesity have increased [1–3].
The modern challenge of the “double burden” of undernutrition and obesity calls for an
examination of the neglected risk factors that may contribute to the high prevalence of
child malnutrition. Globalization and urbanization have led to a global nutrition transi-
tion, dramatically increasing young children’s consumption of sugary drinks and snacks,
contributing to both child obesity and tooth decay (dental caries) [4].

Dental caries is a process which leads to the destruction of tooth tissue. Dental cavities
result when net demineralization occurs at the surface of the tooth in response to pH
changes in the microbial biofilm (plaque). When the biofilm is exposed to free sugars,
then acid is produced, and in the absence of protective factors such as tooth brushing
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with fluoride toothpaste, then the tooth surface will break down and carious lesions will
progress [5,6]. When a carious lesion is present among children less than 6 years of age, it is
commonly referred to in the literature as early childhood caries (ECC) [7]. Globally, dental
caries is the most prevalent chronic disease, affecting 60–90% of schoolchildren [8]. Among
the youngest age groups, most carious lesions (dental cavities) remain untreated due to
limited access to dental care, particularly among low- and middle-income populations and
socioeconomically disadvantaged groups [9–11]. Severe and uncontrolled dental caries can
lead to oral infection and inflammation (abscesses), which can cause mouth pain, decreased
appetite, inability to chew food, inadequate sleep, and chronic inflammation if persistent
over time [12–14]. These factors, added to well-known aspects such as child nutrition,
breastfeeding, infectious diseases, mother’s health, and psychosocial stimulation, could all
contribute to undernutrition [15].

In Cambodia, the current rates of both early childhood undernutrition and dental
caries are among the highest in the world. Contributors include Cambodia´s long pe-
riod of war and humanitarian crises followed by rapid economic growth since the late
1990s, involving the introduction of ultraprocessed foods and beverages, and a dramatic
increase in childhood sugar consumption [16,17]. Among Cambodian children under
age 5, 32% experience stunting and 10% wasting malnutrition [18], and the prevalence
of dental caries exceeds 90% [19]. Among 3–5-year-olds, 16.1% had one or more severe,
deep caries infecting the surrounding soft tissues and commonly causing mouth pain,
and the prevalence of this type of dental infection increases to 86% among 6-year-old
children [20–22]. In Cambodia, the high prevalence of severe caries experience by age 2,
within the first 1000 days of life, elevates the concern about the potential for adverse effects
on children’s short-term and long-term growth and development. In fact, stunting, an
indicator for chronic malnutrition, has been described to peak between 1 and 2 years of
age [23]. Nevertheless, recent studies have proposed that the prevalence of stunting can
increase beyond 24 months of age in suboptimal environments [24–27].

Given the high rates of chronic malnutrition and dental caries among Cambodian
children, there is a pressing need to explore the potential relationship between these
two conditions. This could help to better understand the role of severe dental caries
as an under-recognized contributor to stunting. This longitudinal study examines the
relationship between severe dental caries and anthropometric changes over a one-year
period, in children under 2 years of age at baseline.

2. Materials and Methods

This is a secondary analysis of a longitudinal cohort study, the Cambodian Health
and Nutrition Monitoring Study (CAHENMS), and an added oral health component
(Figure A1). Data were collected from three Cambodian provinces: two predominantly
rural northeastern provinces, Ratanakiri and Kratie; and an urban area, the capital Phnom
Penh. Data were collected in 2017 (baseline) and 2018 (follow-up) using 8 trained teams
specialized in conducting questionnaires, anthropometric measurements, and intraoral ex-
aminations.

The original protocol for the CAHENMS was reviewed by the National Ethics Commit-
tee for Health Research, Ministry of Health, Cambodia, prior to collecting data (117/NECHR).
Written consent was obtained from the parents of the participants before the baseline data
collection, and verbal consent was obtained at each subsequent contact. A data-sharing
agreement was made prior to the transfer of de-identified data. This is a secondary analysis
of a de-identified dataset and was considered research on nonhuman subjects. Information
about the original CAHENMS study is provided in the supplement.

The study population consists of a final sub-sample of 1307 children <24 months of
age at baseline and approximately one year older at follow-up, as presented in Figure 1.
Children lost to attrition (N = 12.5%), older than 23.9 months at baseline (N = 30.5%) and
with missing anthropometric measurements were not considered in the present analysis
(N = 0.5%).
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Figure 1. Flow chart depicting selection criteria of individuals included in the final sample size.

G*power (version 3.9.1.2) was used to calculate implied power using Chi-squared tests
given a sample size of 1307 participants and the intention to observe a clinically significant
5% difference in new cases of stunting (Height-for-age Z-score, HAZ < −2) from 30% down
to 25%. The present sample size implies a 98.6% chance of detecting a 5% difference in the
incidence of stunting.

2.1. Questionnaires

The 2 sets of questionnaires for sociodemographic characteristics and child feeding
practices were administered at baseline by trained Cambodian interviewers in Khmer, or
translated into the local indigenous language for some minority populations in northeast-
ern provinces. Dietary intake was assessed using a 24-h recall period, based on WHO
guidelines and described in published articles on child feeding practices status [28–30].
Parents/caregivers were asked to recall and report on breastfeeding frequency, consumed
food groups, frequency of meals, and amount of food given during meals using as unit
of measure context relevant utensils: spoons and Chan Chang Koeh, a traditional bowl in
Southeast Asia.

To assess socioeconomic status (SES), questions were asked about assets, employment,
and household characteristics to further calculate the wealth index using Principal Com-
ponent Analysis (PCA) based on the validated tool performed by Filmer and Pritchett
without expenditure data [31].

2.2. Clinical Examinations

Separate teams performed anthropometric measurements, and intraoral examinations
and data were recorded on separate devices to ensure that examiners were blinded to the
participants’ status. Anthropometric measures were assessed in duplicates according to
the WHO guidelines, and the mean value was further used [32]. Recumbent length was
recorded in children under 2 years of age or unable to stand up, and in children above the
age of 2 years height was recorded. Weight was measured with a calibrated precise scale
for mother and child.

Intraoral examinations were performed by one of 8 calibrated examiners with the help
of a trained assistant. All examiners achieved a kappa score of >0.9, indicating near-perfect
agreement. The examination was done in supine position with a handheld torch and mouth
mirror. The decayed, missing, and filled teeth (dmft) index as defined by WHO was used
to measure dental caries experience [33].
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2.3. Data Analysis

Data were delivered through Microsoft Excel and entered into IBM SPSS 25. Statistical
significance was considered for p-values below 0.05, and no imputation method was
used. Data were cleaned and each variable was divided into relevant categories for age
groups, socioeconomic status (SES), feeding practices, anthropometric measurements, and
dental caries measurements. The Wealth index scores were broken down into quintiles to
categorize participants by SES. Age data were based on months at baseline, and children
were categorised into one of four age groups (<6 months, 6–12 months, 12–18 months,
>18 months).

The Minimum Acceptable Diet (MAD) was calculated using the WHO Guidelines
and is a composite index of breastfeeding or milk feedings, Minimum Diet Diversity and
Minimum Meal Frequency; indicators being available for children aged 6 to 23.9 months at
baseline. The Minimum Diet Diversity, after the 2010 guidelines, was based on whether
or not the child consumed in the past 24 h a minimum 4 out of a list of 7 food groups.
These food groups included: (1) Grains, roots and tubers; (2) Legumes and nuts; (3) Dairy
products; (4) Flesh foods; (5) Eggs; (6) Vitamin A-rich fruits and vegetables; and (7) Other
fruits and vegetables. The Minimum Meal Frequency was calculated on the minimum
amount of times that the child received solid, semisolid or soft foods the previous day
according to their age group and breastfeeding status [34,35].

As a Cambodian specific diet indicator, The Cambodian Complementary Feeding
(CCF) variable was calculated based on the Nutrition Handbook for the family, prepared
and adapted by the National Cambodian Nutrition Program [36]. It was based on the
number of spoons of Chan Chang Koeh and determined according to age and breastfeeding
status [29,30].

Anthropometric measurements were converted to sex-specific height/length-for-age
Z-scores using the WHO Child Growth Standards 2016 [32], and identified as stunting at
<−2SDs. The low proportion of obese children in the sample (<2%), identified at >+2SDs
for weight-for-age, was insufficient in number to establish a comparison group. New
cases of stunting were identified, i.e., children who had optimal HAZ at baseline, while
at 1-year follow-up were identified with HAZ below −2 SDs. To assess caries experience,
the Significant Caries Index (ScI) was calculated at baseline and follow-up by ranking
individuals within age groups according to the number of teeth with carious lesions (based
on the dmft index: decayed, missing or filled teeth). Subsequently, the mean of the most
severe one-third of the population was calculated [37]. That value was then used to create
an age-adjusted dichotomous variable to indicate the presence or absence of ScI. This index
represents a more “severe” disease experience, as children with a high dmft score and
presenting ScI would be more likely to develop lesions that might create mouth pain or
infection, which are acknowledged consequences of carious lesions [12–14].

After cleaning and categorising the data, descriptive and multivariate analyses were
performed. The Chi-squared test was used to examine differences in proportions among
sociodemographic subgroups for stunting, caries, and diet indicators. Multivariate logistic
regression was performed to explore the relationship between severe caries experience (by
ScI) at baseline and follow-up with the onset of new cases of stunting over the observation
period. Gender, province, age, SES, and the MAD and CCF variables for diet indicators
were included in the multivariate modelling.

3. Results
3.1. Descriptive Statistics
3.1.1. Demographic Profile and Clinical Characteristics at Baseline

Baseline participants’ characteristics are shown in Table 1. Three out of four partic-
ipants came from the northeastern provinces of Kratie and Ratanakiri and one quarter
from Phnom Penh. There was an even gender distribution. Two-thirds of participants
were 1 to 2 years of age at baseline; and over one-third of participants belonged to the
lowest two wealth index quintiles. Stunted growth was present in 25.6% of the children.
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Males, children from Ratanakiri province, those from the older age groups, and those
from the second quintile, “low”, presented a significantly higher prevalence of stunting.
Overall, 51.9% of the children presented with “any caries” at baseline and there was no
statistically significant difference by gender. Those in Ratanakiri and in older age groups
had a significantly higher prevalence of any caries and severe caries (by baseline ScI). When
looking at SES, those in the medium quintile presented the lowest caries experience, and
the lowest wealth index quintile had the higher proportion of children who had ScI at
baseline compared to the other quintiles (21% vs. 12–14%, p = 0.040; χ2 test).

Table 1. Sociodemographic and clinical characteristics at baseline.

Total Stunting Baseline Any Caries Baseline ScI 1 Baseline

N (Row %) N (Row %) N (Row %) N (Row %)

Yes No Yes No Yes No

Total 1307 (100) 332 (25.4) 975 (74.6) 629 (51.9) 678 (48.1) 188 (14.4) 1119 (85.6)
Gender

Male 631 (48.3) 179 (28.4) 452 (71.6) 316 (50.1) 315 (49.9) 100 (15.8) 531 (84.2)
Female 676 (51.7) 153 (22.6) 523 (77.4) 313 (46.3) 363 (53.7) 88 (13.0) 588 (87.0)

p-value 2 0.017 0.172 0.145
Province

Phnom Penh 319 (24.4) 39 (12.2) 280 (87.8) 153 (48.0) 166 (52.0) 39 (12.2) 280 (87.8)
Kratie 551 (42.2) 136 (24.7) 415 (75.3) 235 (42.6) 316 (57.4) 66 (12.0) 485 (88.0)

Ratanakiri 437 (33.4) 157 (35.9) 280 (64.1) 241 (55.1) 196 (44.9) 83 (19.0) 354 (81.0)
p-value 2 <0.001 <0.001 0.003

Age at
baseline

<6 months 143 (10.9) 17 (11.9) 126 (88.1) 15 (10.5) 128 (89.5) 15 (10.5) 128 (89.5)
6–12 months 278 (21.3) 53 (19.1) 225 (80.9) 71 (25.5) 207 (74.5) 45 (16.2) 233 (83.8)
12–18 months 438 (33.5) 116 (26.5) 322 (73.5) 246 (56.2) 192 (43.8) 65 (14.8) 373 (85.2)
18–24 months 448 (34.3) 146 (32.6) 302 (67.4) 297 (66.3) 151 (33.7) 63 (14.1) 385 (85.9)

p-value 2 <0.001 <0.001 0.456
SES

Lowest 220 (16.8) 71 (32.3) 149 (67.7) 118 (53.6) 102 (46.4) 46 (20.9) 174 (79.1)
Low 265 (20.3) 83 (31.3) 182 (68.7) 135 (50.9) 130 (49.1) 34 (12.8) 231 (87.2)

Medium 393 (30.1) 91 (23.2) 302 (76.8) 171 (43.5) 222 (56.5) 56 (14.2) 337 (85.8)
High 215 (16.4) 34 (15.8) 181 (84.2) 115 (53.5) 100 (46.5) 25 (11.6) 190 (88.4)

Highest 214 (16.4) 53 (24.8) 161 (75.2) 90 (42.1) 124 (57.9) 27 (12.6) 187 (87.4)
p-value 2 <0.001 0.014 0.040

Caries
Dmft mean

(SD) 2.7 (3.5) 2.3 (3.6) 5.1 (3.6) 8.8 (4.1) 1.4 (2.0)

p-value 2 0.053 0.001
1 ScI: Significant Caries Index. 2 χ2 test for differences among groups within the same columns or ANOVA. SES: socioeconomic status.

The mean (SD) dmft for children with caries at baseline was 5.1 (3.6). The mean cutoff
of ScI by age groups at baseline was 4.7; with a mean dmft of 8.8 (4.1) for children with ScI
and 1.4 (2.0) in children without. Children with stunting presented a dmft of 2.7 (3.5) and
children without stunting 2.3 (3.6) (p = 0.053).

3.1.2. Clinical Characteristics at Follow-Up

The participants’ characteristics at follow-up are shown in Table 2. Stunted growth
was present in 39.9% of the children. In contrast to baseline, females had a significantly
higher chance of presenting with stunting at follow-up (42.2% vs. 36.1%, p = 0.026 χ2 test).
Children from Ratanakiri province, approximately >12 months of age, and from the “low”
SES quintile, continued to present the highest prevalence of stunting.
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Table 2. Sociodemographic and clinical characteristics at follow-up.

Stunting Follow-Up Any Caries Follow-Up Sci 1 Follow-Up

N (Row %) N (Row %) N (Row %)

Yes No Yes No Yes No

Total 513 (39.3) 794 (60.7) 831 (63.6) 476 (36.4) 193 (14.8) 1114 (85.2)
Gender

Male (631) 228 (36.1) 403 (63.9) 401 (63.5) 230 (36.5) 111 (17.6) 520 (82.4)
Female (676) 285 (42.2) 391 (57.8) 430 (63.6) 246 (36.4) 82 (12.1) 594 (87.9)

p-value 3 0.026 0.982 0.005
Province

Phnom Penh
(319) 74 (23.2) 245 (76.8) 255 (79.9) 64 (20.1) 60 (18.8) 259 (81.2)

Kratie (551) 206 (37.4) 345 (62.6) 318 (57.7) 233 (42.3) 79 (14.3) 472 (85.7)
Ratanakiri (437) 233 (53.3) 204 (46.7) 258 (59.9) 179 (41.0) 54 (12.4) 383 (87.6)

p-value 3 <0.001 <0.001 0.044
Approx. age
follow-up 2

<12 months
(143) 74 (51.7) 69 (48.3) 52 (36.4) 91 (63.6) 32 (22.4) 111 (77.6)

12–18 months
(278) 109 (39.2) 169 (60.8) 148 (53.2) 130 (46.8) 15 (5.4) 263 (94.6)

18–24 months
(438) 160 (36.5) 278 (63.5) 283 (64.6) 155 (35.4) 68 (15.5) 370 (84.5)

24–36 months
(448) 170 (37.9) 278 (62.1) 348 (77.7) 100 (22.3) 78 (17.4) 370 (82.6)

p-value 3 0.011 <0.001 <0.001
SES

Lowest (220) 99 (45.0) 121 (55.0) 107 (48.6) 113 (51.4) 21 (9.5) 199 (90.5)
Low (265) 147 (55.5) 118 (44.5) 168 (63.4) 97 (36.6) 37 (14.0) 228 (86.0)

Medium (393) 130 (33.1) 263 (66.9) 259 (65.9) 134 (34.1) 67 (17.0) 326 (83.0)
High (215) 58 (27.0) 157 (73.0) 136 (63.3) 79 (36.7) 34 (15.8) 181 (84.2)

Highest (214) 79 (36.9) 135 (63.1) 161 (75.2) 53 (24.8) 34 (15.9) 180 (84.1)
p-value 3 <0.001 <0.001 0.140

Caries
Dmft mean

(SD) 3.2 (3.9) 3.3 (4.1) 5.1 (3.9) 10.6 (4.0) 2.0 (2.2)

p-value 3 0.800 <0.001
1 ScI: Significant Caries Index. 2 Approximate age mean (SD) at follow-up: 30.79 (6.52). 3 χ2 test for differences among groups within the
same columns or ANOVA.

Overall, 63.6% of the children at follow-up presented dental caries. A higher propor-
tion of males than females presented with ScI at follow-up (17.6 vs. 12.1%, p = 0.005; χ2 test).
Children living in Phnom Penh experienced a greater increase in caries and demonstrated
higher overall caries experience at follow-up compared to other provinces. Differences in
caries experience were seen among the five SES groups, whereby the highest SES group
had a greater proportion of children with any caries (75% vs. 49–66%) and higher mean
dmft (p < 0.001; χ2 test, ANOVA). A higher prevalence of ScI among the lowest SES was no
longer significant at follow-up.

The mean (SD) dmft for children with caries at follow-up was 5.1 (3.9). The mean
cutoff of ScI by age groups at follow-up was 7.2, with a mean dmft of 10.6 (4.0) for children
with ScI and 2.0 (2.2) in children without. The mean dmft in stunted children was 3.2 (3.9)
and in non-stunted children 3.3 (4.1) (p = 0.800).

3.1.3. New Cases of Stunting, Significant Caries, and Dietary Adequacy by
Sociodemographic Characteristics

Overall, 17.6% of children transitioned from normal values at baseline to suboptimal
level of length/height-for-age at follow-up. Children who presented stunted malnutrition
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at baseline were excluded from the analysis (n = 332). Females were significantly more
likely to transition to a suboptimal level of height-for-age at follow-up; one out of four
females and one out of five males presented new cases of stunting (p = 0.001; χ2 test).
Children in Ratanakiri had a higher proportion of new cases of stunting when compared
to other provinces (p-value ≤ 0.001; χ2 test). Children from the youngest age group, at
approximately 18 months at follow-up, presented the highest frequency of new cases of
stunting (p-value < 0.001, χ2 test). Regarding SES, the children from the second wealth
index quintile (low) presented the highest prevalence of new cases of stunted malnutrition
(p-value ≤ 0.001; χ2 test).

Measures of dietary adequacy by sociodemographic characteristics are presented in
Table 3. Males were more likely than females to have adequate dietary intake, including
a significantly higher likelihood of achieving CCF (62.6% vs. 51.3%, p < 0.001; χ2 test).
Phnom Penh had the highest proportion, and Ratanakiri the lowest proportion of children
who met the criteria for MAD and CCF. Children 0–6 months of age presented the highest
proportion of acceptable CCF intake (p < 0.001; χ2 test). Children 12 months and over
were more likely than children age 6–12 months to have received MAD (p < 0.001; χ2 test).
Children in the first 4 SES quintiles demonstrated a progressively higher chance of meeting
dietary criteria by MAD and CCF; however, those in the highest quintile appeared to have
a lower dietary quality than those in the high quintile (p < 0.001; χ2 test).

Table 3. Sociodemographic characteristics of new cases of stunting, severe caries and dietary adequacy.

New Cases
Stunting ScI Baseline ScI Follow-Up CCF 1 MAD 2

Valid: 975
Missing: 332
N (Row %)

Valid: 1307
Missing: 0
N (Row %)

Valid: 1307
Missing: 0
N (Row %)

Valid: 1127
Missing: 180
N (Row %)

Valid: 1017
Missing: 290
N (Row %)

Yes No Yes No Yes No Yes No Yes No

Total 230
(17.6)

745
(57.0)

188
(14.4)

1119
(85.6)

193
(14.8)

1114
(85.2)

201
(15.4)

816
(62.4)

640
(49.0)

487
(37.3)

Gender

Male (631) 85 (18.8) 367
(81.2) 100(15.8) 531

(84.2)
111

(17.6)
520

(82.4)
113

(22.1)
398

(77.9)
343

(62.6)
205

(37.4)

Female (676) 145
(27.7)

378
(72.3) 88 (13.0) 588

(87.0) 82 (12.1) 594
(87.9) 88 (17.4) 418

(82.6)
297

(51.3)
282

(48.7)
p-value 3 0.001 0.145 0.005 0.059 <0.001
Province

Phnom Penh
(319) 42 (15.0) 238

(85.0) 39 (12.2) 280
(87.8) 60 (18.8) 259

(81.2) 94 (38.5) 150
(61.5)

201
(71.3) 81 (28.7)

Kratie (551) 97 (23.4) 317
(76.6) 66 (12.0) 485

(88.0) 79 (14.3) 472
(85.7) 77 (17.9) 357

(82.1)
257

(53.3)
225

(46.7)
Ratanakiri

(437) 91 (32.5) 189
(67.5) 83 (19.0) 354

(81.0) 54 (12.4) 383
(87.6) 30 (8.7) 313

(91.3)
182

(50.1)
181

(49.9)
p-value 3 <0.001 0.003 0.044 <0.001 <0.001

Approx. age
follow-up

<12 months
(143) 58 (46.0) 68 (54.0) 15 (10.5) 128

(89.5) 32 (22.4) 111
(77.6) / / 106

(89.1) 13 (10.9)

12–18
months

(278)
63 (28.0) 162

(72.0) 45 (16.2) 233
(83.8) 15 (5.4) 263

(94.6) 28 (10.9) 228
(89.1)

122
(67.8) 58 (32.2)
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Table 3. Cont.

New Cases
Stunting ScI Baseline ScI Follow-Up CCF 1 MAD 2

Valid: 975
Missing: 332
N (Row %)

Valid: 1307
Missing: 0
N (Row %)

Valid: 1307
Missing: 0
N (Row %)

Valid: 1127
Missing: 180
N (Row %)

Valid: 1017
Missing: 290
N (Row %)

Yes No Yes No Yes No Yes No Yes No

18–24
months

(438)
55 (17.1) 267

(82.9) 65 (14.8) 373
(85.2) 68 (15.5) 370

(84.5) 92 (23.3) 303
(76.7)

167
(40.0)

251
(60.0)

24–36
months

(448)
54 (17.9) 248

(82.1) 63 (14.1) 385
(85.9) 78 (17.4) 370

(82.6) 81 (22.1) 225
(77.9)

245
(59.8)

165
(40.2)

p-value 3 <0.001 0.456 <0.001 <0.001 <0.001
SES

Lowest (220) 35 (23.5) 114
(76.5) 46 (20.9) 174

(79.1) 21 (9.5) 199
(90.5) 23 (12.3) 164

(87.7) 79 (43.6) 102
(56.4)

Low (265) 77 (42.3) 105
(57.5) 34 (12.8) 231 (7.2) 37 (14.0) 228

(86.0) 22 (11.2) 175
(88.8)

139
(61.2) 88 (38.8)

Medium
(393) 57 (18.9) 245

(81.1) 56 (14.2) 337
(85.8) 67 (17.0) 326

(83.0) 57 (20.0) 228
(80.0)

196
(59.9)

131
(40.1)

High (215) 28 (15.5) 153
(84.5) 25 (11.6) 190

(88.4) 34 (15.8) 181
(84.2) 60 (34.9) 112

(65.1)
139

(69.5) 61 (30.5)

Highest
(214) 33 (20.5) 128

(79.5) 27 (12.6) 187
(87.4) 34 (15.9) 180

(84.1) 39 (22.2) 137
(77.8) 87 (45.3) 105

(54.7)
p-value 3 <0.001 0.040 0.140 <0.001 <0.001

1 CCF: Cambodian complementary feeding. 2 MAD: Minimum acceptable diet. 3 χ2 test for differences among groups within the same
columns or ANOVA.

3.2. Multivariate Analysis: Logistic Regression

Results of multivariate logistic regression on odds ratios for new cases of stunting
based on severe dental caries by ScI at baseline and follow-up are presented in Table 4
(Models 1 and 2).

Table 4. Logistic regression models for the risk of stunting by caries experience, sociodemographic and diet indicators.

New Cases Stunting

Based on ScI at Baseline MODEL 1 Based on ScI at Follow-Up MODEL 2

OR (95% CI) p-Value OR (95% CI) p-Value

Caries experience
No ScI 1

Had ScI 0.8 (0.5–1.5) 0.524 1.8 (1.0–3.0) 0.039
Gender
Male 1

Female 1.7 (1.1–2.5) 0.012 1.7 (1.2–2.6) 0.009
Province

Phnom Penh 1

Kratie 2.3 (1.3–4.0) 0.003 2.5 (1.4–4.3) 0.002
Ratanakiri 3.1 (1.7–5.6) <0.001 3.3 (1.8–6.0) <0.001

Age at baseline
6–12 months 1

12–18 months 0.5 (0.3–0.8) 0.009 0.4 (0.3–0.8) 0.004
18–24 months 0.6 (0.4–1.0) 0.068 0.5 (0.3–0.9) 0.027

SES
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Table 4. Cont.

New Cases Stunting

Based on ScI at Baseline MODEL 1 Based on ScI at Follow-Up MODEL 2

OR (95% CI) p-Value OR (95% CI) p-Value

Lowest 1

Low 2.0 (1.0–3.7) 0.040 2.0 (1.0–3.8) 0.038
Medium 0.7 (0.3–1.3) 0.211 0.7 (0.3–1.2) 0.195

High 1.0 (0.5–2.0) 0.964 1.0 (0.5–2.0) 0.978
Highest 1.3 (0.6–2.5) 0.512 1.3 (0.7–2.6) 0.422

Diet indicators
No CCF 1

CCF 1.2 (0.8–1.9) 0.333 1.2 (0.8–1.9) 0.367
No MAD 1

MAD 1.9 (1.2–3.2) 0.011 1.9 (1.1–3.1) 0.014
1 Reference value.

Having severe caries by ScI at baseline was not associated with developing new-onset
stunting, although children with ScI at follow-up had approximately twice the risk with an
odds ratio of 1.8 (95% CI = 1.0–3.0, p = 0.039; χ2 test) after controlling for gender, province,
age, SES, and diet indicators. The highest risk for developing new cases of stunting was
seen in females (OR 1.7; CI 1.2, 2.6) from rural areas (OR 2.5–3.3; CI 1.4, 6.0), at the age of
approximately 1–2 years at follow-up (<12 months at baseline) (OR 0.4–0.5; CI 0.3, 0.9), and
coming from the second lowest SES quintile (OR 2.0; CI 1.0, 3.8), even in the presence of
MAD (OR 1.9; CI 1.1, 3.1).

Collinearity between MAD and CCF is taken into consideration and ruled out because
both variables capture different aspects of the feeding practices.

4. Discussion

This secondary analysis of longitudinal data on Cambodian children under age 2 at
baseline and 1 year later at follow-up showed that children with severe dental caries (as
indicated by the ScI) had almost twice the odds of developing chronic malnutrition. This
suggests that dental caries experience could be an important contributor to child growth
restriction at a critical stage of child development. The results of the present analysis align
with some cross-sectional and longitudinal studies that reported a positive association
between severe dental caries and different forms of undernutrition [38–41]. The present
study is unique in that it uses a longitudinal study design, controlled for the children’s
dietary intake, and included children under 2 years of age at baseline from a population
with severe caries experience.

A number of systematic reviews have examined the relationship between dental caries
and malnutrition; some studies show association of caries with undernutrition, others with
obesity, and others show no association [42–47]. The differences in child age, country’s
socioeconomic standing, and socioeconomic and behavioural disparities within the coun-
tries may explain the disparate findings in the literature. Moreover, the caries–malnutrition
relationship appears to play out differently in urban and rural areas, different SES groups,
and different countries and regions based on their stage in the nutrition transition [48–52].
The data from this study suggested that children in predominantly rural northeastern
provinces had worse baseline dietary, anthropometric, and caries experience. However,
children in the predominantly urban Phnom Penh presented with worse caries experience
over the observation period, which may be explained by higher sugar consumption.

Suboptimal dietary, anthropometric, and caries indicators were seen in the low/lowest
SES population; however, the highest SES population did not present the best outcomes—
the wealthiest SES group demonstrated lower rates of dietary adequacy and higher rates of
dental caries and undernutrition compared to the adjacent lower SES strata. Furthermore,
some children in the higher SES strata may be vulnerable to overnutrition [53], but the
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limited number of obese participants in the sample precluded analysis of the relationship
of severe dental caries and overnutrition. There is consensus that frequent consumption of
high-calorie and sugary foods and drinks contributes to dental caries and overweight [6,54].
On the other hand, consuming sugary foods and drinks may also displace the intake of
nutritious foods and drinks, and contribute to dental caries and undernutrition [55,56].
This suggests that, in low-middle-income countries, there may be a “u-shaped” association
between SES and dietary adequacy, caries and nutritional status, rather than the linear
relationship between SES and good nutrition and oral health generally described in higher-
income countries [53,57,58]. Nonetheless, there is a paucity of research about the role of
sugary diets in undernutrition, including the comorbidity with dental caries. This may
be explained by the lack of oral health awareness among non-dental medical and public
health professionals [59], and the economic power of the food and beverage companies that
sell sugary snacks and beverages as well as oral health care products, and sponsor caries
research that focuses on dental care products rather than on the cause of caries: sugar [60].

In addition, a growing body of research highlights gender inequalities in child nutri-
tion and health [61,62]. In this sample, females showed worse diet and anthropometric
outcomes, and males presented more severe caries experience at follow-up. However,
Cambodian national data show no substantial difference in nutritional outcomes by gender
in children under 5 [18,63]. The findings also support the understanding that both den-
tal caries and chronic undernutrition are socially driven phenomena with complex and
poorly studied interrelationships with each other and with sociocultural, economic and
behavioural factors. In this study sample, it appears that male infants/toddlers, and those
in the higher SES strata may have consumed larger quantities of food as implied by the
CCF data, which may protect first against growth faltering; however, the same subgroups
may also have greater consumption of sugary foods and drinks, thereby contributing to
the finding of more severe caries experience, and associated long-term growth faltering.
This highlights the need to address the structural drivers of early childhood caries and
undernutrition from early infancy onward to reduce the long-term adverse impacts of
dental caries on children’s nutrition, health, and development [13].

Several limitations should be recognized in this study. The CAHENMS and the oral
health survey were not specifically intended to examine the impact of tooth decay on
malnutrition, and lacked detailed data on maternal health, education, and comorbidities
that might contribute to the higher risk for stunting in the presence of severe caries. The
dietary surveys were subject to recall bias and the diet indicators of this secondary analysis
presented some constraints. The WHO indicator, Minimal Acceptable Diet (MAD) is not
country-specific, and many Cambodian food items were missed. Moreover, the Minimal
Diet Diversity (MDD) does not include breast milk as it has been recently proposed in
the most recent guidelines. The Cambodian Complementary Feeding (CCF) indicator
includes the quantity of complementary feeding and breastfeeding but not the frequency
of meals per day. Thereby, the diet indicators may not have fully captured children’s diet
in Cambodia and data were not collected on daily child consumption of non-nutritious
food and drinks (junk food). Those food groups contain high amounts of sugar, and are
hypothesized to be primary causes of caries and associated stunted growth. Finally, as
malnutrition and dental caries are multifactorial diseases that evolve over time [64], this
one-year follow-up does not capture the cumulative impact of disease, the mitigating
effect of oral hygiene and dental treatment, and a longer follow-up considering these
factors is warranted. This would also allow for change modelling of trends in growth and
development for which binary logistic regression may not be sensitive.

In order to use human and financial resources wisely, it is important to work closely
with programmes focused on the prevention of non-communicable diseases (NCDs) that
share common risk factors with tooth decay [65]. Although many countries have introduced
school-based caries-prevention programmes with successful outcomes [66,67], most caries
risk factors and adverse outcomes begin in early childhood, before the child attends school
and before the child sees a dentist. Thus, there is an evidence-based opportunity to integrate
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caries prevention into existing primary care maternal-child health programmes from birth
onwards [68].

The findings of this study suggest that reducing the severity of dental caries could,
in turn, reduce the long-term adverse impact on linear growth among young children.
Therefore, it could be justified to incorporate caries prevention initiatives with general child
nutrition and health promotion initiatives. Such interventions might include supporting
adequate infant breast- and complementary feeding [69,70], babyWASH and consumption
of safe water [71], and healthy environments with restricted access to sugar [72]. This
should go along with an improvement of oral hygiene practices—toothbrushing two times
a day with fluoride toothpaste [73]—and oral health initiatives such as population-based
fluoride [74,75], and preventing caries lesions through application of sealants [76], fluoride
varnishes [73,77], and topical silver and fluoride agents [78]. Finally, particularly relevant
to the Cambodian context of widespread food insecurity is the need for political will to
limit the global marketing of low-cost, ultra-processed junk food and sugar-sweetened
drinks to improve child nutritional status, decrease the incidence of dental caries, and
ultimately support children’s growth and development.

5. Conclusions

This is the first longitudinal study to examine the association between dental caries
and stunted growth in children under 2 years in Cambodia, and to demonstrate that severe
tooth decay is associated with developing stunting malnutrition. The study highlights the
need to prevent and treat early childhood tooth decay as an important part of programmes
to prevent child undernutrition as well as NCDs, and to promote children’s optimal growth
and development during a critical stage of life.
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Appendix A. Overview of the CAHENMS Study

The study monitored health and nutrition indicators for children between birth and
4 years of age and collected individual information about dietary intake, anthropometric
measures, cognitive development, the prevalence of diarrhoea and acute respiratory in-
fections as well as information in the household level: SES, handwashing and sanitation.
Cases of severe acute malnutrition were referred to the hospital and cases of moderate
malnutrition were treated with Numtrey. The wider study included questions about water
and hand sanitation, stool, borbor (rice porridge) consumption, and Oral-Health-Related
Quality of Life which, were not analysed as part of the present investigation.

15



Nutrients 2021, 13, 290

Baseline data were collected in December 2015 and the enrolled children were followed
until June 2019; the 6th follow-up (FU6). Data collection and follow-ups were performed
every month and every two months after FU5 (Figure A1).

Figure A1. Overview of the CAHENMS study.

The present study used data from follow-up 3 (FU3), follow-up 4 (FU4), and follow-up
5 (FU5), as well as data from children who received an oral examination at CAHENMS
FU4 and who were followed a year later at FU5. Parents/caregivers of children who
were identified as having carious lesions were informed and instructed to seek further
care through a dentist of their choice or through the primary healthcare setting. For the
purpose of this analysis, FU3 and FU4 occurring 3 months apart in 2017 were merged as
“Baseline”; and FU5 occurring approximately one year later in 2018 was considered as
“Follow-up” (FU).

Appendix B. Attrition Analysis

Table A1 presents the attrition sociodemographic profile of the original sample with
2305 children. There was a statistically significant variation in attrition among age group
and province between followed and not-followed children, whereby older children pre-
sented higher attrition rate (p < 0.001; χ2 test), although the age group included in the study
sample, younger than 23.9 months at baseline, presented similar attrition rates (7–9%).
The province of Ratanakiri presented a higher proportion of children who were lost to
follow-up (11.1% vs. 7.0–7.2%, p = 0.003; χ2 test).

Table A1. Attrition analysis of the original sample with sociodemographic profile.

Followed
N (Row %)

Lost
N (Row %)

Total
N (Column %) p-Value 1

2107 (91.4) 198 (8.6) 2305 (100.0)
Gender 0.512

Male 1057 (91.4) 99 (8.6) 1156 (50.2)
Female 1050 (91.4) 99 (8.6) 1149 (49.8)

Age group <0.001
<6 months 143 (92.3) 12 (7.7) 155 (6.7)

6–11 months 280 (92.7) 22 (7.3) 302 (13.1)
12–17 months 441 (91.5) 41 (8.5) 482 (20.9)
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Table A1. Cont.

Followed
N (Row %)

Lost
N (Row %)

Total
N (Column %) p-Value 1

18–23 months 451 (91.3) 43 (8.7) 494 (21.4)
24–29 months 454 (95.4) 22 (4.6) 476 (20.7)
30–35 months 288 (90.0) 32 (10.0) 320 (13.9)
36–41 months 50 (65.8) 26 (34.2) 76 (3.3)

Province 0.003
Phnom Penh 493 (92.8) 38 (7.2) 531 (23.0)

Kratie 840 (93.0) 63 (7.0) 903 (39.2)
Ratanakiri 774 (88.9) 97 (11.1) 871 (37.8)

SES 0.277
Lowest 347 (90.6) 36 (9.4) 383 (17.4)

Low 528 (92.1) 45 (7.9) 573 (26.1)
Medium 445 (89.2) 54 (10.8) 499 (22.7)

High 352 (92.6) 28 (7.4) 380 (17.3)

Highest 333 (92.5) 27 (7.5) 260 (16.4) 260
260 (16.4)

1 χ2 test for differences among groups within the same column.
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Abstract: The potent antimicrobial effects of antimicrobial photodynamic therapy (aPDT) with visible
light plus water-filtered infrared-A irradiation and natural compounds as photosensitizers (PSs) have
recently been demonstrated. The aim of this study was to obtain information on the antimicrobial
effects of aPDT with mother juices against typical cariogenic oral Streptococcus pathogens in their
planktonic form and determine its eradication potential on total human salivary bacteria from
volunteers. Mother juices of pomegranate, bilberry, and chokeberry at different concentrations
were used as PSs. The unweighted (absolute) irradiance was 200 mW cm−2, applied five minutes.
Planktonic cultures of Streptococcus mutans and Streptococcus sobrinus and total mixed bacteria from
pooled saliva of volunteers were treated with aPDT. Up to more than 5 log10 of S. mutans and
S. sobrinus were killed by aPDT with 0.4% and 0.8% pomegranate juice, 3% and 50% chokeberry
juice, and 12.5% bilberry juice (both strains). Concentrations of at least 25% (pomegranate) and
>50% (chokeberry and bilberry) eradicated the mixed bacteria in saliva samples. This pilot study
has shown that pomegranate mother juice is superior to the berry juices as a multicomponent PS for
killing pathogenic oral bacteria with aPDT.

Keywords: Punica granatum; Vaccinium myrtillus; Aronia melanocarpa; punicalagin; cyanidin 3-
glucoside and hyperoside; Streptococcus mutans; Streptococcus sobrinus; photosensitizer; antimicrobial
photodynamic treatment

1. Introduction

Caries and chronic inflammation of the periodontal tissues are related to the accumu-
lation of bacterial plaque. Mechanical methods are insufficient to improve periodontitis
and often the administration of antibiotics is required following mechanical debridement.
However, due to microbial resistance towards most antibiotics as well as disinfectants
such as chlorhexidine digluconate and patient allergies, alternative methods are needed.
Antimicrobial photodynamic therapy (aPDT) is one such method, being well studied since
its discovery around 1900 [1]. The technique requires a visible light source, a non-toxic
photosensitizer (PS), and tissue oxygen. The wavelength of the light source needs to be
appropriate to excite the PS to produce radicals (singlet oxygen) and/or reactive oxygen
species. The latter cause irreversible damage to bacteria, fungi, and viruses [2].

As PSs, tetrapyrrole structures and synthetic dyes are in current use, as well as
natural compounds such as the red colors hypericin and riboflavin (vitamin B2), yellow
curcumin [1], quercetin (a flavonol) [3], and psoralens [4]. Our group has successfully
introduced aPDT with visible light (VIS) plus water-filtered infrared-A (wIRA) irradiation
and toluidine blue, chlorine e6 [5–7], indocyanine green [8], and hypericum perforatum
ethanolic extract [9] as PSs. The results from the aforementioned studies were encouraging

21



Nutrients 2021, 13, 710

for the use of aPDT with VIS + wIRA to treat oral diseases such as periodontitis and
peri-implantitis. However, this requires a photosensitizing agent that can be used in the
oral cavity without any toxic effects for oral mucous membranes and human cells. Mother
juices are freshly squeezed juices from harvested fruit that do not contain any added
colorings, preservatives, or sugar. After squeezing, they are pasteurized and immediately
bottled. Hence, the aim of this pilot study was to (i) evaluate the phototoxic effects of
aPDT with mother juices against typical cariogenic oral Streptococcus pathogens in their
planktonic form and (ii) determine its eradication potential on total human salivary bacteria
from volunteers.

2. Materials and Methods
2.1. Radiation Source and Photosensitizers

A broadband visible light (VIS) and water-filtered infrared-A (wIRA) radiator (Hydro-
sun 750 FS, Hydrosun Medizintechnik GmbH, Müllheim, Germany) containing a 7 mm
water cuvette was used as described elsewhere in detail [6,9,10]. The radiator comprised
a halogen lamp with an accessory water filter (dimensions: length: 28 cm, width: 27 cm,
height: 28 cm) using 750 W (voltage: 230 V, 50–60 Hz), which was inserted into the light
path for absorbing the infrared-B and -C wavelengths. Additionally, the radiator also
included an orange filter (BTE 31, 10 cm in diameter and 200 mW/cm2 efficiency). More
than doubled-weighted efficient integral illumination with reference to the absorption
spectrum of protoporphyrin IX was enabled by using a BTE 31 filter. The 944 and 1180 nm
absorption bands were also filtered to prevent superficial overheating. The water-filtered
absorption revealed a total spectrum in the range of 570 to 1400 nm, with local minima
at around 970, 1200, and 1430 nm. The amount of unweighted radiation applied to the
microbial samples was 48 mW cm−2 VIS and 152 mW cm−2 wIRA (200 mW cm−2 in total).
All samples were irradiated for 5 min.

As PSs, we used mother juices of pomegranate (Punica granatum, L6349), chokeberry
(Aronia melanocarpa, L6294), and bilberry (Vaccinium myrtillus, L7074) from Biotta AG CH-
8274 Tägerwilen, with expiry dates of 7 June 2018, 13 April 2019, and 6 September 2018,
respectively (Table 1). The absorbance spectra of all juices were measured using a Tecan
Infinite 200 reader (Tecan, Crailsheim, Germany).

Table 1. Polyphenol content (Folin–Ciocalteu method, mg/100 mL) of the mother juices. The ana-
lyses were carried out by Pharma Bellavista GmbH, CH 9404 Rorschacherberg, using established
methods defined in the European Pharmacopeia.

Pomegranate Bilberry Chokeberry

Total polyphenols calculated as pyrogallols * 384 693 697
Tannins calculated as pyrogallols * 218 371 446

Procyanidins calculated as cyanidin chloride ** 100 836
Ellagic acid *** 8.6

* PhEur 2.8.14, ** PhEur 2.2.25, *** PhEur 2.2.29.

In addition, we investigated the compounds punicalagin (PHL80524, Sigma Aldrich,
Traufkirchen, Germany), cyanidin 3-glucoside (PHL89616, Merck, Darmstadt, Germany),
and hyperoside (0018-05-85, Planegg/Martinsried, Germany).

2.2. Bacterial Strains and Total Human Salivary Bacteria

Two bacterial strains belonging to the mutans streptococci that have been considered
as main oral cariogenic bacteria were tested in this study: Streptococcus mutans DSM20523,
and Streptococcus sobrinus DSM 203815. Long-term storage of both bacterial strains was at
−80 ◦C in brain heart infusion containing 15% (v/v) glycerol as described by Jones et al. [11]
and Al-Ahmad et al. [12]. Maintenance with weekly subculturing was conducted on Columbia
blood agar (CBA) at 37 ◦C in an aerobic atmosphere including 5–10% CO2. Overnight cultures
of the bacterial strains were prepared in tryptic soy broth (TSB, Merck, Darmstadt, Germany)
at 37 ◦C in an aerobic atmosphere including 5–10% CO2.
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Three healthy volunteers gave written consent after the ethics committee of the Albert-
Ludwigs-University of Freiburg had approved the study protocol (Nr. 91/13). Exclusion
criteria included the use of antibacterial mouth rinses or antibiotics in the three-month
period prior to the start of the experiment, pregnancy or lactation, smoking, severe systemic
diseases, or participation in another clinical study during the previous three months. The
volunteers donated unstimulated human saliva, which was pooled to gain total salivary
bacteria. All total salivary samples were taken on the same day, directly before conducting
the experiments, to avoid alteration of the total salivary microbiota.

2.3. Application Protocol of aPDT

The bacterial samples and pooled human salivary bacteria were incubated for two
minutes in different concentrations of the mother juices prior to irradiation. All dilutions
of the mother juices were conducted in 0.95% NaCl solution. The samples were then
irradiated by VIS + wIRA for five minutes at 37 ◦C. Samples treated with chlorhexidine
(CHX) served as a positive control. Samples treated with 0.95% NaCl solution, with the
mother juices, or solely with irradiation were used as negative controls. The negative
controls were incubated in the dark to exclude any accessory effects of day light. The
colony-forming units (CFUs) of treated and untreated bacterial strains were determined on
CBA at 37 ◦C and with 5–10% CO2 atmosphere for two days and depicted as log10 values.

Human salivary samples were vortexed for 30 s before determining the CFUs on CBA
aerobically at 37 ◦C and with 5–10% CO2 atmosphere for five days. The killing rate in
terms of CFU reduction after aPDT was calculated by comparison with the negative control.
A statistical analysis was not required if a reduction rate higher than two log10 steps
was achieved.

The activity of the PSs remained stable for six months of storage at low temperature
(3 ◦C) in the dark using a light-tight bottle.

3. Results

All three mother juices showed light absorption at a wide wavelength range (Figure 1)
close to the emission spectrum of the light source [13].

Figure 1. Absorbance spectrum of the mother juices employed in this study.

The high killing effects of aPDT with pomegranate mother juice on S. mutans and
S. sobrinus are shown in Figure 2 and Table 2. Approximately all bacterial cells were
eradicated at PS concentrations ranging between 6% and 0.8%. Even the low concentration
of 0.4% showed a high killing rate of one Log10 on the planktonic culture of both species.
No killing effect of aPDT was shown with 0.2% pomegranate mother juice. The aPDT effects
of pomegranate juice on total salivary bacteria (Figure 2) revealed an eradication range
between one (12.5%) and 4 Log10 (50%). A pomegranate juice concentration lower than 6%
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showed no antimicrobial effects as a PS with aPDT. The treatment of both pathogens as
well as total salivary bacteria with CHX resulted in a total killing effect of 100%.

Figure 2. The effects of antimicrobial photodynamic therapy (aPDT) using visible light and water-filtered infrared-A
(VIS + wIRA) in combination with pomegranate mother juice as a photosensitizer (PS) against S. mutans, S. sobrinus, and
total salivary bacteria. Untreated and mother juice-treated negative controls are added. Additionally, aPDT without mother
juices was conducted as a negative control. Treatment with 0.2% CHX served as a positive control. Red bars depict values
with photodynamic treatment; white bars represent values without photodynamic treatment. CHX, chlorhexidine.
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Table 2. Killing effects of aPDT using pomegranate mother juice as a photosensitizer.

Target Concentration of the
Photosensitizer Killing Effects

S. mutans
0.8–6% ≥3 Log10

0.2–0.4% ≤1 Log10

S. sobrinus
0.8–6% ≥3 Log10

0.2–0.4% ≤1 Log10

Total salivary bacteria 25–50% ≥3 Log10
12.5% ≤1 Log10

The killing effect of aPDT with chokeberry mother juice on S. mutans (Figure 3,
Table 3) was dependent on the concentration of the PS and it ranged from 0.8 (0.2%
chokeberry juice) to 4.2 Log10 (50% chokeberry juice). Even the low concentration of 3%
showed a high killing rate of 2.4 Log10. Similar concentration-dependent antimicrobial
effects were shown for S. sobrinus (Figure 3, Table 3). The killing of S. sobrinus ranged from
0.4 to 2.1 Log10 with chokeberry juice concentrations of 0.4% and 50%, respectively. The 6%
chokeberry juice showed a killing effect of 1.1 Log10 on planktonic S. sobrinus.

Table 3. Killing effects of aPDT using chokeberry mother juice as a photosensitizer.

Target Concentration of the Photosensitizer Killing Effects

S. mutans
6–50% ≥3 Log10
1.5–3% ≤2.4 Log10

0.2–0.8% ≤1 Log10

S. sobrinus
50% 2.1 Log10

6–25% 1–1.4 Log10

Total salivary
bacteria

50% 1.3 Log10
0.3–25% ≤0.8 Log10

The aPDT effects of chokeberry juice on total salivary bacteria (Figure 3, Table 3)
revealed an eradication range between 0.8 and 1.3 Log10. The treatment of both pathogens
as well as the salivary bacteria with CHX resulted in a total killing effect of 100%.

The aPDT with 50%, 25%, and 12.5% bilberry mother juices on S. mutans resulted
in total killing of all bacteria (Figure 4, Table 4). The aPDT with 6% bilberry juice killed
S. mutans by two Log10 (99%). All negative controls including treatment with pure bilberry
juice without irradiation (8.3–8.4 Log10) as well as bacteria incubated solely in 0.95% NaCl
solution (with and without irradiation; 7.2–7.4 Log10) revealed no antimicrobial effects.
The combination of aPDT with 25% and 12.5% bilberry juices also killed all S. sobrinus
pathogens, whereas the 6% juice reduced the CFUs from 8.3 to 7.6 Log10. Treatment with
pure juice without irradiation showed no antimicrobial effects (Figure 4, Table 4). Treatment
with 0.2% CHX killed all planktonic cells of S. mutans and S. sobrinus as well as all salivary
bacteria. The aPDT with 50% bilberry juice reduced the CFUs of total salivary bacteria from
7.7 to 6.0 Log10 (Figure 4, Table 4), reflecting a high killing rate of >90%. A killing effect of
one and 0.5 Log10 was shown for aPDT with 25% and 12.5% bilberry juices, respectively.
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Figure 3. The effects of aPDT using VIS + wIRA in combination with chokeberry mother juice as a PS against S. mutans,
S. sobrinus, and total salivary bacteria. Untreated and mother juice-treated negative controls are added. Additionally, aPDT
without mother juices was conducted as a negative control. Treatment with 0.2% CHX served as a positive control. Red
bars depict values with photodynamic treatment; white bars represent values without photodynamic treatment. CHX,
chlorhexidine; aPDT, antimicrobial photodynamic therapy.
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Figure 4. The effects of aPDT using VIS + wIRA in combination with bilberry mother juice as a PS against S. mutans,
S. sobrinus, and total human salivary bacteria. Untreated and mother juice-treated negative controls are added. Additionally,
aPDT without mother juices was conducted as a negative control. Treatment with 0.2% CHX served as a positive control.
Red bars depict values with photodynamic treatment; white bars represent values without photodynamic treatment. CHX,
chlorhexidine; aPDT, antimicrobial photodynamic therapy.

Table 4. Killing effects of aPDT using bilberry mother juice as a photosensitizer.

Target Concentration of the Photosensitizer Killing Effects

S. mutans
12.5–50% ≥3 Log10

6% 2 Log10
0.2–0.8% ≤1 Log10

S. sobrinus
12.5–25% ≥3 Log10

6% 0.9 Log10

Total salivary
bacteria

50% 1.7 Log10
25% 1 Log10

12.5% 0.5 Log10

The aPDT with 0.5 mg/mL punicalgin and 1 mg/mL hyperoside showed only a minor
killing effect on S. mutans at a range less than 0.5 Log10 (Figure 5, Table 5). All other concen-
trations demonstrated no antimicrobial effect. The aPDT with cyanidin 3-glucoside chloride
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did not show any killing effects on S. mutans at the concentration range of 1 to 0.03 mg/mL.
However, the mixture of the three compounds (equal amount of each compound) had a high
photosensitizing potential and killed S. mutans by more than 4 log10 at a concentration of
1 mg/mL (Figure 6). Even at 0.5 mg/mL, the mixture killed S. mutans at a bactericidal level
of more than 3 log10. Treatment only with juices or single compounds without radiation or
radiation with VIS + wIRA without PSs showed no antimicrobial effects.

Figure 5. The effects of aPDT using VIS + wIRA in combination with single compounds as PSs against S. mutans. Untreated
and mother juice-treated negative controls are added. Additionally, aPDT without mother juices was conducted as a negative
control. Treatment with 0.2% CHX served as a positive control. Red bars depict values with photodynamic treatment; white
bars represent values without photodynamic treatment. CHX, chlorhexidine; aPDT, antimicrobial photodynamic therapy.
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Table 5. Effects of aPDT using single compounds as photosensitizers against Streptococcus mutans.

Compound Concentration of the
Photosensitizer Killing Effects

Punicalagin 0.015–0.5 mg/mL 0.4 Log10
0.015–0.5 mg/mL no effects

Hyperoside 1 mg/mL 0.5 Log10
0.03–0.5 mg/mL no effects

Cyanidin
3-glucoside chloride 0.03–1 mg/mL no effects

Figure 6. The effects of aPDT using VIS + wIRA in combination with a mixture of all three substances
(equal amount of each compound) as a PS against S. mutans. Untreated and mother juice-treated
negative controls are added. Additionally, aPDT without a PS was conducted as an additional
negative control. Treatment with 0.2% CHX served as a positive control. Red bars depict values
with photodynamic treatment; white bars represent values without photodynamic treatment. CHX,
chlorhexidine; aPDT, antimicrobial photodynamic therapy.

4. Discussion

The antimicrobial effects of aPDT with VIS + wIRA in combination with mother juices
demonstrated that all juices had a photosensitizing potential that could be used to regain
oral health in the case of infections. There are three types of PSs: (i) those that stay in
close proximity to a bacterial cell wall, (ii) those that bind to the bacterial cell, which may
limit the oxidative damage to outer cell structures, and (iii) those that enter bacterial cells
and reach the cytoplasm, which results in damage to intracellular components such as
cytoplasmic proteins or DNA [14]. Mother juices per se have a potent antimicrobial activity,
although when diluted in non-antimicrobial concentrations, they may serve as PSs.

4.1. Pomegranate

A lipophilic extract of Punica granatum was antimicrobial to S. mutans, Staphylococcus
aureus, and Candida albicans at bactericidal concentrations of 12.5, 25, and 50 mg/mL, respec-
tively [15]. S. mutans was more sensitive to pomegranate than the other microorga-nisms
including Porphyromonas gingivalis [16]. A hydroalcoholic extract of pomegranate juice
inhibited the S. mutans Clarke ATCC® 25175™ strain (minimum inhibitory concentration
(MIC) 25 µg/µL, minimum bactericidal concentration (MBC) 40 µg/µL) and a Rothia dento-
cariosa clinical isolate (MIC 20 µg/µL, MBC 140 µg/µL) [17]. Pomegranate fruit peel crude
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extract killed S. mutans (MBC 6.25 mg/mL). At sub-bactericidal concentrations, it reduced
acid production, biofilm formation, and insoluble extracellular polysaccharide production
(EPS) in the biofilm of the planktonic cells of S. mutans. The production of soluble EPS was
not affected [18].

The antimicrobial activity was attributed to the presence of tannin derivatives includ-
ing punicalagin [19]. As the mechanism of action, inhibition of extracellular microbial
enzymes, deprivation of the substrates required for microbial growth, direct action on mi-
crobial metabolism through inhibition of oxidative phosphorylation, and iron deprivation
have been suggested [20]. However, other compounds such as phloretin, punigratane, and
coutaric acid occurring in trace amounts in the pomegranate showed even higher micro-
bicide effects and may contribute to the overall antibacterial effect [21]. A gel equivalent
to 0.234% punicalagin inhibited S. mutans and Streptococcus sanguinis but not Lactobacillus
casei within 24 h of incubation in vitro [22].

Topalovic and co-workers [23] identified in pomegranate 97 phenolic compounds,
23 anthocyanins and derivatives, 33 ellagitannins and derivatives of ellagic acid, 12 fla-
vanols, 4 flavonol glycosides (among them quercetin, myricetin, kaempferol [24], and
hyperoside [25]), one flavone (according to Zhao et al. [24], two flavones: apigenin and
luteolin), 17 hydroxybenzoic acids, and 7 hydroxycinnamic acids and derivatives thereof.
Flavanols, ellagitannins, and derivatives of ellagic acid had the highest concentrations in
pomegranate juice. While isolated colorless tannins were ineffective as PSs for aPDT in
killing S. mutans (Figure 5, data for procyanidin A2 not shown), the mixture of characteristic
compounds contributes to the photosensitizing effect (Figure 6).

Our results show that pomegranate mother juice in concentrations of 0.8% (S. mutans)
and 0.4% (S. sobrinus) with aPDT was associated with a high killing rate of the streptococci.
For a high eradication rate of total human salivary samples, a concentration of at least 25%
was required. Such concentrations had no impact on the streptococci without aPDT.

The content of anthocyanins in pomegranate juice of industrial production was
on average 1 mg/100 cm3, and cyanidin 3,5-O-diglucoside accounted for about 40% of
them [26], while other studies identified cyanidin 3-O-glucoside as the predominant antho-
cyanin (41%), followed by cyanidin 3,5-O-diglucoside (27%) [27]. Cyanidin 3-O-glucoside
was more instable at the storage temperature than delphinidin 3,5-di- and cyanidin 3,5-
diglucosides [28]. Our data show that cyanidin 3-O-glucoside in combination with puni-
calagin and hyperoside may contribute to the PS activity (Figure 6), as quercetin certainly
did [3]. It remains to be established whether dilutions of the cytotoxic pomegranate extracts
prepared from the whole fruit, juice, or peel with the solvents propylene glycol, ethanol,
and methanol, respectively, are also useful PSs.

4.2. Chokeberry

Aronia melanocarpa demonstrated potent antimicrobial activity against ten human
pathogens [29]. Denev and coworkers investigated crude extract standardized on 20% and
40% anthocyanins on proanthocyanins (PACs), as well as pure compounds (chlorogenic
acid, cyanidin 3-O-galactoside, epicatechin, rutin, and quercetin). They demonstrated that
the antimicrobial effect of chokeberry is mainly due to the action of condensed tannins
(PACs), and that quercetin and epicatechin contribute to the antimicrobial activity. By
contrast, the anthocyanin fraction was ineffective.

Exposure to 1/10 diluted chokeberry juice for one minute significantly reduced
S. mutans biofilm formation in vitro without affecting streptococcal growth [30]. One
week of oral rinse with diluted chokeberry juice led to significantly fewer salivary strepto-
coccal CFUs than rinsing with water. Lee and coworkers concluded that the juice might
inhibit initial biofilm formation by decomposing extracellular RNA [30]. When chokeberry
extracts, subfractions, and compounds were tested for their potential to prevent biofilm for-
mation and inhibit bacterial growth of Escherichia coli and Bacillus cereus, the 50% ethanolic
extract was more potent than other extracts. Moreover, epicatechin was the most effective
among the compounds tested, while the effects of oligomeric and polymeric PACs were
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negligible. Interestingly, cyanidin 3-xyloside showed activity against Gram-negative E. coli
and Gram-positive B. cereus, whereas the other anthocyanins were inactive [31].

Chokeberry dry fruit contains up to 7849 mg polyphenols per 100 g. The dark color of
the fruit is caused by the high concentration of anthocyanins, which include cyanidin 3-
glucoside, 3-galactoside, 3-xyloside, and 3-arabinoside. A small proportion of anthocyanins
was attributed to pelargonidine 3-galactoside and 3-arabinoside. Chokeberry flavonols
mainly comprise quercetin derivatives and, to a lower degree, isorhamnetin 3-derivatives,
myricetin, and kaempherol 3 derivatives. The flavan-3-ols comprise monomeric epicatechin
and oligomeric and polymeric PACs. Chlorogenic and neochlorogenic acids are the main
phenolic acids [32].

Our results indicate that chokeberry mother juice was less effective in killing S. mutans
and S. sobrinus compared with pomegranate mother juice and required concentrations of
6% and 50%, respectively (Figure 3). The killing rate of the mixed bacteria from salivary
samples was similar to that of bilberry juice with a concentration of 50% (Figure 3). It
remains to be established whether chokeberry extracts are more effective PSs.

4.3. Bilberry

The MIC of a lipophilic bilberry (Vaccinium myrtillus) extract against P. gingivalis was
500 µg/mL [33]. A fraction of it showed antibacterial activity against other oral bacteria
with MICs against P. gingivalis, Fusobacterium nucleatum, and Prevotella intermedia of 26, 59,
and 45 µg/mL, respectively. The MIC against S. mutans was >62.5 µg/mL. It seemed likely
that the antimicrobial effect was attributed to the predominant non-anthocyanin phenolic
compounds, accounting for approximately 80% of the total phenolic content [34].

Bilberry contains at least 42 bioactive substances including 22 phenolic acids,
15 flavonols, and 5 flavan-3-ols [34]. Derivatives of quercetin, myricetin, isorhamnetin,
and kaempferol are among the flavonols identified [35]. The major anthocyanin among
the fifteen identified is delphinidin 3-O-β-D-glucopyranoside [36]. The group of Liu [37]
suggested using cyanidin 3-glucoside as an appropriate marker for bilberry. However,
when using several authentic anthocyanin references to quantify anthocyanin contents, a
higher anthocyanidin content was revealed, accounting for 1610 mg/L in bilberry juice
compared with 417 mg/L in blueberry juice [38]. Thus, anthocyanins predominate in
V. myrtillus, whereas Vaccinium angustifolium contains more hydroxycinnamic acids. The
contents of PACs and flavonols are rather similar [39].

Miari and colleagues [40] observed that 25% V. angustifolium aqueous extract reduced
biofilm formation without affecting the growth of Pseudomonas aeruginosa. The decrease in
the relative gene expression of exopolysaccharides and quorum sensing encoding genes
sheds light on the mechanism of action [40]. Highbush blueberry PACs reduced the growth
of Aggregatibacter actinomycetemcomitans and prevented biofilm formation at subinhibitory
concentrations. PAC treatment of pre-formed biofilms resulted in a loss of bacterial viability,
probably due to damage of the bacterial cell membrane. In addition, the PACs protected the
oral keratinocytes barrier integrity from damage caused by A. actinomycetemcomitans [41].
The same extract with 17% phenolic acids, 13% flavonoids (flavonols, anthocyanins, flavan-
3-ols), and almost 3% procyanidins (oligomeric (epi)catechin derivatives) showed antibac-
terial activity against periodontopathogenic F. nucleatum (MIC 1 mg/mL). The authors
supposed that the antibacterial activity was caused by the ability of blueberry polyphenols
to chelate iron [42]. Blueberry juice also inhibited enzymes such as α-glucosidase dipeptidyl
peptidase-4 and tyrosinase dose-dependently. Increased acidity in the biofilms may thus
contribute to the antibacterial activity of blueberry preparations [43]. The aforementioned
blueberry extract at 62.5 µg/mL inhibited F. nucleatum biofilm formation by almost 90%, as
well as a number of proinflammatory and cartilage-destructing cytokines (NF-κB, IL-1β,
TNF-α, IL-6, MMP-8, and MMP-9). This indicates that blueberry and bilberry extracts have
a dual antibacterial and anti-inflammatory action [42]. The latter action is supported by
an animal experiment in which a daily oral bilberry extract had a protective effect on oral
mucosal damage induced by 5-fluorouracil in hamsters [44], as well as a clinical study
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in individuals with gingivitis in which the volunteers consumed either 250 or 500 g of
bilberries over seven days. The mean reduction in bleeding on probing after consumption
of the berries was 41% (250 g) and 59% (500 g) compared with 31% in the placebo group,
and 58% in the standard care reference group. Only in the group consuming 500 g of
bilberries/day were gingival crevicular fluid cytokines (IL-1ß, IL-6, VEGF) reduced [45].

Our results show that bilberry mother juice is less effective than pomegranate juice as
a PS for aPDT. Concentrations of 12.5% and higher were needed to kill the two streptococci
species and a concentration of 50% was required to kill total mixed bacteria of pooled
human saliva samples. It remains to be established whether bilberry extracts are more
effective PSs.

4.4. Multicomponent PSs for aPDT

Our data with isolated compounds indicate that co-administration of an anthocyanin
pigment, a flavone (hyperoside), and a tannin (punicalagin) had a photosensitizing effect,
although the single compounds had little effect or were ineffective. The flavonol quercetin
contained in all mother juices has already been shown to be an appropriate PS [3]. We
therefore suggest that the multicomponent cocktail of anthocyanins, flavonols, and tannins
contributes to the photosensitizing activity of mother juices. The unique composition of
compounds in pomegranate makes this fruit juice superior to berry mother juices. The
question of whether to rinse one’s mouth with pomegranate mother juice or its anthocyanin-
flavonol-tannin fraction prior to aPDT with VIS + wIRA requires further investigations. To
date, the evidence between mother juice intake and damaging caries and tooth erosion is
not conclusive. Overall, prospective cohort studies in children and adolescents have found
no association between the juice intake and tooth erosion or dental caries, although data
from randomized controlled trials (RCT) in adults suggests that the intake of mother juices
could worsen oral health. However, the RCT data were from small, short-term studies that
utilized intra-oral devices generally devoid of normal plaque or saliva action, and they
generally employed conditions that were not reflective of normal juice consumption [46].

As oral bacteria exist in the oral biofilm and not in the planktonic state, additional
experiments on oral biofilms are required to evaluate the efficiency of this novel aPDT.
However, it is important to note that the total salivary bacteria also include flocs of the oral
biofilm as has previously been shown by our research group [47]. Hence, the results of the
present study give preliminary indications regarding an effect of the applied aPDT on the
oral biofilm, which has to be confirmed in future studies.

The lower activity of aPDT against total human salivary bacteria as compared to the
effects on S. mutans and S. sobrinus can be caused by the high heterogeneity of the salivary
microbiome that consists of hundreds of different species [48]. More than 700 different
species belonging to the Gram-negative and Gram-positive bacteria have been reported as
belonging to the oral microbiota [49]. The different structure of the cell wall may lead to
a lower sensitivity of Gram-negative bacteria, as the permeability of the photosensitizer
could be decreased when compared to the Gram-positive species. Moreover, flocs of oral
biofilms have been shown in unstimulated human saliva [47]. Due to the extracellular
matrices, these flocs could be less sensitive to the aPDT used as when compared to the
planktonic single species cultures of S. mutans and S. sobrinus.

5. Conclusions

This study has revealed a higher killing effect of pomegranate mother juice in low
concentration in comparison with bilberry or chokeberry mother juice. Testing of the single
compounds showed that only a mixture of different components has a photosensitizing
killing effect in combination with VIS + wIRA. Due to the known healing effects of wIRA on
human cells, the aPDT using VIS + wIRA in combination with components of pomegranate
fruit juice may be a promising technique for treating oral infections. In order to evaluate
the potential of this, novel aPDT future clinical studies should be conducted using different
fractions of pomegranate mother juice.
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Abstract: Background: Investigating the influence of nutrition on oral health has a long scientific
history. Due to recent technical advances like sequencing techniques for the oral microbiota, this
topic has gained scientific interest again. A basic challenge is to understand the influence of nutrition
on the oral microbiota and on the interaction between the oral bacteria, which is also statistically
challenging. Methods: Log-transformed ratios of two bacteria concentrations are introduced as the
basic analytic tool. The framework is illustrated by application in an experimental study exposing
eleven participants to different nutrition schemes in five consecutive phases. Results: The method
could be sufficiently used to analyse the interrelation between the bacteria and to identify some
bacterial groups with the same as well as different reactions to additional dietary components. It
was found that the strongest changes in bacterial concentrations were achieved by the additional
consumption of dairy products. Conclusion: A log ratio-based analysis offers insights into the relation
of different bacteria while taking specific features of compositional data into account. The presented
methods allow becoming independent of the behaviour of other bacteria, which is a disadvantage of
common analysis methods of compositions. The results indicate that modulations of the oral biofilm
microbiota due to nutrition change can be attained.

Keywords: compositional data; ratio fractions; nutrition; microbiome; oral health

1. Introduction

In recent years, the influence of nutrition on oral biofilm has received increasing
attention. Dietary factors have a major influence on the microbiota of the oral biofilm and
can lead to disturbances of the homeostasis of the more than 700 bacterial species within its
complex network. For example, frequent consumption of simple carbohydrates can favour
acidogenic and acidiuric bacterial species, consequently leading to carious lesions [1].
On the other hand, frequent consumption of dairy products, dietary fibre and certain veg-
etable foods is associated with lower caries incidence [2–4]. The calcium, phosphate and
casein phosphopeptides contained in dairy products can counteract acidic demineralisation
and promote remineralisation processes, thus having a caries preventive effect. In terms of
plant-based foods, different ingredients are concerned with either promoting remineralisa-
tion (e.g., phosphates) or reducing bacterial adhesion and growth, thereby reducing the risk
of caries development [1,5–7]. It is known that simple carbohydrates can lead to a higher
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proportion of acidogenic and aciduric species, which can promote the development of
carious lesions [8]. Concerning the different bacterial species involved in the caries process,
for a long time, mutans streptococci and lactobacilli were thought to be the main species
responsible for the acid production and demineralisation of the tooth structure. However,
in recent years it has become clear that various additional bacterial species are associated
with different stages of caries development: non-mutans streptococci, such as Streptococcus
salivarius and Streptococcus parasanguinis, and species of the genus Actinomyces have been
associated with the initial stages, while Veillonella spp., Lactobacillus spp., Atopobium spp.
and other taxa dominate the more advanced stages [9–11]. The effect of nutrition on the
oral microbiota has mostly been investigated with either in vitro experimental approaches,
testing individual ingredients, using animal experiments or analysing epidemiological
data. In this paper, we consider a study analysing the influence of certain foods on the
whole microbiota of the oral biofilm, was tested in situ using splint systems worn by study
participants on which the oral biofilm was grown. The bacterial composition of the oral
biofilm was then analysed by culture technique [1].

When analysing this type of oral biofilm data, it is common practice to examine the
fractions of total concentration rather than the pure concentrations. These fractions sum
up to 1, which causes special challenges in terms of the statistical analysis. Data of this
kind are called compositional data, and its analysis has attracted strong attention in recent
years [12–16]. We present a case study, in which we apply a log ratio-based approach
to oral biofilm data. This approach allows analysing changes in the composition when
additional standardised dietary intakes are available and the interest lies in comparing
with one baseline condition (regular diet).

2. Materials and Methods
2.1. The Data

We consider a study funded by the German Research Foundation (DFG) with eleven
participants and data investigating the influence of additional standardised diet compo-
nents on the microbiota of the oral biofilm over 15 months. The participants underwent
five phases, each of which lasted three months. During these phases, standardised dietary
components in the form of sucrose, dairy products and vegetables in addition to the regular
diet were investigated. Phase I was a lead-in phase without changing the nutrition habits.
In phase II, participants consumed an additional 10 g of rock candy per day (Weisser
Kandis; Südzucker AG, Mannheim, Germany), sucking small pieces of 2 g five times in be-
tween meals. In phase III, additional milk products were consumed (150 g of plain yoghurt
3 times daily and 100 mL of long-life milk twice a day, both 1.5% fat; Schwarzwaldmilch
GmbH, Freiburg, Germany). In phase IV, 500 g of vegetable puree (types: white carrot,
parsnip, carrot, “jardinière” (carrot, potato, cauliflower and pea), pumpkin and garden veg-
etables (carrot, potato, spinach, parsnip and leeks), Reine Weiße Karotte, Reine Pastinake,
Reine Frühkarotte, and Gemüse-Allerlei (Hipp GmbH, Pfaffenhofen, Germany) and Kürbis
pur and Gartengemüse (Alnatura, Darmstadt, Germany)) per day was given, before the
participants returned to their individual regular diet in phase V.

An in situ splint system was used to sample the dental plaque. Individual upper jaw
rigid acrylic appliances were manufactured for each study participant [17]. The splint
system was taken out and stored in saline solution (0.9% NaCl) for regular meals and
during oral hygiene only. It was worn while consuming the phase-specific additional foods,
which were eaten slowly to expose them to the oral cavity for several minutes. During all
phases, the oral biofilm was allowed to grow on embedded enamel slabs over the course of
seven days. Subsequently, the splint system was removed for analysis of the oral biofilm,
cleaned and after seven days it was reapplied for another seven days. This procedure was
repeated three times all together. Participants brushed their teeth with standardised tooth
brushes and toothpaste with a sodium fluoride content of 1450 ppm.

The oral biofilm grown in all five phases was analysed using culture techniques
averaging over three measurements, which were taken within four weeks per phase.
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Twenty-seven groups of bacteria were identified from a total of 93 different cultivated
species. Details about the course of the study and data collection can be found in [18,19].

A main focus of this work was to ascertain whether the additional standardised dietary
intake leads to changes in oral microbiota. It makes sense to only consider bacteria that are
usually above the detection limit. According to the results of [19], only disjunct bacterial
groups were chosen, where the percentage of values above the detection limit was greater
than 75%. All values below the detection limit were set to the detection limit. The bacterial
groups together with the colour scheme that we use in all of our figures can be found in
Figure 1. A detailed list can be found in the Appendices A and B.

1  Gemella Granulicatella Abiotrophia species pluralis (spp.) 
2  Actiomyces spp.
3  Rothia spp.
4  Neisseria spp.
5  Capnocytophaga spp.
6  HACEK
7  Fusobacterium spp.
8  Campylobacter spp. 
9  Streptococcus spp. group 2
10  Streptococcus spp. group 3

Figure 1. Bacterial groups and colour scheme for all figures.

If the sum of the concentrations of the bacterial groups listed here is used as the
total concentration, the fractions of the single bacterial groups sum up to 1 and the data
has a compositional character. For each bacterial group, participant and phase, the start-
ing point is considered to be its fraction among the total concentration of the analysed
bacterial groups.

2.2. Analytic Strategy

1. For each pair of bacteria, the ratio between the two fractions is built for each par-
ticipant and phase. Such a pairwise ratio directly depicts the relation between two
bacteria. They do not depend on the concentration of the other bacteria or the overall
concentration. If a third bacterium has an unusually high or low concentration, this
affects the overall concentration and hence the fractions, but it does not affect the ratio.
Therefore, in this way we become independent of the behaviour of other bacteria.
Ratios also have a simple direct interpretation describing how more frequent one
bacterium is compared with the other. Note that a ratio between two fractions can
also be interpreted directly as the ratio between two corresponding concentrations.

2. The second step is to consider the logarithm with the base 10 of the ratio. This is
useful because ratios tend to have a skewed and unstable distribution, whereas taking
logarithms leads to a more symmetric distribution of the values. The basis 10 was
chosen due to its strong interpretability: a value of 1 in the log10 scale means the
tenfold in the real concentration setting. A ratio of 1—i.e., equal concentrations—has
a value of 0 in the log10 setting. For ratios smaller than 1, the log10 transformed value
becomes negative. Therefore, a positive (negative) value means that the first bacteria
is less (more) frequent than the second one.

3. Logarithmising the ratios leads to one number per participant and phase, which can
be analysed just like any other number [15]. In particular, mean values and standard
deviations can be calculated. In this step, for each pair of bacteria we consider the
mean value of the log ratios across all participants per phase. It is interpretable as
the typical relationship between these two bacteria in this phase. Therefore, this
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mean value offers the opportunity to check, whether the relationship between two
bacteria is similar in different phases or whether it changes due to changes in the
nutrition. Accordingly, we can analyse the stability between bacteria between the
phases. Similarly as above, a mean value of 1 suggests that typically the first bacterium
has ten times the concentration of the second bacterium.

4. We also analyse the corresponding standard deviations, which are a measure of the
stability of the relationship between two bacteria within one phase. The closer that
the value is to 0, the more homogeneous are the values across participants, i.e., the
relation between the two considered bacteria is stable and can thus be assumed as
“typical”. For example, if we observe a standard deviation of 0.5 and a mean log ratio
of 0 for two bacteria, then the application of the 2 sigma rule leads to a 95% range of
(−1, 1), i.e., 95% of the observed ratios are between 1/10 and 10.

5. As the aim is to study the impact of an additional standardised diet on the microbiome,
we also depict the changes of the concentrations compared with the first phase. For a
given pair of bacteria, for each participant and phase we consider the difference in
the log ratio compared with the first phase. A difference above 0 means that the ratio
increased, i.e., the first bacterium became more frequent relative to the second one. As
a difference in the log ratio is equal to the logarithm of the ratio of ratios, we can also
interpret the values themselves. A difference of 1 means, that the ratio has increased
by a factor of ten. For example, this may reflect a change from 1.2 to 12, or from 0.3 to
3. Again, we can consider mean values and standard deviations across participants
per phase for phases II to V. The mean values inform us about the typical change in
the relation between the two bacteria. The standard deviations offer a hint about the
stability of these changes across the participants.

6. Finally, we also consider a bacterium-specific summary measure, which is based
on averaging the log ratio changes for one bacterium over all other bacteria within
a single participant If this way a bacterium has a value greater than 0, this can be
interpreted as having increased its fraction on average relative to all other bacteria.
The bacterium with the largest positive value is the one with the most distinct increase
compared with all other bacteria. We refer to this value for each participant as the
average log ratio change.

A detailed mathematical description of the different quantities can be found in the
Appendix B. For all means and standard deviations, 95% confidence intervals can be com-
puted using statistical standard methods. We only report them for the most fundamental
analyses, focussing on the mean values in pairs and the mean average log ratios. For the
analyses, the statistics program STATA (StataCorp LT, College Station, TX, USA, Version
16.1) was used. For graphical presentation, bar and pie charts, scatter plots and forest plots
were used.

2.3. Analysing Change or Comparing Phases Directly

In studies using a baseline condition, it is usual to consider the individual changes
from the baseline, in order to investigate the impact of the subsequent conditions. However,
this is not necessarily the most adequate strategy in the context of this study. It may be the
case that the standardised dietary additions imply that all participants exhibit a common
composition in each phase, overruling the individual differences at the baseline. In such
a scenario, it would be more adequate to compare the composition directly between the
conditions instead of investigating the change from the baseline. The standard deviations
of the log ratios will inform us about the homogeneity of bacteria spectra in each phase,
whereby we will be able to judge whether the scenario is present or not.

3. Results
3.1. A First Look at the Raw Data

In Figure 2, the fractions of the total concentrations for all ten bacterial groups are
shown for each participant for each of the five phases. If the nutrition leads to a certain
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bacteria pattern, the pictures would have to be similar in one line each, while they would
differ in the columns. This should at least apply from phase II to phase IV, as a change to a
specific additional diet took place from this point onwards. However, instead of uniform
patterns in each phase, we observe rather individual pattern across phases, similar to phase
I. Here, the different patterns are unsurprising for the different participants, because the
nutrition was in no way influenced.

1 2 3 4 5 6 7 8 9 10 11
Phase I

1 2 3 4 5 6 7 8 9 10 11
Phase II

1 2 3 4 5 6 7 8 9 10 11
Phase III

1 2 3 4 5 6 7 8 9 10 11
Phase IV

1 2 3 4 5 6 7 8 9 10 11
Phase V

Figure 2. Fractions of the bacterial groups on the total concentration per participant (column) and phase (row) based on
mean values per phase.

If we now consider the mean values per phase (Figure 3), we see that specific bacterial
groups are actually rather common in all phases. We also observe that the differences
between the phases are quite small.

Phase I Phase II Phase III Phase IV Phase V

Figure 3. Fractions of the bacterial groups on the total concentration per phase based on mean values per phase.

3.2. Stability of the Relation between Bacterial Groups between Phases

The relation between two bacterial groups may remain stable between the phases,
or it may change. Stability may indicate that the relation is minimally affected by changes
in nutrition, whereas instability may indicate sensitivity to changes. For each combination
of two bacterial groups, we look at the log ratio for each participant in each phase and
consider the phase-specific mean value. We can see in Figure 4 that there are differences
between the pairs. At the bottom of the picture, we find pairs, where the relation to each
other is very similar over all phases. At the top of the picture, we see pairs with distinct
differences across the phases. Note that among the pairs with the lowest variation in the
mean log ratio, we find bacterial group numbers 1, 3, 5 and 7 several times. In four instances
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we find bacterial group 1, and twice we find bacterial groups 3, 5 and 7. In particular,
all combinations of the bacterial groups 1, 3 and 5 are among the pairs with the lowest
variation in the mean log ratio.
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Figure 4. Mean log ratios for all bacterial pairs of bacterial groups and phases. The values are
centred around 0 for each bacterial pair. The bacterial pairs are ordered according to the range of the
mean values.

Further, the mean log ratio in phase III is often far on the left or far on the right, i.e., in
this phase we see the most extreme ratios.

3.3. Stability of the Relation between Bacterial Groups within Phases

The mean values above offer a hint whether the pairwise relation between bacterial
groups is common in different phases. Now the question remains how stable the pairwise
relation between bacterial groups is within one phase. Therefore, we take a look at the
standard deviations of the phase-specific log ratios in Figure 5.

Some bacterial pairs show low values for all phases, such as 9-3, 9-10, 9-1, 5-2, 10-2
and 10-5. This means that the relation between these bacteria is stable within participants
within each phase. However, even for these pairs we observe standard deviations in the
magnitude of 0.5 or above, indicating rather wide 95% ranges across participants. This
corresponds with the high individual variation observed in Figure 2. It is interesting to
note that all six of these bacterial pairs also showed a low variation in mean values across
the phases. They were all among the fourteen bacterial pairs (out of 45) with lowest range
in Figure 4, i.e., these bacterial pairs tend to be stable in their relation across participants
and phases. The opposite relation does not seem to hold: the bacterial pairs 5-3, 7-1 and
5-1 show little variation in mean values, but nevertheless high standard deviations within
each phase. For some bacterial pairs, the stability substantially varies across the phases.
For example, the bacterial pairs 8-1 and 7-1 show high stability in phase I and low stability
in other phases, suggesting that the specific dietary supplements destroy a rather stable
relation seen at the baseline. Another example is the bacterial pair 4-3, where phase III
shows a much higher standard deviation than the other phases.
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Figure 5. Standard deviations (sd) for phase-specific log ratios for all bacterial pairs of bacterial
groups and phases based on empirical estimates. The pairs are sorted by the mean sd value over
all phases.

If we compare the phases I–IV (the nutrition in phase V was analogous to phase I by
study design), the lowest standard deviation can be found in twelve out of 45 bacterial pairs
in phase I, suggesting that there is no tendency towards a more uniform composition after
standardised dietary supplementation. Therefore, there is no argument against analysing
the changes, i.e., the changes from the baseline.

3.4. Identification of Bacterial Pairs with a Change in Relation in Comparison with the Baseline

In Figure 6, the mean log ratio changes with 95% confidence intervals for all pairs
of bacteria are shown. While in phase II the additional diet only leads to few changes,
more reactions can be observed in the other phases. The observed patterns are very
similar in phases IV and V. Overall, we have to conclude that definitive statements about a
“statistically significant” change in the relation in one specific phase are difficult to justify,
as only few of the overall 180 confidence intervals do not include 0. However, in phase
III eleven, in phase IV seven and in phase V six out of 45 confidence intervals do not
include 0, i.e., we observe more than the 2.25 that we should expect under chance level.
Consequently, the observed mean log ratio changes do not simply reflect random noise.
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Figure 6. Mean log ratio changes for all bacterial pairs for phases II–V with 95% confidence intervals.

3.5. Stability of Change in Relation between Phases

To gain a better overview of these numbers and in particular the relation to the
different phases, in Figure 7 we show the phase-specific mean values for each bacterial
pair. We have sorted the pairs of bacteria by (a) their range within the different phases
(small ranges on the bottom, larger ranges on the top) and (b) by the mean over the phases.
In Figure 7a, we observe that the bacterial pairs 5-3, 7-1, 8-7, 5-1, 7-4, 9-1 and 9-5 show the
smallest range, meaning that they show a common reaction on the additional diet in all
phases, while the bacterial pairs 10-6, 9-6, 6-2, 10-8, 6-3, 6-5 and 6-1 show a large variation in
their reactions in different phases. Additionally, one can see in Figure 7b that the bacterial
pairs 4-2, 4-3, 4-1, 7-2, 5-2, 7-1, 10-2, 5-3 and 5-1 (8-4, 8-7, 9-4, 8-5, 9-7, 8-1, 10-4 and 9-5)
show a positive (negative) value in all phases, meaning that the second bacterium tends
to be more (less) frequent than the first one in each phase. Several bacterial pairs show
relation changes into different directions in different phases, which could be a sign that
they react differently to the nutrition change.
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Figure 7. Mean values for phase-based log ratios for changes for all pairs of bacteria and phases sorted by range (a) and
mean (b).

3.6. Stability of Change in Relation within Phases

The corresponding estimated standard deviations are shown in Figure 8. We observe
some bacterial pairs, where the reaction to the additional diet is rather uniform across
participants in all phases. These are nearly the same bacterial pairs such as in Figure 5,
namely, 9-3, 7-5, 10-9, 10-5, 9-4, 9-1, 4-1 and 10-1. The bacterial pairs that always show high
instability—6-2,8-2, 8-3, 6-3 and 7-3—are also nearly identical to the former observations.
Note that only the pairs 9-1, 9-5, 9-4 and 8-7 with low variation in mean values across the
phases also show stability within phases. By contrast, we observe lower values in standard
deviations for the bacterial pair 10-1, but high variation in mean values. The least uniform
reaction often occurs in phase III.
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Figure 8. Standard deviation (sd) for phase-based log ratios for changes for all pairs of bacteria and
phases estimated empirical and sorted by mean of sd over the phases.
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3.7. Interim Summary

In Table 1, we present an overview of the results of the four previous analyses: the
bacterial pairs with the lowest or highest stability in the four different analyses are marked
with letters differentiating between the analyses performed on the raw values (small letters)
and on change values (capital letters) and between analyses within and between phases.

Table 1. Overview of results from the analyses in Sections 3.2–3.6: The ten bacterial pairs with the
highest (half-matrix left bottom) and the lowest (half-matrix right top) stability in each analysis are
marked with b (between) and w (within) phases and corresponding capital letters for changes in
comparison to baseline.

1 2 3 4 5 6 7 8 9 10

1 bB w

2 b bwBW W bwBW

3 bB w bBW wW wW

4 wW W W bw B

5 bBW w bB W bwB

6 wBW bB bB

7 bB bB W W

8 B wW bB

9 bwBW bwW w B B

10 W w bB w bwW w bwW

For example, the bacterial pair 3-1 is among the ten bacterial pairs with the highest
stability with respect to the analysis of the pairwise relation between phases and the change
in relation between phases, and thus it is marked as bB. The bacterial pair 4-8 is among the
ten bacterial pairs with the lowest stability when analysing the pairwise bacterial relation
between and within phases, and thus it is marked with bw. First of all, we can state that
many pairs can be found more than once among those with the highest (or lowest) stability,
indicating a rather robust classification as “stable” (or “unstable”). Sub-patterns that we
typically observe are bB and wW, indicating that analysing raw values or changes provide
similar results. This mainly reflects the fact that high stability in raw values also implies
some stability in changes, and that low stability in raw values also makes a low stability in
changes likely if the correlation between phases is only moderate.

Conceptually, it is more interesting whether stability within phases coincides with
stability between phases, i.e., the bwBW pattern in the lower triangle. We can identify one
bacterial pair (1-9) with high stability across all analyses. The bacterial pairs 1-5, 3-9, 5-10
and 9-10 show high stability in at least both a within-phase and between-phase analysis
of the same values (bw or BW sub-pattern in the lower triangle). The relation between
these pair of bacteria seems to be difficult to modify by dietary supplements or other
external factors. On the other hand, we can identify two bacterial pairs with low stability
in all analyses: 2-6 and 2-8 (i.e., the bwBW pattern in the upper triangle) and the bacterial
pairs 3-6, 4-8 and 6-8 with low stability in at least both a within-phase and between-phase
analysis (bw or BW sub-pattern in the upper triangle). The relation between these pairs of
bacteria seems to be highly modifiable by diet as well as other external factors.

Pairs with high stability within phases but low stability between phases might hold the
strongest interest, as these are the pairs that most distinctly react to the dietary supplements.
Indeed, we can find one of such pairs 4-10 (w, W or wW in the lower triangle and b, B or bB
in the upper triangle). Interestingly, there are also three pairs with the opposite pattern: 3-5,
4-7 and 7-9 (w, W or wW in the upper triangle and b, B or bB in the lower triangle), i.e., high
stability between phases but low stability within phases. Finally, note that bacterial groups
6 and 8 have an entry together with nearly all other bacterial groups in the upper triangle

46



Nutrients 2021, 13, 793

with low stability to other bacterial groups, while the bacterial group 1 is marked with
most of the bacterial groups in the lower triangle with high stability. This may reflect
the notion that bacterial group 1 is rather stable and bacterial groups 6 and 8 are rather
unstable. Bacterial group 10 is striking: while it still showed little variation among the
participants, one has a large variation between the phases.

3.8. Average Log Ratio Changes

Figure 9 shows the mean values of the average log ratio changes for each bacterial
group in each phase. Definite statements about a specific change in a specific phase are
difficult to make, as only few confidence intervals do not include 0. However, we observe
that some bacterial groups tend to increase (bacterial group 8) or decrease in frequency (4, 7)
for all phases, whereas other bacterial groups tend to differ in the direction of change over
phases (e.g., 6, 10). We see the smallest overall changes in phase II. In Figure 10, within each
phase we sort the bacterial groups by mean values of the average log changes to focus on
the phase-specific pattern in the change of the bacterial spectrum. A striking feature here is
the similarity of the pattern between phases IV and V. This is quite astonishing, as in phase
V the same nutrition is given as with the baseline. One possible explanation would be that
the effect of the nutrition change will last longer.
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Figure 9. Mean values of average log ratio changes with 95% CI for bacterial groups 1 to 10 for phase
II (top) to phase V (bottom). For colour scheme, see Figure 1.
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Figure 10. Mean values of average log ratio changes sorted for bacterial groups 1 to 10 for phase II
(top) to phase V (bottom). For colour scheme, see Figure 1.

3.8.1. Global p-Value Per Phase

When looking at the single bacterial species, the question remains whether a global
effect per phase can be observed, i.e., which additional diet led to a concentration change
in nearly all bacterial groups. The global p-value (Table 2, the test used is explained in
Appendix B.2) only shows a value that comes near to significance (p = 0.055) for phase III.

Table 2. Global p-value per phase.

Phase II Phase III Phase IV Phase V

p-value 0.459 0.055 0.096 0.289

3.9. Similarity of Change Pattern Across Bacterial Groups

Figures 6 and 10 indicate some similarity in how bacterial groups react to the additional
diet across different phases. We investigate this in more detail in Figure 11. We observe
stronger correlations for phase II against phase V and phase IV against V. This impression
is strengthened if we look in more detail at the left bottom, where all bacterial combinations
are plotted.

The correlation coefficients (Table 3) confirm this impression.
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Figure 11. Scatter plots of the mean values of bacterial groups’ specific average log ratio changes.
Half-matrix right top: mean value for each bacterial group in one phase against the other phases.
Half-matrix left bottom: mean value for each bacterial pair in one phase against the other phases.

Table 3. Correlation coefficients for bacterial groups’ specific average log ratio changes be-
tween phases.

Phase III Phase IV Phase V

Phase II 0.199 0.488 0.628
Phase III 0.528 0.205
Phase IV 0.780

4. Discussion

In this paper, we have presented an advantageous statistical approach to analyse a
study investigating the influence of specific additional diets on the bacterial composition
in the oral microbiota in an experimental manner. Traditionally, such analyses are focused
on the (absolute or relative) concentration of the single bacterial species. Here, we adopt a
different approach, looking at all pairs of bacteria and focusing on the quantitative relation
of the two bacteria within each pair.

While this approach naturally adds complexity, it has one basic conceptual advantage
that is particularly important when analysing a change in the spectrum: if the concentration
or fraction of one bacterium increases or decreases distinctly, this does not directly affect
the relation between any other pair of bacteria. Indeed, the simultaneous investigation of
all bacterial pairs revealed that there are some pairs of bacteria that have a rather stable
relation across participants within each phase. Some of them also have a rather stable
relation across the phases, while some do not. Similar behaviour can be observed when
examining the changes compared with the baseline.
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It is rather natural that the simultaneous consideration of all bacterial pairs is not very
useful to allow very specific statements for single pairs, in particular if the sample size is
limited, as in our study. The general approach is mainly useful to draw an overall picture
of bacterial correlation with the diet of the different phases of this longitudinal clinical
study. For example, it became rather obvious that the diet of phase II had a lower impact
on the composition than the dietary supplement in phases III and IV. Additionally, we
could not observe the expected move back to the baseline scenario in phase V.

We could also address the fundamental question of whether an analysis of the study
should focus on the individual changes in composition or on a typical composition for each
nutrition. We found no evidence for the latter, and thus could stick to the intended analysis
of the changes relative to the baseline.

With respect to the concrete insights gained by our analysis, the main results present
the following points:

1. The bacterial pair Gemella Granulicatella A. spp.–Streptococcus spp. group 2 is the one
with high stability across all analyses.

2. The bacterial pairs Actiomyces. spp.–HACEK and Actiomyces. spp.–Campylobacter spp.
are the bacterial pairs with low stability across all analyses.

3. The bacterial pair Neisseria spp.–Streptococcus spp. group 3 could be identified as the
bacterial pair that most distinctly reacts to the dietary supplements.

4. Bacterial pairs with high stability in at least both a within-phase and between-
phase analysis were Gemella Granulicatella A. spp.–Capnocytophaga spp., Rothia spp.–
Streptococcus spp. group 2, Capnocytophaga spp.–Streptococcus spp. group 3 and
Streptococcus spp. group 2–Streptococcus spp. group 3.

5. The most distinct changes in the spectrum were observed in phase III, i.e., the
phase with additional milk products. In particular, the relation of Neisseria spp. to
Streptococcus spp. group 2 and group 3 changed. When looking at the single bacterial
species, the most distinct change was a decrease of Neisseria spp. and HACEK.

6. In phases IV and V, when looking at the single bacterial species, the increase of
Campylobacter spp. should be mentioned. On the other hand, the figures in phases
IV and V were very similar, although in phase V the participants returned to their
individual nutrition without specific additions.

7. For Gemella Granulicatella A. spp., Rothia spp. and Streptococcus spp. group 3, we
observed rather stable relations to other bacterial groups, while for HACEK and
Campylobacter spp. the relations are rather variable.

At least some of these findings can be explained. As Gemella Granulicatella A. spp.
and Streptococcus spp. groups 2 and 3 are kinds of the Streptococcus species or relatives,
they can all utilise the same substrate, and consequently a similar reaction is unsurprising.
This explains our main result 1 and partly the results 4 and 7. HACEK are fastidious
microorganisms, which could be an explanation for the fact that they also react quickly
and strongly to changing environmental conditions, which supports the results 2, 5 and 7.
The high variability of Campylobacter spp. (result 6 and 7) could be explained by the fact
that in the presence of Actiomyces spp. and Streptococcs spp. the formate can be utilised by
Campylobacter spp., which Actiomyces spp. and Streptococcus spp. produce in glycolysis.

Note that though different microbial compositions were revealed in the different
diet phases and mainly after the additional consumption of dairy products, the detected
bacterial species have different potential for fermentation of carbohydrates by glycolysis
leading to acids like formate, acetate and propionate. To avoid demineralisation of enamel
and subsequently caries development a balanced diet is required which can sustain a
balanced microbial composition of the supragingival oral biofilm.

Further Insights

In this type of experimental setup, it cannot be expected that the individual oral biofilm
returns to its original composition in a short time when participants are allowed to return
to their individual nutrition without studying specific additions. Inspection of the diaries
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of the participants suggests that they did indeed return to the individual nutrition and
did not continue to use higher levels of carbohydrates, fats and proteins. Further research
including a combination of different microbiological analysing methods is necessary to
understand whether this observation is indeed due to a long-lasting effect of nutrition on
the oral biofilm. This would have a direct impact on the design of future studies.

In contrast to the DNA-based molecular determination technique of the microbiome,
the culture technique depicts active and viable bacteria [20]. In a comprehensive analysis
of the microbiota of endodontic infections, the authors of the aforementioned study even
showed that some bacterial species, that could be isolated and identified by the culture
technique could not be detected by the culture-independent cloning technique. On the
other hand, it has been shown that up to 50% of the oral bacteria could not be detected
by the culture technique [21]. Zaura et al. [22] showed that healthy individuals exposed
to a single antibiotic treatment undergo considerable microbial shifts of the microbiome
of their faeces, while their salivary microbiome composition remains more robust and
stable. The minor changes in bacterial composition revealed in the present study deliver
another hint regarding the stability of the oral microbiota, including in the supragingival
oral biofilm.

5. Conclusions

Systematically considering the log ratio of concentrations between bacterial pairs has
offered new insights into the influence of nutrition on the oral biofilm and the relation
of specific bacterial groups with each other. The methods make it possible to circumvent
some typical problems encountered in the analysis of compositional data.
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Appendix A. Description of the Bacterial Groups

• Gemella Granulicatella Abiotrophia spp.: Gemella morbillorum, Gemella haemolysans, Gemella
sanguinis, Granulicatella adiacens, Granulicatella elegans, Abiotrophia defectiva

• Actinomyces spp.: Actinomyces oris, Actinomyces odontolyticus, Actinomyces dentalis,
Actinomyces georgiae, Actinomyces naeslundii

• Rothia spp.: Rothia mucilaginosa, Rothia dentocariosa, Rothia aeria, Corynebacterium spp.

51



Nutrients 2021, 13, 793

• Neisseria spp.: Neisseria macacae/mucosa, Neisseria oralis, Neisseria subflava, Neisseria
bacilliformis, Neisseria elongata, Neisseria flavescens, Neisseria perflava, Neisseria cinerea,
Lautrop mirabilis

• Capnocytophaga spp.: Capnocytophaga granulosa, Capnocytophaga gingivalis, Capnocy-
tophaga ochracea, Capnocytophaga sputigena

• HACEK: Haemophilus haemolyticus, Haemophilus parahaemolyticus, Haemophilus parain-
fluenzae, Haemophilus influenzae, Cardiobacterium hominis, Eikenella corrodens, Kingella spp.

• Fusobacterium spp.: Fusobacterium nucleatum,Fusobacterium periodontium
• Campylobacter spp.: Campylobacter rectus, Campylobacter concisus, Campylobacter showae
• Streptococcus spp. group 2: Streptococcus oralis, Streptococcus mitis, Streptococcus infan-

tis, Streptococcus australis, Streptococcus peroris, Streptococcus salivarius, Streptococcus
vestibularis, Streptococcus anginosus group

• Streptococcus spp. group 3: Streptococcus sanguinis, Streptococcus parasanguinis, Strepto-
coccus gordonii

Appendix B. Materials and Methods

Appendix B.1. Notation

Let f b
ip denote the fraction of bacterium b in participant i and phase p.

Appendix B.1.1. Log Ratio-Based Analysis of Fractions

For each participant i with 1, ..., I and phase p, we consider the log ratios lbc
ip comparing

the fractions of the two bacteria b and c, i.e., lbc
ip = log10

f b
ip

f c
ip

. The mean µbc
p is estimated by

µ̂bc
p = 1

I ∑I
i=1 lbc

ip and the standard deviation by σ̂bc
p = 1

I−1

√
∑I

i=1(l
bc
ip − µ̂bc

p )2.

Appendix B.1.2. Pairwise Differences in Log Ratio Changes and Their Characteristics

Let us consider the ratio
f b
ip

f b
i1

for a bacterium b, which relates the fractions of phase p to

the baseline phase I. Subsequently, we can build ratios for two different bacteria b and c:
f b
ip

f b
i1

/
f c
ip

f c
i1

to compare the changes of these 2 bacteria. Hence,

∆bc
ip = log10

f b
ip

f b
i1
− log10

f c
ip

f c
i1

(A1)

can be interpreted as a difference in log ratio changes:

(A) ∆bc
ip = lb

ip − lc
ip with lb

ip = log10
f b
ip

f b
i1

or as changes in the pairwise log ratios

(B) ∆bc
ip = lbc

ip − lbc
i1 with lbc

ip = log10
f b
ip

f c
ip

We are interested in the mean value and standard deviation of ∆bc
ip , which can be

estimated by µ̂bc
∆p

= 1
I ∑I

i=1 ∆bc
ip and σ̂bc

∆p
= 1

I−1

√
∑I

i=1(∆
bc
ip − µ̂bc

∆p
)2 . We report t-test-based

95% confidence intervals.
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Appendix B.1.3. Average Log Ratio Changes

The expected pairwise log ratio changes also allow us to characterise the location
of each bacterium across all bacteria for each participant by looking at the average, i.e.,
by considering

µb
∆p

=
1
B

B

∑
c=1

µbc
∆p

(A2)

which we call average log ratio changes.
µb

∆p
(and its estimate µ̂b

∆p
) also have by definition the attractive feature, that its mean

value over all bacteria µ̄• is equal to 0, because µbc = −µcb. This is useful from a ped-
agogical perspective, as when presenting the estimates of µb for all bacteria b = 1, . . . , B
together all deviations from 0 sum up to 0, which complies with the behaviour of fractions.
For the latter, it is natural that changes in one direction for some bacteria are compen-
sated by changes in the opposite direction for the other bacteria. Bar charts of µ̂b with
95% confidence intervals over the bacteria are used to visualise the distribution of the
changes. Similar charts [23,24] have been used to show the distribution of log ratios in
cross-sectional analyses.

Appendix B.2. Evidence of Composition Change

To consider the overall evidence of a change in the composition of the bacteria from
baseline to a specific phase, we can consider as a test statistic the sum of the absolute
deviations of µb form 0 over all bacteria, or the sum of the absolute deviations of µbc over
all bacterial pairs. The test statistic corresponds to the area of a bar chart type presentations
of these values, as we use in this paper.

The null hypothesis of interest corresponds to no effect of the change in nutrition to
the bacterial spectrum in each individual. Therefore, the spectra observed at baseline and
in the specific phase are simply observations of the same true spectrum blurred by some
noise. Consequently, the two observations are exchangeable under the null hypothesis,
and the distribution of a test statistic under the null hypothesis can be obtained by allowing
randomly exchanging the whole spectrum in each individual. An exact approximation
is obtained by considering all 211 possibilities to exchange the spectra in a subset of the
individuals. The p-value can then be determined by counting how often the observed value
exceeds the values of the test statistic observed for each possibility.
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Abstract: Lipids are of interest for the targeted modification of oral bioadhesion processes. Therefore,
the sustainable effects of linseed oil on the composition and ultrastructure of the in situ pellicle
were investigated. Unlike saliva, linseed oil contains linolenic acid (18:3), which served as a marker
for lipid accumulation. Individual splints with bovine enamel slabs were worn by five subjects.
After 1 min of pellicle formation, rinses were performed with linseed oil for 10 min, and the slabs’
oral exposure was continued for up to 2 or 8 h. Gas chromatography coupled with electron impact
ionization mass spectrometry (GC-EI/MS) was used to characterize the fatty acid composition of
the pellicle samples. Transmission electron microscopy was performed to analyze the ultrastructure.
Extensive accumulation of linolenic acid was recorded in the samples of all subjects 2 h after the
rinse and considerable amounts persisted after 8 h. The ultrastructure of the 2 h pellicle was less
electron-dense and contained lipid vesicles when compared with controls. After 8 h, no apparent
ultrastructural effects were visible. Linolenic acid is an excellent marker for the investigation of fatty
acid accumulation in the pellicle. New preventive strategies could benefit from the accumulation of
lipid components in the pellicle.

Keywords: pellicle; linseed oil; fatty acid; ultrastructure; in situ

1. Introduction

Bioadhesion and development of pathogenic biofilms on non-shedding solid sur-
faces are the key features for the initiation of caries, gingivitis, periodontitis as well as
the increasing periimplantitis [1–5]. Due to this fact, one approach in developing new
prophylactic mouthwashes is the search for agents that allow targeted and sustainable
modulation of initial bioadhesion. The first step of bioadsorption in the oral cavity is
the formation of the pellicle. This layer is composed of proteins, peptides, glycoproteins
but also metabolites and lipids from the oral fluids [6–8]. Over the past decade, several
in situ studies have demonstrated a noteworthy correlation between compositional and
ultrastructural pellicle modifications and the variation of the pellicles’ protective properties
at the tooth surface [9–12]. In this context, more and more food components and plant
extracts have come into focus. Due to their biocompatibility, substances such as lipids and
polyphenolic compounds might get integrated into or interfere with the natural adsorption
processes at the tooth surface [12,13].

There are controversial data on the impact of oil mouthrinses on (bacterial) biofilm for-
mation and erosion prevention under in vitro or in situ conditions [10,14–18]. Nevertheless,
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lipids are still of considerable interest due to their lipophilic character [7]. They account
for 20% of the pellicle’s dry weight, but the lack of suitable and reliable methods to obtain
the biological material in situ and to detect the specific components have in the past been
clear limitations in this field of research [7,19,20]. Hydrophobic interactions are suggested
to be a significant driving force for pellicle formation. The topical adsorption of lipophilic
substances at the tooth surface after different lipid-containing mouthrinses was shown in
a few in situ studies [7,10,17,19,21]. However, it remains uncertain whether and how the
applied macromolecules are integrated into the in situ pellicle and whether the pellicle’s
composition, structural pattern and properties can be altered sustainably, for example,
by mouthrinses with edible oils. Precise detection of the applied lipid components is a
prerequisite for corresponding investigations.

Up to now, there are only a few studies on the lipid and fatty acid composition of the
pellicle layer [20–23]. For that reason, we have already investigated the fatty acid content of
the in situ pellicle with highly sensitive methods [19,24]. Based on gas chromatography cou-
pled with electron impact ionization mass spectrometry, a pellicle-characteristic fatty acid
profile with little interindividual variability was determined. Distinct differences were only
detected regarding the total amount of adsorbed fatty acids, which also depended on the
pellicles’ formation time [19]. Furthermore, the ultrastructure of the in situ pellicle and the
initial biofilm had been characterized in detail by transmission electron microscopy [25–27].
Alterations were observed by TEM for a short period after mouthrinses with safflower
oil [10]. In comparison to the native control, 2 h in situ pellicles that had been formed
after the application of the oil mouthrinse appeared to be less electron-dense with a rather
loose protein accumulation. Following this, an accumulation of lipid droplets at the in situ
pellicle’s surface has only recently been visualized by environmental scanning electron
microscopy for up to 9.5 h after rinsing with safflower oil [21].

Based on the knowledge from previous investigations, the present study aimed to
clarify if rinses with a specific edible oil can modify the composition and ultrastructure
of the pellicle layer sustainably. Linseed oil was selected for this purpose as it contains
linolenic acid (18:3), which is not a physiological component of the saliva and accord-
ingly served as a marker molecule. The obtained results will be relevant for the targeted
development of new strategies in preventive dentistry that rely on the modulation of
native bioadhesion processes. In this context, lipids could also serve as carriers that deliver
protective substances to the tooth surface. In addition, valuable information may be gained
about the dynamics of biomolecule adsorption at the tooth surface and the turnover of the
in situ pellicle in general.

2. Materials and Methods
2.1. Subjects

As a preliminary investigation for this study, native saliva samples were collected from
12 subjects and the fatty acid profile was determined by GC-MS (see below). All volunteers
had given their informed written consent about participation in the study. They underwent
a clinical oral examination by an experienced dentist to ensure that they had no unrestored
carious lesions, periodontal diseases, or an unphysiological salivary flow rate. Due to the
high methodical effort, further in situ experiments regarding the effects of mouthrinses
with linseed oil on saliva and the in situ pellicle were continued with five participants
(aged 21–36). The study design was approved by the Ethics committee of the Medical
Faculty, Technische Universität Dresden, Germany (vote: EK 475112016). Individual upper
jaw splints were prepared for every participant to enable the exposure of bovine enamel
specimens to the oral cavity for intraoral pellicle formation. Enamel slabs were obtained
from the incisors of 2-year-old cattle, which are recognized as a suitable substitute for
human enamel [28]. For in situ exposure, all enamel slabs were prepared as described in
numerous previous publications [10,11,17,24]. The slabs’ surfaces were wet-ground and
polished according to a standardized protocol with up to 4000 grit abrasive paper, and the
resulting smear layer was then removed by ultrasonication in 3% NaOCl for 3 min. Two
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washing cycles in distilled water for 5 min were followed by disinfection of the specimens
in 70% ethanol, all activated by ultrasonication. Finally, the bovine enamel specimens were
stored in distilled water at 4 ◦C for up to 24 h before intraoral exposure.

2.2. Adopted Mouth Rinse and Rinsing Procedure

Different in situ experiments were carried out on separate days allowing a wash-out
period of at least 48 h in which the subjects were asked to perform their regular oral hygiene.
Two hours before an intraoral test period, the volunteers had to brush their teeth without
toothpaste. In the following, no food or drinks other than water were to be consumed
until the collection of in situ pellicle/biofilm samples. All participants had to carry their
individual splints intraorally for either 120 min or 8 h overnight, with the enamel slabs
attached in little cavities in the buccal and palatal region of the premolars and the first molar.
Twelve enamel slabs per splint were exposed at a time to obtain sufficient in situ pellicle
material necessary for the lipid analyses. TEM was performed on two pellicle samples
per time of investigation and volunteer. The in situ rinsing protocol and exposure times
were planned on the basis of earlier studies in this field [10,12,15,29], see Figure 1 for an
overview of the experimental setup. After 1 min of pellicle formation in situ, mouthrinses
were performed for 10 min with 10 mL of linseed oil. This specific edible oil was chosen as
it contains linolenic acid (18:3), which under physiological conditions cannot be detected in
the fatty acid profile of human saliva or salivary in situ pellicles. The fatty acid composition
of the linseed oil used in this study is shown in Table 1.
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Figure 1. Overview of the experimental setup performed in this study. In situ pellicle and initial biofilm samples were
obtained from 5 volunteers, who all underwent the different investigation conditions. In total, 300 enamel slabs were used
in this study.

Table 1. Fatty acid composition of major fatty acids (in %, in relation to total fatty acids) in linseed oil
with linolenic acid (18:3) being the predominant fatty acid. Comparison of the composition between
oil used as a mouthrinse in this study (composition was determined by the GC-MS method described
in this paper) and data provided in literature [30,31].

Fatty Acid Linseed Oil
(Used in this Study)

Linseed Oil
(Literature Values)

16:0 4–9% 4–6%
18:0 2–9% 2–3%
18:1 12–14% 10–22%
18:2 12–14% 12–18%
18:3 58–66% 56–71%
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Finally, all enamel slabs were removed from the splints and subjected to in vitro
investigation methods. Simultaneously, unstimulated saliva samples were obtained from
every participant. These samples were centrifuged at 6000× g for 10 min and sterile filtered
(0.2 µm) before analysis. The same experimental runs were made without the use of oil.
This allowed the collection of enamel slabs, as well as saliva, which had not been exposed
to the oil and served as control.

2.3. GC-MS Analysis of the Fatty Acid Composition

The analysis of fatty acids in saliva and pellicle desorbates was performed as described
in detail previously [24].

2.4. Sample Preparation

Tridecanoic and nonadecanoic acid were used as internal standards and were added to
the desorbed pellicle samples before all sample preparation steps. The pellicle lipids were
initially separated from the matrix by liquid/liquid extraction. For this step, an adapted
Folch extraction procedure was used, in which the lipids were extracted from the desorbed
pellicle sample with a mixture of methanol and chloroform. Rapid transesterification (1 h;
100 ◦C) of all fatty acids (FAs) containing lipids into fatty acid methyl esters (FAME) was
carried out in methanol using concentrated HCl (35%, w/w) as an acidic catalyst. The
FAMEs were then extracted by adding hexane and deionized water. The hexane phase was
isolated, evaporated under a gentle stream of nitrogen, and the residue was redissolved in
0.1 mL of hexane. For GC-MS analyses, 1 µL of this solution was injected.

2.5. GC-MS (Instrumental Conditions)

GC/EI-MS was performed with an ISQ™ 7000 Single Quadrupole GC-MS system
(Thermo Scientific, Dreieich, Germany). The injector was operated in splitless mode at
260 ◦C. For the separation of the target compounds, a TRACE™ TR FAME fused silica
capillary column (30 m × 0.25 mm × 0.25 µm; Thermo Scientific, Dreieich, Germany) and
helium as carrier gas was used with a constant flow of 1.5 mL/min. The oven temperature
was programmed at 50 ◦C for 5 min, followed by an increase of 6.5 ◦C/min until the final
temperature of 260 ◦C was reached and then held for 8 min. The electron energy was
70 eV, and the ion source temperature was set to 270 ◦C. A mass range of m/z 60–400
was recorded in full scan mode. Additionally, selected ion monitoring (SIM), recording
fragment ions including m/z 74, m/z 79, m/z 81, and m/z 87 was performed throughout
the run.

In order to visualize the impact of mouthrinses with linseed oil on the ultrastructure of
the in situ pellicle over time, transmission electron microscopy was performed on pellicle
samples directly after the rinse, after 2 h or after 8 h of oral exposure, respectively. The
findings were compared with control images of a characteristic native 3 min, 30 min,
120 min and an 8 h in situ pellicle. After completion of the oral exposure times, the enamel
specimens were carefully rinsed with distilled water and fixed in 2.5% glutaraldehyde and
0.1 M cacodylate buffer for 1 h at 4 ◦C. Five washing cycles were performed in phosphate
buffer before 1% osmium tetroxide was applied for 1 h to visualize the organic structures.
The samples were then dehydrated in an ascending alcohol series and embedded in
Araldite CY212 (Agar Scientific Ltd., Stansted, United Kingdom). All enamel residues
were decalcified with 0.1 M HCl, and the remaining pellicle samples were re-embedded
in Araldite. Ultrathin sections of the embedded pellicle samples were cut in series with
a diamond knife in an ultramicrotome (Ultracut E, Reichert, Bensheim, Germany). The
samples were mounted on pioloform coated copper grids (Plano, Wetzlar, Germany),
and uranyl acetate and lead citrate were applied to enhance contrasts. TEM-analysis
was performed at magnification from 20,000 to 100,000-fold using a TEM TECNAI 12
Biotwin (FEI, Eindhoven, The Netherlands). Representative images were taken during the
investigation of the entire pellicle samples.
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3. Results
3.1. Modification of the Pellicle’s Lipid Profile

Modifications of the pellicle’s lipid profile were detected after gas chromatography
coupled with electron impact ionization mass spectrometry (GC-EI/MS) was performed
on pellicle samples that were collected in situ with or without having been exposed to
mouthrinses with linseed oil. Linseed oil contains linolenic acid (18:3) (Table 1), which is not
physiologically present in the human oral flora and thus serves as a reliable biomarker. Un-
der consideration of already available data from previous investigations, the results focus
on the detection of linolenic acid in comparison to the four major fatty acids palmitic (16:0),
stearic (18:0), oleic (18:1) and linoleic acid (18:2), which generally account for approximately
90% of all investigated fatty acids in saliva and the in situ pellicle [19]. The analyzed pellicle
samples after linseed oil rinsing showed a shift to a higher percentage of unsaturated fatty
acids and a strongly increased proportion of linolenic acid (Figures 2 and 3). Even 8 h after
rinsing, the specific fatty acid 18:3 is still clearly detectable, which indicates that the lipids
introduced through the mouthwash are sustainably integrated into the pellicle structure.
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Figure 2. Percentage of the four major fatty acids and linolenic acid (18:3) in the pellicles. Mea-
surements were performed after 2 h or 8 h of pellicle formation, either with or without linseed oil
applied as a mouthrinse. Modifications of the in situ pellicle’s profile due to the oil application
could be seen clearly at both investigation times. While linolenic acid could not be detected in the
native controls at any time, it made approximately 22% of the total fatty acid composition after 2 h of
pellicle formation and could still be detected in the 8 h biofilm samples (13%). It can be assumed that
the fatty acids provided by the linseed oil mouthrinse were sustainably integrated into the in situ
pellicle’s composition.

59



Nutrients 2021, 13, 989Nutrients 2021, 13, x FOR PEER REVIEW 6 of 13 
 

 

 
Figure 3. Total amount of 18:3 in the in situ pellicle (a) and proportion of 18:3 on the total fatty 
acid profile (b) of the 5 individual subjects (P1-5). In general, 18:3 was only detectable if mouth-
rinses with linseed oil had been applied. During the investigation period (2–8 h), the adsorbed 
amount of 18:3 appeared to be relatively consistent. However, after 8 h of biofilm formation, the 
proportion of 18:3 on the total fatty acid profile has decreased noticeably (b). This might be due to 
the salivary clearance, reduced availability of the specific fatty acid, and the resulting shift to-
wards fatty acids naturally contained in saliva. Notably, smaller amounts of 18:3 were measured 
for participant 4 (P4) compared to the other subjects. However, the repetition of the measurements 
with new investigation material (n = 2) confirmed the previous results. 

In saliva, a high proportion of linolenic acid was found 2 h after the rinse, while the 
percentages of palmitic (16:0), stearic (18:0), oleic acid (18:1) were obviously reduced. The 
concentration and content of linolenic acid decreased notably within the examination pe-
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not detectable in any of the samples.  

Figure 3. Total amount of 18:3 in the in situ pellicle (a) and proportion of 18:3 on the total fatty acid
profile (b) of the 5 individual subjects (P1-5). In general, 18:3 was only detectable if mouthrinses
with linseed oil had been applied. During the investigation period (2–8 h), the adsorbed amount of
18:3 appeared to be relatively consistent. However, after 8 h of biofilm formation, the proportion of
18:3 on the total fatty acid profile has decreased noticeably (b). This might be due to the salivary
clearance, reduced availability of the specific fatty acid, and the resulting shift towards fatty acids
naturally contained in saliva. Notably, smaller amounts of 18:3 were measured for participant 4 (P4)
compared to the other subjects. However, the repetition of the measurements with new investigation
material (n = 2) confirmed the previous results.

In saliva, a high proportion of linolenic acid was found 2 h after the rinse, while
the percentages of palmitic (16:0), stearic (18:0), oleic acid (18:1) were obviously reduced.
The concentration and content of linolenic acid decreased notably within the examination
period of 8 h after oil rinsing (Figures 4 and 5). However, it is remarkable that under the
given sampling conditions, even 8 h after oil rinsing, linolenic acid is still detectable in
saliva. In the reference saliva samples (without preceding oil rinsing), linolenic acid was
not detectable in any of the samples.
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Figure 4. Percentage of the four major fatty acids and 18:3 in the saliva’s total fatty acid profile.
The mean values and standard deviation are shown based on the data from five participants (n = 5).
Saliva samples were collected 2 h and 8 h after the mouthrinse with linseed oil. Corresponding
native saliva samples without oil application served as controls. The highest concentration of 18:3
was measured 2 h after the mouthrinse (approximately 24% of all fatty acids (FAs)). Even after 8 h,
residues of 18:3 were still detectable. Linolenic acid was not found in any of the controls.
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Figure 5. Total concentration of 18:3 in saliva (a) and proportion of 18:3 on the total salivary fatty acid
profile (b) of five individual subjects (P1–5). 18:3 was only detectable if mouthrinses with linseed oil
had been applied. Both, the total concentration as well as the proportion of 18:3 on the total fatty
acid profile of the investigated saliva samples decreased considerably during the 8 h investigation
period. Remarkably, small amounts of 18:3 could still be detected in the saliva samples 8 h after the
linseed oil mouthrinse had been performed. Notably, smaller amounts of 18:3 were measured for
participant 4 (P4) than for the other subjects. However, the repetition of the measurements with new
investigation material (n = 2) confirmed the previous results.
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In this study, no statistical analysis was performed. For the first time, the accumulation
of an applied specific fatty acid (18:3) was transparently determined in the pellicle and
in saliva with highly sensitive methods. The investigation focused on the detectability
of linolenic acid after oil mouthrinses. Considering the one-to-one correspondence of
present or absent linolenic acid in the investigated samples, statistical analyses of any kind
were irrelevant.

3.2. Transmission Electron Microscopic Analysis

Alterations of the pellicle’s ultrastructure were also temporarily seen by transmission
electron microscopic analysis. The early stages of bioadsorption at the tooth surface
generally create a characteristic image of a two-layer pellicle ultrastructure, as shown
in Figure 6. Almost immediately, the enamel surface is covered by a relative uniform
continuous 10–20 nm-thick electron-dense basal layer. As a result of prolonged oral
exposure, more granular and globular structures adhere to the pellicle surface forming a
second layer of variable thickness.
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Figure 6. Transmission electron microscopy—control samples. The 3 min pellicle has a continuous electron dense basal
layer with few granular structures (a). After longer oral exposure for 30 min (b) or 120 min (c) more granular and globular
structures adsorb to the pellicle layer. The enamel was removed during the preparation of the samples; the former enamel
side is marked with an asterisk.

It was observed in this study that the formation and the appearance of this second
more heterogeneous pellicle layer, to a certain extent, depended on the local accumulation
of biological macromolecules at the tooth surface (Figure 7). Initially, rinsing with linseed
oil for 10 min appeared to result in a slight dissolution or loosening of the pellicle’s
ultrastructure, however creating a smooth surface. Oil droplets were randomly detected
at the pellicle surface. On the other hand, in some parts, the protein adsorption to the
enamel surface appeared to be optimized with proteinaceous structures covering even
nano- and micro-pores like a subsurface pellicle. This slightly promoted affinity of proteins
to the tooth surface and was still visible after 120 min of pellicle formation where the basal
pellicle was thicker and more electron-dense than in the control. During these early stages
of biofilm formation at the tooth surface, only a few bacteria were detected at the pellicle
surface. Their morphology appeared to be affected by the linseed oil mouthrinse. The cell
walls were damaged, and no cell division was observed.
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However, after 8 h of oral exposure, a considerable attachment of viable bacteria
had occurred in several areas of the investigated samples (Figure 8). In comparison
to the controls, more bacteria were found in the samples that had been exposed to the
linseed oil mouthrinses. The cell walls appeared to be intact, and cell division as a sign
of viability was detected. Even though the structure of this bacterial biofilm was still
very loose, the bacteria’s interactions by bacterial fimbriae could be seen. Regarding
protein accumulation or potential persistence of lipid components at this time, no notable
ultrastructural differences were observed between the samples that had/ had not been
exposed to the linseed oil mouthrinse.
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Figure 8. Transmission electron microscopy, in situ application of linseed oil for 10 min after 1 min of initial pellicle
formation. The samples were kept in the oral cavity overnight for 8 h. There was a pronounced bacterial colonization,
the adherent bacteria showed an intact ultrastructure and cell division was observed. No differences were observed as
compared with controls. The enamel was removed during the preparation of the samples; the former enamel side is marked
with an asterisk.
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4. Discussion

In recent years, few in situ studies have been published that made a scientifically
sound contribution to the incomplete knowledge about the involvement of lipids in initial
bioadhesion processes at the tooth surface [10,15,19,21,32]. Clearly, as had already been
suggested earlier, lipids and lipophilic molecules must be regarded as essential components
of the in situ pellicle at various formation times [19,20,33]. At the same time, it appears that
a modification of the lipid components provided in the oral cavity may have a detectable
effect on the pellicle’s composition, structure, and functional properties [10,17,21]. However,
only modern and highly sensitive analytical methods will give greater certainty about the
actual integration of lipid components into the pellicle layer and their alteration due to
remodeling processes.

With this aim in mind, the performed application of gas chromatography coupled with
electron impact ionization mass spectrometry (GC–EI/MS) as well as electron microscopic
techniques (TEM) were suitable methods to detect and quantify (specific) lipid components
in the in situ pellicle samples. At the time the study was conducted, micellar molecule
aggregations had already been visualized in pellicle samples shortly after mouthrinses
with edible oils and lipids containing food components [10,11]. Similar observations were
made in the present investigation. In comparison to the native control, the ultrastructure of
the in situ pellicle after mouthrinses with linseed oil showed a slightly more heterogeneous
pattern during the first 120 min of pellicle formation (Figures 6–8). It must be assumed
that lipid components were adsorbed to the pellicle layer and that the resulting molecular
interactions had a notable effect on the adsorption and distribution of proteins at the tooth
surface. Most biological lipids (phospholipids, sphingolipids, glycolipids), as well as free
fatty acids, are amphiphilic molecules with hydrophilic and lipophilic properties [20]. On
the one hand, hydrophobic repellent forces of the long hydrocarbon chains of fatty acids
could be the reason for the slightly loosened ultrastructure of the second pellicle layer.
On the other hand, in aqueous solution, fatty acids tend to form micellar aggregations
(Figure 7b). It is even conceivable that these acted as carrier systems that delivered non-
polar proteins to the tooth surface [22]. Two hours after the mouthrinse with linseed oil,
a subsurface pellicle was occasionally detected, and parts of the basal pellicle appeared
slightly more electron dense. The affinity of lipids to bind amphiphilic molecules or
proteins, respectively, and to therefore alter the ultrastructure of the in situ pellicle had
been described earlier in case of mouthrinses with bovine milk [17]. However, considering
the dynamics of dental biofilm formation and the salivary clearance, it remained uncertain
if these pellicle modifications had any sustainable effect for more than 2 h. Furthermore,
details on the type of lipids or fatty acids accumulated in the pellicle were preferable to
possibly understand their impact on pellicle and initial bacterial biofilm formation.

Characteristic distributions of major fatty acids were detected in both physiological
saliva and pellicle samples by GC–EI/MS. A comparatively higher proportion of saturated
fatty acids in the pellicle demonstrates the selective adsorption of salivary components on
the tooth surface. During maturation of the in situ pellicle overnight, the fatty acid profile
appeared to be relatively consistent.

Choosing linseed oil for the mouthrinse allowed the definite detection of oil-associated
lipid accumulations in all investigated saliva and pellicle samples by GC–EI/MS. Linolenic
acid (18:3) is not included in the physiological fatty acid profile of the oral fluids, and
its detection in the pellicle could reliably be correlated with its absorption from the oil
mouthrinse. Therefore, this specific fatty acid served as a suitable biological marker for the
tracking of bioadhesion processes and their durability at the tooth surface. Based hereon, it
was shown that the mouthrinse initially induced a shift of the major fatty acid composition
to a higher percentage of unsaturated fatty acids and a remarkable accumulation of linolenic
acid in both the saliva and pellicle samples (2 h). As already indicated above, the higher
percentage of unsaturated fatty acids and the high reactivity of their double bonds might
have influenced the surface wettability and the molecular interactions during pellicle
formation. As expected, after 8 h, the mouthrinse alterations of saliva’s major fatty acid
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profile were almost eliminated due to the salivary clearance. The content of linolenic
acid decreased by approximately 85% from 2 to 8 h after the rinse, yet linolenic acid
was still traceable (Figure 3). Interestingly, pellicle maturation during these hours only
depended to a certain extent on the availability of lipid components provided by the
saliva. Oil-induced modifications of the pellicle’s fatty acid profile appeared to be notably
more, continuing with a considerably lower turnover after 8 h of initial biofilm formation
(~35% less linolenic acid from 2 to 8 h after the oil-rinse, Figure 2). Simultaneously,
augmentation of pellicles’ thickness and bacterial adhesion were shown in the electron
microscopic analyses. However, the ultrastructural pattern did not differ notably from the
native controls.

Concerning a potential modification of functional pellicle properties in terms of erosion
prevention or bacterial biofilm formation, so far, there is no undoubted evidence that
mouthrinses with edible oils have a convincing health-promoting effect [10,14–16,20].
Nevertheless, the present TEM-images still indicate that components of the linseed oil
initially affected the morphology of oral bacteria (Figure 7). Damage to the cell wall integrity
of bacteria can be a sign of reduced viability. Taking in vitro studies into account, it can
be assumed that certain free fatty acids, possibly also linolenic acid, had an antibacterial
effect on salivary bacteria [34,35]. Fatty acids might have affected the integrity of bacteria’s
cell membranes and interfered in metabolic processes which could explain the deformed
morphology of some bacteria shortly after the mouthrinse. However, these effects were only
seen in the first 2 h after the mouthrinse. It is also conceivable that bacteria’s adhesion on the
pellicle was influenced by the distribution pattern of lipid components in the in situ pellicle.
Looking at the TEM-images after 8 h of biofilm formation, bacterial adhesion appeared
to have proceeded unhampered, if not had even been enhanced by lipid components,
respectively. No clear difference could be seen between the controls and the samples
that had been exposed to the linseed oil mouthrinse regarding the morphology of the
adhering bacteria. This is in line with previous in situ investigations that did not measure
a significant effect of edible oil mouthrinses on the adherence or live/dead ratio of bacteria
at the tooth surface after 8 h of biofilm formation [15]. Further investigations in this field
will be necessary.

5. Conclusions

Using highly sensitive analytical methods, this study clarified for the first time that
mouthrinses with edible oil can alter the fatty acid profile of the in situ pellicle and the initial
bacterial biofilm sustainably. In this context, linolenic acid was identified as a valuable
biological marker as it is not present in the fatty acid profile of native saliva or in situ
pellicles. The results obtained from this investigation provide important information about
the kinetics of pellicle formation at the tooth surface in general. However, further research
should focus on the relevance of lipid components’ molecular characteristics and molecular
interactions for the accumulation of proteins and bacteria at the tooth surface, respectively.
The modification of lipid components in the in situ pellicle remains an interesting approach
to alter and possibly improve the physiological functional properties of the in situ pellicle.
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Abstract: Background: Oral health conditions, such as dental caries, pose a substantial burden
worldwide. Although there are many risk factors for poor oral health, diet is often implicated as
a cause of these issues. The purpose of this scoping review was to identify and map studies that
have captured information on the “real-world” nutrition care practices of oral health professionals
(OHPs) and dietitians to optimize oral health, and specifically the dentition and periodontium.
Methods: A search of peer-reviewed articles was conducted using MEDLINE, CINAHL, and Embase.
Articles that addressed the review objective and met the following criteria were included: English
language, published since 2000, and study conducted in a high-income country. Results: Overall,
70 articles were included. Most articles reported on cross-sectional survey studies and provided
self-reported data on OHP practices; few articles reported on dietitians. Most articles reported only
general/unspecific information on assessment and intervention practices, such as dietary analysis,
nutrition counselling, and diet advice, and lacked specific information about the care provided, such
as the dietary assessment tools used, type of information provided, and time spent on these activities.
Barriers to the provision of nutrition care by OHPs were common and included time and lack of
remuneration. Few studies reported on collaboration between dietitians and OHPs. Conclusions:
Several studies have captured self-reported information on nutrition care practices of OHPs related
to oral health; however, there is limited information available on the details of the care provided.
Few studies have examined the practices of dietitians.

Keywords: oral health; dental caries; diet therapy; dentists; dental auxiliaries; nutritionists; dietitian;
surveys and questionnaires; qualitative research; review

1. Introduction

Worldwide, oral health issues (e.g., dental caries, periodontal disease) affect 3.5 billion
people [1], with dental caries being the most common concern [2]. Oral health issues also
affect many people in Canada. For example, the 2007–2009 Canadian Health Measures
Survey (CHMS) reported that 57%, 59%, and 96% of 6–11-year-olds, 12–19-year-olds, and
adults, respectively, had experienced dental caries [3]. Dental caries are also the most
common reason for day surgery in children 12–59 months of age in Canada [4]. Periodontal
issues are also common in Canada; according to the 2007–2009 CHMS, 21% of adults with
teeth were found to have or previously had moderate or severe periodontal issues [3].
Various factors can affect the risk of oral health issues, including fluoride, oral hygiene
(e.g., brushing, flossing), tobacco, and diet [5].

More specific to diet, both the physical and chemical properties of the foods we eat, as
well as how the foods we eat are consumed (e.g., frequency, delivery) can have protective
or detrimental effects on oral health (and specifically the dentition and periodontium) [6].
Fermentable carbohydrates (e.g., sucrose) have a known relationship with dental caries [7];
however, the relationship between oral health and diet is much more extensive [8]. For
example, hard cheese; sugar alcohols (e.g., xylitol); diets rich in vegetables, fruits, whole
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grains, and high-quality proteins; and adequate spacing between eating occasions are
thought to be protective against dental caries [6,8,9]. Acidic foods and beverages have
also been previously linked with tooth erosion [10,11]. The relationship between diet and
oral health has been summarized in several articles [6,8–10,12–17], and some organizations
have released statements and guidelines on this topic [8,18–20]. We also know that many
people in Canada have diet behaviours associated with poor oral health (e.g., high intakes
of sugar-sweetened beverages [21]). In addition to diet being linked to various oral health
issues, poor oral health can also have nutritional implications (e.g., children with early
childhood caries can experience difficulties eating [22]). Importantly, the relationship
between nutrition and oral health is important throughout the entire human lifespan [8,12].

The provision of nutrition care to optimize oral health is within the scope of practice of
different health professions including dietitians and oral health professionals. In addition,
healthy eating has been identified as a priority area by the World Health Organization
when initiating and strengthening oral health programs [23,24]. To date, information on
the current “real-world” practices regarding nutrition care for oral health (and specifically
the dentition and periodontium) provided by dietitians and oral health professionals has
been captured in different types of studies with different focuses; however, reviews on this
topic are limited. A previous review article published in 2014 examined the diet advice
practices of oral health professionals, including variables that influence this activity [25].
Since this article has been published, there have been several other relevant studies that
have emerged. This article also did not examine the practices of dietitians.

The purpose of this scoping review is to identify and map current studies that have
captured information on the “real-world” nutrition care practices of oral health profession-
als and dietitians to optimize oral health (specifically the dentition and periodontium), in
addition to collaboration between the two professions. We wanted to capture information
on the scope of the literature addressing this topic and consolidate the wide range of studies
to identify gaps in the literature to understand how to move this area of research forward.
This project lends itself well to a scoping review because of the diversity of studies and
study designs that have investigated this topic. This review did not seek to investigate the
impact of different types of nutrition care practices on oral health.

2. Materials and Methods

The scoping review framework outlined by Arksey and O’Malley [26] was used to
guide this review. In addition, the article by Levac et al. [27] was also used to help guide
this review. The five steps that were followed to conduct this review are outlined below. A
review protocol does not exist for this scoping review.

Stage 1: Research Question Development
The first component of conducting a scoping review is to identify the research question

that will be investigated. The question that was used to guide the review was as follows:
What is reported in the literature about the “real-world” practices of dietitians and oral
health professionals regarding nutrition care for oral health (and specifically conditions
that affect the dentition and periodontium)? In addition, we were also interested in
understanding what has been studied regarding collaboration between the two professions
for this purpose. According to the FDI World Dental Federation definition, “oral health is
multi-faceted and includes the ability to speak, smile, smell, taste, touch, chew, swallow
and convey a range of emotions through facial expressions with confidence and without
pain, discomfort and disease of the craniofacial complex (head, face, and oral cavity)” [28].
We were specifically interested in studies focusing on the health of the dentition and
periodontium. A scoping review for this research question is suitable as we were interested
in understanding the range of the evidence to date, and because there are numerous
possible study designs that could address the research question. The purpose of this review
is to help to summarize the extent and nature of the research activity in this area. This
review will help to identify and clarify research needs to help advance the area of nutrition
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care and oral health (specifically conditions that affect the dentition and periodontium) to
help decrease the burden of oral diseases in Canada and beyond.

Stage 2: Identification of Relevant Studies
A literature search was conducted using the MEDLINE, CINAHL, and Embase

databases in May 2020 and repeated in May 2021 (as there were delays completing this
review due to the COVID-19 pandemic). Health science academic librarians provided
guidance on the database searches. Three categories of concepts that were derived from
the research question were used in the literature search. The first category related to oral
and dental health, dentistry, and oral health professionals. The second category related
to dietitians, nutrition services, dietetics, food, nutrition, and diet. The third category re-
lated to professional practices and behaviours. The MEDLINE search strategy is provided
in Table 1.

Table 1. MEDLINE search strategy.

Concept Category #1: Oral and
Dental Health, Dentistry, Oral
Health Professionals

Concept Category #2: Dietitians,
Nutrition Services, Dietetics,
Food, Nutrition, Diet

Concept Category #3:
Professional Practices and
Behaviours

Oral Health/OR exp periodontal
diseases/OR exp tooth
diseases/OR exp Dentition/OR
exp Odontogenesis/OR exp
dental auxiliaries/OR exp dental
staff/OR exp dentists/OR exp
faculty, dental/OR exp
dentistry/OR exp public health
dentistry/OR exp Dental
Facilities/OR exp Dental Health
Services/OR Dental Records/OR
exp societies, dental/OR
Licensure, Dental/OR Schools,
Dental/OR exp Education,
Dental/OR Insurance, Dental/OR
exp Economics, Dental/OR
dent*.ti,ab,kw. OR tooth.ti,ab,kw.
OR teeth.ti,ab,kw.

exp “diet, food, and
nutrition”/OR exp
Carbohydrates/OR exp sugar
alcohols/OR drinking
behavior/OR exp feeding
behavior/OR exp Feeding
Methods/OR Cariogenic
Agents/OR Nutritionists/OR exp
Nutritional Sciences/OR exp
Dietary Services/OR exp
Nutrition Therapy/OR nutrition
assessment/OR exp Body
Weight/OR exp Nutrition
Disorders/OR diet*.ti,ab,kw. OR
sugar*.ti,ab,kw. OR
nutritio*.ti,ab,kw.

“attitude of health
personnel”/OR attitude to
health/OR health knowledge,
attitudes, practice/OR Practice
Patterns, Dentists’/OR
professional-patient relations/OR
professional-family relations/OR
interprofessional relations/OR
interdisciplinary
communication/OR intersectoral
collaboration/OR Patient Care
Team/OR Professional Practice
Gaps/OR exp Professional
Practice/OR exp Professional
Role/OR practice*.ti,ab,kw. OR
interprofessional*.ti,ab,kw. OR
interdisciplin*.ti,ab,kw. OR
multidisciplin*.ti,ab,kw. OR
collaborat*.ti,ab,kw. OR
multi-disciplin*.ti,ab,kw. OR
inter-disciplin*.ti,ab,kw. OR
trans-disciplin*.ti,ab,kw. OR
transdisciplin*.ti,ab,kw. OR
cross-disciplin*.ti,ab,kw. OR
referral*.ti,ab,kw.

In addition to database searches, reference lists from all included articles were exam-
ined for additional articles. Moreover, the citations for relevant articles were searched in
Google Scholar for any other papers that might have been missed. Relevant review articles
in this area were also consulted to capture any additional articles [25,29,30]. Hand searches
of journals likely to have articles in this area (Journal of Dental Hygiene, International Jour-
nal of Dental Hygiene, Community Dental Health, Canadian Journal of Dental Hygiene)
were also conducted. All articles were imported into a reference management system and
duplicates were removed.

Stage 3: Article Selection
Article inclusion and exclusion criteria are listed in Table 2. In order to be included,

articles had to meet the following criteria: English language, published in year 2000 or
later, conducted in a World Bank high-income country, reported information on the “real-
world” practices of dietitians/nutritionists and/or oral health professionals (not including
students) regarding nutrition care for oral health (and specifically conditions affecting the
dentition and periodontium). Articles were included regardless of quality. Clinical trials
were not included except for baseline information on current professional practices. The
year 2000 was chosen to select articles that were relatively recent. World Bank high-income

71



Nutrients 2021, 13, 3588

countries were chosen to provide articles that are most relevant to the Canadian context.
Exclusion criteria included information on the practices of students (e.g., nutrition students,
dental students, dental hygiene students), where results of dietitians/nutritionists and/or
oral health professionals were combined with other professionals (e.g., nurses, physicians)
and could not be isolated, information on professional commentary regarding treatment
plans for case studies, and when information about nutrition care practices was combined
with other dental prevention practices (and cannot be isolated) (e.g., dental preventative ac-
tivities in general were assessed which could include nutrition interventions amongst other
activities such as fluoride application). Studies that were conducted in Special Supplemen-
tal Nutrition Program for Women, Infant, and Children (WIC) personnel were included as
well. WIC is a federally funded government program in the United States that is available
for low-income pregnant women, postpartum breastfeeding and nonbreastfeeding women,
and children less than 5 years of age [31]. This program provides healthy foods, nutrition
education, and health care referrals. Of note, many WIC staff members are also dietitians.
We also included studies that included information on practices related to oral health (e.g.,
tooth brushing instruction) in dietitians, nutritionists and/or WIC personnel.

Table 2. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

• Article published in year 2000 or later
• Peer-reviewed research article
• Article written in English
• Study conducted in humans
• Study conducted in a World Bank high-income

country
• Article reported information on the real-world

nutrition care practices (e.g., diet advice,
nutrition counselling) (including barriers) of
dietitians/nutritionists/WIC personnel and/or
oral health professionals to optimize oral
health (and specifically the dentition and
periodontium).

# Studies describing the nutrition care
practices of oral health professionals
without reference to a specific oral
health condition were included as they
were assumed to be referring to oral
health, specifically the
dentition/periodontium.

• Articles that reported practices related to oral
health (e.g., tooth brushing counselling) in
dietitians/nutritionists/WIC personnel
without reference to a specific oral health
condition were included as they were assumed
to be referring to oral health and specifically
dentition/periodontium.

• Letters to the editor, commentaries, conference
abstracts, thesis documents, grey literature,
review articles

• Information about practices and/or barriers of
providing nutrition care reported by students
(e.g., nutrition students, dental students, dental
hygiene students)

• Information about nutrition care practices for
dietitians/nutritionists/WIC personnel and/or
oral health professionals is combined with
other dental prevention activities (and cannot
be isolated)

• Information about nutrition care practices of
dietitians/nutritionists/WIC personnel and/or
oral health professionals is combined with
another profession (e.g., nurses, physicians)

• Information on nutrition care practices
provided by dietitians/nutritionists/WIC
personnel and/or oral health professionals
from the patient perspective

• Information about practices regarding fluoride
supplements, sugar alcohols, herbal
supplements, homeopathy, and alcohol by oral
health professionals

• Information about diabetes, obesity,
cardiovascular disease, hypertension
screening/management by oral health
professionals

• Information about body weight and blood
glucose screening/monitoring by oral health
professionals

• Information about how
dietitians/nutritionists/WIC personnel and/or
oral health professionals would treat
hypothetical patient case scenarios/studies

WIC: Special Supplemental Nutrition Program for Women, Infants, and Children.

Two individuals independently screened the titles and abstracts of all articles from
the search conducted in May 2020 using the study inclusion and exclusion criteria with
Rayyan [32]; if the abstracts did not provide enough information, the full text of the article
was consulted. For the articles from the search conducted in May 2021, the articles were
also screened by two individuals using the study inclusion and exclusion criteria. Cases of
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disagreement were reviewed and discussed by a third member of the research team until
consensus was reached.

Stage 4: Charting the Data
The following information was charted from all eligible articles: author(s), year of

publication, study location, study dates, study population, sample size, study methodology,
oral health issue of focus, and key findings. Only information relevant to the inclusion
criteria was extracted; for example, if a study included information about physicians and
oral health professionals, only the information about oral health professionals was charted.
The source of funding for the included studies was also captured. As with many scoping
reviews, a quality assessment was not carried out.

Stage 5: Collating, Summarizing, and Reporting the Results
Following extraction of all data, the results were collapsed into tables to report infor-

mation on sample size, type of professional studied, patient population and/or concern of
focus, and information about the topics investigated in the article. This process was con-
ducted by JRLL, and the content was verified by AGTV or JRdM by looking at the content
of the table and cross-checking it with the article. The articles were sorted based on the
type of professional studied, the types of outcomes reported, and the study methodology.

3. Results

In total, n = 70 articles were included in the scoping review (Figure 1). Most articles
describe studies that were conducted in one of the following four regions: United States
(n = 23), United Kingdom (n = 17), Nordic countries (Norway, Finland, Iceland, Sweden,
Denmark) (n = 12), and Australia (n = 7). However, there were also articles from Japan
(n = 3), Germany (n = 2), Saudi Arabia (n = 2), Canada (n = 1), Hong Kong (n = 1), New
Zealand (n = 1), and Taiwan (n = 1). In total, n = 32 articles were published in 2010 or earlier
and n = 38 articles were published in 2011 or later. Almost half of the articles did not report
any funding source (n = 32); articles reporting funding sources (n = 38 articles) reported
that their studies were funded by various sources including government/government
agency (n = 25 articles), university/hospital (n = 6), professional association/organization
(n = 3), and other sources (i.e., foundation, charity, company) (n = 10).

Most studies focused on oral health professionals; only six studies provided infor-
mation on dietitians, nutritionists, and/or WIC personnel (many of whom are dietitians
or nutritionists). Most articles did not focus specifically on diet and nutrition but rather
had focuses including preventative dentistry, prevention and/or treatment of specific
oral health conditions, infant oral health care/examinations, dental practice patterns, and
public dental service use. Only n = 18 articles referred to something that was obviously
related to nutrition and/or diet in their title (e.g., diet, nutrition, sugar-sweetened beverage,
dietitian, nutritionist, WIC). Most included articles were cross-sectional survey studies of
professionals (sample size range: n = 9 to n = 2294 professionals); however, other study
methods included chart reviews (sample size range: n = 285 to >10,000 patients), obser-
vation studies (sample size: n = 3751 patient visits in 120 general dental practices), and
qualitative interviews and/or focus groups of professionals (sample size range: n = 10 to
93). In addition, one study captured information on how different types of data compared
to one another.

In this review, the articles were organized based on the type of professional studied,
the methods used in the study (e.g., survey, qualitative interview), and types of care
provided which encompassed either assessment practices (i.e., dietary assessment practices
by oral health professionals; assessment practices regarding oral health and nutrition
by dietitians, nutritionists, and/or WIC personnel) or intervention practices (e.g., diet
counselling, diet advice by oral health professionals; intervention practices regarding oral
health and nutrition by dietitians, nutritionists, and/or WIC personnel). Of note, two cross-
sectional survey studies included only a combined measure of assessment and intervention
practices; these articles are included in both of those sections.
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Figure 1. Search results.

3.1. Assessment Practices
3.1.1. Oral Health Professionals

Nineteen articles provided information on the dietary assessment practices of oral
health professionals. These studies are described in Table 3. Overall, most of these articles
were cross-sectional survey studies usually of dentists; however, other types of studies
also captured this information, including chart reviews and a qualitative interview study.
Overall, these studies captured information on various dietary assessment practices in-
cluding general/unspecific assessment practices (e.g., dietary analysis), use of specific diet
assessment tools (e.g., food records), and inquiries about specific patient behaviours or
concerns (e.g., bottle use, cariogenic food consumption). In addition, two studies examined
barriers regarding dietary assessment. A few of these studies examined whether there were
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differences in these outcomes by professional type, patient type, and various professional
and practice factors.

Table 3. Assessment practice information reported in the included articles.

Study Authors,
Year, and
Country

Sample
Size * Professional Type

Population
and/or Concern

of Focus

General/Unspecific
Assessment

Practices (e.g.,
Dietary Analysis)

Use of Specific
Assessment Tools,

Strategies, or
Practices (e.g.,
Food Records)

Inquiries about
Specific Patient
Behaviours or
Concerns (e.g.,

Bottle Use,
Cariogenic Food
Consumption)

Barriers (or
Reasons for
Lack of Use)
Regarding

Assessment
Practices

SURVEY STUDIES

Oral Health Professionals

Roshan et al.,
2003 [33]; UK 687

general dental
practitioners;

community dental
officers

children (X)Practice/Prof

Hawkins and
Locker, 2005 [34];

Canada
672 general dentists older adults X XPractice/Prof

Sajnani-
Oommen et al.,
2006 [35]; USA

180 pediatric dentists children X

Bubna et al.,
2012 [36]; USA 554 pediatric dentists infants (X)

Clovis et al., 2012
[37]; USA 540 dental hygienists children; dental

caries XPractice/Prof

Mulic et al., 2012
[38]; Norway 705

public dental
health service

dentists

adults; dental
erosive wear X X

Garton and Ford,
2013 [39];
Australia

638 dentists (including
specialists) root caries X XPractice/Prof

Sim et al.,
2014 [40]; USA 86 pediatric dentists

infants and
toddlers; dental

caries
X

Yusuf et al.,
2016 [41]; UK 164

National Health
Service general

dental practitioners
XPractice/Prof

Widström et al.,
2016 [42];
Norway

215 dentists;
166 dental
hygienists

dentists; dental
hygienists in public

dental service

public dental
service

clients—children
and adults

XProfessional Type; Patient

Arheiam et al.,
2016 [43]; UK 250 general dental

practitioners children; adults XPractice/Prof; Patient XPatient

Halawany et al.,
2017 [44]; Saudi

Arabia
108 pediatric dentists children; dental

caries X

Dima et al.,
2018 [45]; Taiwan 196 general dentists;

pediatric dentists
children; early

childhood caries XProfessional Type

Mulic et al.,
2018 [46]; Iceland 153 dentists dental erosive

wear X X

Kangasmaa et al.,
2021 [47];
Finland

814 general dentists;
dental specialists

erosive tooth
wear XPractice/Prof; Professional Type

Mortensen et al.,
2021 [48];
Denmark

419 dentists erosive tooth
wear X X

Dietitians/Nutritionists

Fuller et al.,
2014 [49]; USA 159 WIC program

personnel

WIC clients;
early childhood

caries
XPractice/Prof

Gold and Tomar,
2016 [50]; USA 9 WIC nutritionists WIC clients X X X

Fernandez et al.,
2017 [51]; USA 36

dietitians who
completed a

pediatric dentistry
internship rotation

XPatient
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Table 3. Cont.

Study Authors,
Year, and
Country

Sample
Size * Professional Type

Population
and/or Concern

of Focus

General/Unspecific
Assessment

Practices (e.g.,
Dietary Analysis)

Use of Specific
Assessment Tools,

Strategies, or
Practices (e.g.,
Food Records)

Inquiries about
Specific Patient
Behaviours or
Concerns (e.g.,

Bottle Use,
Cariogenic Food
Consumption)

Barriers (or
Reasons for
Lack of Use)
Regarding

Assessment
Practices

CHART REVIEW STUDIES

Oral Health Professionals

Sarmadi et al.,
2009 [52];
Sweden

432

public dental
service (dentists

and dental
hygienists)

children 6–19
years at high risk

of developing
dental caries

XPatient

O’Toole et al.,
2018 [53]; UK 285 dentists adults; tooth

wear XPractice/Prof

QUALITATIVE INTERVIEW STUDIES

Oral Health Professionals

Threlfall et al.,
2007 [54]; UK 93 general dental

practitioners
children; dental

caries XPatient X

* Sample size for survey studies and qualitative interview studies refers to number of professionals included; sample size for chart review
studies refers to the number of patients included. WIC: Special Supplemental Nutrition Program for Women, Infants, and Children.
(X) = study measure included both assessment and intervention practices combined together (e.g., analyzed diets and gave dietary
advice). Patient = examine differences in assessment practices in different types of patients (e.g., children vs. adults, severe dental
caries vs. not). Professional Type = examine differences in assessment practices in different types of professionals (e.g., general dentists
vs. pediatric dentists, dentists vs. dental hygienists). Practice/Prof = examine differences in assessment practices for different practice
characteristics (e.g., public vs. private, rural practice vs. urban practice) and/or health professional characteristics (e.g., demographics,
education, attitudes).

General/Unspecific Dietary Assessment Practices

Thirteen articles reported information on general/unspecific dietary assessment
practices (e.g., dietary analysis, dietary history, assessment of dietary habits, asking
about dietary behaviour, diet history review and analysis) of oral health professionals
(cross-sectional survey studies (n = 10) [33,36,38,39,41,42,44,46–48]; chart review studies
(n = 2) [52,53], qualitative interview study (n = 1) [54]). Most of the articles reported
information regarding these practices in dentists.

Within the cross-sectional survey studies, various self-reported measures were used to
capture information on general/unspecific dietary assessment practices. One self-reported
measure used in some of these studies was the proportion of respondents who provide
this type of service in the population of interest [36,44]. These studies were conducted in
pediatric dentists and found that this activity was common in the population of interest
(e.g., >90% of pediatric dentists who performed infant oral health evaluations reported this
practice [36]; 70.6% of pediatric dentists reported doing a diet history review and analysis re-
garding dental caries prevention [44]). Several cross-sectional survey studies also reported
self-reported information on frequency of providing some type of general/unspecific
dietary assessment practice [33,38,39,42,46–48]. Overall, these studies were conducted
regarding these practices when assisting patients with specific dental conditions (e.g., root
caries [39], erosive tooth wear [38,46–48]) and in children [33,42] and adult [42] patient
groups. In articles that focused on specific dental conditions, the percentage of respondents
who self-reported always, often, and/or usually providing some type of general/unspecific
dietary assessment practice ranged from 45% to 81%, and the percentage of respondents
who never or seldom performed this practice ranged from 1% to 25% [38,39,46–48]. In stud-
ies focusing on children and/or adults, the percentage of respondents who self-reported
never performing this practice ranged from 2% to 6.4% [33,42]. The chart review stud-
ies that assessed general/unspecific dietary assessment practices found results that are
slightly different compared to results found in the survey studies. These studies, which
included one focusing on pediatric patients at high risk for developing dental caries in a
public dental service [52] and another focusing on tooth wear in adults in general dental
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practice [53], found that <25% of patients had this type of assessment documented in their
dental records.

The studies of Widström et al. [42] and Kangasmaa et al. [47] were the only studies
that compared general/unspecific dietary assessment practices amongst different types
of oral health professionals. Widström et al. [42] found in their survey study that dental
hygienists were significantly more likely to assess dietary habits in all or most of their
patients vs. dentists in both children and adult patients. Kangasmaa et al. [47] found
regarding erosive tooth wear that there was no difference in the frequency of assessing a
patient’s dietary history between general dentists and different types of dental specialists.
In addition, four studies [33,41,47,53] examined professional and practice factors that
impact the frequency with which dentists provide general/unspecific dietary assessment
services for their patients. Overall, these studies found that dentists who were significantly
more likely to practice this activity were less experienced (vs. more experienced) [53], work
as a community dental officer (vs. general dental practitioner) [33], and have positive
attitudes regarding prevention [41].

Three studies examined whether patient-related factors were associated with whether
oral health professionals perform general/unspecific dietary assessment activities [42,52,54].
Widström et al. [42] found in their survey study that dentists and dental hygienists were
more likely to perform an assessment of dietary habits in children compared to adults (e.g.,
% of dentists and dental hygienists who perform an assessment of dietary habits in all
or most of their child patients: 18.9; % of dentists and dental hygienists who perform an
assessment of dietary habits in all or most of their adult patients: 8.3). Threlfall et al. [54]
found in their qualitative interview study of general dental practitioners that they were
more likely to ask questions about a child’s diet if the child had dental caries.

Garton and Ford [39] investigated barriers reported by dentists regarding performing
dietary analysis for root caries. They found that 43.3% of respondents reported barriers
to providing dietary analysis. Time was the most common barrier (33.9% of respondents);
however, other barriers encountered by <10% of respondents included cost, lack of useful-
ness, lack of authority to order, and dietary analysis not being evidence-based. In addition,
these authors found statistically significantly more dentists working in the public sector
vs. the private sector reported the barrier of lack of authority to order (public: 8.7% vs.
private: 1.7%).

Use of Specific Dietary Assessment Tools

Six studies provide information on self-reported use of specific dietary assessment
tools (e.g., diet diary) by oral health professionals (cross-sectional survey studies
(n = 5) [35,38,43,46,48]; qualitative interview study (n = 1) [54]); of note, all of these studies
were conducted in dentists. Overall, the survey studies found that less than 50% of den-
tists self-reported using some type of diet diary with their patients (e.g., 9% of pediatric
dentists [35]; 28% of general dental practitioners [43]; 12–31% of dentists when referring
to care of patients with erosive tooth wear [38,46,48]). These studies also found that less
structured diet assessment approaches (e.g., oral interviews, asking patients to recall usual
activities for a specified period) tend to be more commonly used by dentists compared to
diet diaries [38,43,46,48].

Arheiam et al. [43] studied the use of diet diaries in UK general dental practitioners,
including reasons for using diet diaries, factors that are considered when deciding to use
these tools, routines when using diet diaries, and reasons for not using diet diaries. Of note,
they found that diet diaries were more commonly used in children vs. adults, and the top
reasons for lack of use of diet diaries were inadequate remuneration by the National Health
Service (NHS), lack of usefulness, lack of knowledge, and poor compliance. The authors
also found statistically significant predictors of diet diary use in a multivariate model
were years of service, percentage of NHS patients in practice, and percentage of case-mix
children in practice. The authors also reported the median time required to complete a
diet diary analysis was 10 min (range: 1–23 min) and that patients were asked to keep a
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diary for a median of 3 days (range: 1–7 days) [43]. Lastly, a qualitative interview study by
Threlfall et al. [54] found that a few general dental practitioners had attempted to use diet
sheets in children, but reported little success.

Inquiries about Specific Patient Behaviours or Concerns Related to Diet

In total, four cross-sectional survey studies report information on inquiries by oral health
professionals about specific patient behaviours or concerns related to diet [34,37,40,45]; three
of these studies were conducted in dentists [34,40,45] and one was conducted in dental
hygienists [37]. Three of these studies captured self-reported information on asking about
specific behaviours related to dental caries in children (e.g., between-meal exposure to food
that causes dental caries, bottle use, juice consumption) [37,40,45], and one study focused
on older adults [34].

Overall, the studies that captured information on inquires about specific behaviours
in children related to diet and dental caries found that this practice is relatively com-
mon [37,40,45]. For example, Clovis et al. [37] found that among dental hygienists who
routinely assess their child/youth patients for risk factors related to dental caries (88.7% of
respondents), 64.9% self-reported asking about between-meal exposure to cavity-producing
foods. In addition, Sim et al. [40] found that the frequency of asking about different feeding
practices (including bottle feeding and juice consumption) in infants and toddlers can vary
depending on the practice (e.g., 77% of respondents reported asking about bottle contents
all of the time vs. 27% of respondents reported asking about age of first juice consumption
all of the time). One study captured differences in these types of practices between different
types of oral health professionals. Dima et al. [45] found that a significantly higher percent-
age of pediatric dentists self-report asking about bottle use often or very often compared to
general dentists (94.9% vs. 67.2%).

In general dentists, Hawkins and Locker [34] found that asking about different types
of behaviours relevant to eating in older adults varied depending on the behaviour (e.g.,
55% of respondents usually asked about prevention from eating desired foods because
of chewing problems vs. 15% of respondents usually asked about avoiding eating with
other people because of chewing problems). These authors [34] also found that numerous
practice and dentist demographic characteristics were significantly related to inquiring
about various behaviours relevant to eating in older adults in bivariate (and for some
variables multivariate) analyses including dentist involvement in taking patient history, self-
rated ability to treat older adults who reside in institutional settings, estimated percentage
of patients 65+ years of age, continuing education in geriatric dentistry in the last year, time
taken to obtain a patient history, dentist age, population size of primary practice location,
and dental school experience in geriatric outreach care.

3.1.2. Dietitians and Nutritionists

Three cross-sectional survey studies captured self-reported information about assess-
ment practices of dietitians and/or nutritionists (including WIC personnel) related to
nutrition and oral health or oral health only [49–51]; these studies are also described in
Table 3. Fuller et al. [49] found that less than 50% of surveyed WIC personnel assessed chil-
dren for visual evidence of dental caries; they further found that respondents ≥40 years of
age were significantly more likely to do this practice compared to respondents 18–39 years
of age (53% vs. 28%). Gold and Tomar [50] found in a small study of WIC nutritionists that
33% of respondents frequently asked about women’s and caregivers’ dental health and no
respondents reported frequently examining the teeth of children for dental caries. They
also found that 100% of respondents frequently asked about whether the child brought
a bottle to bed. In addition, Fernandez et al. [51] found in dietitians who had completed
an elective pediatric dentistry rotation during their dietetic internship training that 28%
always and 31% never collect information on an adult’s oral health history and 24% always
and 38% never collect information on a child’s oral health history.
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3.2. Intervention Practices
3.2.1. Oral Health Professionals

Nutrition intervention practices (e.g., diet counselling, nutrition counselling, dietary
advice, dietary instruction, providing information on diet, nutrition advice) in oral health
professionals were investigated in n = 48 studies (presented in n = 53 articles); these studies
are described in Table 4. Overall, most articles reported on cross-sectional survey studies
(n = 36 studies presented in n = 39 articles). In addition, there were n = 8 chart review
studies (one of which had professionals keep detailed documents of encounters over a
2-week period), n = 1 observation study that also included a survey and chart review study
(presented in n = 2 articles), and n = 3 qualitative interview/focus group studies (presented
in n = 4 articles) that were included. In general, most of the studies provided information
on general/unspecified nutrition intervention practices (e.g., nutrition counselling, diet
advice); however, there were also studies that discussed types of resources/strategies used,
information provided to patients, and barriers regarding intervention practices.

Table 4. Intervention practice information reported in the included articles.

Study
Authors, Year,
and Country

Sample Size * Professional
Type

Population
and/or

Concern of
Focus

General/
Unspecific

Intervention
Practices (e.g.,

Nutrition
Counselling,
Diet Advice)

Types of
Resources/
Strategies

Used

Information
Provided to

Patients

Barriers
Regarding

Intervention
Practices

Referrals/
Collaboration

between
Dentistry and

Nutri-
tion/Dietetics

SURVEY STUDIES

Oral Health Professionals

Chisick et al.,
2000 [55]; USA 606

full-time
military or

civilian
dentists in the
Army Dental
Care System

X X X X

Anderson
et al., 2002 [56];

Wales
568

dentists;
dental

hygienists;
dental

therapists

X

Roshan et al.,
2003 [33]; UK 687

general dental
practitioners;
community

dental officers

children (X)Practice/Prof

Dugmore and
Rock,

2003 [57]; UK
227

general and
community

dental
practitioners

children; tooth
erosion XPatient XPatient

Freeman et al.,
2005 [58];
Northern
Ireland

128 practices general dental
practices dental caries X

Wang,
2005 [59];
Norway

199 (1995); 210
(2004)

dental
hygienists

from public
dental service

children;
dental caries XPatient

Huang et al.,
2006 [60]; USA 111 orthodontists children;

dental caries XPractice/Prof X X X X

Sajnani-
Oommen et al.,
2006 [35]; USA

180 pediatric
dentists children XPractice/Prof X X

Dyer and
Robinson,

2006 [61]; UK
166 principal

dentists X XProfessional Type

Trueblood
et al., 2008 [62];

USA
127 pediatric

dentists
children;

dental caries X

Brickhouse
et al., 2008 [63];

USA
~221

general
dentists;
pediatric
dentists

infants XProfessional Type XProfessional Type
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Table 4. Cont.

Study
Authors, Year,
and Country

Sample Size * Professional
Type

Population
and/or

Concern of
Focus

General/
Unspecific

Intervention
Practices (e.g.,

Nutrition
Counselling,
Diet Advice)

Types of
Resources/
Strategies

Used

Information
Provided to

Patients

Barriers
Regarding

Intervention
Practices

Referrals/
Collaboration

between
Dentistry and

Nutri-
tion/Dietetics

SURVEY STUDIES

Oral Health Professionals

Kelly and
Moynihan,

2008 [64]; UK
879

dentists;
dental

hygienists;
other

occupations or
specialties

periodontal
disease X X X

Csikar et al.,
2009 [65]; UK 386 dental

practitioners XPractice/Prof

Satur et al.,
2009 [66];
Australia

59 dental
therapists XPractice/Prof

Tseveenjav
et al., 2009 [67];

Finland and
Norway

682 dental
hygienists XPractice/Prof

Malcheff et al.,
2009 [68]; USA 2157 pediatric

dentists infants X

Manski and
Parker,

2010 [69]; USA
308 dental

hygienists

children; early
childhood

caries
XPractice/Prof

Salama and
Kebriaei,

2010 [70]; USA
371 general

dentists infants X

Ananaba et al.,
2010 [71]; USA 2294

general
dentists;
pediatric
dentists

infants XProfessional Type;

Practice/Prof

Cunha-Cruz
et al., 2010 [72];

USA
209 dentists dentin hyper-

sensitivity X

Bubna et al.,
2012 [36]; USA 554 pediatric

dentists infants (X)

Lee et al.,
2012 [73]; USA 1779 pediatric

dentists
children;

dental caries XPractice/Prof

Kakudate
et al., 2012 [74];

Yokoyama
et al., 2013 [75];

Yokoyama
et al., 2013 [76];

Japan

189 dentists XPractice/Prof

Hussein et al.,
2013 [77];
Germany

640 dentists XPractice/Prof

Sim et al.,
2014 [40]; USA 86 pediatric

dentists

infants and
toddlers;

dental caries
XPractice/Prof X

Gnich et al.,
2014 [78];
Scotland

174 dental nurses children XPatient; Practice/Prof

Yusuf et al.,
2015 [79];

Yusuf et al.,
2016 [41]; UK

164

National
Health Service
general dental
practitioners

XPractice/Prof

Arheiam et al.,
2016 [43]; UK 250 general dental

practitioners X X

Hayes et al.,
2016 [80];
Australia

426

dental
hygienists;
oral health
therapists

X
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Table 4. Cont.
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Authors, Year,
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Sample Size * Professional
Type
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and/or
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General/
Unspecific

Intervention
Practices (e.g.,

Nutrition
Counselling,
Diet Advice)

Types of
Resources/
Strategies

Used

Information
Provided to

Patients

Barriers
Regarding

Intervention
Practices

Referrals/
Collaboration

between
Dentistry and

Nutri-
tion/Dietetics

SURVEY STUDIES

Oral Health Professionals

Baatsch et al.,
2017 [81];
Germany

250 dentists XPractice/Prof

Hayes et al.,
2017 [82];
Australia

41

dentists;
dental

hygienists;
oral health
therapists

XProfessional Type XProfessional Type

Wright and
Casamass-imo,
2017 [83]; USA

1615

pediatric
dentists;
pediatric

dental
residents

children; sugar
sweetened
beverages

XPractice/Prof X X X X

Cole et al.,
2018 [84]; USA 919 dental

hygienists children XPractice/Prof XPractice/Prof X XPractice/Prof

Djokic et al.,
2019 [85];
Ireland

467

pediatric
dentists;

nonpediatric
dentists

infants XProfessional Type

Aziz et al.,
2020 [86]; New

Zealand
325 general

dentists XPractice/Prof

Bakhurji et al.,
2021 [87];

Saudi Arabia
335

general
dentists;
pediatric
dentists

infants XProfessional Type XProfessional Type

Dietitians/Nutritionists

Shick et al.,
2005 [88]; USA 324 WIC

nutritionists WIC clients XPatient; Practice/Prof

Butani et al.,
2006 [89]; USA 126 WIC providers WIC clients XPractice/Prof

Fuller et al.,
2014 [49]; USA 159 WIC

personnel WIC clients XPractice/Prof XPractice/Prof

Gold and
Tomar,

2016 [50]; USA
9 WIC

nutritionists WIC clients X X

Fernandez
et al., 2017 [51];

USA
36

dietitians who
completed a

pediatric
dentistry

internship
rotation

X X X

CHART REVIEW STUDIES

Oral Health Professionals

Kärkkäinen
et al., 2001 [90];

Finland

267 in 1992;
590 in 1995

public dental
service

children
12 years and

15 years
XPatient ; Practice/Prof

Tickle et al.,
2003 [91]; UK 677

general dental
practices
(n = 50)

children who
regularly
attended

dental care
and have a
history of

interproximal
caries in
primary
molars

XPatient

Nihtilä and
Widström,
2009 [92];
Finland

466 public dental
service

children and
adolescents XPatient
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Table 4. Cont.

Study
Authors, Year,
and Country

Sample Size * Professional
Type

Population
and/or

Concern of
Focus

General/
Unspecific

Intervention
Practices (e.g.,

Nutrition
Counselling,
Diet Advice)

Types of
Resources/
Strategies

Used

Information
Provided to

Patients

Barriers
Regarding

Intervention
Practices

Referrals/
Collaboration

between
Dentistry and

Nutri-
tion/Dietetics

CHART REVIEW STUDIES

Oral Health Professionals

Wang and
Aspelund,
2010 [93];
Norway

576

public dental
service

(20 clinicians
in 16 public

dental service
clinics)

children and
adolescents
3–18 years

XPatient

Sarmadi et al.,
2011 [94];
Sweden

432

public dental
service

(dentists and
dental

hygienists)

children
6–19 years at
high risk of
developing

dental caries

XPatient

Masoe et al.,
2014 [95];
Australia

29,599

public dental
service (oral

health
therapists)

adolescents
12–18 years XPatient ; Practice/Prof

Raindi et al.,
2015 [96]; UK

general dental
practice

periodontal
disease X

Skinner et al.,
2016 [97];
Australia

~26,000 to
~31,000 per

year

public dental
service

adolescents
12–17 years XPatient

OBSERVATION, CHART REVIEW, AND SURVEY STUDY

Oral Health Professionals

Demko et al.,
2008 [98];

Wotman et al.,
2010 [99]; USA

3751 patient
visits in

120 general
dental

practices

dentists,
dental

hygienists
XProfessional Type

QUALITATIVE INTERVIEW AND/OR FOCUS GROUP STUDIES

Oral Health Professionals and Dietitians/Nutritionists

Threlfall et al.,
2007 [100];

Threlfall et al.,
2007 [54]; UK

93 general dental
practitioners

children;
dental caries XPatient; Practice/Prof X XPatient X

Cashmore
et al.,

2011 [101];
Australia

10

dental
assistants,

dental
therapists,
pediatric

dental
specialist,
regional

co-ordinator of
oral health
promotion

children
waiting for
surgery for

treatment of
severe dental

caries

X

Ong et al.,
2015 [102];

Hong Kong
23 dentists,

dietitians X

* Sample size for survey studies and qualitative interview and/or focus group studies refers to number of professionals included; sample
size for chart review and observational studies refers to the number of patients included. WIC: Special Supplemental Nutrition Program for
Women, Infants, and Children. (X) = study measure included both assessment and intervention practices combined together (e.g., analyzed
diets and gave dietary advice). Patient = examine differences in intervention practices in different types of patients (e.g., children vs. adults,
severe dental caries vs. not). Professional Type = examine differences in intervention practices in different types of professionals (e.g.,
general dentists vs. pediatric dentists, dentists vs. dental hygienists). Practice/Prof = examine differences in intervention practices for
different practice characteristics (e.g., public vs. private, rural practice vs. urban practice) and/or health professional characteristics (e.g.,
demographics, education, attitudes).

General/Unspecific Nutrition Intervention Practices

In total, n = 33 cross-sectional survey studies presented in n = 36 articles, n = 8 chart
review studies, n = 1 observation study presented in n = 2 articles, and n = 1 qualita-
tive interview study presented in n = 2 articles provide information on the delivery of
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general/unspecific nutrition interventions (e.g., diet counselling, nutrition counselling,
dietary advice, dietary instruction, providing information on diet, nutrition advice) by
oral health professionals. In general, most of the survey studies that captured self-report
information on this topic report on the proportion of oral health professionals providing
this service with or without some type of measure of how often they provide this service.
Of note, most of these studies reported information on dentists; however, there were eight
studies that also captured information on the practices of other oral health professionals
(e.g., dental hygienists, dental therapists, dental nurses) [59,64,66,67,69,78,82,84]. Overall,
most of these studies find using a variety of different types of measures that many oral
health professionals self-report carrying out nutrition interventions at least some of the
time. However, within these survey studies, only a few studies captured information on
the percentage of patients receiving this care and found it varied from a mean of 21.4% to
63.0% [43,74–76]. In addition, a few survey studies reported that the length of time spent
on these activities was brief (approximately five minutes) [35,60].

In contrast to the cross-sectional survey studies which provide self-report data, the
chart review studies (one of which includes professionals documenting all preventative
activities over a 2-week time frame) and observation studies generally find that this prac-
tice is variable and often limited. For example, these studies conducted in children and
adolescents have found that nutrition interventions are provided to a range of <10% of
children/adolescents to >50% of children/adolescents in both public dental service and
other practice settings [91–94,97], that dietary advice represented <10% of clinical activities
in public dental service [95], and that the number of diet instruction sessions is low in
public dental clinics (e.g., ≤~1 per child/adolescent in the observation periods) [90]. Of
note, the study by Sarmadi et al. [94] also found that diet counselling was provided to
~10–20% of children and adolescents whereas diet information was provided to ~40–50%
of children and adolescents attending public dental services in Sweden. In addition,
Raindi et al. [96] found in a small pilot study that diet advice was not provided for pe-
riodontal prevention. As well, an observation study [98,99] conducted in general dental
practices in the United States found that overall <~10% of visits had nutrition counselling
with the median number of 30 s intervals devoted to nutrition counselling being 0 (range:
0–6 for dentists; 0–23 for dental hygienists). In addition, this study also found that among
dentists and dental hygienists who self-reported often/always providing a nutrition dis-
cussion using a self-administered survey, only a mean of 3.9%, and 13.7% of the patients
of these dentists and dental hygienists, respectively, were observed to actually receive
this service. In addition, when this practice occurred, <5% of visit time was spent on
this activity.

Very few studies provide information on how general/unspecific nutrition interven-
tion practices of different types of oral health professionals compare to one
another [63,71,82,85,87,98,99]. Overall, most of these studies found that pediatric den-
tists more commonly provided these interventions to infant patients compared to other
dentists [63,71,85,87] and that dental hygienists and/or oral health therapists provide these
interventions more frequently compared to dentists [82,98,99].

In total, 11 studies [54,57,59,78,90–95,97] examined the provision of general/unspecific
nutrition interventions by patient type. Six studies [57,59,90–93] found that the provision of
general/unspecific nutrition interventions generally increased as the severity of dental dis-
ease (e.g., dental caries, erosion), risk of dental disease, or amount of dental care increased;
however, only three studies reported significant results [90,91,93]. Studies also found that
in children and adolescent patients, those who are younger (vs. older) [95], those who are
less disadvantaged when looking at socioeconomic status (vs. more disadvantaged) [97],
and patients/families who the professional felt were more motivated and with whom they
had seen success [54] were more likely to receive nutrition interventions from oral health
professionals. In addition, one study found that the frequency of delivery of dietary advice
by dental nurses was similar for children <2 years of age compared to children >2 years
of age [78].
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Seventeen survey studies presented in 19 articles investigated various professional
and practice factors that impact the provision or the intent to provide general/unspecific
nutrition interventions, with some of these studies finding statistically significant results.
First, some studies found that oral health professional demographic variables showed
some type of statistically significant relationship with the provision of general/unspecific
nutrition interventions, including oral health professional age [79]; sex [73,75,79,86]; knowl-
edge, skills, and/or education in this area [78,84]; and ownership of practice [73]. Stud-
ies have also found that attitudes, perceived behavioural control, motivation, and/or
confidence in this area were statistically significantly associated with providing nutri-
tion interventions [40,41,60,75,78,83]. A study of dental hygienists found that working
more hours per week was associated with increased likelihood of providing nutrition
counselling [69]. Studies also found that practice characteristics were statistically signif-
icantly associated with providing general/unspecific nutrition interventions, including
prevention focus/orientation [75,76], practice location (e.g., rural vs. urban) [66], practice
constraints [40], practice busyness [75], and practice type and setting (e.g., private vs.
public; community dental service vs. general dental practice) [33,65,67,86]. Moreover, a
chart review study of public dental services found that rural health districts provided less
dietary advice compared to metropolitan health districts [95]. Lastly, Threlfall et al. [54]
found in a qualitative study of general dental practitioners regarding care of children with
dental caries that practices with a dental hygienist had an increased focus on providing
diet advice.

Types of Resources/Strategies Used

Only a few studies [43,54,55,60,83,84] reported on types of specific nutrition educa-
tion materials, resources, and/or strategies used when oral health professionals provide
nutrition interventions. Most of the studies that have investigated this topic have been
cross-sectional survey studies that provide self-reported information. Chisick et al. [55] and
Huang et al. [60] found that oral presentations/oral discussions and paper fliers/handouts
were the most common ways to deliver this information. Huang et al. [60] reported on the
frequency of providing nutrition advice to parents compared to children, and they found
similar results between the two groups. In addition, Wright and Casamassimo [83] investi-
gated in pediatric dentists and pediatric dental residents the frequency of using different
types of intervention strategies to reduce consumption of sugar-sweetened beverages; they
found that speaking to parents about observations if the child has high risk of dental caries
was the most common strategy, followed by documenting the high risk of dental caries
in the patient’s chart. Provision of educational materials on sugar-sweetened beverages
and offering motivational interviewing or other behaviour modification programs were
also relatively common strategies. They further found that less common intervention
strategies included providing parents with a self-administered sugar-sweetened beverage
screening tool, and following up on interventions. Cole et al. [84] examined the frequency
of provision of different types of nutrition interventions by dental hygienists. They found
that nutrition counselling was more common than advocacy and collaborative activities
(e.g., advocating to school officials to ensure healthy foods are available in school food ser-
vices). For advocacy and collaborative activities, they also found that those with continuing
education on obesity were more likely to do those activities compared to those who had
obesity education only within an entry-level dental hygiene program. Arheiam et al. [43]
also found that 40% of general dental practitioner respondents referred patients to other
oral health professionals (e.g., dental hygienists) for advice on diet for an average of 11%
of their patients. Lastly, Threlfall et al. [54] found in a qualitative study of general dental
practitioners regarding caring for children with dental caries that oral advice was the most
common way to provide dietary information, but providing leaflets was also done. They
also found that general dental practices that had a dental hygienist often had preventative
activities (e.g., diet advice) delegated to those professionals.
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Types of Nutrition Information Provided

Few details on the types of nutrition information provided to patients by oral health
professionals were present in the included articles; only 10 survey studies reported this
type of finding [35,55–57,60,63,64,83,84,87]. Topics that were captured in the survey studies
included nursing caries/baby bottle decay risk [55,63,87]; consumption of sugary foods
and drinks (including timing) [35,56,83,84]; consumption of between-meal snacks [84], sup-
plements (including recommending vitamins) [35,64]; and consumption of erosion-causing
foods, specifically carbonated soft drinks, fruit juice, acidic drinks, and citrus fruit [57]. In
addition, Huang et al. [60] provided information on the proportion of orthodontists who
provided patients handouts on foods to avoid (56% of respondents) and foods to encourage
(32% of respondents).

Very few studies examined differences between different types of oral health profes-
sionals for this type of finding. Brickhouse et al. [63] found that discussing baby bottle
decay risk during infant oral health exams was common and similar between pediatric
dentists and general dentists (pediatric dentists: 98%; general dentists: 100%). In addition,
Bakhurji et al. [87] found that 60% of pediatric dentists and 64% of general dentists pro-
vided nutrition counselling and talked about baby bottle decay in infant oral health care.
The work by Dugmore and Rock [57] was the only study to examine the proportion of
dentists who provided specific dietary messages in different patient populations. They
reported the proportions of dentists who provided advice on carbonated soft drinks, fruit
juice, acidic drinks, and citrus fruit for patients presenting with tooth erosion into (a) the
enamel and (b) the dentine. The percentage of dentists who gave the specific types of
advice ranged from 6.6% to 31.7% depending on the food/beverage topic and whether the
tooth erosion was into the enamel or dentine.

A qualitative interview study by Threlfall et al. [54,100] provided in-depth information
on the content of dietary advice provided by general dental practitioners to children who
are dealing with dental caries and their parents. In this study, all general dental practitioners
reported providing dietary advice. Dietary advice was primarily centred on decreasing
consumption of sugar, and sugar intake frequency was often considered a key message.
Sugary beverages were also a common topic for dietary advice. The authors reported
that there were variations in dietary advice content and emphasis (e.g., some participants
provided advice on extrinsic sugars while others did not; some participants said to limit
carbonated drinks due to erosion, and others said to reduce intake of these drinks because
of sugar). Some participants also reported that they emphasized oral hygiene instead of
diet because they felt it was easier to change, and some participants also reported trying to
provide advice that was practical knowing that children like sugary foods and beverages
(e.g., providing strategies on how to consume sugar-rich foods to decrease risk of caries).
The authors also found that participants tailored the advice to parents based on their
perception of the level of ignorance.

Barriers Regarding Intervention Practices

In total, six survey studies [40,60,61,80,82,83] examined the prevalence of barriers
associated with the provision of nutrition interventions by oral health professionals using
quantitative methods; five studies examined these barriers in dentists [40,60,61,82,83], and
three studies examined these barriers in other types of oral health professionals (i.e., dental
hygienists, oral health therapists) [61,80,82]. The most common barriers studied were
compensation, funding, and/or reimbursement [40,60,61,80,82,83]; time [40,60,61,80,82,83];
lack of professional training, knowledge, and/or skills [40,61,80,82,83]; and patient motiva-
tion, compliance, and/or interest (including difficulties in changing behaviour) [40,80,83].
Other barriers examined in two studies included patient knowledge and demographics
(e.g., literacy, education level, socioeconomic status) [80,82]; lack of trained staff [40,83];
lack of resources [60,83]; communication, language, and/or cultural barriers [60,82]; lack
of likelihood of effectiveness or benefit [61,82]; and fear of judging, alienating, and/or
offending patients [61,83]. Of note, time was among the top three most commonly reported
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barriers in four of those studies [60,61,80,82]. Additionally, lack of patient motivation,
compliance, and/or interest (including difficulties in changing behaviour) [40,80,83]; com-
pensation, funding, and/or reimbursement [40,61,82]; and lack of professional training,
knowledge, and/or skills [61,80,82] were among the top three most commonly reported
barriers in three of those studies.

Dyer and Robinson [61] examined differences in the prevalence of perceived barri-
ers reported by principal dentists to providing advice on diet/calorie intake by dentists
and professionals complementary to dentistry (PCDs). The authors found statistically
significant differences in the following barriers between the two types of professionals:
time (dentists: 30.7%; PCDs: 16.9%) and lack of training/knowledge (dentists: 22.3%;
PCDs: 7.8%). The authors found no differences for other investigated barriers (i.e., funding,
effectiveness, patient alienation).

Two studies examined the relationship between barriers and implementation of nutri-
tion interventions in pediatric dentists. Sim et al. [40] found that when practitioners were
grouped into those who provide dietary recommendations all of the time and those who
do not, those who provide dietary recommendations all of the time had a significantly
lower proportion of respondents who reported the following barriers: infant/toddler oral
health is not a practice focus, recommendations are confusing/ambiguous, deficiency of
trained auxiliaries, and time constraints. Wright and Casamassimo [83] found in pediatric
dentists and dental residents that there was a significant relationship between provision of
interventions regarding sugar-sweetened beverages and several different barriers, includ-
ing reimbursement, time, lack of knowledge/skills, concern about offending patients, lack
of educational materials, and legal concerns.

In addition, three articles captured qualitative data using various methods (e.g., inter-
views, focus groups, open-ended survey questions) on barriers to providing nutrition inter-
ventions from the perspectives of oral health professionals [54,64,101]. Lack of oral health
professional confidence and knowledge [64,101], lack of evidence-based guidance [64],
funding and/or time [54,64], and lack of patient motivation and knowledge [54] were
all identified.

3.2.2. Dietitians and Nutritionists

Four cross-sectional survey studies examined provision of interventions for oral health
provided by dietitians or nutritionists (including WIC personnel) [49–51,89]. Importantly,
three of these studies were conducted in WIC personnel [49,50,89].

First, Butani et al. [89] assessed how often oral health was discussed by WIC personnel
with clients. In total, they found that 37% of respondents discussed oral health issues most
of the time or every time and 21% of respondents discussed it none of the time or a little of
the time. They also found that 69% of respondents discussed oral health with more than
50% of their clients. Nursing training and oral health training were significant predictors
for WIC personnel to discuss oral health with their clients. Fuller et al. [49] found that a
significantly higher percentage of WIC personnel from rural districts self-reported advising
parents/guardians on fluoride treatments or supplements compared to those from urban
districts (rural: 58%; urban: 42%). Tooth brushing counselling provision in WIC clients by
WIC personnel was assessed in two studies. Fuller et al. [49] found that more than 50% of
surveyed WIC personnel provide tooth brushing counselling and that it was significantly
related to practitioner years of experience. In addition, Gold and Tomar [50] found that
67% of WIC nutritionists frequently advise caregivers on the significance of frequent tooth
brushing for their child. They also found that 67% of WIC nutritionists frequently advise
caregivers on the importance of dental visits and 11% frequently discuss how the women’s
oral health and the child’s oral health are linked. Gold and Tomar [50] also found that
100% of respondents frequently talk about how sugary drinks and snacks have a role in
dental caries.

Only one study examined the intervention practices of dietitians outside of a WIC
setting related to oral health. Fernandez et al. [51] surveyed dietitians who completed an
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elective pediatric dentistry rotation during their dietetic internship training. This study
found that among participants, 20% always and 20% never include information about oral
health as part of diet counselling; 40% always and 17% never consider the impact on oral
health when recommending healthy foods; 34% always and 14% never consider the impact
on teeth when providing counselling regarding sugary beverages. The authors also found
that 17% always and 34% never provide education on oral health.

The study of Fernandez et al. [51] was the only study that provided information on
the perceived barriers of dietitians in providing their services to dental patients. They
investigated different types of barriers, and their results are as follows: cost/reimbursement
of dietitian services (significant barrier: 57% of respondents; possible barrier: 43%), interest
of clients in diet and oral health (significant barrier: 29%; possible barrier: 63%; not a
barrier: 9%), dentist reluctance to refer their patients to a dietitian (significant barrier: 37%;
possible barrier: 51%; not a barrier: 11%), and dietitian confidence in providing counselling
and/or information in this area (possible barrier: 62%; not a barrier: 38%).

3.2.3. Collaboration between Dietitians and Oral Health Professionals

Cross-sectional survey studies of oral health professionals investigated collaboration
between nutrition/dietetics and dentistry using various outcomes, including referrals to
dietitians/nutritionists [35,60,83,84], nutrition referrals [55,60], and/or recommendation
of dietetics [81]. Although slightly different outcomes were used, they reported that the
majority of oral health professionals never provide referrals to dietitians/nutritionists.

Four survey studies examined referrals to dentists by dietitians, nutritionists and/or
WIC personnel [49–51,88]; three of those studies were conducted in WIC personnel [49,50,88].
For example, Gold and Tomar [50] found that 44% of WIC nutritionists frequently referred
children or women to dental care. Fuller et al. [49] found that a significantly higher
percentage of WIC personnel from urban districts referred clients to a dentist compared
to those from rural districts (urban: 54%; rural: 46%). Shick et al. [88] comprehensively
studied the dental care referral practices of WIC personnel. The authors found that 95.6%
of respondents reported making dental referrals for children 1–5 years, and of those, 52.3%
conducted this activity very frequently or frequently; referrals for infants were much less
common. These authors also found that statistically significant predictors of referring
children aged 1–5 years to dental care included older practitioner age (i.e., ≥40 years
vs. younger), higher frequency of seeing dental concerns in patients (vs. lower), higher
frequency of parents asking about obtaining dental care for their children (vs. lower),
higher confidence in performing oral health risk assessment (vs. lower), higher confidence
in making dental referrals (vs. lower), and higher confidence that patients will access
dental care if advised (vs. lower). This study also reported that the most often used referral
locations were local health departments (60.3% of respondents) and private dental offices
(31.7% of respondents). The study of Fernandez et al. [51] was the only survey study that
examined referrals to oral health professionals by dietitians outside of a WIC setting. The
authors found that 54% of dietitians referred patients to pediatric or general dentists in
their practice.

The qualitative study by Ong et al. [102] examined interdisciplinary collaboration
between dietitians, dentists, and physicians in Hong Kong in regards to diet. The authors
found that barriers included those associated with electronic health records (e.g., not used
by all the different professions), limited contact between the professions, lack of financial
coverage, and inconsistent diet advice between different professions due to a lack of under-
standing of the advice given by others and different focuses of treatment administered by
the different professions. Ideas presented to facilitate collaboration included more collabo-
ration in undergraduate education, interprofessional education events, and development
of guidelines with input from different professions.
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4. Discussion

To our knowledge, this is the first scoping review to comprehensively examine the liter-
ature on the nutrition care practices of oral health professionals and dietitians/nutritionists
to optimize oral health (and specifically conditions that affect the dentition and periodon-
tium). This review provides valuable information on the types of published evidence
available in this area and a summary of key findings of these studies. The information
gathered through conducting this review helps to provide direction on future strategies
needed to move this area of research forward, which is important as oral health issues are
prevalent in Canada and worldwide.

Although there appears to be substantial interest in this topic due to the volume of
studies published that report information in this area, most articles provide only general
and unspecific findings (e.g., capturing how often oral health professionals provide dietary
advice) and focus mainly on oral health professionals (and especially dentists). Most
of the data are also self-reported, which has limitations. Moreover, more than half of
the studies were conducted in two regions (the United States and the United Kingdom),
and there was only one study from Canada. In addition, many more studies focus on
intervention practices compared to assessment practices despite assessment being an
essential component to develop an appropriate intervention plan. Of note, very few
studies provided specific details about the nutrition care encounters (e.g., types of dietary
assessment tools used, types of information provided to patients, strategies used to provide
the information, length of time spent on the encounter, follow-up on encounters). A
consideration for future research in this area is that the standardized Nutrition Care Process
(NCP) could be used when thinking about how to approach conducting research on
this topic. This framework was developed by the Academy of Nutrition and Dietetics
(formerly the American Dietetic Association) [103] and distinguishes nutrition care into
four components: Nutrition Assessment, Nutrition Diagnosis, Nutrition Intervention, and
Nutrition Monitoring and Evaluation. Use of this framework may be useful for structuring
future research in this area.

Several studies did not specifically outline the oral health issue and patient population
that was being studied; when studies examined nutrition care practices in oral health
professionals, it was assumed that they were referring to oral health (and specifically the
dentition and periodontium). Although this assumption is likely relatively safe, a limitation
of this review is that through the process of conducting this project, we found evidence
that oral health professionals may also provide some nutrition care in other areas such as
diabetes [104,105] and obesity/weight management [106–109]. We felt that the inclusion of
these articles that did not mention the specific oral health condition and patient population
was important as they represent an important group of studies in this area.

Another interesting finding from this review was that information on nutrition care
practices for oral health (and specifically the dentition and periodontium) was captured
using various study designs both in terms of the research methodology (e.g., cross-sectional
survey, observation, chart review, qualitative interview) and the overall focus of the articles.
In addition, many studies collecting information on nutrition care practices of oral health
professionals capture this information as part of a study with a non-nutrition focus such
as examining overall practice patterns of oral health professionals (e.g., [66,67]), dental
prevention activities (including for dental caries) (e.g., [41,42,55,58,59,77,79]), or infant
oral health care (e.g., [36,63,68,70,71,85,87]). However, a few studies focused primarily on
diet and oral health (e.g., [35,40,43,75,80,82]). Because diet was often not the focus of the
included studies (and instead a subcomponent), one major challenge encountered when
conducting this review was that many of the included articles were difficult to locate solely
from database searching. As can be seen in Figure 1, many articles were located using other
approaches (e.g., citations, hand searching). With diet being such an important component
of optimal oral health, researchers conducting work in this area should consider including
words related to diet/nutrition in the title, abstract, and keywords of articles to ensure
that these studies will be found using database searches. In addition, more studies with

88



Nutrients 2021, 13, 3588

a focus on diet and oral health should be conducted to focus on these specific activities,
particularly because these activities are complex and multifaceted.

Overall, most of the articles included in this review found that nutrition care is
provided by most oral health professionals at least some of the time. Survey studies
and studies capturing self-report data found that provision of nutrition care was more
common compared to when it was examined in chart review and observation studies. Some
studies included as part of this review provide information on both barriers to providing
nutrition care by oral health professionals and factors that affect the provision of these
types of services, including the professional type, patient type, and various professional
and practice factors. Together, this information suggests that many different factors can
influence whether professionals provide this type of service and that there are many barriers
that they experience when attempting to provide this type of care. This information is
helpful for both dietitians and oral health professionals aspiring to provide this care, as
well as managers interested in facilitating this process in different types of practice settings.
Capturing this type of information in future studies is important to help optimize the
provision of these types of services.

Dietitians are a professional group possessing the capability to offer substantial sup-
port in this area and have the knowledge, expertise, and time to focus on providing
nutrition care to individuals who are in need of improving their diet to optimize oral health.
Nutrition care by dietitians may also be a solution to address some of the barriers to per-
forming these types of interventions identified by oral health professionals, including time
(as they have more time to devote to nutrition care); lack of patient motivation, compliance,
and/or interest (as they are trained to provide nutrition care to address these barriers
such as motivational interviewing); and lack of knowledge/confidence among oral health
professionals in providing this type of care (as dietitians are specifically trained to provide
nutrition care). Despite the skillset of dietitians, this review identified only a handful of
studies that captured information on nutrition care for oral health provided by dietitians
and collaboration between dietitians and oral health professionals. Importantly, within the
studies identifying collaboration between dietitians and dental professionals, findings sug-
gest that this activity is uncommon despite various organizations and peer-review articles
highlighting the importance of collaboration between these professionals [8,110,111]. In
addition, dietitians have identified barriers in this area, including cost, lack of client interest
in this area, dietitian confidence in providing support in this area, and concerns about
reluctance of oral health professions to provide referrals to dietitians. Finding new ways to
stimulate collaboration between the different professions will likely be very important in
this area and overcoming barriers in this area is needed. Increased training on this topic for
both professionals and students is important to consider.

There are a few limitations of this review. Although we did our best to locate articles
using different strategies and are confident that we were able to locate the vast majority
of the research studies in this area that met inclusion criteria, there are likely articles
that were missed. Only studies written in English were included; there could have been
relevant studies available in other languages that may have been excluded. We also did not
assess nutrition care practices regarding oral health by professionals other than oral health
professionals and dietitians, and there may be others who also provide these services. In
addition, this review did not assess study quality.

5. Conclusions

Many different types of studies have captured information on nutrition care prac-
tices related to oral health (and specifically dentition and periodontium) in oral health
professionals, and very few are available focusing on dietitians. In addition, there are
limited data available on the specific details of the care that is provided. Few studies have
captured information on interprofessional collaboration between dietitians and oral health
professionals. This review article provides insight into how to move this area of research
forward.
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Abstract: The aim of this systematic review was to examine the association between malnutrition
and oral health in older people (≥60 years of age). A comprehensive systematic literature search
was performed in four databases (PubMed, CINAHL, Dentistry and Oral Sciences Source, and
Embase) for literature from January 2000 to May 2020. Both observational and intervention studies
were screened for eligibility. Two reviewers independently screened the search results to identify
potential eligible studies, and assessed the methodological quality of the full-text studies. A total
of 3240 potential studies were identified. After judgement for relevance, 10 studies (cross-sectional
(n = 9), prospective cohort (n = 1)) met the inclusion criteria. Three studies described malnourished
participants as having fewer teeth, or functional (tooth) units (FTUs), compared to well-nourished
participants. Four studies reported soft tissue problems in malnourished participants, including red
tongue with blisters, and dry or cracked lips. Subjective oral health was the topic in six studies, with
poorer oral health and negative self-perception of oral health in malnourished elderly participants.
There are associations between (at risk of) malnutrition and oral health in older people, categorized
in hard and soft tissue conditions of the mouth, and subjective oral health. Future research should be
focused on longitudinal cohort studies with proper determination of malnutrition and oral health
assessments, in order to evaluate the actual association between malnutrition and oral health in
older people.

Keywords: malnutrition; undernutrition; oral health; dental status; older people; elderly people;
systematic review

1. Introduction

Aging is a complex phenomenon that, partially due to the occurrence of chronic diseases,
can result in frailty, limited mobility, and other aspects of physical and cognitive decline [1–3].
Major concerns for older people are poor general health and poor nutrition [1,3]. In the
Netherlands, it is estimated that one in three older people receiving formal home care is
malnourished, and nearly 20% of the independently living older people (>85 y) suffer from
a poor nutritional status [4]. Prevalence rates of high risk for malnutrition in older people
in Europe are 28% (hospital), 17.5% (residential care), and 8.5% (community settings),
according to a recent systematic review [5]. Malnutrition risk is associated with older
age, presence of disease, and gender [5]. Consequences of malnutrition include reduced
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immunity, frequent infections, overall physical and psychological decline, and higher
mortality [6–8].

Malnutrition can be defined as “a state resulting from lack of intake or uptake of
nutrition that leads to altered body composition (decreased fat free mass) and body cell
mass leading to diminished physical and mental function and impaired clinical outcome
from disease” [9]. Malnutrition is often demonstrated by reductions in body weight and
body mass index (BMI), primarily as a result of inadequate nutritional intake of proteins
and/or energy from calories [7]. Malnutrition can also be present in persons with normal
body weight or overweight, when there is a substantial reduction in fat-free mass (FFM),
also called sarcopenia.

In addition to the risk of malnutrition, older people also have an increased risk of
developing oral health problems [10]. Worldwide, the burden of oral diseases in older
people is growing, as there are high levels of tooth loss, periodontal disease, xerostomia,
dental caries, and oral cancer [11]. Several studies have shown an association between
malnutrition/poor nutritional status and oral health in older people [10,12–16]. Poor
oral health can cause oral pain, chewing problems, periodontal disease, and tooth loss,
which have a negative impact on nutritional intake, leading to poor nutritional status
and risk of malnutrition. Inadequate intake of micronutrients and macronutrients can, in
turn, lead to an increased risk of oral health problems such as gum disease, caries, and
hyposalivation [17–19].

The association between nutritional status and oral health in older people seems
evident. There is tentative evidence indicating a negative association between malnutrition
and oral health, according to several systematic reviews [20–22]. Still, the association seems
general, without focusing on detailed information about observed oral health conditions
in terms of hard tissues of the mouth (e.g., dental caries, decayed/missing/filled teeth),
soft tissues of the mouth (e.g., periodontitis, gingivitis), hyposalivation or xerostomia,
and (general) subjective oral health (e.g., oral hygiene, oral-health-related quality of life,
autonomy for oral care) in malnourished older people. Prevention of malnutrition and op-
timizing oral health conditions in older people can result in better overall health, increased
self-dependency, and higher quality of life.

The aim of this systematic review was to examine the association between malnutrition
and oral health in terms of hard and soft tissue conditions of the mouth, xerostomia and
salivary flow, and general (subjective) oral health in older people (≥60 years of age).

2. Materials and Methods

This systematic review was conducted in adherence to the guidelines of the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement.

2.1. Search Strategy

Four electronic databases—PubMed, Embase (Ovid), CINAHL (EBSCO), and Den-
tistry and Oral Sciences Source (DOSS)—were searched for literature from January 2000 to
May 2020 with a combination of MeSH terms, terms in titles or abstracts (TIAB), free-text
terms, and synonyms. Since approximately 2000, there has been an increase in published
literature about malnutrition and oral health in PubMed. Therefore, studies were included
from January 2000 to May 2020. In view of the exploratory character of this systematic
review, the following MeSH terms were used: oral health, mouth diseases, jaw diseases,
tooth diseases, taste disorders, dentition, malnutrition, nutritional status, sarcopenia, aged,
and geriatrics. The search strategy of this systematic review is available from the first
author (Y.A.) upon request.

Two reviewers (Y.A. and W.K.) independently screened the studies for eligibility. Only
when a consensus was not possible was a third reviewer (E.H.) consulted. Reference lists
of every selected publication were also screened for eligibility using the same procedure.
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2.2. Selection Criteria for Studies

In view of the exploratory character of this systematic review, observational and
interventional studies were included. Case reports, expert opinions, conference meetings,
animal studies, summaries, papers, overviews, and reviews were excluded. The search
was limited to the English and Dutch languages. Articles were eligible for inclusion only if
they (1) described malnutrition, (2) described oral health, and (3) described the association
between both. The definition and determination of both malnutrition and oral health were
defined beforehand in order to assess the eligibility of the studies.

There are several screening and assessment tools for malnutrition. For this systematic
review, malnutrition—or risk of malnutrition—had to be determined based on at least one
or more anthropometric measures (BMI, weight loss, or fat-free mass), preferably together
with the use of a validated nutritional screening or assessment tool for older adults (e.g.,
Short Nutritional Assessment Questionnaire (SNAQ), Malnutrition Universal Screening
Tool (MUST), Subjective Global Assessment (SGA), Mini Nutritional Assessment (MNA),
or MNA Short Form (MNA-SF)).

Oral health was defined as the condition of hard and soft tissues of the mouth, hy-
posalivation, xerostomia, and general (subjective) oral health (oral hygiene, mouth pain,
oral-health-related quality of life (OHRQoL)). Hard tissues of the mouth comprises he
mineralized tissues: alveolar bone (jaw bone), enamel, root cement, and natural teeth [23].
Soft tissues of the mouth comprise the mouth membranes: gingiva, alveolar mucosa, pe-
riodontal ligament, and mucous membranes [23], with common oral diseases including
periodontitis, gingivitis, candidiasis, and denture stomatitis [24,25]. Xerostomia is the
(subjective) feeling of dry mouth, while hyposalivation refers to an objectively measured
lower salivary rate [26].

2.3. Selection Criteria Populaton

The population of interest was older people, of 60 years or older. Studies were
excluded if participants (1) had cancer or malignancies, (2) were terminally ill, (3) had
dysphagia or chewing problems due to medical conditions such as cerebral vascular
accident or musculoskeletal disease, or (4) received (complete) enteral or parenteral
tube feeding.

2.4. Methodological Quality Assessment

Methodological quality was assessed independently by two reviewers (Y.A. and W.K.)
using the Newcastle–Ottawa Scale (NOS) for non-randomized trials and observational
studies [27]. Assessment was based on selection, comparability, and outcome, with a
maximum score of 10. Studies with a score of 6 or less were excluded to guarantee the
quality of the included studies. A level of evidence was adjudged to each article by two
reviewers independently (Y.A. and W.K.). Any disagreement between the two reviewers
about assigning a methodological quality score and level of evidence to the articles was
resolved through discussion with a third review author (E.H.).

2.5. Data Extraction

Information with regard to study design, population, measures, and outcomes was
extracted from the included studies by one reviewer (Y.A.), and reviewed by a second
reviewer (W.K.). This information included first author, year, country, number and mean
age of participants, setting, measures of malnutrition, and oral health status.

2.6. Clinical and Methodological Heterogeneity

Study results were summarized using descriptive statistics. Meta-analysis was im-
possible due to clinical and methodological diversity as a result of the broadly formulated
research question, the various definitions of malnutrition and oral health in the included
studies, and the variability of the participants, measurements, outcomes, and study designs.
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3. Results
3.1. Study Selection

The electronic database search resulted in 3240 studies, refined to 1988 potential
studies after removing duplicates. Titles and abstracts were screened based on study
design, population, reporting on malnutrition and oral health, and outcome measures
(malnutrition or oral health). After screening of titles and abstracts, 207 studies remained
to be reviewed in their full text, out of which 195 did not meet the selection criteria and
were excluded, resulting in a total of 12 potentially eligible studies (Figure 1). An overview
of studies (references) excluded, by reason for exclusion, is available upon request from the
first author (Y.A.).
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3.2. Methodological Quality of the Studies

Eleven studies had a cross-sectional design and one study was a longitudinal cohort
study. The methodological quality scores from these studies ranged from 5 to 10. Two
studies were excluded due to having an NOS methodological quality score less than 7. Ten
studies were included in this systematic review, with a mean quality score of 8.9 ± 0.54
(Supplementary Table S1).

3.3. Study Characteristics

General study characteristics are presented in Table 1. The 10 included studies had
a cross-sectional design (n = 9) or longitudinal design (n = 1), with wide variation in
outcome variables and statistics (mean and standard deviations, percentages, odds ratio
or hazard ratio with 95% confidence interval, p-values). The numbers of participants
in the studies ranged from 159 to 3320, with a total number of 9093 participants in this
systematic review. In most of the studies, the proportion of women was higher than that
of men. Participants were derived from different settings: nursing homes, dental clinics,
community -welling older people, or hospital units (acute care units or rehabilitation). The
prevalence of malnourished participants in the studies varied from 11.7% to 60%, and the
reported range of participants “at risk of malnutrition” was 21–60%.
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Malnutrition was assessed via the Mini Nutritional Assessment (MNA) (n = 4), MNA
Short Form (MNA-SF) (n = 1), Subjective Global Assessment (SGA) (n = 1), body mass
index (BMI) in combination with unintentional or time-specific weight loss (n = 2), or MNA
in combination with BMI and weight loss (n = 1). Sarcopenia was assessed by low handgrip
strength and/or low gait speed, with CC measurement of <33 (female)/<34 (male) (n = 1).

Several measurement instruments were used to assess subjective and objective oral
health aspects, or a combination of both. Objective oral health was evaluated by using
the Revised Oral Assessment Guide (ROAG) or ROAG-Jönköping (ROAG-J) (n = 2), oral
examination or evaluation by a professional (n = 3), or the Oral Health Assessment Tool
(OHAT) (n = 1). Additional data on objective oral health were reported with regard to the
use of dentures (n = 4), decayed/missing/filled teeth (DMFT) or decayed/filled teeth (DFT)
(n = 3), functional tooth units (FTUs) or functional units (FUs) (n = 3), number of teeth
(n = 2), stimulated salivary flow (n = 2), and gingival inflammation (n = 1). Subjective
oral health was assessed using the Geriatric Oral Health Assessment Instrument (GOHAI)
(n = 2), self-administered or standardized questionnaires (n = 2), and the Oral Health
Impact Profile (OHIP) (n = 1). Additional data on subjective oral health were reported
regarding xerostomia (n = 2), chewing problems (n = 3), general mouth problems (n = 2),
pain (n = 1), oral candidiasis (n = 1), and oral hygiene (n = 2).

3.4. Malnutrition and Hard Tissue Conditions of the Mouth

Three studies explored the number of dental functional units (Table 2). The number of
functional tooth units (FTUs) was defined as pairs of upper and lower opposing natural
teeth and/or artificial teeth on removable or fixed dentures [35,37]. Functional units (FUs)
were defined as a pair of posterior antagonist teeth with at least one contact area during
chewing [29]. Two studies showed that malnourished older people had significantly less
FUs (<4) [29] or FTUs (8.3 ± 1.1) [35] compared to older people without malnutrition. In
one study, there were no significant differences in terms of FTUs between older people
with and without sarcopenia [37].

Table 2. Outcome measures regarding hard tissue conditions in malnourished older people compared
to well-nourished older people.

Item [Ref] Prevalence (N(%)), or No. of Teeth/FU

MN At Risk of MN Well-Nourished

No. of FUs:
<4 FUs

5 or 6 FUs
7 or 8 FUs

[29]

n total = 85
n = 52 (61%) **

n = 6 (7.1%)
n = 27 (31.8%)

-
-
-

n total = 116
n = 38 (32.8%) **

n = 24 (20.7%)
54 (46.6%)

No. of decayed
teeth [35] 1.6 ± 0.3 * 1.3 ± 0.1 * 1.1 ± 0.2 *

No. of teeth [35]
[37]

8.7 ± 1.4 *
13.4 ± 9.3

10.1 ± 0.4 *
-

13.2 ± 0.7 *
18.9 ± 7.8

No. of FTUs [35]
[37]

8.3 ± 1.1 *
10.0 ± 3.5 8.4 ± 0.3 * 10.3 ± 0.5 *

10.5 ± 2.5

Association ND
and edentulism [33] Crude OR: 1.44 a (95% CI 0.61–3.33)

Adjusted OR b: 0.65 (95% CI 0.23–1.83)

Legend: *: p < 0.05; **: p < 0.0001; ±: standard deviation; a: chi-squared test or Fisher’s exact test; b: logistic
regression of the association between each indicator of oral health and nutrition deficit adjusted for gender, age,
schooling, economic class, smoking, depression, and medication use; CI: confidence interval; FUs: (posterior
dental) functional units; FTUs: functional tooth units; MN: malnourished; ND: nutritional deficit; No.: number.

Two studies explored the associations based on number of teeth (Table 2).
Samnieng et al. [35] reported a significantly increased malnutrition risk in older people
with fewer teeth, compared to older people with more teeth. A second study demonstrated
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significantly lower numbers of teeth in older people with sarcopenia, compared to those with-
out sarcopenia [37]. On the other hand, Mesas et al. [33] reported a non-significant association
between the oral health indicator “edentulous” and (at risk of) malnutrition. In addition,
Andersson et al. [28] found that the mean values for decayed/missing/filled teeth (DMFT)
and decayed/filled teeth (DFT) did not differ between malnourished older people and older
people with normal nutritional status. Furthermore, the associations between nutritional
status and both DMFT and prosthetic status were not significant (p > 0.05).

3.5. Malnutrition and Soft Tissue Conditions of the Mouth

Conditions with regard to soft tissues of the mouth related to malnutrition were
presented in four studies (Table 3). Malnourished participants had a higher proportion
of oral problems in soft tissues. This included, for example, a tongue with no papillae,
white coating, blisters, or ulceration. According to the ROAG items, lips were dry or
cracked, and gums were edematous or red. Moreover, dry, red tick mucous membranes or
ulcerations with bleeding were spotted [28,32]. Poisson et al. [34] reported low salivary
flow in malnourished older people. Malnourished older people had the highest proportion
of oral problems in soft tissues according to Lindmark et al. [32].

Table 3. Outcome measures regarding soft tissue conditions in malnourished older people compared
to well-nourished older people.

Item [Ref] Prevalence’s

MN At Risk of MN Well-Nourished

Tongue [32]
[28]

40 (20.3%)
43 (49%)

38 (7.4%)
-

21 (4.7%)
-

Mucous
membranes

[32]
[28]

41 (21.3%)
26 (30%)

37 (7.2%)
-

14 (3.2%)
-

Lips [32]
[28]

35 (17.8%)
48 (55%)

26 (5.0%)
-

17 (3.8%)
-

Gums [32]
[28]

26 (14.4%)
14 (16%)

42 (8.7%)
-

20 (5.0%)
-

Candidiasis [34] 12 (15.6%)
p < 0.001 - -

Association MN and
tongue problems [28] OR 4.4 (95 % CI 2.0–9.6; p < 0.0005)

Legend: CI: confidence interval; MN: malnourished; OR: odds ratio; p: p-value

Andersson et al. [28] presented a significant association between malnutrition and
tongue problems according to the ROAG. The study of Mesas et al. [33] found a significant
association between the nutritional deficit (MNA score < 24 points) and advanced peri-
odontal disease (defined as at least one sextant with pocket depths ≥ 6 mm). The presence
of candidiasis in the mouth was associated with malnutrition as estimated by low MNA
scores, according to Poisson et al. [34].

3.6. Malnutrition and Hyposalivation or Xerostomia

Conditions with regard to hyposalivation or xerostomia were presented in eight
studies (Table 4).
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Table 4. Outcome measures regarding hyposalivation and xerostomia in malnourished older people
compared to well-nourished older people.

Outcomes First Author [Ref]

Hyposalivation

Association nutritional deficit and stimulated salivary flow
< 0.7 mL/min:
Crude OR 1.96 (95% CI 1.06–3.83)
Adjusted OR 2.18 (95% CI 1.06–4.50).

Mesas [33]

Association salivary flow rate < 0.7 (mL/min) and nutritional
deficit:
Adjusted OR 2.18 (95% CI 1.06–4.50).

Poisson [34]

Xerostomia

Perception of xerostomia as parameter of explaining MNA
variation:
OR 3.49 (95% CI 1.657–7.337; p = 0.001).

El Osta [29]

Association between xerostomia and incident malnutrition
HR 2.63 (95% CI 1.18–6.26). Kiesswetter [31]

Legend: CI: confidence interval; HR: hazard ratio; MNA: Mini Nutritional Assessment; OR: odds ratio; p: p-value.

Hyposalivation: Malnourished older people had the highest proportion of oral problems,
including low salivary flow [32,34]. In the study of Andersson et al. [28], low salivary flow
according to the ROAG was associated with the presence of malnutrition. Stimulated salivary
flow rate (hyposalivation) was measured in the study of Mesas et al. [33], and a salivary flow
rate < 0.7 (mL/min) was associated with nutritional deficit (MNA score < 24 points).

Xerostomia: Weak and non-significant associations between malnutrition and xerosto-
mia were demonstrated by Huppertz et al. [30]. However, three studies showed significant
associations between malnutrition and xerostomia. According to El Osta et al. [29], par-
ticipants with xerostomia were more likely to be malnourished. Kiesswetter et al. [31]
demonstrated associations between xerostomia and incident malnutrition. In addition,
xerostomia was more pronounced in people without teeth and with incident malnutrition.
In the study of Soini et al. [36], malnutrition increased consistently with the increasing
number of oral health problems (including chewing problems, oral pain, and xerostomia).

3.7. Malnutrition and Subjective Oral Health

Eight studies demonstrated associations between malnutrition and other (general)
subjective oral health indicators (Table 5). In the study of El Osta et al. [29], discomfort when
eating, trouble biting/chewing, and lower mean Additive Geriatric Oral Health Assessment
Instrument (ADD-GOHAI) scores were associated with malnutrition (p < 0.0001). Of the
malnourished participants in the study of Huppertz et al. [30], 58.8% complained of poor
oral health and 24.3% complained of general mouth problems (not further specified).
According to Soini et al. [36], lower MNA values had a significant relationship with the
number of oral health problems, such as chewing problems, swallowing difficulties, and
oral pain. Lindmark et al. [32] demonstrated at least one oral health problem in one-third
of the older people at risk of malnutrition; problems were seen in lips, mucous membranes,
tongues, and saliva (p < 0.001). Mesas et al. [33] reported an association between nutritional
deficit (MNA score < 24 points) and negative self-perception of oral health. Poisson
et al. [34] reported that decreases in autonomy of oral care were independently associated
with malnutrition according to the MNA (p = 0.004). The study of Takahashi et al. [37]
demonstrated sarcopenia to be an independent exploratory factor of OHIP-14 scores.
However, Kiesswetter et al. [31] reported that no differences were found between groups
with and without malnutrition, with regard to their self-perceived oral health characteristics
(relating to teeth, dentures and oral hygiene).
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Table 5. Outcome measures regarding subjective oral health.

Outcomes and Prevalence: Subjective Oral Health First Author [Ref]

Negative self-perception of oral health:
Crude OR: 3.95 (95% CI 2.04–7.67)
Adjusted OR: 3.41 (95% CI 1.59–7.33)

Mesas [33]

OHRQoL/oral status:
Poorer OHRQoL and oral health status (all p < 0.001).
GOHAI score explains MNA variation:
OR: 2.905 (95% CI 1.40–6.00; p = 0.004).

Takahashi [37]
El Osta [29]

OHRQoL/oral status:
Negative correlation between the ROAG-J total score
and MNA total score (r = −0.241; p < 0.001).

Lindmark [32]

Association between toothache while chewing (adjusted)
HR 2.14 (95% CI 1.10–4.19; p = 0.026). Huppertz [30]

Legend: CI: confidence interval; GOHAI: Geriatric Oral Health Assessment Instrument; HR: hazard ratio; MNA:
Mini Nutritional Assessment; OHRQoL: oral-health-related quality of life; OR: odds ratio; p: p-value; ROAG-J:
Revised Oral Assessment Guide-Jönköping.

4. Discussion

This systematic review describes the associations between malnutrition and hard
and soft tissue conditions of the mouth, hyposalivation, xerostomia, and subjective oral
health in older people. Ten cross-sectional studies were included, and demonstrated an
association between malnutrition and poor oral health conditions. Five studies indicated
an association between number of F(T)Us and number of teeth, while one study described
this association for edentulism and malnutrition. Four studies demonstrated associations
between different soft tissue conditions of the mouth in malnourished older people. Pe-
riodontal disease, candidiasis, red or bleeding gums, blisters, tongue problems, and dry
or cracked lips were more frequently present in malnourished older people, compared
to older people with normal nutritional status. The association between (stimulated) low
salivary flow or xerostomia and malnutrition was demonstrated in four studies. Seven
studies reported subjective oral health aspects that were associated with malnutrition, or
were more frequently reported by malnourished participants, such as pain (when chewing),
autonomy of oral care, and negative self-perception of oral health.

These results confirm the previously demonstrated association between malnutrition,
or nutritional status, and oral health problems in older people [11,13–17].

4.1. Measurement and Definition of Malnutrition and Oral Health

In 2018, consensus criteria were published by the Global Leadership Initiative on
Malnutrition (GLIM) to define malnutrition in adults. However, there still is variation in
the definition of malnutrition. The studies included in this systematic review frequently
used nutritional assessment tools, such as the MNA.

Although BMI is often not the most valid method to determine malnutrition, the
published literature demonstrates significant associations with oral health problems. Stud-
ies reported an association between low BMI and tooth loss, BMI and dry mouth when
eating, and association between underweight and dryness, pain, uncomfortable sores, and
irritation in the mouth [38–41].

Similarly to malnutrition, oral health is not unambiguously measured. Several mea-
surement instruments were used to assess oral health, based on questionnaires and/or oral
clinical assessment performed by a dentist or a nurse. The review of Everaars et al. [42]
showed the methodological limitations of the available oral health assessments for non-
dental healthcare professionals, and the limited quality of their measurement properties.
Furthermore, the difference between hyposalivation and xerostomia should be stressed
here. Xerostomia is the (subjective) feeling of dry mouth, and it can also occur while
someone has normal salivation [26], while hyposalivation refers to an objectively measured
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lower salivary rate. As these two terms are sometimes used interchangeably, in some of the
included studies it is not clear how the information about xerostomia was collected.

4.2. Methodological Limitations of Included Studies

Firm conclusions based on this systematic review are hampered by the statistical and
clinical heterogeneity of the included studies, as well as the cross-sectional design of the
included studies. All studies had a cross-sectional design, with low levels of evidence,
measurement at one timepoint, and no control group or intervention. The methodological
quality of the studies varied from 8 to 10 (mean score of 8.9 ± 0.54), with the lowest
scores for complete description regarding methodological processes, non-respondents,
comparability of the subjects, controlling for confounding, and statistical tests. Adjustment
for confounding was described in a few studies; however, with the use of (partially) self-
reported data in cross-sectional studies (subjective oral health, xerostomia, weight loss, or
BMI), confounding factors and measurement bias can be a problem.

4.3. Strengths and Limitations

This systematic review was strengthened by the broadly formulated inclusion criteria
regarding study designs and types of participants. Moreover, a large number of participants
from different settings were included, with ages of 60 years or older. However, only a few
studies included community-dwelling older people, which suggests that the studies are
not representative of the general older population.

A comprehensive search strategy was conducted in four electronic databases, with
search strategy support from two medical librarians. In all of the included studies, malnu-
trition was the actual outcome, and not a surrogate outcome. Furthermore, the literature
was independently evaluated by two reviewers, as was the methodological quality of the
potential eligible studies. Older (published before the year 2000) systematic reviews on the
topic of malnutrition and oral health were examined to ensure that no relevant literature
was excluded beforehand. Finally, we acknowledge the risk of publication bias. The 10
included studies often presented significant associations. However, publication bias is
difficult to identify.

4.4. Implications for Practice

In this systematic review, malnourished older people had significantly more impaired
soft tissue conditions related to mucous membranes, periodontium, gums, and tongue,
such as a tongue with no papillae, white coating, blisters, or ulceration. Oral health appears
to be important in nutritional care. Preventive healthcare and multidisciplinary cooperation
will be important with regard to the aging population over the next few decades. The
knowledge from this systematic review can contribute to the development of screening
instruments and guidelines. In addition, it can help healthcare professionals to better
identify problems in the field of malnutrition and oral health. Reducing the prevalence
or severity of malnutrition and oral health conditions in older people can result in better
overall health, increased self-dependency, and higher quality of life.

5. Conclusions

Despite the limitations of this review, there are indications that the presence of malnutri-
tion is related to the state of hard and soft tissues of the mouth, salivary flow, and xerostomia,
as well as other subjective oral health aspects. In the end, there is an extensive interrelation
between oral health and malnutrition; however, it remains unclear whether this is a two-way
association, or whether poor oral health increases the risk of being malnourished, or vice
versa: that being malnourished results in poor oral health in older people.

Future research should be focused on longitudinal cohort studies with proper determi-
nation of malnutrition and oral health assessments, so as to evaluate the actual association
between malnutrition and oral health in older people.
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Abstract: The aim of this study was to determine whether a relationship between periodontal healing
and protein intake exists in patients undergoing non-surgical treatment for periodontitis. Dietary
protein intake was assessed using the 2005 Block food frequency questionnaire in patients with
chronic generalized periodontitis undergoing scaling and root planing (n = 63 for non-smokers,
n = 22 for smokers). Protein intake was correlated to post-treatment probing depth using multiple
linear regression. Non-smoking patients who consumed ≥1 g protein/kg body weight/day had
fewer sites with probing depth ≥ 4 mm after scaling and root planing compared to patients with
intakes <1 g protein/kg body weight/day (11 ± 2 versus 16 ± 2, p = 0.05). This relationship was
strengthened after controlling for baseline probing depth, hygienist and time between treatment and
follow-up (10 ± 2 versus 16 ± 1, p = 0.018) and further strengthened after controlling for potential
confounders including age, sex, body mass index, flossing frequency, and bleeding on probing
(8 ± 2 versus 18 ± 2, p < 0.001). No associations were seen in patients who smoked. Consuming
≥1 g protein/kg body weight/day was associated with reductions in periodontal disease burden
following scaling and root planing in patients who were non-smokers. Further studies are needed to
differentiate between animal and plant proteins.

Keywords: periodontitis; periodontal diseases; scaling and root planning; diet; dietary protein

1. Introduction

It is estimated that 70% of Canadians will experience periodontal disease in their life-
time [1]. Globally, the prevalence of periodontal disease is 11.2%, and severe periodontitis
is the sixth most prevalent disease worldwide [2,3]. In the United States, the prevalence
of periodontitis is 38% for adults over 30 years of age, and it increases to 64% in those
over 65 years [4,5]. Periodontal disease has also been associated with numerous chronic
illnesses including obesity, diabetes, metabolic syndrome, and rheumatoid arthritis [3,6,7].
While there are many known risk factors for periodontal disease, such as diet and smoking,
there is a paucity of data on the roles of these factors in periodontal healing after scaling
and root planing (SRP), the first-line non-surgical treatment modality for periodontitis [8].
Healing after SRP is dependent on the resolution of inflammation and reactive oxygen
species and can result in reductions in probing depth (PD) and bleeding on probing (BOP)
due to the repair and regeneration of damaged tissues [9,10]. SRP followed by routine
periodontal maintenance appointments can prevent disease progression and ultimately,
tooth loss. Tooth loss can have negative effects on speech, food intake, self-esteem and
quality of life, and is independently associated with several chronic systemic inflammatory
diseases [7]. Thus, it is important to understand the factors that may support periodontal
healing post-SRP.
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Smoking is a risk factor for numerous chronic diseases through increased inflammation
and/or a compromised inflammatory response [11,12] and is a variable of interest due
to its known negative effects on periodontal health [13]. Negative associations between
smoking and periodontal bone loss, BOP, PD and clinical attachment loss have been found
in patients following periodontal treatment [13–15]. While there is evidence to suggest diet
is a risk factor for periodontal disease, this evidence is much weaker. Some associations
are observed between periodontal health and nutrients with known anti-inflammatory,
osteogenic and antioxidant activity [16–21]—these include calcium, vitamin C, flavonoids
and omega 3 fatty acids. A previous study by our team reported associations between diet
and healing post-SRP and found intakes of fruits and vegetables, β-carotene, vitamin C, α-
tocopherol and long chain omega-3 fatty acids (EPA, DHA) to be positively associated with
periodontal healing in patients who did not smoke [18]. There was no association between
these same components in individuals who currently smoked [18]. It was hypothesized that
the lack of an association was due to the negative effect of smoking on the periodontium,
though it may also have been due to a small sample size.

With the paucity of data on protein intake and periodontal healing, protein was the
primary nutrient of interest in the present study. Periodontal disease is most prevalent
in adults over 65 years of age and has been associated with age-related diseases [22,23].
This, along with the fact that protein is the most important macronutrient for supporting
immune function and wound healing [24], provided a rationale to determine if there is
an association between higher protein intakes and periodontal healing. Of note, several
organizations advocate that protein intakes of 1.0 to 1.5 g/kg body weight/day rather
than the current recommended dietary allowance (RDA) for protein intake (0.8 g/kg body
weight/day) are more appropriate for older adults (≥65 years) to reduce sarcopenia and its
resultant loss in quality of life [25–27]. Sarcopenia is defined as a reduction in muscle mass
and muscle function that occurs with aging [25,26]. The destruction of alveolar bone tissue
is a prominent feature of periodontal disease; sufficient protein intake is associated with
higher bone mineral density and slower rates of bone loss, again supporting a potential
role of protein in periodontal healing [21,27,28]. Protein also has known anabolic effects
on bone and may increase calcium absorption from the gut, leading to increased bone
mineralization [28]. Moreover, two recent studies suggest a significant relationship between
increased dairy consumption and decreased prevalence of periodontal disease [29,30].
Finally, a study in a rat model of periodontal disease found that consuming a higher level
of milk basic protein (MBP) (1% versus 0.2%) supported greater recovery of alveolar bone
that was lost as a result of previous ligature placement [31].

Given the widespread interest in higher protein intakes and health and indirect
evidence suggesting a potential benefit in periodontal healing, the primary objective of this
study was to determine whether the intake of dietary protein (≥1 g/kg body weight/day)
was associated with a reduction in periodontal disease burden (i.e., fewer sites with
PD ≥ 4 mm) following non-surgical treatment of periodontitis.

2. Materials and Methods
2.1. Study Population and Design

The data presented in this study are a retrospective analysis from a patient cohort
initially investigated to study the relationship between fruits and vegetables, antioxidants,
vitamins and omega-3 fatty acid intake and healing following SRP [18]. The study took
place at a specialty periodontal clinic (Fonthill, ON, Canada) between January 2013 and
July 2014. All patients undergoing SRP during this time were invited to participate in the
study. Patients were excluded from the study analysis if they did not meet the requirements
for chronic generalized periodontitis set by the American Academy of Periodontology (PD
of ≥4 mm in at least 30% of sites) [32]. While a new periodontal classification system was
developed in 2017, after this study was conducted, and the term ‘chronic periodontitis’ is
no longer used, reporting the number and proportion of teeth with PD ≥ 4 mm remains a
clinically meaningful periodontal measure in the new classification system [33]. During the
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enrolment visit, a comprehensive baseline dental examination including medical/dental
history and periodontal charting was completed (see Section 2.2, Periodontal Examination,
for more details). Full mouth SRP was then performed by one of four calibrated hygienists
using hand and ultrasonic instruments as necessary. Individualized oral hygiene instruc-
tions were also provided to all patients. Participants were provided with a food frequency
questionnaire (FFQ) to be completed at home and returned at the follow-up appointment.
Follow-up occurred between 8 and 16 weeks after SRP and included a complete periodontal
examination. The Bioscience Research Ethics Board at Brock University approved the study
protocol and all participants provided written informed consent. This trial was registered
at clinicaltrials.gov (accessed on 18 October 2021) as NCT02291835.

2.2. Periodontal Examination

Baseline and follow-up periodontal charting included measurement of PD, BOP and
plaque index (PI). PD was measured using a periodontal probe as the distance from the
gingival margin to the bottom of the periodontal pocket at six sites per tooth (mesiobuccal,
buccal, distobuccal, mesiolingual, lingual, and distolingual) on all teeth present, and the
number of sites ≥4 mm were counted. Teeth to be extracted were not included in the count.
BOP and PI were assessed by visual inspection after probing, and PI was measured using
the O’Leary Plaque Index [34]. The baseline examinations were all performed by the same
periodontist (P.C.F.) and occurred 1 to 19 weeks prior to SRP. Follow-up examinations
were performed by one of four hygienists at 8 to 16 weeks post-SRP. Prior to the study, the
hygienists were calibrated to apply 25 N of pressure when probing by repeated probing
simulations against an electronic scale.

2.3. Diet Assessment

Nutrient intakes were assessed using the 2005 Block FFQ, which has been previously
validated against multiple diet records [35] (https://www.nutritionquest.com/assessment/
list-of-questionnaires-and-screeners/ (accessed on 21 October 2021)). The FFQ queried
110 food items for frequency (never, a few times a year, once per month, 2–3 times per
month, once per week, 2 times per week, 3–4 times per week, 5–6 times per week, every
day) and portion size. Portion size pictures were provided to enhance the accuracy of
quantification. Nutrient intake estimates were calculated using a database of nutrient
values derived from the Canadian Nutrient File. Assessment of reporting accuracy in
this cohort has been previously published [18]. Nutrient intakes were energy adjusted
and standardized to a 2000 Kcal diet using the residual method [36]. Protein intake was
expressed in grams per kilogram of body weight and participants were classified by
protein intake level (<1 g/kg body weight/day or ≥1 g/kg body weight/day). The 1 g/kg
bodyweight/day cut-off was chosen due to evidence suggesting protein intakes ≥ 1 g/kg
body weight/day may be more appropriate for older adults (>65 years) [25–27].

2.4. Assessment of Covariates

Self-reported age, sex, health conditions, medication use and smoking status (never,
former or current) were recorded from the patient’s medical history form. Dental hygiene
information was gathered by a hygienist and included brushing and flossing frequency,
electronic toothbrush use, frequency of professional dental cleaning and any previous
periodontal therapy. Participants also met with a study nurse during their initial visit and
had their height and body weight measured (Health-O-Meter Professional) to calculate their
BMI. Blood was also drawn at this time for the measurement of serum 25-hydroxyvitamin D,
which was analyzed by a third-party provider (Life Labs, Thorold, ON, Canada) using the
Liaison chemiluminescence system (DiaSorin Inc., Mississauga, Canada). The laboratory
participates in the Vitamin D External Quality Assessment Scheme (DEQAS).
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2.5. Statistical Analysis

Patients were stratified by smoking status for two main reasons: i. patients who smoke
are known to have compromised healing after SRP [15,37] and ii. no associations between
periodontal health and any of the previously analyzed nutrient intakes was previously
observed in patients who smoke [18]. Descriptive statistics and nutrient intakes were com-
pared between the protein intake groups using an independent sample t test for continuous
variables and chi-square test for categorical variables. When the expected cell count was
<5 for categorical variables, Fisher’s exact test was used in place of the chi-square test. Due
to the small sample size and the violation of the assumption of normality in the group of
patients who smoked, a Mann–Whitney U Test was used instead of the independent sample
t test. The relationship between protein intake and periodontal healing was assessed by
multiple linear regression using PD as a continuous dependent variable. Protein intake was
entered into the model as a dichotomous variable (<1 versus ≥1 g protein/kg/day), first
in an unadjusted model, then in subsequent models with adjustment for covariates. All
models were assessed for normality of residuals and multicollinearity. Data were analyzed
with SPSS v.20 (IBM, Inc., Armonk, NY, USA), and statistical significance was defined as
p < 0.05.

3. Results
Main Findings

In total, 129 patients were recruited for the study (Figure 1). Of those, 17 patients
were lost to follow-up, 11 did not return within the 16-week follow-up period, and 3 did
not complete the food frequency questionnaire and were thus excluded from the analysis.
Subsequently, 12 did not meet the criteria for chronic generalized periodontitis and were
excluded. One additional patient was excluded as their body weight was not measured, so
protein intake per kg of bodyweight could not be calculated. There were no differences in
age, sex, BMI, smoking status, baseline clinical outcomes, or serum 25-hydroxyvitamin D
concentration between those included and those excluded from the analysis (Table S1).
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surgical periodontal therapy. Reasons for exclusion of participants are given to the right of the arrows
denoting the transitions between stages.
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Participant characteristics by level of protein intake and smoking status are shown
in Table 1. Regardless of smoking status, participant age and comorbidities did not differ
between the two levels of protein intake. For patients who were non-smokers, former
smoking status did not differ based on protein intake. For both non-smokers and smokers,
the ≥1 g/kg body weight/day protein group had significantly more female participants
and they had a lower average BMI. In terms of dental hygiene, there were no differences in
brushing frequency, electric toothbrush use, professional cleaning frequency and previous
periodontal therapy based on protein intake levels in both the smoking and non-smoking
groups. Patients who were non-smokers and consumed ≥1 g/kg/day of protein reported
significantly higher flossing frequencies compared to those who consumed <1 g/kg body
weight/day of protein; however, this difference was not observed in patients who smoked.

Table 1. Descriptive statistics and clinical parameters of patients undergoing non-surgical periodontal therapy grouped by
protein intake and current smoking status 1.

Patients Who Did Not Smoke Patients Who Did Smoke

Protein Intake
g/kg Body Weight/Day

p Value

Protein Intake
g/kg Body Weight/Day

p Value<1 ≥1 <1 ≥1

n = 34 n = 29 n = 10 n = 12

Patient Characteristics

Male 25 (73%) 8 (28%) <0.001 7 (70%) 2 (17%) 0.027
Female 9 (27%) 21 (72%) <0.001 3 (30%) 10 (83%) 0.027

Age (years) 57 ± 10 61 ± 13 0.10 54 ± 8 52 ± 7 0.72
BMI (kg/m2) 31.8 ± 5.0 26.6 ± 3.8 <0.001 31.8 ± 6.1 24.6 ± 4.2 0.004

Former smokers 15 (44%) 18 (62%) 0.16 - - -

Comorbidities

Diabetes 4 (12%) 2 (7%) 0.68 1 (10%) 1 (8.3%) 1.00
HTN or CAD 14 (41%) 10 (35%) 0.59 3 (30%) 2 (17%) 0.62
Osteoporosis 1 (3%) 5 (17%) 0.09 0 0 -

# of medications 3 ± 3 3 ± 4 0.75 2 ± 1 1 ± 2 0.25

Dental hygiene

Brushing (times/day) 2.2. ± 0.6 2.4 ± 1.1 0.37 1.0 ± 0.7 2.3 ± 0.75 0.35
Flossing (times/week) 2.7 ± 4.4 5.3 ± 3.6 0.016 2.4 ± 4.7 5.0 ± 6.1 0.069
Electric toothbrush use 11 (32%) 10 (35%) 0.83 3 (27%) 3 (25%) 1.00

Cleanings (months) 5 ± 3 5 ± 3 0.54 5 ± 3 7 ± 6 0.67
Previous therapy 10 (29%) 8 (28%) 0.89 3 (30%) 3 (25%) 1.00

Baseline clinical outcomes

Number of teeth 25 ± 4 25 ± 4 0.81 25 ± 4 26 ± 2 0.25
PD (# sites ≥ 4 mm) 93 ± 37 93 ± 33 0.96 102 ± 39 107 ± 34 0.77

BOP (# sites) 76 ± 46 77 ± 50 0.92 79 ± 61 73 ± 43 0.77
Plaque index (%) 78 ± 27 67 ± 30 0.19 83 ± 24 57 ± 37 0.080

Follow-up time (days) 74 ± 17 78 ± 15 0.37 79 ± 17 80 ± 16 0.92

Follow-up clinical outcomes

Number of teeth 24 ± 4 24 ± 5 0.95 24 ± 4 26 ± 3 0.35
PD (# sites ≥ 4 mm) 16 ± 11 11 ± 8 0.05 22 ± 21 20 ± 15 1.00

BOP (# sites) 8 ± 9 3 ± 6 0.009 13 ± 18 4 ± 7 0.069
Plaque index (%) 36 ± 19 28 ± 25 0.14 47 ± 26 30 ± 25 0.50
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Table 1. Cont.

Patients Who Did Not Smoke Patients Who Did Smoke

Protein Intake
g/kg Body Weight/Day

p Value

Protein Intake
g/kg Body Weight/Day

p Value<1 ≥1 <1 ≥1

n = 34 n = 29 n = 10 n = 12

Nutritional intake and status

Calories (Kcal/day) 1625 ± 586 1583 ± 649 0.79 1828 ± 530 1525 ± 674 0.28
Protein (g/day) 79 ± 10 88 ± 9 <0.001 69 ± 13 84 ± 13 0.025

Carbohydrate (g/day) 244 ± 34 230 ± 37 0.14 231 ± 51 227 ± 33 0.72
Fats (g/day) 76 ± 12 78 ±13 0.43 77 ± 12 80 ±18 1.00

EPA + DHA (mg/day) 320 ± 463 380 ± 365 0.58 99 ± 61 253 ± 163 0.021
Vitamin C (mg/day) 130 ± 51 129 ± 37 0.90 105 ± 61 137 ± 73 0.25
25-OH-D (nmol/L) 59 ± 21 70 ± 25 0.074 44 ± 12 57 ± 21 0.159
1 All values are means ± SDs for continuous variables and counts (%) for categorical variables. Non-standard abbreviations: HTN, hyper-
tension; CAD, coronary artery disease; PD, probing depth; BOP, bleeding on probing; EPA, eicosapentaenoic acid; DHA, docosahexaenoic
acid; 25-OH-D, 25-hydroxyvitamin D.

Importantly, there were no differences in periodontal outcomes between protein
intake groups at baseline, including the number of teeth, PD, BOP and PI, as well as the
time between treatment and follow-up regardless of smoking status. By design, protein
intakes differed between groups. Other nutritional intakes, including total energy, total
carbohydrate, total fat, omega-3 fatty acid, vitamin C intakes and serum 25-hydroxyvitamin
D were not significantly different between the two levels of dietary protein intake in
those who did not smoke. In patients who smoked, only omega-3 fatty acid intake was
significantly higher in those with protein intakes ≥1 g/kg body weight/day.

In the unadjusted regression analysis, non-smoking patients who consumed ≥1 g/kg
body weight/day of protein had fewer sites with PD ≥ 4 mm at the time of follow-up
compared to those who consumed <1 g/kg/day of protein. This difference was borderline
significant (11 ± 2 versus 16 ± 2, p = 0.05) (Model 1, Table 2 and Figure 2a). To improve the
fit of the model, additional study design factors were considered in the regression model.
This included the patient’s baseline PD, the hygienist performing their treatment and the
time between treatment and follow-up.

Nutrients 2021, 13, x FOR PEER REVIEW 8 of 12 
 

 

Figure 1. Flowchart illustrating recruitment and final sample size for patients undergoing non-sur-
gical periodontal therapy. Reasons for exclusion of participants are given to the right of the arrows 
denoting the transitions between stages. 

  

(a) (b) 

Figure 2. Comparison of dietary protein levels with probing depth after non-surgical periodontal therapy in patients who 
(a) did not smoke and (b) did smoke. Model 1 is unadjusted. Model 2 adjusted for baseline probing depth, hygienist and 
time between treatment and follow-up. Model 3 adjusted for variables in Model 2 plus age, sex, BMI, flossing frequency 
and bleeding on probing. Data presented are estimated marginal means ± SEM. * Indicates a significant difference between 
groups (p < 0.05), ** indicates a significant difference between the two levels of protein intake (p < 0.01). 

4. Discussion 
A key finding from this study is the association between higher consumption of die-

tary protein (≥1 g/kg body weight/day) and a greater reduction in the number of sites with 
a PD ≥ 4 mm in patients who were non-smokers after SRP. Moreover, this relationship 
was strengthened by controlling for baseline PD, hygienist and time between treatment 
and follow-up. It was even further strengthened after accounting for additional confound-
ing factors such as age, sex, BMI, flossing frequency and BOP. While there is little litera-
ture available on the relationship between dietary protein and periodontal disease in non-
smokers, that which is available supports the current findings. For example, feeding milk 
basic protein, containing whey protein and other potential bioactives, improved healing 
in a rat model of periodontal disease [31]. Periodontal disease was induced in rats by plac-
ing a ligature on the second maxillary molar for 20 days. The ligature was then removed, 
and varying levels of milk basic protein were added into the control diet at a level of 0.2% 
or 1.0% MBP while keeping the total level of protein similar among diets. The rats fed the 
diet containing a higher level of MPB (1.0%) had greater alveolar bone regeneration fol-
lowing 90 days compared to rats fed the control diet or the diet containing 0.2% MBP.  

Additional evidence supporting a relationship between dietary protein and perio-
dontal disease comes from data from the fifth and sixth Korean National Health and Nu-
trition Examination Survey (n = 9798), which found that consuming ≥ 7 servings of dairy 
products per week was associated with a 24% lower prevalence of periodontal disease 
after controlling for confounding factors including calcium intake, BMI and smoking sta-
tus [29]. Given that dairy foods tend to be high in protein, the authors hypothesized that 
whey proteins may prevent alveolar bone loss and attenuate periodontal disease. Similar 
findings were reported in a cohort study using Danish Health Examination Survey data 
(n = 3287) which found adults consuming ≥ 9.6 g of whey/day and/or ≥32 g casein/day had 
a lower likelihood of severe periodontal disease as defined by the American Academy of 
Periodontology [30,38].  

A similar relationship between protein intake and the number of sites with PD ≥ 4 
mm was not observed in patients who smoked. This may be a result of smoking having 

Figure 2. Comparison of dietary protein levels with probing depth after non-surgical periodontal therapy in patients who
(a) did not smoke and (b) did smoke. Model 1 is unadjusted. Model 2 adjusted for baseline probing depth, hygienist and
time between treatment and follow-up. Model 3 adjusted for variables in Model 2 plus age, sex, BMI, flossing frequency
and bleeding on probing. Data presented are estimated marginal means ± SEM. * Indicates a significant difference between
groups (p < 0.05), ** indicates a significant difference between the two levels of protein intake (p < 0.01).

114



Nutrients 2021, 13, 3722

Table 2. Multiple linear regression of probing depth sites > 4 mm in patients after non-surgical periodontal therapy who
did not smoke 1.

Model 1 Model 2 Model 3

B (95% CI) p B (95% CI) p B (95% CI) p

Protein intake
<1 g/kg body
weight/day Reference Reference Reference

≥1 g/kg body
weight/day −4.8 (−9.6, 0.0) 0.050 −5.4 (−9.9, −1.0) 0.018 −9.7 (−15.5, −3.9) 0.001

Hygienist
Hygienist 1 Reference Reference
Hygienist 2 −7.3 (−12.8, −1.8) 0.011 −7.2 (−12.4, −1.9) 0.009
Hygienist 3 −4.8 (−10.7, 1.0) 0.11 −6.1 (−11.9, −0.4) 0.037
Hygienist 4 −4.2 (−0.1, 0.2) 0.23 −6.3 (−13.7, 1.0) 0.09

Baseline PD (# ≥ 4 mm) 0.1 (0.01, 0.2) <0.001 0.2 (0.1, 0.2) <0.001
Follow-up time (days) 0.0 (−0.1, 0.2) 0.54 0.0 (−0.1, 0.2) 0.54

Sex
Male Reference

Female 4.1 (−0.8, 9.0) 0.10
Age (years) 0.2 (0.0, 0.4) 0.041

BMI (kg/m2) −0.5 (−1.0, 0.0) 0.038
Flossing (times/week) 0.0 (−0.5, 0.6) 0.89

BOP (# sites) 0.3 (0.0, 0.6) 0.09
1 Regression of probing depth (number of sites ≥ 4 mm) using low (<1 g/kg/day) and high (≥1 g/kg/day) protein intake as a categorical
variable. Unstandardized regression coefficients (B) and 95% confidence intervals (CI) are shown. Non-standard abbreviations: BOP,
bleeding on probing; PD, probing depth.

In this second model, patients who consumed ≥1 g/kg/day of protein had signif-
icantly fewer numbers of sites with PD ≥ 4 mm compared to patients who consumed
<1 g/kg body weight/day (10 ± 2 versus 16 ± 1, p = 0.018) (Model 2, Table 2 and Figure 2a).
Lastly, to control for potential confounders and to better understand the association be-
tween protein intake and PD, the confounders identified in Table 1 were added to the
model: sex, BMI, flossing frequency, as well as age and BOP at follow-up as an objective
measure of oral hygiene.

In the fully adjusted model, there continued to be a significant association between
the consumption of ≥1 g/kg body weight/day of protein and a reduction in the number
of sites with PD ≥ 4 mm compared to patients who consumed <1 g/kg body weight/day
(8 ± 2 versus 18 ± 2, p < 0.001) (Model 3, Table 2 and Figure 2a). In patients who smoked,
no significant differences in the number of sites with probing depths ≥ 4 mm were observed
based on protein intake in any of the models (Table 3 and Figure 2b).

Table 3. Multiple linear regression of probing depth sites ≥ 4 mm after non-surgical periodontal therapy in patients
who smoked 1.

Model 1 Model 2 Model 3

B (95% CI) p B (95% CI) p B (95% CI) p

Protein intake
<1 g/kg body
weight/day Reference Reference Reference

≥1 g/kg body
weight/day −2.2 (−18.3, 13.8) 0.77 −0.4 (11.9, 11.1) 0.95 16.3 (−1.4, 34.0) 0.066
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Table 3. Cont.

Model 1 Model 2 Model 3

B (95% CI) p B (95% CI) p B (95% CI) p

Hygienist
Hygienist 1 Reference Reference
Hygienist 2 −18.2 (−32.7, −3.8) 0.017 −25.0 (−44.7, −5.2) 0.016
Hygienist 3 −7.0 (−28.4, 14.4) 0.49 −9.8 (−35.3, 15.7) 0.45
Hygienist 4 −20.7 (−46.1, 4.8) 0.10 −26.2 (−55.2, 2.8) 0.033

Baseline PD (# ≥ 4 mm) 0.2 (0.0, 0.4) 0.025 0.1 (−0.2, 0.3) 0.38
Follow-up time (days) 0.3 (−0.1, 0.6) 0.17 0.0 (−0.5, 0.5) 0.98

Sex
Male Reference

Female −9.6 (−27.1, 7.9) 0.30
Age (years) 0.2 (−0.6, 0.9) 0.60

BMI (kg/m2) 0.3 (−1.0, 1.6) 0.66
Flossing (times/week) −0.3 (−1.3, 0.7) 0.47

BOP (# sites) 0.8 (0.1, 1.4) 0.017
1 Regression of probing depth (number of sites ≥ 4 mm) using low (<1 g/kg/day) and high (≥1 g/kg/day) protein intake as a categorical
variable. Unstandardized regression coefficients (B) and 95% confidence intervals (CI) are shown. Non-standard abbreviations: BOP,
bleeding on probing; PD, probing depth.

4. Discussion

A key finding from this study is the association between higher consumption of
dietary protein (≥1 g/kg body weight/day) and a greater reduction in the number of
sites with a PD ≥ 4 mm in patients who were non-smokers after SRP. Moreover, this
relationship was strengthened by controlling for baseline PD, hygienist and time between
treatment and follow-up. It was even further strengthened after accounting for additional
confounding factors such as age, sex, BMI, flossing frequency and BOP. While there is little
literature available on the relationship between dietary protein and periodontal disease in
non-smokers, that which is available supports the current findings. For example, feeding
milk basic protein, containing whey protein and other potential bioactives, improved
healing in a rat model of periodontal disease [31]. Periodontal disease was induced in rats
by placing a ligature on the second maxillary molar for 20 days. The ligature was then
removed, and varying levels of milk basic protein were added into the control diet at a
level of 0.2% or 1.0% MBP while keeping the total level of protein similar among diets.
The rats fed the diet containing a higher level of MPB (1.0%) had greater alveolar bone
regeneration following 90 days compared to rats fed the control diet or the diet containing
0.2% MBP.

Additional evidence supporting a relationship between dietary protein and periodon-
tal disease comes from data from the fifth and sixth Korean National Health and Nutrition
Examination Survey (n = 9798), which found that consuming ≥ 7 servings of dairy prod-
ucts per week was associated with a 24% lower prevalence of periodontal disease after
controlling for confounding factors including calcium intake, BMI and smoking status [29].
Given that dairy foods tend to be high in protein, the authors hypothesized that whey
proteins may prevent alveolar bone loss and attenuate periodontal disease. Similar findings
were reported in a cohort study using Danish Health Examination Survey data (n = 3287)
which found adults consuming ≥ 9.6 g of whey/day and/or ≥32 g casein/day had a
lower likelihood of severe periodontal disease as defined by the American Academy of
Periodontology [30,38].

A similar relationship between protein intake and the number of sites with PD ≥ 4 mm
was not observed in patients who smoked. This may be a result of smoking having negative
effects on oral health and healing—this was previously shown for other nutrients [18].
Smoking is one of the largest risk factors for periodontal disease and is thought to impact
periodontal health through various mechanisms, including decreased vascular flow, de-
creased lymphocyte proliferation, and impairing neutrophil function, thus compromising
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wound healing [11,13,15,39]. However, it is important to note that there were relatively
few patients who smoked within the study and as such, this specific analysis was under-
powered but helps inform the design of future studies. Based on the results of this study, a
retrospective power calculation was performed. Detecting a difference in the PD depth
of 2.2 sites with a standard deviation of 18.0, (α = 0.05, β = 0.80) would require a sample
size of n = 1050 per group, assuming a relationship exists in smokers. Given the small
difference in PD seen in smokers, it is likely that either no relationship exists or that the
effect size is too small to be clinically meaningful.

It is possible that protein has both direct and indirect effects on periodontal health.
One possible explanation of the observed relationship between probing depth and protein
intake could be due to its direct effects on wound repair. For example, studies have
found that protein malnutrition leads to delayed wound healing [40]. Moreover, in a
randomized clinical trial of elderly home-nursed patients, consuming a nutrient- and
protein-dense supplement resulted in improved wound healing [41]. The level and quality
of protein intake are known to affect collagen deposition and other factors that result in
delayed wound healing [39–42]. However, no studies have specifically studied protein
intake and oral healing. Additionally, given that periodontal disease can result in a loss
of bone and teeth, the osteogenic effects of protein are hypothesized to contribute to
long-term periodontal health; however, these effects might not be expected to contribute
directly to changes in probing depth during the 8 to 16 week follow-up. Studies of protein
intake and bone health indicate that there is little benefit of increasing protein intake
beyond levels of 0.8–1.3 g/kg body weight/day in healthy adults—and no detrimental
effects of such higher protein intakes to bone mineral density or fracture risk provided
calcium intake is at the recommended level [28]. However, levels of protein intake below
0.8 g/kg body weight/day could potentially have negative implications for bone health
and periodontal disease.

Strengths and Limitations

One of the strengths of this study was that there were no significant differences in
baseline periodontal outcomes between protein intake groups. Given that baseline PD was
associated with periodontal outcomes 8 to 16 weeks post-SRP in our original study [18],
this reduces the likelihood that baseline periodontal health served as a confounding factor
in this study. Additionally, there were no differences in participant age, former smoking
status, comorbidities, brushing frequency, electric toothbrush use, professional cleaning
frequency and previous periodontal therapy between protein intake groups regardless of
smoking status. The study also included approximately equal proportions of male and
female participants.

Some of the limitations are the use of FFQ to measure dietary intake, multiple hy-
gienists performing periodontal examinations, variation in the length of time before SRP
and follow-up time after SRP, and potential confounding variables such as dental hygiene
practices. Due to the tendency of FFQs to overestimate food intakes [43], caution should be
used when interpreting intake levels derived from this study and comparisons to the RDA.
Additionally, the FFQ used was unable to differentiate between dairy, animal, and plant
proteins. Thus, we are unable to draw specific conclusions based on protein type. The
effects of multiple examiners were minimized by calibrating hygienists and performing
statistical control for this variable. The variation in the length of time prior to and after SRP
reflect the real-life situation of clinical practice, in which patients need to find time in busy
schedules for these appointments. Baseline examinations occurred 1 to 19 weeks prior to
SRP, and follow-up time ranged from 8 to 16 weeks, which was the standard of care at the
time of the study. In patients who were non-smokers, flossing frequency was significantly
higher in the group who consumed ≥ 1 g protein/kg body weight/day. While this may
serve as a confounding factor, it is unlikely to have a large effect, given that all other oral
hygiene variables showed no significant difference between groups, which suggests overall
that patients had relatively similar oral hygiene behaviors. Additionally, including flossing
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frequency as a covariate in statistical models had minimal effect on the strength of the
associations observed. The small sample size for the group of patients who were smokers
is a limitation, though it was also encouraging that there were far fewer participants who
smoked given the known detriment that smoking has on overall health.

5. Conclusions

This study shows a positive association between protein intakes ≥1 g/kg body
weight/day and better periodontal healing following SRP in patients who do not smoke,
but not in patients who smoke. Albeit there were few patients who were current smok-
ers, so this association requires verification. Future dietary intervention studies during
the post-SRP healing phase are warranted in order to determine the potential benefits of
protein intake as an adjunct to SRP. Additionally, long-term studies should be carried out
to measure the relationship between dietary protein intake, tooth loss and alveolar bone
loss, as these measures may be better indicators of the long-term benefit of higher protein
intakes for periodontal health.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu13113722/s1, Table S1: descriptive statistics and clinical parameters of excluded participants.

Author Contributions: Conceptualization, D.W.D., P.C.F. and W.E.W.; methodology, D.W.D.; formal
analysis, D.W.D., H.E.Y. and J.R.B.; investigation, D.W.D.; resources, P.C.F. and W.E.W.; data curation,
D.W.D., H.E.Y. and J.R.B.; writing—original draft preparation, D.W.D. and W.E.W.; writing—review
and editing, H.E.Y., J.R.B., D.W.D., W.E.W. and P.C.F.; visualization, D.W.D. and H.E.Y.; supervision,
P.C.F. and W.E.W.; project administration, D.W.D., P.C.F. and W.E.W. All authors have read and
agreed to the published version of the manuscript.

Funding: Funding was provided by start-up funding to W.E.W. from Brock University. D.W.D. held a
Frederick Banting and Charles Best Canada Graduate Scholarship. W.E.W. holds a Canada Research
Chair in Bone and Muscle Development. H.E.Y. held an Ontario Graduate Scholarship.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Bioscience Research Ethics Board of Brock University
(12-068-WARD, November 2012).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding authors. The data are not publicly available due to ethics restrictions.

Acknowledgments: The authors are grateful to the clinical team at PCF’s Periodontal Wellness and
Implant Surgery Clinic, who assisted with patient recruitment, the measurement of clinical outcomes,
and the collection of samples.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Canadian Dental Association. Available online: https://www.cda-adc.ca/en/oral_health/faqs/gum_diseases_faqs.asp

(accessed on 3 April 2020).
2. GBD 2016 Disease and Injury Incidence and Prevalence Collaborators. Global, regional, and national incidence, prevalence, and

years lived with disability for 328 diseases and injuries for 195 countries, 1990–2016: A systematic analysis for the Global Burden
of Disease Study 2016. Lancet 2017, 390, 1211–1259. [CrossRef]

3. Tonetti, M.S.; Jepsen, S.; Jin, L.; Otomo-Corgel, J. Impact of the global burden of periodontal diseases on health, nutrition and
wellbeing of mankind: A call for global action. J. Clin. Periodontol. 2017, 44, 456–462. [CrossRef] [PubMed]

4. Eke, P.I.; Dye, B.A.; Wei, L.; Thornton-Evans, G.O.; Genco, R.J. Prevalence of periodontitis in adults in the United States: 2009 and
2010. J. Dent. Res. 2012, 91, 914–920. [CrossRef]

5. Billings, M.; Holtfreter, B.; Papapanou, P.N.; Mitnik, G.L.; Kocher, T.; Dye, B.A. Age-dependent distribution of periodontitis in
two countries: Findings from NHANES 2009 to 2014 and SHIP-TREND 2008 to 2012. J. Clin. Periodontol. 2018, 45, S130–S148.
[CrossRef]

118



Nutrients 2021, 13, 3722

6. Chapple, I.L.C.; Bouchard, P.; Cagetti, M.G.; Campus, G.; Carra, M.C.; Cocco, F.; Nibali, L.; Hujoel, P.; Laine, M.L.;
Lingstrom, P.; et al. Interaction of lifestyle, behaviour or systemic diseases with dental caries and periodontal diseases: Consensus
report of group 2 of the joint EFP/ORCA workshop on the boundaries between caries and periodontal diseases. J. Clin.
Periodontol. 2017, 44, S39–S51. [CrossRef] [PubMed]

7. Chapple, I.L.C.; van der Weijden, F.; Doerfer, C.; Herrera, D.; Shapira, L.; Polak, D.; Madianos, P.; Louropoulou, A.; Machtei, E.;
Donos, N.; et al. Primary prevention of periodontitis: Managing gingivitis. J. Clin. Periodontol. 2015, 42, 71–76. [CrossRef]
[PubMed]

8. Sanz, M.; Herrera, D.; Kebschull, M.; Chapple, I.; Jepsen, S.; Beglundh, T.; Sculean, A.; Tonetti, M.S.; EFP Workshop Participants
and Methodological Consultants. Treatment of Stage I–III Periodontitis—The EFP S3 Level Clinical Practice Guideline. J. Clin.
Periodontol. 2020, 47 (Suppl. 22), 4–60. [CrossRef] [PubMed]

9. Damgaard, C.; Kantarci, A.; Holmstrup, P.; Hasturk, H.; Nielsen, C.H.; van Dyke, T.E. Porphyromonas Gingivalis-induced
production of reactive oxygen species, tumor necrosis factor-α, interleukin-6, CXCL8 and CCL2 by neutrophils from localized
aggressive periodontitis and healthy donors: Modulating actions of red blood cells and resolvin E1. J. Periodontal. Res. 2017, 52,
246–254. [CrossRef] [PubMed]

10. Reis, C.; da Costa, A.V.; Guimarães, J.T.; Tuna, D.; Braga, A.C.; Pacheco, J.J.; Arosa, F.A.; Salazar, F.; Cardoso, E.M. Clinical
improvement following therapy for periodontitis: Association with a decrease in IL-1 and IL-6. Exp. Ther. Med. 2014, 8, 323–327.
[CrossRef] [PubMed]

11. Rom, O.; Avezov, K.; Aizenbud, D.; Reznick, A.Z. Cigarette smoking and inflammation revisited. Respir. Physiol. Neurobiol. 2013,
187, 5–10. [CrossRef]

12. Barbieri, S.S.; Zacchi, E.; Amadio, P.; Gianellini, S.; Mussoni, L.; Weksler, B.B.; Tremoli, E. Cytokines present in smokers’ serum
interact with smoke components to enhance endothelial dysfunction. Cardiovasc. Res. 2011, 90, 475–483. [CrossRef] [PubMed]

13. Naji, A.; Edman, K.; Holmlund, A. Influence of smoking on periodontal healing one year after active treatment. J. Clin. Periodontol.
2020, 47, 343–350. [CrossRef] [PubMed]

14. Boström, L.; Linder, L.E.; Bergström, J. Influence of smoking on the outcome of periodontal surgery: A 5-year follow-up. J. Clin.
Periodontol. 1998, 25, 194–201. [CrossRef]

15. Heasman, L.; Stacey, F.; Preshaw, P.M.; McCracken, G.I.; Hepburn, S.; Heasman, P.A. The effect of smoking on periodontal
treatment response: A review of clinical evidence. J. Clin. Periodontol. 2006, 33, 241–253. [CrossRef] [PubMed]

16. Lau, B.Y.; Johnston, B.D.; Fritz, P.C.; Ward, W.E. Dietary strategies to optimize wound healing after periodontal and dental
implant surgery: An evidence-based review. Open Dent. J. 2013, 7, 36–46. [CrossRef] [PubMed]

17. Iwasaki, M.; Manz, M.C.; Taylor, G.W.; Yoshihara, A.; Miyazaki, H. Relations of serum ascorbic acid and α-tocopherol to
periodontal disease. J. Dent. Res. 2012, 91, 167–172. [CrossRef] [PubMed]

18. Dodington, D.W.; Fritz, P.C.; Sullivan, P.J.; Ward, W.E. Higher intakes of fruits and vegetables, β-Carotene, Vitamin C, α-
Tocopherol, EPA, and DHA are positively associated with periodontal healing after nonsurgical periodontal therapy in nonsmok-
ers but not in smokers. J. Nutr. 2015, 145, 2512–2519. [CrossRef]

19. Abou Sulaiman, A.E.; Shehadeh, R.M.H. Assessment of total antioxidant capacity and the use of vitamin C in the treatment of
non-smokers with chronic periodontitis. J. Periodontol. 2010, 81, 1547–1554. [CrossRef] [PubMed]

20. Martinon, P.; Fraticelli, L.; Giboreau, A.; Dussart, C.; Bourgeois, D.; Carrouel, F. Nutrition as a key modifiable factor for
periodontitis and main chronic diseases. J. Clin. Med. 2021, 10, 197. [CrossRef] [PubMed]

21. O’Connor, J.L.P.; Milledge, K.L.; O’Leary, F.; Cumming, R.; Eberhard, J.; Hirani, V. Poor dietary intake of nutrients and food
groups are associated with increased risk of periodontal disease among community-dwelling older adults: A systematic literature
review. Nutr. Rev. 2020, 78, 175–188. [CrossRef]

22. Baima, G.; Romandini, M.; Citterio, F.; Romano, F.; Aimetti, M. Periodontitis and Accelerated Biological Aging: A Geroscience
Approach. J. Dent. Res. 2021. Advance online publication. [CrossRef] [PubMed]

23. Clark, D.; Kotronia, E.; Ramsay, S.E. Frailty, aging, and periodontal disease: Basic biologic considerations. Periodontol. 2000 2021,
87, 143–156. [CrossRef] [PubMed]

24. McClave, S.A.; Martindale, R.G.; Vanek, V.W.; McCarthy, M.; Roberts, P.; Taylor, B.; Ochoa, J.B.; Napolitano, L.; Cresci, G.
Guidelines for the provision and assessment of nutrition support therapy in the adult critically ill patient. J. Parenter. Enter. Nutr.
2009, 33, 277–316. [CrossRef] [PubMed]

25. Phillips, S.M. Determining the protein needs of “older” persons one meal at a time. Am. J. Clin. Nutr. 2017, 105, 291–292.
[CrossRef] [PubMed]

26. Baum, J.I.; Kim, I.Y.; Wolfe, R.R. Protein Consumption and the elderly: What is the optimal level of intake? Nutrients 2016, 8, 359.
[CrossRef] [PubMed]

27. Bauer, J.; Biolo, G.; Cederholm, T.; Cesari, M.; Cruz-Jentoft, A.J.; Morley, J.E.; Phillips, S.; Sieber, C.; Stehle, P.; Teta, D.; et al.
Evidence-based recommendations for optimal dietary protein intake in older people: A position paper from the Prot-Age study
group. J. Am. Med. Dir. Assoc. 2013, 14, 542–559. [CrossRef] [PubMed]

28. Darling, A.L.; Manders, R.J.F.; Sahni, S.; Zhu, K.; Hewitt, C.E.; Prince, R.L.; Millward, D.J.; Lanham-New, S.A. Dietary protein
and bone health across the life-course: An updated systematic review and meta-analysis over 40 years. Osteoporos. Int. 2019, 30,
741–761. [CrossRef] [PubMed]

119



Nutrients 2021, 13, 3722

29. Lee, K.; Kim, J. Dairy food consumption is inversely associated with the prevalence of periodontal disease in Korean adults.
Nutrients 2019, 11, 1035. [CrossRef] [PubMed]

30. Adegboye, A.R.A.; Boucher, B.J.; Kongstad, J.; Fiehn, N.E.; Christensen, L.B.; Heitmann, B.L. Calcium, Vitamin D, casein and
whey protein intakes and periodontitis among Danish adults. Public Health Nutr. 2016, 19, 503–510. [CrossRef] [PubMed]

31. Seto, H.; Toba, Y.; Takada, Y.; Kawakami, H.; Ohba, H.; Hama, H.; Horibe, M.; Nagata, T. Milk basic protein increases alveolar
bone formation in rat experimental periodontitis. J. Periodontal. Res. 2007, 42, 85–89. [CrossRef] [PubMed]

32. Wiebe, C.; Putnins, E. The Periodontal Disease Classification System of the American Academy of Periodontology—An Update. J.
Can. Dent. Assoc. 2000, 66, 594–597. [PubMed]

33. Papapanou, P.N.; Sanz, M.; Buduneli, N.; Dietrich, T.; Feres, M.; Fine, D.H.; Flemmig, T.F.; Garcia, R.; Giannobile, W.V.;
Graziani, F.; et al. Periodontitis: Consensus report of workgroup 2 of the 2017 World Workshop on the Classification of Periodontal
and Peri-Implant Diseases. J. Periodontol. 2018, 89, S173–S182. [CrossRef] [PubMed]

34. O’Leary, T.J.; Drake, R.B.; Naylor, J.E. The plaque control record. J. Periodontol. 1972, 43, 38. [CrossRef] [PubMed]
35. Block, G.; Woods, M.; Potosky, A.; Clifford, C. Validation of a self-administered diet history questionnaire using multiple diet

records. J. Clin. Epidemiol. 1990, 43, 1327–1335. [CrossRef]
36. Willett, W.C.; Howe, R. Adjustment for total energy intake in epidemiologic studies. Am. J. Clin. Nutr. 1997, 65, 1220S–1228S.

[CrossRef]
37. Patel, R.A.; Wilson, R.F.; Palmer, R.M. The effect of smoking on periodontal bone regeneration: A systematic review and

meta-analysis. J. Periodontol. 2012, 83, 143–155. [CrossRef] [PubMed]
38. Page, R.C.; Eke, P.I. Case definitions for use in population-based surveillance of periodontitis. J. Periodontol. 2007, 78, 1387–1399.

[CrossRef] [PubMed]
39. Tomar, S.L.; Asma, S. Smoking-attributable periodontitis in the United States: Findings from NHANES III. J. Periodontol. 2000, 71,

743–751. [CrossRef]
40. Yamane, T.; Konno, R.; Iwatsuki, K.; Oishi, Y. Negative Effects of a Low-Quality Protein Diet on Wound Healing via Modulation

of the MMP2 activity in rats. Amino Acids 2020, 52, 505–510. [CrossRef] [PubMed]
41. Collins, C.E.; Kershaw, J.; Brockington, S. Effect of nutritional supplements on wound healing in home-nursed elderly: A

randomized trial. Nutrition 2005, 21, 147–155. [CrossRef] [PubMed]
42. Wolfe, R.R.; Miller, S.L.; Miller, K.B. Optimal protein intake in the elderly. Clin. Nutr. 2008, 27, 675–684. [CrossRef] [PubMed]
43. Shu, X.O.; Yang, G.; Jin, F.; Liu, D.; Kushi, L.; Wen, W.; Gao, Y.T.; Zheng, W. Validity and reproducibility of the food frequency

questionnaire used in the Shanghai Women’s Health Study. Euro. J. Clin. Nutr. 2004, 58, 17–23. [CrossRef]

120



nutrients

Article

Antimicrobial Effects of Inula viscosa Extract on the In Situ
Initial Oral Biofilm

Hannah Kurz 1, Lamprini Karygianni 2 , Aikaterini Argyropoulou 3, Elmar Hellwig 1,
Alexios Leandros Skaltsounis 3, Annette Wittmer 4, Kirstin Vach 5 and Ali Al-Ahmad 1,*

Citation: Kurz, H.; Karygianni, L.;

Argyropoulou, A.; Hellwig, E.;

Skaltsounis, A.L.; Wittmer, A.; Vach,

K.; Al-Ahmad, A. Antimicrobial

Effects of Inula viscosa Extract on the

In Situ Initial Oral Biofilm. Nutrients

2021, 13, 4029. https://doi.org/

10.3390/nu13114029

Academic Editors: LaVerne L. Brown

and Maria Luz Fernandez

Received: 8 September 2021

Accepted: 8 November 2021

Published: 11 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Operative Dentistry and Periodontology, Faculty of Medicine and Medical Center,
University of Freiburg, 79085 Freiburg, Germany; hannahkurz@gmx.net (H.K.);
elmar.hellwig@uniklinik-freiburg.de (E.H.)

2 Clinic of Conservative and Preventive Dentistry, Center of Dental Medicine, University of Zurich,
8006 Zurich, Switzerland; Lamprini.Karygianni@zzm.uzh.ch

3 Department of Pharmacognosy and Natural Products Chemistry, Faculty of Pharmacy,
National and Kapodistrian University of Athens, 157 72 Athens, Greece;
katarg@pharm.uoa.gr (A.A.); skaltsounis@pharm.uoa.gr (A.L.S.)

4 Institute of Medical Microbiology and Hygiene, Faculty of Medicine, University of Freiburg,
79085 Freiburg, Germany; annette.wittmer@uniklinik-freiburg.de

5 Institute for Medical Biometry and Statistics, Faculty of Medicine and Medical Center,
University of Freiburg, 79085 Freiburg, Germany; kv@imbi.uni-freiburg.de

* Correspondence: ali.al-ahmad@uniklinik-freiburg.de; Tel.: +49-761-27048940

Abstract: Given the undesirable side effects of commercially used mouth rinses that include chemi-
cally synthesized antimicrobial compounds such as chlorhexidine, it is essential to discover novel
antimicrobial substances based on plant extracts. The aim of this study was to examine the antimi-
crobial effect of Inula viscosa extract on the initial microbial adhesion in the oral cavity. Individual
test splints were manufactured for the participants, on which disinfected bovine enamel samples
were attached. After the initial microbial adhesion, the biofilm-covered oral samples were removed
and treated with different concentrations (10, 20, and 30 mg/mL) of an I. viscosa extract for 10 min.
Positive and negative controls were also sampled. Regarding the microbiological parameters, the
colony-forming units (CFU) and vitality testing (live/dead staining) were examined in combination
with fluorescence microscopy. An I. viscosa extract with a concentration of 30 mg/mL killed the
bacteria of the initial adhesion at a rate of 99.99% (log10 CFU value of 1.837 ± 1.54). Compared to the
negative control, no killing effects were determined after treatment with I. viscosa extract at concentra-
tions of 10 mg/mL (log10 CFU value 3.776 ± 0.831; median 3.776) and 20 mg/mL (log10 CFU value
3.725 ± 0.300; median 3.711). The live/dead staining revealed a significant reduction (p < 0.0001) of
vital adherent bacteria after treatment with 10 mg/mL of I. viscosa extract. After treatment with an
I. viscosa extract with a concentration of 30 mg/mL, no vital bacteria could be detected. For the first
time, significant antimicrobial effects on the initial microbial adhesion in in situ oral biofilms were
reported for an I. viscosa extract.

Keywords: Inula viscosa; initial adhesion; colony-forming units (CFU); live/dead staining; fluores-
cence microscopy

1. Introduction

Biofilms consist of microbial cells that are irreversibly attached to a surface or interface
and embedded in a matrix of extracellular polymeric substances that are produced by the
microorganisms themselves [1]. Furthermore, the microorganisms within a biofilm have
altered growth characteristics and gene expression patterns as compared to their planktonic
counterparts [1]. The oral cavity is an ideal niche for biofilm formation, which commences
with the development of the acquired salivary pellicle (conditioning layer) on which the
early colonizers, including oral streptococci, Actinomyces spp., and Veillonella spp., adhere
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in an initial phase [2]. After this initial phase, the different microbial species produce a
diverse extracellular matrix and multiply to form a thick mature oral biofilm [3,4]. The oral
biofilm consists of a plethora of different microbial species, including bacterial species of the
genera Streptococcus, Actinomyces, Fusobacterium, Rothia, Veillonella, Prevotella, Tannerella, and
Porphyromonas, Neisseria, and Gemella [5–8]. In addition to bacteria, fungi such as members
of the Candida, protozoa, and Archaea species have been detected in oral biofilm [8]. As
biofilms cause serious infections in different fields of medicine, novel and alternative meth-
ods such as the use of natural products are required to prevent biofilm formation [9]. The
oral biofilm consists of more than 700 different bacterial species [10,11]. Biofilms are up to
1000 times more resistant to antibiotics compared to equivalent planktonic microorganisms
that remain unbound in free suspension [12]. Alterations in the microbial composition in
the oral cavity can lead to an increased risk of tooth decay, periodontitis, and periimplanti-
tis [13]. Alternative disinfection methods based on plant extracts recently started receiving
increased attention as potential substitutes for known antibacterial agents. Substantial
efforts have been made to identify alternative substances to substitute commonly used
mouth rinses such as chlorhexidine (CHX) [14]. Although CHX is still regarded as the gold
standard in the prevention of plaque formation and the treatment of gingivitis, it causes
diverse side effects including CHX-resistance in oral bacteria [15] and reversible taste
disorders [16]. Additionally, CHX use results in undesirable effects such as a discoloration
of the tongue, composite fillings, and teeth [17,18]. Moreover, due to the increasing number
of antibiotic-resistant microorganisms, plant extracts are gaining importance as potent
alternatives to circumvent resistance and remove biofilms [19]. Such plant extracts could
feature similar antimicrobial and anti-inflammatory behavior to existing treatments but
deliver remedial effects more gently, thereby reducing side effects [20]. In 2014, the World
Health Organization (WHO) published recommendations in which they emphasized the
importance of traditional and alternative phytomedicine for the well-being of mankind
and presented a large number of proposals to establish more plant-based medicine and
drugs [21]. Since nature yields a large, complex, and mostly unexplored reservoir of
phytotherapeutic agents that provide alternatives to common pharmaceuticals for oral
antibiosis, it is of crucial importance to find effective antimicrobial mouth rinses based
on natural substances [14]. Phytotherapy is used in modern dentistry, mainly for the anti-
inflammatory, antibiotic, analgesic, or sedative effects of herbal remedies or as a component
of root canal irrigations [22].

To date, several studies have been conducted to examine the effects of natural ex-
tracts on different bacterial species in vitro, ex vivo, and in situ [9]. It could be shown
that especially Vitis vinifera, Pinus spp., Coffea canephora, Clonorchis sinensis, Vaccinium
macrocarpon, Psidium cattleianum, and Manuka honey have a significant antimicrobial
effect on oral biofilms. The antibacterial, antiviral, and antifungal effects of the tested
Inula viscosa extract have been confirmed in several studies [23–25]. Especially with regard
to oral pathogens, the effectiveness of the ethyl acetate extract and the methanol extract
of I. viscosa against both Gram-negative (Porphyromonas gingivalis, Prevotella intermedia,
Fusobacterium nucleatum) and Gram-positive (Staphylococcus aureus, Streptococcus mutans,
Streptococcus sobrinus, Streptococcus oralis) species, and also against the fungus Candida
albicans in concentrations between 0.15 and 5.00 mg/mL, was shown [14].

The I. viscosa plant (Dittricha viscosa) belongs to the Asteraceae family and mainly
grows in the Mediterranean area [26]. I. viscosa shrubs can be found in southern Europe,
Turkey, and the Middle East. Due to its adaptive behavior, I. viscosa also grows as a neophyte
in Great Britain, Belgium, and North America [27]. I. viscosa is a stem hemicryptophyte or
nanophanerophyte that reaches heights of 40 to 130 cm. The leaves are 6 to 12 mm wide,
slim to lancet-like, sticky, and have an unpleasant smell [28]. In a previous study, the effect
of I. viscosa on selected oral bacterial species was tested in vitro and yielded minimum
inhibitory concentrations (MIC) ranging from 0.07 mg/mL (P. gingivalis) up to 2.50 mg/mL
(S. sobrinus), and showed the elimination of obligate anaerobes such as P. gingivalis at a
minimal bactericidal concentration (MBC) of 0.15 mg/mL [14]. To date, there are no clinical
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data on the antimicrobial impact of I. viscosa on in situ initial oral biofilms. I. viscosa has been
used for a long time as a herb in folk medicine to treat skin inflammations and diseases
such as scabies [29,30]. Different health benefits were reported for the use of I. viscosa
extract, including its anticancer, antioxidant, antifungal, antibacterial, and hypoglycemic
effects [31]. Phytochemical analysis of I. viscosa revealed the presence of compounds that
have the potential to be used as food additives such as flavonoids, triterpenoids, and
sesquiterpenoids [31,32]. Additionally, the application of I. viscosa tea yielded a significant
reduction of adherent bacteria of the initial in vivo oral biofilm without any negative
impact on the acid protective properties of the salivary pellicle [27]. Subsequently, the
aforementioned reports on I. viscosa show the great potential for this species to be used in
maintaining oral health, especially due to the direct contact of its different ingredients with
the oral mucosa. Therefore, the antimicrobial effect of I. viscosa on the initial adhesion of in
situ oral biofilms was investigated in the present study to acquire new knowledge in dental
phytotherapy. The aim of the present study was to evaluate if there are any antimicrobial
effects of I. viscosa extract on the initial oral biofilm and hence to clarify if there is a potential
for using this extract for the treatment of dental diseases caused by the oral biofilm.

2. Materials and Methods

All reagents used in the study are depicted in Table S1 (Supplementary Material).

2.1. Selection of Study Participants and Test Specimens

Six healthy volunteers participated in this study and wore appliances that included
bovine enamel samples to acquire in situ initial oral biofilm samples. The volunteers
were between 23 and 50 years old and had neutral saliva (pH 6.6–7.4) with an average
salivary flow rate of 1.49 mL/min. None of the volunteers suffered from carious lesions,
insufficient restorations, or periodontal diseases at the time of wearing the specimen. A
stable hold of the support rails and sufficient space for the enamel platelets was ensured.
The prerequisites for participation in the study included: (i) no use of antibiotics and
mouthwashes in the three months prior to wearing the appliance, (ii) no pregnancy or
breastfeeding, (iii) no systemic diseases, and in addition, (iv) no oral hygiene was to be
carried out in the two hours prior to wearing the appliance, (v) the consumption of food,
liquids, alcohol, and nicotine was not permitted while wearing the appliances, and finally,
(vi) the subjects had not participated in any other clinical examination up to 30 days before
the commencement of the study. The use of chewing gum was also not permitted while the
splint was worn. All participants were non-smokers. Since all volunteers remained in the
Department for Operative Dentistry and Periodontology while wearing the splint systems,
all prerequisites for the sample collection were ensured. The test persons provided written
consent prior to participation and the study was approved by the Ethics Committee of the
University of Freiburg (no. 91/31).

Bovine front teeth were extracted from caries- and bovine spongiform encephalopathy
(BSE)-free cattle. The test specimens were manufactured as described earlier in detail [33] so
that the resulting enamel platelets had a constant thickness of 1.5 mm, which corresponded
to a total surface area of 19.63 mm2. The enamel side of the cylinder was ground and
polished flat on a hand sanding pad with sandpaper in ascending order of grain size
(220–4000 grit), so that no irregularities or facets could be seen under a light microscope
(Wild M3Z; Leica GmbH, Wetzlar, Germany) prior to being cleansed.

The disinfection of the bovine enamel platelets took place in different solutions in an
ultrasonic bath. First, the produced platelets were exposed to a 3% sodium hypochlorite
(NaOCl) solution and ultrasound in plastic cups for three minutes to remove the superficial
smear layer. After air drying, the next step was the disinfection with 70% ethanol in an
ultrasonic bath for a further three minutes. Finally, the platelets were treated twice for
10 min each in double-distilled water in an ultrasonic bath. Following the disinfection
protocol, the enamel samples were stored in distilled water (H2O) for at least 24 h in order
to ensure the formation of a hydration layer [34].

123



Nutrients 2021, 13, 4029

Individual upper-jaw acrylic splints were fabricated for each study participant. The
plastic splints were disinfected with 70% ethanol before insertion. The enamel platelets
were fixed in the depressions with adhesive wax (Supradent; Oppermann-Schwedler, Bonn,
Germany) immediately prior to the start of the timed period, whereby the enamel surface
was not covered by adhesive wax and remained untouched. The surfaces of the enamel
platelets were at a distance of approximately 1 mm from the buccal surfaces of the posterior
teeth. In this position, normal saliva flow and protection against manipulation from the
tongue or cheek could be ensured (Figure 1).
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Figure 1. Individual upper-jaw acrylic appliance with the enamel slabs placed in different locations
on each side in front (f), in the middle (m), or at the back (b). The samples were positioned on the right
(R) and left (L) in the splint. The exposed surfaces were attached to the splint with adhesive wax.

2.2. Extract Preparation

The I. viscosa extract was prepared using pressure liquid extraction. A Dionex 300 system
(ASE, accelerated solvent extraction) with 100 mL stainless-steel vessels was used. In the
following, 20 g of ground I. viscosa aerial parts was introduced into the cells. Extraction was
carried out under the following conditions: 70 ◦C, 120 bar, 1 min preheating time, 5 min
heating time, two extraction cycles of 5 min each, 100% flush volume, and 120 s cleaning.
The final ethyl acetate extract was then produced using a rotary evaporator until it was dried
at 40 ◦C under reduced pressure. The yield was 2.08 g of ethyl acetate extract [19].

2.3. Protocol for Treatment of the Initial Adhesion

Each specimen covered with initial biofilm was assigned a later treatment, with the
controls on each side (negative control: 0.9% NaCl, positive control: 0.2% chlorhexidine
(CHX), toxicity control: 10% dimethyl sulfoxide (DMSO)), and on the opposite side, the
treatments with the extract to be tested. Each volunteer carried an individual upper-jaw
acrylic appliance to which six specimens were fixed for two hours. This procedure was
performed twice for each subject. After the initial adhesion had been obtained in situ, the
appliances were removed from the oral cavity. Sterile tweezers were used to detach the
adhesive wax from the samples, which were then rinsed off with sterile 0.9% NaCl for 30 s.
The following solutions were prepared in 6 wells in a 24-well plate (µ-Slide 8 Well; Ibidi
GmbH, Munich, Germany): 0.9% NaCl, 0.2% CHX, 10% DMSO. The extract to be tested
was vortexed in 300 µL of DMSO until it was completely dissolved. This was followed by
dilution with phosphate-buffered saline (PBS) so that the corresponding concentrations
of the natural substances to be tested were reached. The adherent bacteria on the enamel
platelets were treated in the solutions for 10 min.

2.4. Determination of Colony-Forming Units (CFU)

For the quantification of viable bacterial counts, the specimens with the adherent
bacteria were transferred to Eppendorf tubes after the 10 min treatments with the I. viscosa
extract. Each Eppendorf tube contained 500 µL of 0.9% NaCl solution. To desorb the
microorganisms, the samples were placed in an ultrasonic bath (Sonorex Digital 10p;
Bandelin, Berlin, Germany) for 1 min. The Eppendorf tubes were then carefully vortexed,
and the specimens were removed with sterilized dental tweezers. A dilution series was
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prepared to obtain countable single bacterial colonies. This was carried out by diluting
them to 1:5, 1:50, and 1:500 with 0.9% NaCl solution. After further vortexing, 100 µL of the
solutions that remained was removed from each tube with a pipette and plated on agar
plates. Yeast-cysteine blood agar (HCB) plates were used to cultivate anaerobic bacteria at
7 ◦C, and Columbia blood agar (CBA) plates were used to enable the growth of aerobic
and facultative anaerobic bacteria at 5–10% CO2 and 37 ◦C. The CBA plates were incubated
for 5 days, whereas the HCB plates were incubated for 10 days using GasPaks (GENbox®

Anaer GasPaks; bioMérieux, Marcy l’Etoile, France). At the end of the incubation period,
the CFUs were counted for each plate and a CFU mean value was calculated from the
identical dilutions and incubation conditions. The number determined was based on the
intraorally exposed surface of the samples of 0.196 cm2 (π× 2.52 cm2), taking the respective
dilution into account, to calculate the number of CFU per cm2.

2.5. Live/Dead Staining and Fluorescence Microscopy

For the live/dead staining and fluorescence microscopy (FM) assay, the fluorescent
SYTO 9 stain and propidium iodide (PI) (Live/Dead BacLight bacterial viability kit; Life
Technologies GmbH, Darmstadt, Germany) were used. The two dyes, SYTO 9 and pro-
pidium iodide (PI), were mixed 1:1 and added to the samples [35]. The green fluorescent
nucleic acid SYTO 9 penetrates living and dead bacterial cells. When SYTO 9 binds to
nucleic acids, the fluorescence signal is amplified, in contrast to unbound SYTO 9. In order
to be able to differentiate dead cells, the second dye (PI) is required [36]. This dye only
penetrates cells whose membrane is damaged, and there binds to nucleic acids, which
appear red under a fluorescence microscope. Components A (SYTO 9, 1.67 mM) and
B (PI, 1.67 mM) were mixed 1:1. This mixture was then diluted with 0.9% NaCl solution to
achieve a final concentration of 0.1 pM. The enamel samples were subsequently stained in
the solution with the intraorally exposed side facing upward at room temperature and in a
dark room for 10 min. Any residues were then washed off by swirling the platelets several
times in 0.9% saline solution. Afterwards, the specimens were placed with the plaque
side down on a drop of 0.9% NaCl solution in an 8-chamber cover disk (µ-Slide 8 Well;
ibidi, Munich, Germany) and were analyzed using FM with a 63× oil immersion objective
(ApoTome.2, Zeiss, Oberkochen, Germany). For quantification, 10 representative locations
on the enamel sample surface were selected, which resulted in 60 images to be evaluated
per test person. The respective living or dead bacteria on these were then determined using
the image analysis program ZEN 2 pro (Zeiss, Oberkochen, Germany). The data obtained
were used to calculate the coverage rates from living and dead bacteria [37]. Representative
images were acquired for demonstration of the results.

2.6. Statistical Analysis

For the descriptive analysis of the data, the mean values and standard deviations were
calculated and a graphic representation with boxplots was carried out. Diagrams of the
viable bacterial counts on the log10 scale per cm2 (log10/cm2) were graphically displayed.
Linear mixed models with the patient as the random effect were used to analyze treatment
differences in bacterial counts, and the Bonferroni method was used to correct for multiple
testing. All calculations were carried out with STATA (StataCorp LT, College Station, TX,
USA, version 14.1) and the level of significance was p < 0.05.

3. Results
3.1. I. viscosa Extract Significantly Decreased the Viable Counts of Oral Microorganisms during
Initial Adhesion

Figure 2A,B show the high eradication rates of initially adherent oral aerobic (Figure 2A)
and anaerobic (Figure 2B) microorganisms after the treatment with I. viscosa extract at a
concentration of 30 mg/mL, plus the untreated negative (NaCl) and positive (CHX) controls.
The I. viscosa extract induced a substantial reduction of more than 99.99% in the viable
bacterial count after two hours of initial microbial adhesion in situ. When using I. viscosa at
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a concentration of 30 mg/mL, a log10 CFU value of 1.837 ± 1.54 (median 1.754) was found.
Thus, there was a highly significant reduction (p < 0.0001) in CFU compared with the nega-
tive control and with the enamel platelets treated with DMSO. With regard to the adherent
aerobic oral microorganisms (Figure 2A), the untreated control showed a log10 CFU value
of 3.299 ± 1.045 (median 3.772). The positive control showed a significant reduction in
viable bacteria of more than 99.99% (log10 CFU value of 0 ± 0) after 10 min of treatment
with 0.2% CHX. The treatment with DMSO (10%) did not result in any significant change
of viable bacterial count compared to the negative control (log10 CFU value 3.796 ± 0.6412;
median 3.946). No killing effects were determined after treatment with I. viscosa at con-
centrations of 10 mg/mL (log10 CFU value 3.776 ± 0.8306; median 3.776) and 20 mg/mL
(log10 CFU value of 3.725 ± 0.2999; median 3.711). Figure 2B shows the log10 counts of
adherent anaerobic bacteria on the enamel samples after 10 min of treatment with NaCl,
CHX, DMSO, and I. viscosa extract (10, 20, and 30 mg/mL). The negative control had a
CFU value of 3.226 ± 1.17 log10 (median 3.662). Here, a significant reduction (p < 0.0001)
of adherent microorganisms during treatment with the positive control (log10 CFU value
0.0383 ± 0.1382; median 0) was also demonstrated.
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Figure 2. The graphs show the number of CFUs that demonstrate the antimicrobial effect of the
tested substances on aerobic (A) and anaerobic (B) bacteria after an oral exposure time of two hours.
An untreated negative control (NaCl 0.9%), a positive control (CHX 0.2%), and a control with
DMSO (10%) were also used, as was the natural I. viscosa extract (10, 20, and 30 mg/mL) with a
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The toxicity control with DMSO (log10 CFU value 3.7 ± 0.8072; median 3.944) showed
no significant change (p ≥ 0.05) compared to the negative control. Treatment with I. viscosa
extract at concentrations of 10 mg/mL (log10 CFU value 3.425 ± 0.534; median 3.532)
and 20 mg/mL (log10 CFU value 3.706 ± 0.4028; median 3.758) did not yield a significant
reduction. However, the anaerobic CFUs decreased significantly (p < 0.0001) after treatment
with 30 mg/mL of I. viscosa extract in comparison to the treatments with NaCl and DMSO.
The result was a log10 CFU value of 1.71 ± 1.774 (median 1.768).
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3.2. Live/Dead Assays Revealed High Bactericidal Activity for I. viscosa Extract against Oral
Initial Adhesion

The quantitative results of the remaining vital bacteria detected by the live/dead assay
during initial adhesion two hours after treatment with I. viscosa extract in two concentrations
(10 and 30 mg/mL) are depicted in Figure 3 in the form of boxplots. In the negative control
(Figure 3), 68.93% of the bacteria adhering to the enamel were vital (±26.89, median 75.0).
In the positive control (treatment with 0.2% CHX), the coverage rate of vital bacteria was
significantly reduced (p < 0.0001) to 16.59% (±29.05 median 15.8). The toxicity control
showed 69.99% vital adherent microorganisms (±21.3, median 77.52). After treatment
with I. viscosa extract at a concentration of 10 mg/mL, there was a significant reduction
(p < 0.0001) compared to the negative and toxicity control, with only 20.87% of the bacteria
being vital (±22.86, median 27.4). In an I. viscosa extract concentration of 30 mg/mL, no
vital microorganisms could be detected.
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Figure 3. The boxplots represent the percentage of vital oral microorganisms that were evaluated
by live/dead staining under the fluorescence microscope (FM). A negative control (NaCl 0.9%), a
positive control (CHX 0.2%), a toxicity control (DMSO 10%), and the initial biofilm treated with
I. viscosa extract at different concentrations (10 and 30 mg/mL) were evaluated. The line dividing the
box shows the median. The p-values of the significantly different data are marked on the graphs.

Figure 4 shows representative FM images of live/dead-stained initial oral biofilms
two hours after the treatment with different concentrations of the I. viscosa extract. In the
untreated control (Figure 4A) and the control treated with DMSO (Figure 4C), a dense
accumulation of viable (green) bacteria was detected on the specimens. Very few cells were
avital (red). Most microorganisms exhibited diverse arrangements of single cocci, mono-
or multi-stratified chains, and three-dimensional bacterial aggregates varying in size. In
contrast to the negative controls, the structure of initial oral biofilms treated with CHX
(Figure 4B) and I. viscosa extract (Figure 4D,E) was markedly different. In fact, most of the
initially adhered bacteria were avital (red), which aligns with the results shown in Figure 3.
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Figure 4. Fluorescence microscopy (FM) images after live/dead staining with BacLight®. The vital
bacteria fluoresce in green, the avital in red. The effects on the initial adhesion (2 h) after 10 min of
0.9% NaCl treatment (negative control) (A), 0.2% CHX treatment (positive control) (B), 10% DMSO
treatment (toxicity control) (C), as well as after treatment with I. viscosa extract in two concentrations:
10 mg/mL (D) and 30 mg/mL (E), are shown.

4. Discussion

For the first time, the present study established I. viscosa extract as a potent agent with
an antimicrobial effect on initial oral biofilms in situ.

Enamel samples from BSE-negative cattle were used, as constant quality is assumed
for bovine front teeth [38,39]. In addition, bovine enamel is very similar to human enamel in
terms of its physico-chemical structure, mineral composition, density, and structure [40,41].
Bovine enamel is also the most similar to human enamel when comparing the enamel
of sheep, cattle, and pigs [42]. After successful production, the enamel platelets were
treated with various reagents (sodium hypochlorite, ethanol, double-distilled water) in an
ultrasonic bath in order to rid the enamel samples of bacteria [43]. The enamel samples
were stored in distilled water until they were used, so that a hydration layer could be
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formed on the clean enamel surface. This is a prerequisite for the in situ pellicle formation
without the effect of surface-active substances [44]. The approach used in the present work
to obtain an initial biofilm by means of bovine enamel platelets attached to a plastic splint
has frequently been used and is described in previous clinical studies [45,46]. The CFU
method was used to determine the total adherent number of bacteria on the enamel slabs.
Individual or aggregated bacterial cells from a single colony were cultivated. The CFU
quantification showed high standard deviations, which can be attributed to the fact that
active bacterial communities are heterogeneous, dynamic systems that are influenced by
multiple internal and external factors, and in which death and growth processes constantly
occur in the framework of homeostasis [47]. Individual differences in the microbial counts
among the samples can also lead to high standard deviations. Furthermore, extremely high
CFU numbers can lead to errors in quantification, due to overlay or accumulation [48].
The large dispersion could be explained by the fact that biofilm formation is also a dy-
namic process and includes various cell–cell communications, such as quorum sensing and
horizontal gene transfer. The complexity of a structured microbial biofilm affords microor-
ganisms a high resistance against diverse antimicrobials and distinct physical and chemical
properties, which enhance the biofilm resilience [3]. The use of a live/dead viability as-
say not only supplemented the CFU quantification but also enabled visualization of the
I. viscosa-treated initial oral biofilms. Vital staining with the BacLight® kit using the dyes
SYTO 9 and propidium iodide (PI) is a reliable method to differentiate vital from non-vital
microorganisms [49]. The examination took place under a fluorescence microscope (FM).
In comparison to conventional methods such as light microscopy, FM achieves high optical
resolutions. FM is ideal for examining cell physiology, as it is specified for proteins, lipids,
or ions in cells [50]. When counting under the FM, 10 different representative grid fields
were selected for each melt platelet. Different bacterial agglomerates could be recorded
and counted. This confirmed a high intra- and inter-individual variability in the distri-
bution of live/dead bacteria within the biofilm as well as the resulting coverage rates, as
already shown in earlier studies [49,51]. The determined coverage rates are therefore just
an approximation and only serve as a basic assessment of the relationship between vital
and non-vital microorganisms. A major limitation of FM was the fact that natural extracts,
namely I. viscosa, showed a high level of self-fluorescence. Thus, some areas on the enamel
slabs could not be evaluated because of the high levels of self-fluorescence of the extract.
However, there were still enough spots to allow for a proper quantification. The total
number of vital microorganisms declined significantly after the treatment with I. viscosa
extract. In the present work, the differences between the vital staining and the CFU can
be attributed to the fact that bacterial aggregates are shaken up by the ultrasonic bath and
thus falsify the result, as without treatment they might only have formed a single CFU [52].

In a previous report, Karygianni et al. tested the effect of both the ethyl acetate ex-
tract and the methanol extract of I. viscosa on certain planktonic oral bacterial species [14].
The microbial species were S. mutans, S. sobrinus, S. oralis, Enterococcus faecalis, C. albicans,
Escherichia coli, S. aureus, P. gingivalis, P. intermedia, F. nucleatum, and Parvimonas micra.
This study revealed that the minimum inhibitory concentration (MIC) of P. gingivalis was
0.07 mg/mL, and S. sobrinus, E. faecalis, and E. coli showed an MIC of up to 2.50 mg/mL.
At a minimum bactericidal concentration (MBC) of 0.15 mg/mL, obligate anaerobes such
as P. gingivalis could be eliminated, whereas E. faecalis was more resistant. Taking the
above results into account, one could have expected a significant reduction of the initial
adherent bacteria at a concentration of 10 mg/mL. However, the concentration had to be
increased up to 30 mg/mL to observe a significant effect on the number of CFUs. Our
previously reported results on the effects of I. viscosa extract on diverse planktonic bacteria
provide a strong indication of possible bacteriostatic effects on the initial oral adhesion. The
antibacterial effect can mainly be attributed to the polyphenols and the essential oils con-
tained in I. viscosa. These oils are flavonoids/aglycones, genkwanin, naringenin, quercetin,
camphor, luteolin, and apigenin, whose antimicrobial effects have been proven [53–55].
Particularly apigenin, luteolin, and naringenin show high antibacterial effectiveness against
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oral streptococci, which make up the largest portion of oral microflora [56–58]. Regarding
the antimicrobial effects of the ingredient apigenin, it was shown that it inhibits glycosyl-
transferases [57], resulting in the production of fewer glucans required for the synthesis of
extracellular polymeric substances (EPS), a compound crucial for biofilm formation and
microbial resistance [59]. Quercetin has been shown to be able to damage the cell walls of
Bacillus cereus and C. albicans [25]. Furthermore, polyphenols also have an antimicrobial ef-
fect on the growth of biofilms by denaturing or obscuring functional groups of the receptor
proteins and thus reducing the interaction between different bacterial species. Therefore, a
negative effect on biofilm formation could also be achieved with Cistus tea, which is rich in
polyphenols [60]. Hertel et al. investigated the effect of I. viscosa tea on initial oral biofilm
formation [27]. The test subjects carried splints with bovine enamel slabs similar to the
ones used in the present study and rinsed for 10 min with I. viscosa tea, and afterwards
the splints remained intraorally for eight hours. It could be shown that the percentage
of viable adherent bacteria was affected by the tea. After rinsing with I. viscosa tea, the
proportion of dead bacteria increased (38% viable: 62% dead). In the present study, the
inhibitory effect was even stronger, as I. viscosa extract at a concentration of 10 mg/mL
led to 21% viable and 79% dead bacteria, whereas 30 mg/mL yielded even better results
(0% viable: 100% dead). This discrepancy in outcomes could be attributed to the fact that
the boiled I. viscosa tea reduced the concentration of the actual effective ingredients to a
concentration lower than 10 or 30 mg/mL. The difference between the two studies was
that Hertel et al. [27] examined bacterial growth after rinsing with I. viscosa, whereas the
current study investigated how the extract affected the microbiological composition after
bacterial colonization. Our data do not support that an I. viscosa extract (10 or 20 mg/mL)
can replace common mouthwash solutions such as CHX (0.2%) since the effect is inferior to
that produced by 0.2% CHX, which almost always resulted in no viable bacterial species.
However, I. viscosa extract at a concentration of 30 mg/mL is certainly a bacteriostatic
alternative, as the CFU could be significantly reduced at this concentration. A comprehen-
sive testing of a dilution series that includes both lower concentrations and concentrations
higher than 30 mg/mL is necessary to identify the optimal inhibitory concentration of the
extract and to evaluate a possible higher eradication effect on the initial and mature oral
biofilm. Moreover, the reported adverse effects of frequent use of CHX solution in the oral
cavity should be taken into consideration in the comparison to mouthwashes based on
natural products [17,18]. Even if it seems generally accepted that natural products are safe
and devoid of side effects, natural products can also have toxic properties, react with other
drugs, and cause severe side effects [61]. They can also cause allergies, for example contact
dermatitis after the use of Magnolia officinalis and Allium sativum [62]. Verbena officinalis
can also cause gastrointestinal dysfunction and heartburn [63,64]. Therefore, interactions
with other drugs should always be monitored and adequately tested. The identification
of single active components of the tested extract and an analysis of their antimicrobial
activity should also be conducted in future studies since the concentration of such ingre-
dients can depend on the geographical location the plant was harvested in. Additionally,
there are some indications in the literature that I. viscosa extract inhibits cancer cells at
concentrations of 150 or 300 mg/kg in mice experiments [65]. Hence, the toxicity of the
I. viscosa extract used towards human oral mucosal cells should be examined in future
studies. In a comprehensive phythochemical analysis, Mahmoudi et al. [66] reported that
I. viscosa leaves are rich in the unsaturated essential fatty acids (UFAs) α-linolenic (C18:3)
and linoleic (C18:2) acid. The authors recommended the use of I. viscosa as a safe source
of such essential UFAs and hence as a beneficial supplement to the human diet. Further-
more, in the total leaf lipid fraction of I. viscosa, the authors found aω-3/ω-6 ratio of 4.42,
which is similar to the intake values (5) recommended by nutritionists. Additionally, a
high total phenol content (TPH) and total flavonoid content (TFC) were determined in
I. viscosa leaves [66]. Considering the reduction of both azino-bis(ethylbenzothiazoline
6-sulfonic acid) and 2, 2-diphenyl-1-picrylhydrazyl, the high antioxidant effect of these
contents that was shown by the authors again indicates a possible use of certain com-
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pounds from the I. viscosa extract as a food supplement [66]. In general, the phenolic
compounds identified in I. viscosa comprised caffeic acid-O-hexoside, p-coumaric acid,
chlorogenic acid, 1,3-O-dicaffeoylquinic acid, taxifolin hexoside, hydroxybenzoic acid
hexoside, isorhamnetin-O-hexoside, 3,4-dicaffeoylquinic acid, 3,5-dicaffeoylquinic acid,
4,5-dicaffeoylquinic acid, coumaroyl caffeoylquinic acid, dimers of caffeic acid-O-hexoside,
luteolin, isorhamnetin-3-O-(6-O-feruloyl)-glucoside, isorhamnetin, acetyl taxifolin, and an
unknown dihydroflavonol [66]. Many of these compounds contribute to the antioxidant
and antifungal activity reported for I. viscosa extract [29]. Considering the aforementioned
detailed composition of I. viscosa leaves, I. viscosa could be used as a source of bioactive
components such as phenolic compounds and volatile oils. Additionally, its antioxidant,
antibacterial, and antifungal properties indicate its potential use for the development of
natural preservatives with applications in agro-food.

5. Conclusions

In conclusion, the growing relevance and importance of phytotherapy for providing
novel treatments in the field of dental research can be clearly shown. Many natural extracts
have the potential to feature extensive medicinal efficacy and could therefore supplement,
or even completely replace, chemically produced drugs in the long term. However, fur-
ther clinical studies must be carried out to be able to comprehensively demonstrate the
interactions of the natural extracts within the human body and with other pharmaceuticals.
Additionally, clinical studies are required to evaluate such a mouthwash product and to
compare it with standard mouth rinses based on CHX or cetylpyridinium chloride (CPC).
On the other hand, the properties of the natural extracts such as their consistency, solubility,
and interactions with surfaces must be investigated in order to be able to guarantee a
user-friendly, durable, and stable application as a common mouthwash solution. The
antioxidant, antibacterial, and antifungal activities of I. viscosa extract indicate its potential
use for the development of natural preservatives with applications in agro-food.
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Abstract: The aim of the study was to investigate the relationship between specific known dietary
patterns and the prevalence of periodontal disease in a northern population-based cohort study.
We evaluated data from 6209 participants of the Hamburg City Health Study (HCHS). The HCHS
is a prospective cohort study and is registered at ClinicalTrial.gov (NCT03934957). Dietary intake
was assessed with the food frequency questionnaire (FFQ2). Periodontal examination included
probing depth, gingival recession, plaque index, and bleeding on probing. Descriptive analyses were
stratified by periodontitis severity. Ordinal logistic regression models were used to determine the
association. Ordinal regression analyses revealed a significant association between higher adherence
to the DASH diet/Mediterranean diet and lower odds to be affected by periodontal diseases in an
unadjusted model (OR: 0.92; 95% CI: 0.87, 0.97; p < 0.001/OR: 0.93; 95% CI: 0.91, 0.96; p < 0.001) and
an adjusted model (age, sex, diabetes) (OR: 0.94; 95% CI: 0.89, 1.00; p < 0.0365/OR: 0.97; 95% CI: 0.94,
1.00; p < 0.0359). The current cross-sectional study identified a significant association between higher
adherence to the DASH and Mediterranean diets and lower odds to be affected by periodontal
diseases (irrespective of disease severity). Future randomized controlled trials are needed to evaluate
to which extent macro- and micronutrition can affect periodontitis initiation/progression.

Keywords: dietary patterns; nutrition; oral health; periodontal disease; clinical attachment loss; DMFT

1. Introduction

According to the Fifth German Oral Health Survey, periodontitis affects up to
11.5 million people in Germany [1] and is one of the main reasons for tooth loss [2]. A
primary risk factor for periodontitis is the accumulation of intraoral dysbiotic microflora
at the tooth surface [3]. The host immune system responds to the bacterial colonization
via destruction/degradation of the periodontal ligament and the surrounding bone struc-
ture [4]. Additionally, the host immune system is modulated by genetic, environmental,
and behavioral factors [5].

It has been demonstrated that the reduction of oxidative stress in combination with
an increased intake of antioxidants through diet has beneficial effects on gingival and
periodontal inflammation due to the modulation of host immune responses [6,7]. A clinical
controlled trial with 15 participants demonstrated that fewer carbohydrates, more omega-3
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fatty acids, and more vitamins C and D, antioxidants, and fiber in the diet significantly
reduce periodontal inflammatory parameters [8]. Higher levels of fiber and lower levels of
fat in the diet improve markers of periodontitis in high-risk subjects [9].

The Dietary Approach to Stop Hypertension (DASH) and the Mediterranean diet
consider these aspects. The Mediterranean diet refers to a traditional diet rich in plant-based
foods, fish, and olive oil from the Mediterranean region. It is based on a low consumption
of red meat and processed foods [10]. A high consumption of polyphenols through olive
oil can increase the health benefits of the Mediterranean diet [11,12]. The DASH diet aims
to control the blood pressure with a plant-based diet [13]. A Key aspect of this diet is a
high intake of plant-based foods, low-fat dairy products, fish, and whole grains. Sodium,
red meat, and processed foods should be reduced [14].

In 2013, those dietary approaches were initially recommended to prevent heart dis-
ease and stroke [15], as it was already well known that dietary habits influence the on-
set/progression of, e.g., coronary heart disease (CHD) and type 2 diabetes [16]. Unsaturated
fatty acids, particularly polyunsaturated fatty acids (PUFA), and/or high-quality carbo-
hydrates from whole grains, have been associated with a lower risk of CHD. In fact, high
adherence to the Mediterranean diet or the DASH diet seems to have preventive effects
against stroke and CHD [17,18].

Only a few studies investigated the effect of distinct dietary patterns on oral inflam-
mation in large epidemiological settings [19–22] and, to the best of our knowledge, only
one study specifically considered the DASH or the Mediterranean diet [23].

Consequently, the aim of the current cross-sectional study was to investigate the
relationship between specific known dietary patterns (DASH and Mediterranean Diet) and
the prevalence of periodontal disease in a northern population-based cohort study.

2. Materials and Methods
2.1. Subjects, Study Design, and Setting

In total, 6209 participants of the Hamburg City Health Study (HCHS) fitted the re-
quired inclusion criteria and were selected for analysis. The HCHS is a prospective cohort
study conducted at the University Medical Center Hamburg-Eppendorf, with the aim to
gain substantial knowledge on major chronic disease initiation and development [24]. Prior
general and oral examination, all participants answered a questionnaire regarding their
environmental conditions and lifestyle (e.g., physical condition and activity, dietary habits).
The HCHS has been registered at ClinicalTrial.gov (NCT03934957). The Landesärztekam-
mer Hamburg (State of Hamburg Chamber of Medical Practitioners, PV5131) approved
the study protocol, and all participants signed an informed consent. The manuscript was
written according to the STROBE Guidelines [25].

2.2. Sample Size Calculation

The periodontal cohort consisted of 1453 participants with none/mild periodontitis
and 1176 participants with severe periodontitis. For the estimation of detectable effects due
to healthy dietary patterns, we compared a change in the dietary score corresponding to
the interquartile range [22], i.e., the half of the participants with “worse” dietary scores to
the half with the “best” dietary scores. With a binomial response (mild/none vs. severe)
and a significance level of 5%, we found that the study detected an effect of OR = 1.25 with
80% power. This effect is considered realistic and clinically relevant.

2.3. Assessment of Dietary Patterns

Initially developed for the European Prospective Investigation into Cancer and Nu-
trition (EPIC) study, the corresponding validated questionnaires were used to collect
information on dietary intake [26]. The current version of the food frequency questionnaire
(FFQ2) records the portion size and frequency of 102 food items eaten within the previous
year [27]. Subsequently, energy intake, relevant food groups, and nutrients were assessed.
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2.4. DASH Adherence Score

The scoring scheme adapted from Folsom et al. was used to determine adherence to
the DASH diet [28]. Ten equally weighted food items (frequency consumption of fruits,
dairy, grains, vegetables, nuts/seeds/legumes, meat/poultry/fish, and sweets obtained
from raw data) and average daily nutrients intake (e.g., saturated fat, fat, sodium) were
included. The DASH adherence score could be assessed for 9020 participants. For each
dietary component, a score of 0–1 was given and summed across the 10 items [29] (Table 1;
score of 10 = full adherence, score of 0 = nonadherence). A score from 0 to 3.5 was classified
as low adherence, from 4 to 6.5 as medium adherence, and from 7 to 10 as high adherence.

Table 1. Scoring criteria for DASH Dietary Adherence according to Epstein et al. [29].

Score Items DASH-Component Scoring

1

Total Grain

≥7 servings/day 1
5–6 servings/day 0.5
<5 servings/day 0

2

Vegetables

≥4 servings/day 1
2–3 servings/day 0.5
<2 servings/day 0

3

Fruits

≥4 servings/day 1
2–3 servings/day 0.5
<2 servings/day 0

4

Total dairy

≥2 servings/day 1
1 servings/day 0.5
<1 serving/day 0

5

Meat, poultry, and fish

≤2 servings/day 1
3 servings/day 0.5
≥4 serving/day 0

6

Nuts, seeds, and legumes

≥4 servings/day 1
2–3 servings/day 0.5
<2 servings/day 0

7

% kcal from fat

≤27% 1
≥28 ≤ 29% 0.5

≥30% 0

8

% kcal from saturated fat

≤6% 1
≤7 ≥8% 0.5
≥9% 0

9

Sweets

≤5 servings/week 1
6–7 servings/week 0.5
≥8 serving/week 0
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Table 1. Cont.

Score Items DASH-Component Scoring

10

Sodium

≤2.400 mg/day 1
2.400–3.000 mg/day 0.5

>3.000 mg/day 0

2.5. Mediterranean Adherence Score (MEDAS)

The validated German translation of the original MEDAS was used to determine
adherence to the Mediterranean diet [30]. Twelve questions on food items (consumption
of food groups and frequency by using raw data, mean daily intake of animal fat and
vegetable oil) and additional 2 questions on characteristic food habits of the Mediterranean
diet were included (Table 2). The MEDAS score could be assessed for 9020 participants and
ranged from 0 to 14 points, with items scoring either 0 (condition not met) or 1 (adherent).
A score from 0 to 4 was classified as low adherence, from 5 to 9 as medium adherence, and
from 10 to 14 as high adherence.

Table 2. Scoring criteria for Mediterranean Dietary score according to Hebestreit et al. [30].

Score
Items MEDAS Question Data Recorded by FFQ

1 Point Given, If . . .

1 Do you use olive oil as the principal
source of fat for cooking?

use of olive oil for the preparation of at
least 2 of the following groceries: salad,

vegetable, meat/fish

2
How much olive oil do you consume per
day (including that used in frying, salads,

meals eaten away from home, etc.)?

based on FFQ calculation, if >48 g
vegetable oil per day

3 How many servings of vegetables do you
consume per day?

based on FFQ calculation, if ≥2 portions
of vegetables per day (including raw and

cooked vegetables, salad, olives,
mushrooms, except potatoes and

legumes)

4
How many pieces of fruit (including

fresh-squeezed juice) do you consume
per day?

based on FFQ calculation, if ≥3 portions
of fruit (including fruit, mixed fruit, fruit
salad, mixed stewed fruit, and fruit juices,

excluding sweetened beverages)

5
How many servings of red meat,
hamburger, or sausages do you

consume per day?

based on FFQ calculation, if <100 g red
meat (e.g., beef, veal, pork, lamb) and

processed meat products

6
How many servings (12 g) of butter,

margarine, or cream do you consume per
day?

based on FFQ calculation, if <1 portion
butter, margarine, and cream and other

animal fat

7
How many carbonated and/or

sugar-sweetened beverages do you
consume per day?

based on FFQ calculation,
sugar-sweetened beverages <1 portion

per day (including lemonade and colas)

8 Do you drink wine? How much do you
consume per week?

based on FFQ calculation, if ≥7 portions
wine (red and white wine)

9 How many servings of pulses do you
consume per week?

≥3 portions pulses (e.g., beans, lentils,
peas, chickpeas)

10 How many servings of fish/seafood do
you consume per week?

based on FFQ calculation, if ≥3 portions
fish, fish products, and seafood per week
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Table 2. Cont.

Score
Items MEDAS Question Data Recorded by FFQ

1 Point Given, If . . .

11
How many times do you consume

commercial (not homemade) pastry such
as cookies or cake per week?

based on FFQ calculation, if <3 portions
cakes, chocolate, cookies, sweets with

and without chocolate per week

12 How many times do you consume nuts
per week?

based on FFQ calculation, if ≥3 portions
nuts per week

13
Do you prefer to eat chicken, turkey, or

rabbit instead of beef, pork, hamburgers,
or sausages?

Based on FFQ calculation, if g white meat
(e.g., chicken, hen, and other poultry) > g
red meat (e.g., beef, veal, pork, lamb, and

processed meat products)

14

How many times per week do you
consume boiled vegetables, pasta, rice, or

other dishes with a sauce of tomato,
garlic, onion, or leeks sautéed in olive oil?

> 1–2 times/week tomato sauce

2.6. Assessment of Dental Variables

The 6209 participants received a full dental examination (excluding wisdom teeth).
Study nurses were trained and regularly calibrated. Calibration took place every two
months and was performed by a trained dentist. Prior to oral examination, all participants
were asked to undergo a necessary endocarditis prophylaxis. Oral examination included:
probing depth (mm), gingival recession (mm), bleeding on probing (BOP) (6 sites per tooth;
PCP-12 probe), and determination of the plaque index (4 sites per tooth). Subsequently,
two secondary variables were calculated, i.e., DMFT (decayed, missing, filled teeth) and
CAL (clinical attachment loss). All participants were then categorized in one out of three
severity levels of periodontitis [31]: (1) no periodontitis/mild periodontitis, (2) moderate
periodontitis, and (3) severe periodontitis.

2.7. Assessment of Additional Variables

For all participants, the following information was retrieved from the HCHS Database:
gender, age (years), education (according to ISCED [32]), cardiovascular risk factors, i.e.,
BMI (in kg/m2), smoking (ever/non-smoking), diabetes (positive self-declaration and/or
taking medication of the A10 group (insulin and analogues), and/or fasting glucose
>126 mg/dL, not fasting glucose >200 mg/dL), and hypertension. High-sensitivity inter-
leukin 6 (IL-6) and C-reactive protein (CRP) were assessed via established ELISA. Nutrition
was reported as gram/day and included fiber, protein, fat, carbohydrates, and alcohol.
Participants were asked about their physical activity level and hours of sport/week.

2.8. Statistical Analysis

Descriptive analyses were stratified by periodontitis severity (and by gender in sup-
plementary Tables S1–S3). Continuous variables are displayed as median and interquartile
range [median (IQR)]. Consequently, categorical variables are displayed as absolute num-
bers and percentages [n (%)]. Differences within groups were tested using the Chi-squared
test for categorical variables and the Kruskal–Wallis test for continuous variables. Dietary
patterns were categorized into terciles, resulting in three groups: “Low”, “Medium”, and
“High”. Ordinal logistic regression models were applied to determine the association
between periodontitis (dependent variable) and dietary patterns (independent variable).
Simplified logistic regression model is presented in supplementary material (supplemen-
tary Tables S4 and S5). Dietary patters were categorized using a numerical range. All
statistical analyses were performed in R Studio Version 4.0.3 (Free Software Foundation’s
GNU project) with standard 0.05 statistical significance.
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3. Results
3.1. Descriptive Statistics Stratified According to Periodontitis Severity

Data from 6209 participants with fully completed periodontal examination were in-
cluded. Participants with severe periodontitis were more likely men (60.9 vs. 39,6%), of
higher age (66 vs. 59 years), with less frequent higher education (39.8 vs. 47.6 %) when com-
pared to participants with none/mild periodontitis. Participants with severe periodontitis
presented higher BMI values (26.4 vs. 25.5 kg/m2), were current smokers (25.1 vs. 16.2%),
had more often diabetes (11.3 vs. 6.2 %), suffered from hypertension (72.5 vs. 54.8%), and
differed in their CRP values (0.10 vs. 0.13 mg/l). Participants with severe periodontitis
consumed (g/day) more proteins (72.64 vs. 69.20), more fat (91.41 vs. 86.81), more carbohy-
drates (198.21 vs. 195.19), and more alcohol (10.44 vs. 9.33) when compared to participants
with none/mild periodontitis. Participants with severe periodontitis presented higher BOP
Indices (21.05 vs. 2.08) and plaque indices (22.00 vs. 0.00) (Table 3).

Table 3. Baseline characteristics.

None/Mild
Periodontitis

Moderate
Periodontitis Severe Periodontitis p-Value for

Trend

n (%), median; IQR, * mean/SD 1453 3580 1176
DEMOGRAPHICS

Female sex 878 (60.4) 1814 (50.7) 460 (39.1) <0.001
Age 59.00; 52.00, 66.00 63.00; 55.00, 69.00 66.00; 59.00, 71.00 <0.001

Education 0.001
Low 37 (2.7) 112 (3.4) 44 (4.1)

Medium 678 (49.7) 1701 (51.0) 609 (56.2)
High 650 (47.6) 1521 (45.6) 431 (39.8)

CARDIOVASCULAR RISK
BMI 25.56; 23.01, 28.67 26.02; 23.55, 29.01 26.44; 24.11, 29.65 <0.001

Smoking 235 (16.2) 608 (17.1) 293 (25.1) <0.001
Diabetes 85 (6.2) 242 (7.4) 122 (11.3) <0.001

Hypertension 768 (54.8) 2266 (66.3) 810 (72.5) <0.001
LABORATORIES

IL6 1.45; 1.01, 2.04 1.55; 1.15, 2.16 1.77; 1.33, 2.63 <0.001
CRP 0.10; 0.06, 0.23 0.11; 0.06, 0.25 0.13; 0.07, 0.30 <0.001

NUTRITION
Total energy (kcal/day) 1989; 1569, 2543 2048; 1629, 2594 2069; 1639, 2602 0.057

Fibre (g/day) 18.88; 14.91, 24.29 18.94; 14.98, 24.07 18.23; 14.46, 23.41 0.023
Protein (g/day) 69.20; 54.97, 87.42 71.35; 56.41, 90.35 72.64; 57.27, 91.34 0.003

Fat (g/day) 86.81; 68.39, 113.25 90.04; 70.98, 114.56 91.41; 70.64, 115.76 0.023
Carbohydrates (g/day) 195.19; 153.19, 254.80 198.36; 153.70, 255.73 198.21; 150.12, 248.81 0.554

Alcohol (g/day) 9.33; 2.69, 21.52 9.38; 2.70, 22.94 10.44; 2.78, 26.41 0.140
Saccharides 89.21; 68.76, 116.66 89.81; 68.06, 119.89 87.83; 66.93, 114.71 0.187
DASH diet * 4.55/1.06 4.51/1.08 4.39/1.07 0.001

Mediterranean Diet * 4.77/1.92 4.58/1.88 4.38/1.87 <0.001
PHYSICAL ACTIVITY

Physical activity 983 (75.5) 2286 (72.4) 657 (64.7) <0.001
Sport (h/week) 2.00; [0.38, 4.00] 2.00; 0.00, 4.00 2.00; 0.00, 3.50 <0.001

DENTAL VARIABLES
DMFT index 17.00; 14.00, 21.00 19.00; 16.00, 23.00 21.00; 17.00, 24.25 <0.001
BOP index 2.08; 0.00, 7.14 8.33; 2.17, 19.23 21.05; 9.26, 41.67 <0.001

Plaque index 0.00; 0.00, 10.71 8.93; 0.00, 27.78 22.00; 5.77, 54.76 <0.001

Abbreviations: BMI = Body Mass Index, BOP Index = Bleeding on Probing Index, DMFT Index = Decayed, Missing, Filled, Teeth Index,
CRP = High-sensitivity C-reactive protein, IL6 = Interleukin 6, PA = periodontitis, * values for adherence score are displayed as Mean and
Standard deviation.

Participants with low adherence to the DASH diet presented higher BOP Indices
(8.70 vs. 7.14) and higher plaque indices (10.71 vs. 6.25) and were more affected by severe
periodontitis (21.3 vs. 13.3%) when compared to participants with high adherence (Table 4).
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Table 4. Baseline dental characteristics stratified according to adherence to the DASH diet.

DASH Score

Low Medium High p-Value

n * 2259 6718 43
DMFT index 20.00; 16.00, 24.00 19.00; 16.00, 23.00 19.00; 14.00, 22.00 <0.001
BOP index 8.70; 2.00, 22.00 7.50; 1.92, 19.44 7.14; 2.07, 14.98 0.081

Plaque index 10.71; 0.00, 35.36 7.41; 0.00, 26.92 6.25; 0.00, 29.63 <0.001
Periodontitis 0.046
None/mild 304 (22.2) 1014 (23.9) 9 (30.0)
Moderate 775 (56.5) 2472 (58.3) 17 (56.7)

Severe 292 (21.3) 755 (17.8) 4 (13.3)
Abbreviations: BOP Index = Bleeding on Probing Index, DMFT Index = Decayed, Missing, Filled, Teeth Index,
n * = Adherence score could be assessed for 9020 participants–not all columns sum up to 100%, because of missing
values for different variables.

We could detect a similar trend in participants with low adherence to the Mediter-
ranean diet, with higher plaque index (10.42 vs. 3.57) and, overall, more cases with severe
periodontitis (20.4 vs. 18.8%) when compared with participants with high adherence to the
diet (Table 5).

Table 5. Baseline dental characteristics stratified according to adherence to the Mediterranean diet.

Mediterranean Score

Low Medium High p-Value

n * 4589 4380 51
DMFT index 20.00; 16.00, 23.00 19.00; 15.00, 23.00 21.00; 15.00, 25.00 <0.001
BOP index 8.93; 2.00, 22.36 7.14; 1.85, 18.18 9.99; 1.34, 25.45 <0.001

Plaque index 10.42; 0.00, 33.33 6.82; 0.00, 25.00 3.57; 0.00, 23.30 <0.001
Periodontitis 0.010
None/mild 644 (22.5) 676 (24.6) 7 (21.9)
Moderate 1633 (57.1) 1612 (58.6) 19 (59.4)

Severe 584 (20.4) 461 (16.8) 6 (18.8)
Abbreviations: BOP Index = Bleeding on Probing Index, DMFT Index = Decayed, Missing, Filled, Teeth Index,
n * = Adherence score could be assessed for 9020 participants–not al columns sum up to 100%, because of missing
values for different variables.

3.2. Regression Analyses

Ordinal regression analyses revealed significant association between higher adherence
to the DASH diet and lower odds to present periodontitis in an unadjusted model (OR: 0.92;
95% CI: 0.87, 0.97; p < 0.001), adjusted model 1 (age, sex, diabetes) (OR: 0.94; 95% CI:
0.89, 1.00; p < 0.0365), and adjusted model 2 (age, sex, and physical activity) (OR: 0.95;
95% CI: 0.89, 1.00; p < 0.0507) (Table 6).

We detected a similar trend for the Mediterranean diet with significant association
between higher adherence to the diet and lower odds to present periodontitis in an unad-
justed model (OR: 0.93; 95% CI: 0.91, 0.96; p < 0.001), adjusted model 1 (age, sex, diabetes)
(OR: 0.97; 95% CI: 0.94, 1.00; p < 0.0359), and adjusted model 2 (age, sex, and physical
activity) (OR: 0.97; 95% CI: 0.94, 1.00; p < 0.0515) (Table 7).

141



Nutrients 2021, 13, 4167

Table 6. Ordinal logistic regression: outcome periodontitis, exposure DASH diet.

Variable Units Odds Ratio 95% CI p-Value

DASH diet 0.92 0.87; 0.97 <0.001

DASH diet 0.94 0.88; 0.99 0.0122
Age 1.05 1.05; 1.06 <0.001
Sex Male Ref

Female 0.64 0.53; 0.75 <0.001

DASH diet 0.94 0.89; 1.00 0.0365
Age 1.05 1.04; 1.06 <0.001
Sex Male Ref

Female 0.65 0.53; 0.76 <0.001
Diabetes No Ref

Yes 1.13 0.92; 1.34 0.2494

DASH diet 0.95 0.89; 1.00 0.0507
Age 1.05 1.04; 1.06 <0.001
Sex Male Ref

Female 0.64 0.53; 0.76 <0.001
Physical activity No Ref

Yes 0.81 0.69; 0.94 <0.001
Abbreviations: DASH = Dietary Approach to Stop Hypertension, CI = confidence interval. Unadjusted and
stepwise adjusted for age, sex, diabetes, and physical activity.

Table 7. Ordinal logistic regression: outcome periodontitis, exposure Mediterranean Diet.

Variable Units Odds Ratio 95% CI p-Value

Mediterranean Diet 0.93 0.91; 0.96 <0.001

Mediterranean Diet 0.96 0.94; 0.99 0.0157
Age 1.05 1.04; 1.06 <0.001
Sex Male Ref

Female 0.64 0.53; 0.75 <0.001

Mediterranean Diet 0.97 0.94; 1.00 0.0359
Age 1.05 1.04; 1.06 <0.001
Sex Male Ref

Female 0.65 0.53; 0.76 <0.001
Diabetes No Ref

Yes 1.13 0.93; 1.34 0.2368

Mediterranean Diet 0.97 0.94; 1.00 0.0515
Age 1.05 1.04; 1.06 <0.001
Sex Male Ref

Female 0.64 0.53; 0.76 <0.001
Physical activity No Ref

Yes 0.81 0.69; 0.93 <0.001
Abbreviations: CI = confidence interval. Unadjusted and stepwise adjusted for age, sex, diabetes, and physical activity.

4. Discussion

In this cross-sectional study, dental and nutritional parameters were collected from
6209 individuals. Older men with higher cardiovascular burden appeared to be more
affected by the severe form of periodontitis. Participants with poor adherence to the DASH
diet and Mediterranean diet more often presented insufficient oral hygiene (higher BOP
and plaque index) when compared to participants with high adherence to these diets.
This trend was also perceptible in regression analyses: a higher adherence to the DASH
diet as well as to the Mediterranean diet was significantly associated with lower odds to
present periodontitis.

A recently published cross-sectional study included rather young (mean age = 20.2 years)
and healthy Moroccan individuals, with only 71 (6.6%) participants presenting periodonti-
tis [23]. Logistic regression revealed no significant association between adherence to the
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Mediterranean diet and periodontitis, though the lack of a significant association might
be because of (1) the small number of diseased participants and (2) the fact that the study
population only consisted of undergraduate university students, who probably present
overall better health and oral health literacy.

Nielsen et al. analyzed data of 6052 adults participating in the National Health and
Nutrition Examination Survey (NHANES 2011–2012) to investigate dietary fiber intake and
periodontal disease prevalence [22]. The periodontal cohort was quite comparable to our
cohort, with approximately 50% of female participants over 50 years of age and a majority of
non-Hispanic white, who never smoked and graduated from college. Although the authors
chose not to include the DASH diet or the Mediterranean diet specifically, they included
fiber consumption, whole-grain consumption, and fruit and vegetable consumption. The
authors reported a significant association between a low fiber consumption and moderate
to severe periodontitis (referenced as mild–no periodontitis) compared with the association
of periodontitis with a high fiber intake (OR: 1.30; 95% CI: 1.00, 1.69).

The current case–control study design cannot address causality. Thus, the impact of
the participants’ adherence to a diet can directly affect periodontitis via quite complex
biological mechanisms (reviewed in detail [33]). In brief, carbohydrates can alter the
microbial diversity and directly affect periodontal ligament cells. Saturated fatty acids are
suspected to increase oxidative stress and thereby promote periodontal damage.

However, participants’ adherence to a diet can also just act as confounding mediating
factor. For example, behavioral patterns modify the association between dietary patterns
and periodontitis. In fact, (1) women of all ages, unfortunately, are more often concerned
about weight control and dieting, eating especially lower fat and lower sugar foods, as
well as increasing the intake of fruits and vegetables [34], (2) men present lower health
literacy, meaning lower understanding and application of health information for healthcare
and disease prevention [35]. Consequently, it is possible that the significant association
between lower adherence to dietary approaches and severe periodontitis is solely because
of the accumulation of poor (oral) healthcare choices.

Moreover, the DASH and Mediterranean diets were selected as examples of healthy
plant-based diets recommended by international (AHA) and European guidelines (EAS).
However, the two scores were not specifically developed for the HCHS study population.
Therefore, the two dietary patterns may not fully reflect the specific dietary behaviors of
the target population, although we observed a clear trend across all groups.”

5. Limitation

The population of the HCHS cohort is middle-aged white Caucasian, and our findings
cannot be generalized to other ethnicities or to a much younger population. For periodon-
tal classification, we used the reported gold standard: the AAP/CDC case definition for
epidemiologic surveillance [31]. However, during the 2017 World Workshop on the Clas-
sification of Periodontal and Peri-Implant Diseases and Conditions, a new classification,
“Staging and Grading”, was introduced [36]. Yet, this classification is not routinely used
for epidemiological approaches. Thus, we set higher priority for the comparability of our
study results. Lastly, the sample size of participants with severe periodontitis and high
adherence to the DASH diet and the Mediterranean diet was small (<1%), which can be
improved by, for example, purposeful over-sampling.

6. Conclusions

The current cross-sectional study identified a significant association between higher
adherence to the DASH and Mediterranean diets and lower odds to be affected by peri-
odontal diseases. Future randomized controlled trials are needed to evaluate to which
extent macro- and micronutrition can affect periodontitis initiation/progression.
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Abstract: Ketogenic diets (KDs) may be a helpful complement in the prevention of and therapy for
several diseases. Apart from their non-cariogenic properties, it is still unclear how KDs affect oral
parameters. The aim of this study was to investigate the influence of a KD on clinical periodontal
parameters. Twenty generally healthy volunteers with an average age of 36.6 years underwent a
KD for 6 weeks. Their compliance was monitored by measuring their urinary ketones daily and by
keeping 7-day food records. Clinical oral parameters included plaque (PI), gingival inflammation
(GI), a complete periodontal status (probing depths, bleeding on probing), and general physical
and serologic parameters at baseline and after 6 weeks. The results showed a trend towards lower
plaque values, but with no significant changes from baseline to the end of the study with regard to
the clinical periodontal parameters. However, their body weight and BMI measurements showed
a significant decrease. The regression analyses showed that the fat mass and the BMI were signifi-
cantly positively correlated to periodontal inflammation, while HDL, fiber, and protein intake were
negatively correlated to periodontal inflammation. The KD change did not lead to clinical changes in
periodontal parameters in healthy participants under continued oral hygiene, but it did lead to a
significant weight loss.

Keywords: ketogenic diet; periodontal inflammation; gingivitis; oral health

1. Introduction

Ketogenic diets (KDs) are characterized by a very low-carbohydrate intake (<10% en-
ergy) which induces a state of physiological ketosis with increased use of ketone bodies as
an energy source [1]. KDs are used and investigated as potential dietary supports or as ther-
apy for a wide range of diseases, such as intractable childhood epilepsy [2], type 2 diabetes,
polycystic ovary syndrome, neurodegenerative diseases [3], and cancer [4,5]. Furthermore,
the KD is a popular approach for achieving weight loss [3,6]. While its safety and efficacy
were investigated with regard to various anthropomorphic outcomes (body weight, body
mass index (BMI), waist circumference, etc.), serological outcomes (cholesterol, markers of
blood sugar and insulin resistance, etc.), and body functions (blood pressure, peak oxygen
uptake (VO2peak) and peak power, handgrip strength, etc.) [7–9], there is a lack of data
with regard to clinical oral parameters. This seems surprising since caries are a process that
is fundamentally dependent on digested fermentable carbohydrates [10]. Furthermore,
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there is growing evidence that avoiding sugar and processed carbohydrates in a diet can
significantly reduce gingival inflammation, which is a prerequisite for periodontitis, even
without changes in plaque values [11–14]. There are two basic mechanisms assumed about
how processed carbohydrates can lead to an alteration of gingival inflammation by a
local and a systemic pro-inflammatory effect. Kashket et al. were able to show that the
supragingival plaque can metabolize processed carbohydrates to short-chain fatty acids,
which, in turn, promote an inflammatory reaction of the gingiva [15]. The systemic effect is
assumed to be mediated by high blood sugar peaks with an associated increase in oxidative
stress and the formation of advanced glycation end products [10,16]. However, there is also
evidence that carbohydrate consumption significantly alters the plaque formation on both
teeth and dental implants [17,18], which also has an impact on gingival inflammation [19].
Since caries and periodontitis are the most common diseases in mankind [20], there is a
fundamental need for research in therapeutics.

On the other side, there are aspects of KDs which may have a negative impact on
periodontal parameters, such as a possible higher intake of saturated fatty acids or an
increase in LDL values [16,21]. Furthermore, to the best of the author’s knowledge, it
is not described if a drop in serum pH values might have a negative impact on the oral
system [22].

Thus, the aim of the current study was to exploratively evaluate the effect of a six-week
ketogenic diet on clinical periodontal parameter participants within a larger main study
about KDs. Due to the lack of studies regarding KDs and oral parameters, this study
focused on generally healthy participants with continued oral hygiene as a first step.

2. Materials and Methods
2.1. Ethics and Trial Registration

The study was a part of a larger study titled “Impact of a 6-week non-energy-restricted
ketogenic diet on physical fitness, body composition and biochemical parameters in healthy
adults” [8]. The aim of the main study was to evaluate a six-week KD on endurance and
physical performance in young healthy adults because prior studies to this time were only
available for athletes. The results showed that KDs had no relevant impact on physical
fitness that would impair daily activities or aerobic training [8]. The study protocol
was approved by the Ethics Commission of the Albert-Ludwigs-University of Freiburg,
Germany (494/14). All subjects signed a written consent form. The study was registered in
an international trial register (German Clinical Trial Register number DRKS00009605).

2.2. Study Design and Recruitment

This study was designed as an interventional uncontrolled clinical trial. The par-
ticipants were recruited from employees of the University Medical Center Freiburg via
advertising from February to June 2016 at the Department of Medicine I. Besides their
participation in the main study, participants were asked to take part in the oral examina-
tion conducted at the Department of Operative Dentistry and Periodontology, Faculty of
Medicine, University of Freiburg, Germany.

2.3. Participants

All participants needed to meet the following inclusion criteria:

• Adults in good general health with a BMI in the range of 19–30 kg/m2;
• Age ≥ 18 years.

The exclusion criteria were as follows:

• low-carbohydrate nutrition already prior to the study;
• Impaired liver and renal function, kidney stones;
• Pregnancy or lactation period;
• Diabetes mellitus and any fatty acid-metabolism disorders;
• Smoking.
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2.4. Intervention

The experimental intervention consisted of a KD without caloric restriction over a
period of 6 weeks in accordance with a modified Atkins diet [23]. Prior to the study
period, the participants were instructed by a dietitian. The participants were provided
with handouts describing the main aspects of a KD and given a list of suitable foods with
a very low carbohydrate content. They were advised to eat ad libitum but to limit their
carbohydrate intake to a maximum of 20–40 g/day to derive at least 75%, 15–20%, and
5–10% of total energy from fats, protein, and carbohydrates, respectively. The participants
were allowed to vary the food according to their preferences within the framework of
the KD. In addition, they were instructed to make the change gradually, step by step,
during the first week in order to avoid unwanted side effects (such as constipation) [8].
A detailed description of the foods recommended to avoid and to eat can be found in
the supplementary material of Cervenka et al. [24]. Their compliance was monitored by
taking daily measurements of urinary ketones using self-testing strips (Ketostix, Bayer
Vital GmbH, Leverkusen, Germany) and two semi-quantitative 7-day food records before
and during the last week of the intervention. The participants were instructed to measure
ketonuria in the morning time since a pre-study with 12 participants measuring both
ketonuria and ß-hydroxybutyrate (BHB) in the serum showed that this was the most
reliable time for testing [25]. The measurements in the evening and night time showed
much higher values for ketonuria compared to serum BHB.

The participants were instructed to accurately record the amounts and types of food
and beverages using a digital portable scale (KS 22, Beurer GmbH, Ulm, Germany). The
nutrient analysis of the 7-day food records was performed with nutritional database
software (Prodi 6.5 basis, Nutri-Science GmbH, Stuttgart, Germany). All participants were
advised not to alter their physical activities during the study period. Physical activity was
assessed using a validated questionnaire [26].

2.5. General and Clinical Oral Measurements

As part of the main study, the fat mass (FM), the body weight, the BMI, and the
serological measurements were assessed. The FM was determined via air displacement
plethysmography (ADP) using a calibrated BodPod device (Cosmed USA Inc., Concord,
CA, USA). The serological measurements included the C-reactive protein (CRP), the blood
glucose concentration, insulin, cholesterol, triglycerides (TG), the high-density lipoprotein
(HDL), the low-density lipoprotein (LDL), and the insulin-like growth factor (IGF-1).

The clinical oral measurements were assessed by a dentist (SE) and included plaque,
gingival inflammation, and a periodontal status including pocket probing depths (PPD),
bleeding on probing (BOP), gingival recessions, and the clinical attachment loss (CAL).
Based on PPDs and BOP, the periodontal inflamed surface area (PISA) was calculated [27].
Furthermore, participants were interviewed with regard to their oral hygiene behavior,
including oral hygiene products and the frequency of use. Plaque was measured with
the plaque index (PI) described by Silness and Löe [28] using a dental probe (Emil Huber
GmbH, Karlsruhe, Germany). Gingival inflammation (GI) was measured according to
Löe and Silness [28]. Periodontal measurements were performed with a pressure-sensitive
periodontal probe DB764R (Aesculap AG, Tuttlingen, Germany). In order to assess the
intra-rater reliability regarding the PPDs, half of the participants were measured twice in
the first quadrant after the assessment of the periodontal status.

2.6. Statistical Analysis

The sample size calculation was carried out within the main study for the primary
outcome peak oxygen uptake (VO2peak) [8]. Accordingly, the current study had no prede-
fined primary and secondary outcomes but followed an explorative approach. The median,
mean, standard deviation, minimum and maximum were calculated for a descriptive
description of the data. A graphical representation was made by boxplots. By means of
t-tests for paired samples, a before–after comparison was performed. A linear regression
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model was fitted per time point for an investigation of the influence of different influencing
variables on the clinical parameters. It was also used to examine the changes in the clinical
parameters. Due to the explorative character of this study, no correction for multiple testing
was carried out. All data were analyzed using STATA 14.1 (StataCorp LP, Lakeway Drive
College Station, TX, USA). p < 0.05 was considered as statistically significant.

3. Results

Twenty participants were recruited and completed the investigation, without any
dropouts. The group consisted of 16 women and 4 men with a mean age of 36.6 years
varying from 25 to 57 years. With regard to oral hygiene procedures, all participants
brushed their teeth between 1 and 3 times daily and used additional oral hygiene products
in varying frequencies (Table 1).

Table 1. Oral hygiene behavior of the experimental group.

Oral Hygiene Behavior Mean Frequency (Per Day) Standard Deviation Minimum–Maximum

Tooth brushing 1.95 0.39 1–3
Interdental cleaning 0.49 0.55 0–2
Use of mouth rinse 0.41 0.68 0–2

3.1. Intragroup Differences

The factors PI, GI, BOP, PPD, CAL, and PISA did not change significantly from
baseline to the end. With regard to PI, there was a trend toward lower scores at the final
examination (p = 0.096; Table 2). The repeated measurements of the first quadrant showed
high intra-rater reliability with an intraclass-correlation (ICC) of 0.98.

Table 2. Intragroup differences for clinical periodontal parameters from baseline to the final examination.

Oral Parameter Time Mean (Standard Deviation) (95%Conf. Interval) Intra-p-Value
(Baseline vs. End)

PI
Baseline 0.49 (0.33) 0.34–0.65

0.0969End 0.42 (0.27) 0.29–0.55

GI
Baseline 0.68 (0.28) 0.55–0.82

0.1814End 0.62 (0.23) 0.51–0.73

BOP
Baseline 0.29 (0.09) 0.24–0.33

0.2601End 0.27 (0.11) 0.22–0.32

PPD
Baseline 2.25 (0.22) 2.15–2.36

0.2743End 2.19 (0.17) 2.11–2.27

CAL
Baseline 2.59 (0.41) 2.40–2.78

0.8156End 2.60 (0.40) 2.41–2.79

PISA
Baseline 370.1 (141.5) 303.9–436.4

0.2545End 341.3 (149.0) 271.5–411.1

PI = plaque index; GI = gingival index; BOP = bleeding on probing; PPD = pocket probing depth; CAL = clinical attachment level; PISA
= periodontal inflamed surface area. With regard to the anthropomorphic data and physical activity, body weight and BMI showed
a significant decrease from baseline to the end (Table 3). Regarding the fat mass, there was a trend towards lower values at the final
examination.

Table 3. Intragroup differences for anthropomorphic parameters and physical activity from baseline to the final examination.

Parameter Time Mean (Standard Deviation) (95% Conf. Interval) Intra-p-Value
(Baseline vs. End)

Body weight (kg) Baseline 69.20 (10.65) 64.21–74.17
0.0003 **End 67.34 (9.26) 63.01–71.67

BMI (kg/m2)
Baseline 23.60 (3.25) 22.08–25.13

0.0002 **End 22.97 (2.77) 21.67–24.26

Fat mass (kg) Baseline 22.75 (9.32) 18.39–27.11
0.0675End 21.99 (8.33) 18.09–25.89

Physical activity
(MET-hours/week)

Baseline 39.31 (19.51) 30.17–48.44
0.1600End 43.29 (24.47) 31.83–54.74

MET = metabolic equivalent of task., ** p < 0.01.
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The serological parameters, glucose, and IGF-1 showed a significant decrease from
baseline to the end (Table 4). The LDL value showed a significant increase from baseline
to the end, while the HDL did not change from baseline to the end. Changes in nutrient
intake from baseline to the final examination are presented in Table 5.

Table 4. Intragroup differences for serological parameters from baseline to the final examination.

Serological Parameter Time Mean (Standard Deviation) (95% Conf. Interval) Intra-p-Value
(Baseline vs. End)

CRP (mg/L) Baseline 1.75 (2.31) 0.67–2.83
0.2127End 3.05 (5.00) 0.71–5.39

Glucose (mg/dL) Baseline 90.55 (6.66) 87.43–93.67
0.0436 *End 87.75 (5.56) 85.15–90.35

IGF-1 (ng/mL) Baseline 197.15 (86.10) 156.85–237.45
0.0055 **End 154.50 (66.83) 123.22–185.78

Insulin (pmol/L) Baseline 53.00 (27.77) 40.00–66.00
0.2259End 45.50 (20.12) 36.08–54.92

HDL (mg/dL) Baseline 75.65 15.11) 68.58–82.72
0.6235End 76.65 (16.65) 68.86–84.44

LDL (mg/dL) Baseline 107.80 (38.00) 90.01–125.59
0.0495 *End 118.40 (37.51) 100.85–135.95

Total cholesterol (mg/dL) Baseline 187.70 (40.59) 168.70–206.70
0.3283End 193.05 (37.02) 175.72–210.38

Triglycerides (mg/dL) Baseline 76.70 (45.96) 55.19–98.21
0.3505End 68.10 (29.52) 54.29–81.91

CRP = C-reactive Protein, IGF-1 = insulin-like growth factor 1, HDL = high-density lipoprotein, LDL = low-density lipoprotein. * p < 0.05,
** p < 0.01.

Table 5. Intragroup differences for nutrient intake from baseline to the final examination.

Nutritional Parameter Time Mean (Standard Deviation) (95% Conf. Interval) Intra-p-Value
(Baseline vs. End)

Kcal
Baseline 2245.03 (371.00) 2071.40–2418.66

0.7576End 2209.53 (561.18) 1956.89–2472.17

Proteins (g) Baseline 77.68 (13.15) 71.52–83.83
<0.0001 **End 104.54 (20.77) 94.82–114.26

Fat (g) Baseline 96.39 (28.23) 83.18–109.61
<0.0001 **End 173.38 (56.20) 147.08–199.68

Carbohydrates (g) Baseline 230.93 (46.43) 209.20–252.66
<0.0001 **End 42.10 (13.18) 35.93–48.27

Fibre (g) Baseline 23.72 (6.02) 20.91–26.54
0.9497End 23.62 (7.07) 20.31–26.92

Cholesterol (mg) Baseline 318.69 (132.90) 256.49–380.89
<0.0001 **End 457.04 (120.86) 400.47–513.60

Saturated fats (g) Baseline 41.18 (12.11) 35.51–46.85
<0.0001 **End 67.30 (25.10) 55.55–79.04

Monounsaturated fats (g) Baseline 31.84 (11.12) 26.63–37.04
<0.0001 **End 63.01 (22.47) 52.49–73.52

Polyunsaturated fats (g) Baseline 13.38 (5.72) 10.71–16.06
<0.0001 **End 24.20 (8.69) 20.14–28.27

Linolenic acid (n-3) (g) Baseline 1.91 (1.56) 1.18–2.64
0.0036 **End 3.71 (2.78) 2.41–5.01

Linoleic acid (n-6) (g) Baseline 10.90 (4.44) 8.82–12.98
<0.0001 **End 17.44 (7.34) 14.00–20.88

Eicosapentaenoic acids (EPA) (g) Baseline 0.05 (0.08) 0.01–0.08
0.0055 **End 0.17 (0.15) 0.10–0.24

Docosahexaenoic acids (DHA) (g) Baseline 0.13 (0.15) 0.06–0.20
0.0204 *End 0.29 (0.24) 0.18–0.40

* p < 0.05, ** p < 0.01.
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3.2. Regression Analysis

Regarding the age, gender, and oral hygiene behavior parameters (interdental cleaning
and use of oral mouthwashes), there were no significant associations to clinical parameters
neither at baseline nor in the end. The results of the regression analysis with regard
to anthropomorphic parameters, physical activity, serological parameters, and dietary
parameters are shown in Table 6. With regard to the clinical inflammatory parameter (GI,
BOP), there were significant pro-inflammatory associations to the BMI and fat mass and
significantly anti-inflammatory associations to the HDL, fiber, and protein intake. With
regard to plaque, there were also significantly positive associations to the BMI and fat mass
and significantly negative associations to the MET, HDL, Kcal, and fat and protein intake.

Table 6. Regression coefficients of the linear regression of different parameters on clinical oral parameters at baseline (T1)
and at the end of the study period (T2).

Clinical Oral Parameter

PI GI PPD BOP PISA

Parameter T1 T2 T1 T2 T1 T2 T1 T2 T1 T2

BMI 0.053 * 0.064 * 0.052 * 0.032 0.005 0.033 * 0.014 * 0.011 22.323 * 21.807

MET −0.010 ** −0.006 * −0.005 −0.004 −0.004 −0.002 −0.001 −0.001 −2.282 −2.472

Fat mass 0.012 0.019 * 0.013 0.006 0.001 0.010 * 0.005 * 0.005 6.902 * 8.312 *

Glucose −0.014 −0.001 −0.007 −0.008 −0.009 0.001 0.004 0.002 4.451 4.909

CRP 0.009 0.015 0.034 0.014 −0.008 −0.001 0.013 0.002 16.121 2.636

HDL −0.009 −0.007 * −0.007 −0.007 * −0.001 −0.004 −0.001 −0.002 −1.056 −2.867

LDL 0.004 0.003 0.002 0.001 0.001 0.001 0.001 −0.001 1.378 −0.841

Kcal 0.001 −0.001 * 0.001 −0.001 −0.001 −0.001 * −0.001 −0.001 −0.106 −0.113

CHOs −0.001 0.001 −0.001 0.001 −0.001 0.001 −0.001 0.001 −1.393 * 1.399

Fat 0.001 −0.003 * 0.001 −0.001 −0.001 −0.002 * −0.001 −0.001 −0.409 −1.062

Proteins 0.001 −0.007 * 0.005 −0.003 −0.005 −0.005 ** 0.001 −0.003 * −0.081 −3.860 *

Fibre −0.020 −0.016 −0.014 −0.018 * −0.005 −0.002 −0.003 −0.005 −7.768 −6.899

EPA −0.741 0.366 0.237 0.660 0.577 −0.187 0.253 0.102 652.12 91.365

DHA −0.523 0.247 0.006 0.383 0.224 −0.107 0.138 0.077 358.164 88.329

PI = plaque index; GI = gingival index; PPD = pocket probing depth; BOP = bleeding on probing; PISA = periodontal inflamed surface area;
CRP = C-reactive Protein; HDL = high-density lipoprotein, LDL = low-density lipoprotein; BMI = body mass index; MET = metabolic
equivalent of task; CHOs = carbohydrates; EPA = Eicosapentaenoic acids; DHA = Docosahexaenoic acids; * p < 0.05, ** p < 0.01.

4. Discussion
4.1. Changes in Clinical Oral Parameters

The aim of the present study was to exploratively investigate the effects of a very low-
carb, ketogenic diet on clinical oral parameters along with serological, anthropomorphic,
and nutritional parameters in an uncontrolled clinical trial. The results showed that after
six weeks of intervention, there were no significant changes in the clinical oral parameters,
except a trend towards lower plaque values. Accordingly, the ketogenic diet did not lead
to a worsening nor an increase in periodontal health. This result must be discussed with
regard to various factors. First, it must be mentioned that the investigated population
consisted of healthy, relatively young volunteers with adequate oral hygiene and low
baseline plaque and gingivitis values. The mean GI value of 0.68 represented a value
between 0 (=no gingivitis) to 1 (=mild gingivitis), with no participants showing severe
gingivitis [28]. Compared to an epidemiological study by Li et al. showing a mean GI-value
of 1.06 in a population of 1000 US participants with a comparable mean age of 37.9 years,
the investigated population showed less gingivitis. This might be due to continued oral
hygiene measures since oral hygiene is very effective in gingivitis reduction [21]. This is in
accordance with the presented low mean PI of 0.49, which is in a comparable low range of
young, healthy adults evaluated in a German population [29]. With regard to the found
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trend towards lower plaque values at the end of the study, an additional post hoc power
analysis showed that with 20 patients, a difference in PI of 0.2 could have been detected
with 80% power and an alpha of 5%.

Against the background of the rather low GI and PI values, the current study setting
was both limited to allow a further deterioration due to the high efforts in oral hygiene as
well as to show further positive effects on GI since the baseline values were in a low range
already. This might be very different to an obese, periodontitis- or gingivitis-affected popu-
lation. Considering this together, further investigations of ketogenic diets on participants
with higher plaque values would be interesting. Baumgartner et al. showed that even
under the total absence of oral hygiene for four weeks, participants did experience a stable
low level of gingivitis (G = ~0.4) and even a significant decrease in BOP (∆−12.2%) during a
sugar-free stone-age-adapted diet [14]. This is in accordance with a meta-analysis of Hujoel
showing a profound gingivitis-decreasing effect when reducing the dietary sugar [11] and
previous investigations of our own working group looking at low-carb diets and related
gingival effects [12,13]. These studies indicate that the classically assumed correlation
between plaque and gingival inflammation might only apply to pro-inflammatory Western
diet conditions with high consumption of processed carbohydrates, sugar, saturated fats
and animal proteins.

With regard to the study duration and the anticipated quick response of the gingival
tissues based on previous findings (within even 4 weeks of intervention), the current study
duration of 6 weeks would have been able to show clinical changes [12–14].

Additionally, from a cariogenic point of view, it would be interesting to study the
effects of ketogenic diets on the oral microbiome since there is a tremendous lack of
interventional studies on sugar-free (or even very low-carb diets) and caries development
and/or progression. Behind the background of current theories on caries etiology, the
almost total absence of fermentable carbohydrates would not allow any cariogenic shifts in
the oral microbiome or demineralization of dental hard tissues [10]. To the best knowledge
of the authors, there are only two interventional studies looking at the effects of a sugar-
free diet on oral microbiota [30,31]. Both studies showed a significant reduction of the
cariogenic strain Streptococcus mutans due to the omitted sugar. Translating these results
into the practical applications of a ketogenic diet, patients might also benefit from caries
protection. This is highly relevant for cancer patients since they are often compromised
with xerostomia due to radiation or immunotherapy [32].

4.2. Changes in Non-Oral Parameters

With regard to the anthropomorphic parameters, there was a significant decrease in
body weight and BMI. This result is in line with several investigations showing a weight-
reducing effect of ketogenic diets [3,6], which is hypothesized to be due to higher rates of
resting energy expenditure, lower levels of insulin, and higher satiety [33,34]. Compared
to the general German population, this mean weight loss of about 1.9 kg happened in
participants with a normal BMI, whereas more than half of the age-matched general
population suffers from overweight or obesity [35].

Even if the long-term suitability of ketonic diets has to be questioned, periodontitis
patients who are overweight might benefit from the recommendation to at least reduce
the intake of processed carbohydrates since being overweight is also a dominant risk
factor for periodontal inflammation [36]. Interestingly, in this study, BMI also showed
several significant correlations to oral inflammatory parameters such as GI, BOP, and PISA.
However, the current ketogenic diet intervention was also accompanied by an increase in
serological LDL and total cholesterol levels and an increased intake of saturated fats and
dietary cholesterol. This has to be discussed critically since these parameters are not only
associated with higher periodontal inflammation but also with general diseases, such as
cardiovascular diseases [37,38], and the increase in LDL cholesterol seems to be common in
ketogenic diets [9,33]. However, compared to a general Western population, the observed
LDL values were still in a low range [38].
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With regard to the possible anti-inflammatory properties of omega-3 fatty acids on
periodontal inflammation [39], the study could not show any associations. This could be
due to the generally low clinical effect previously discussed or to the simultaneous increase
in omega-3 and omega-6 fatty acids, whose balance is shown to be an important factor
for the clinical effects of omega-3 fatty acids [40]. This factor could be improved in future
studies to recommend the intake of mainly plant-derived fats and proteins instead of animal
products, which—also within a low-carb diet—would be beneficial to overall health [41].
The recommendations of the current intervention included both animal- and plant-based
products and foods. This further differentiation between the sources of macronutrients
would also be very important with regard to the effects on the gut microbiome due to the
marked difference between the included pre- and probiotics [42].

4.3. Limitations

The study was clearly limited by a low number of participants and a missing control
group, which could verify the association of the observed effects to the intervention.
However, with regards to the clinical oral effects, it would be unlikely to observe different
outcomes under continued oral hygiene measures. Another aspect is that the intervention
and control groups can hardly be blinded, which, however, also applies to other dietary
studies. On the other side, the intake of non-blinded foods is the condition of real life.

The anthropomorphic effects were all in line with already described effects in the
literature. With regard to the serum values, an additional continuous measurement of
serum ketosis would be recommended in future studies to ensure the state of ketosis. This
should also include pH measurements of the serum and the saliva.

Furthermore, an investigation of the oral microbiome would have allowed a further
interpretation of caries- and periodontitis-associated microbiota. This should be included
in further studies. Due to the unequal distribution of women and men, future studies
might also stratify with regard to gender.

5. Conclusions

The ketogenic dietary change did not lead to clinical changes in periodontal param-
eters in healthy participants under continued oral hygiene, but it did lead to significant
weight loss.
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Abstract: The influence of patient-specific factors such as medical conditions, low-density lipoprotein
cholesterol (LDL-C) or levels of 25-hydroxyvitamin D (25OHD) on periodontal diseases is frequently
discussed in the literature. Therefore, the aim of this retrospective cross-sectional study was to
evaluate potential associations between radiographic bone loss (RBL) and patient-specific risk factors,
particularly LDL-C and 25OHD levels. Patients from a dental practice, who received full-mouth cone
beam CTs (CBCTs) and blood-sampling in the course of implant treatment planning, were included in
this study. RBL was determined at six sites per tooth from CBCT data. LDL-C and 25OHD levels were
measured from venous blood samples. Other patient-specific risk factors were assessed based on
anamnesis and dental charts. Statistical analysis was performed applying non-parametric procedures
(Mann–Whitney U tests, error rates method). Data from 163 patients could be included in the analysis.
RBL was significantly higher in male patients, older age groups, smokers, patients with high DMFT
(decayed/missing/filled teeth) score, lower number of teeth, and high LDL-C levels (≥160 mg/dL).
Furthermore, patients with high 25OHD levels (≥40 ng/mL) exhibited significantly less RBL. In
summary, RBL was found to be associated with known patient-specific markers, particularly with
age and high LDL-C levels.

Keywords: periodontal; bone loss; LDL; vitamin D; CBCT; radiographic bone loss

1. Introduction

Periodontal diseases are among the most prevalent non-communicable diseases in
mankind with 1.1 billion prevalent cases of severe periodontitis worldwide according
to the Global Burden of Disease 2019 study [1,2]. In Germany, 51.6% of younger adults
(35–44 years) and 64.6% of younger seniors (65–74 years) are affected by moderate to severe
periodontal disease, as reported in the 5th German Oral Health study (DMS V) [3].

The pathogenesis of periodontal diseases is associated with the presence of subgingival
biofilms and considered to be based on a host-mediated dysbiosis of the oral microbiota
due to an exaggerated response of the host immune system resulting in a loss of periodontal
supporting tissues [4–6]. General medical conditions such as diabetes mellitus or habits like
smoking are associated with periodontal disease [7,8]. Recently, also metabolic disorders
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as well as systemic inflammation were discussed in literature as a risk of causing or
accelerating periodontal bone loss [9].

One of these recently discussed conditions is hypercholesterolemia, and in particular
high levels of low-density lipoprotein cholesterol (LDL-C) [10]. Hypercholesterolemia
is a common phenomenon, and epidemiological data show that increased LDL-C levels
(≥130 mg/dL) were prevalent in 29.4% of American adults [11]. High serum levels of
LDL-C are often accompanied with a diet high in saturated or trans fats and sugar, physical
inactivity, smoking, obesity, type 2 diabetes mellitus, and high blood pressure [12,13]. High
LDL-C levels are also a main risk factor for atherosclerotic cardiovascular diseases [14],
which represented the leading cause of death among US-Americans in 2017 [11].

Another condition, which was lately brought into focus in context with periodontitis
and radiographic bone loss, is vitamin D deficiency [15,16]. Serum levels of 25-hydroxy
vitamin D (25OHD), which is an intermediate product in vitamin D metabolism, lower
than 20 ng/mL are defined as deficiency [17]. 25OHD deficiency is a widespread condition
around the world, especially in northern regions [18], since vitamin D is mostly synthetized
in the skin if exposed to sunlight, while just a little part is supplied by nutrition, e.g., by
consumption of oily fish [17]. There are several health benefits known which are associated
with sufficient 25OHD levels as vitamin D is important for an adequate bone mineralization
and for various functions of the immune system [19,20] as well as there is a reduced risk
for cardiovascular diseases [21] or cancer [22].

There are some investigations about increased LDL-C and decreased 25OHD levels
within periodontitis-patients compared to healthy controls [16,23–28]. However, to the best
of the authors’ knowledge, there is no study investigating on a “healthy” cross-section of
daily dental patients and evaluating potential risk factors for periodontal bone loss using a
highly validated method such as cone beam CTs.

Against this background, the aim of this retrospective cross-sectional study was to
investigate associations between radiographic bone loss (RBL) and patient-specific general
health parameters, particularly levels of LDL-C and 25OHD, in a cohort of patients treated
in a private dental practice. The null-hypothesis tested was that levels of LDL-C or 25OHD,
respectively, were not associated with RBL.

2. Materials and Methods
2.1. Study Design

The present study was designed as a retrospective cross-sectional study. The objective
was to evaluate RBL according to patient-specific parameters including sex, age, smoking
history, DMFT (decayed/missing/filled teeth) score, number of teeth, LDL-C, and 25OHD
levels. Data were collected from a cohort of patients who received treatment planning for
dental implants in a private practice.

The study design was approved by the internal review board of the University of
Regensburg, Germany (reference: 21-2431-104; issued on 23 June 2021) in accordance with
the 1964 Helsinki Declaration and its later amendments and comparable ethical standards.
The study was registered at the German Clinical Trials Register (ref: DRKS00025827).

2.2. Patient Population

All patients from the patient pool of a private practice in Rodgau (Hessen, Germany),
who had received a cone beam CT (CBCT) as well as analysis of LDL-C and 25OHD levels
in the course of treatment planning for dental implants between February 2017 and October
2020 were screened for inclusion in this study. Patients were excluded if they had less than
16 teeth [29] or in case of insufficient CBCT quality. No other exclusion criteria were applied.

2.3. Medical and Dental History

A detailed anamnesis of the medical history and intake of medications was obtained
from the dental charts and anamnesis forms, and if necessary, complemented by telephone
interviews. Smoking history was recorded as pack-years (PY), which were calculated by
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multiplying the number of packs of cigarettes smoked per day by the number of years the
person has smoked [30]. Additionally, the intake of statins or vitamin D supplementation
was checked. Dental charts were checked for numbers of teeth and teeth were charted as
decayed, missing, or filled (DMFT index) according to the clinical oral examination prior to
the implant treatment planning, which was double-checked with the CBCT radiographs.

2.4. Radiographic Examination

All CBCTs were conducted with the medical indication of treatment planning for
dental implants as full-mouth CBCTs (Orthophos XG 3D, Dentsply-Sirona, Bensheim,
Germany). The field of view was set to 8 × 8 cm, voxel size was 160 µm, scan time was
5.1 s, the voltage was 85 kV, and the current was 7 mA.

For evaluation of the radiographic bone loss (RBL), the software package CoPeri-
odontiX 9.9 (Dental Wings, Chemnitz, Germany) was used [31]. For each patient, all teeth
except the third molars were measured. RBL was defined as distance between alveolar
crest (AC) and cemento-enamel junction (CEJ) or restoration margin (RM) in cases of teeth
with restorations (e.g., crowns) on six sites per tooth (mesio-buccal, buccal, disto-buccal,
mesio-oral, oral, disto-oral). For measurement of RBL, every single tooth was manually
positioned three-dimensionally according to its longitudinal axis and its CEJ or RM. After
adjusting, CEJ or RM and AC had to be marked on six aspects of the tooth so that RBL
could be calculated by the program. Figure 1 shows the workflow for determining RBL in
the program package.
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Figure 1. (A–C) Tooth selection and positioning. Tooth 15 in a distal-mesial (A), vestibular-oral (B),
and axial (C) plane. The crosshair is positioned according to the longitudinal axis and CEJ or RM
(A,B) and parallel to the cross-axis of the tooth (C). Every single tooth was selected and adjusted
manually. (D–F) Setting the reference points. The yellow line marks the longitudinal axis of tooth
15. It is presented in three different cross-sections, oral/vestibular (D), vestibular-distal/oral-mesial
(E), and vestibular-mesial/oral-distal (F). Twelve reference points per tooth (as depicted in green
and red color) were set on the CEJ or RM and AC for each side. The red dot marks the AC oral (D),
oral-mesial (E), and oral-distal (F). The software measures RBL by calculating the distance between
the dots.

All CBCTs were examined by one examiner (TT), who had been extensively trained
by an expert (JF). For validation of the accuracy of the RBL measurements, ten randomly
chosen CBCTs were re-evaluated and differences between the first and second measurement
were assessed for intra-examiner agreement.
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2.5. LDL-C and 25OHD Levels

All evaluations of serum LDL-C and 25OHD were conducted in the course of treatment
planning for dental implants. Two venous blood samples (2 mL each) were taken in a fasting
state by a trained examiner from the basilic vein. The samples were sent to a specialized and
accredited laboratory (Institut für medizinische Diagnostik, Berlin, Germany) for evaluation
of serum levels of LDL-C and 25OHD. LDL-C levels were determined by enzymatic tests
and the physical unit was mg/dL. For evaluation of 25OHD, electrochemiluminescence
immunoassay (ECLIA) was conducted and 25OHD levels were measured in ng/mL. All
LDL-C and 25OHD data were retrieved retrospectively from the dental charts.

2.6. Data Analysis

The maximum of the six RBL values per tooth was determined as the descriptive value
for each tooth. The median of these maxima over all existing teeth of a patient except third
molars was used as the RBL value of a patient for analysis. From all patients, medians
including first and third quartiles from RBL values were calculated.

Patients were categorized, as follows: Three age groups were formed (≤44 years;
45–59 years; ≥60 years). Smoking history was differentiated in “non-smokers”, “smok-
ers with ≤15 PY”, and “smokers with ≥16 PY”. For DMFT score and number of teeth,
the patients were divided in four groups (≤11; 12–18; 19–23; ≥24) or two groups (≤24;
≥25), respectively. LDL-C levels were subdivided as “optimal” LDL-C (≤99 mg/dL),
“near optimal” LDL-C (100–129 mg/dL), “borderline high” LDL-C (130–159 mg/dL) and
“high” LDL-C (≥160 mg/dL) according to the U.S. National Cholesterol Education Pro-
gram [32]. 25OHD levels were categorized as “deficiency” (≤19 ng/mL), “insufficiency”
(20–29 ng/mL), “sufficiency” (30–39 ng/mL), and “optimal” (≥40 ng/mL) [17,19].

For analysis of RBL categorized to the different LDL-C groups, patients reporting
intake of statins were excluded (n = 5). Accordingly, patients who reported supplementing
vitamin D were excluded for RBL analyses categorized to the different 25OHD groups
(n = 46).

Differences among experimental groups for matching parameters were evaluated
statistically using non-parametric Mann-Whitney U tests on a significance level of α = 0.05.
For evaluation of a general influence of a given parameter on all groups, the level of
significance was adjusted to α*(k) = 1 − (1 − α)1/k (k = number of pairwise tests) according
to the error rates method, yielding an α*(3) = 0.01695423 and an α*(6) = 0.00851244 for
three or six pairwise tests (i.e., three or four categorized groups), respectively [33]. All
statistical analyses were performed using SPSS for Windows, version 26 (SPSS Inc., Chicago,
IL, USA).

RBL, age, and LDL-C or 25OHD levels, respectively, were put into a three-dimensional
curve-fitting model and depicted accordingly. TableCurve 3D automated surface fitting
analysis software (SYSTAT Software Inc., Systat Software Inc, San Jose, CA, USA; version
4.0) was used to find equations to describe the three-dimensional empirical data.

3. Results
3.1. Patient Population

CBCTs, LDL-C, and 25OHD levels were available from 178 patients. Twelve patients
with less than 16 teeth were excluded. Three patients were excluded because quality of
CBCT was too poor for further analysis (extensive artifacts due to metal-based restorations).
A total of 163 patients could be included in this study.

The patient cohort comprised 100 females (61.3%) and 63 males (38.7%), the median
(first; third quartile) age was 53 (44; 62) years and 80.4% were non-smokers. All patients
exhibited in median (first; third quartile) 25 (22; 27) teeth, a DMFT score of 19 (14; 22),
LDL-C level of 127 (107; 156) mg/dL, and 25OHD level of 29 (20; 43) ng/mL (Table 1).
Median (first; third quartile) period of time between the CBCT and taking of the blood
samples was 15 (1; 50) days. Figure 2 shows the flow of patients through the stages of
this study.
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Table 1. Patient characteristics (DMFT score, number of teeth, LDL-C, 25OHD). Depiction of medians
(first; third quartiles) and statistically significant differences from pairwise comparisons (Mann–
Whitney U tests; α = 0.05).

All Patients ≤44 Years 45–59 Years ≥ 60 Years
≤44
vs.

45–59

≤44
vs.
≥60

45–59
vs.
≥60

DMFT score § 19
(14; 22)

14.5
(11; 19)

18
(14; 20)

21
(18.3; 23) 0.025 0.000 0.000

Number of teeth § 25
(22; 27)

27
(24.8; 28)

25
(22.5; 27)

23
(19.3; 25) 0.005 0.000 0.002

LDL-C §

[mg/dL]
127

(107; 156)
109.5

(91.3; 127.5)
132

(113; 151.5)
146.5

(118.3; 174.3) 0.000 0.000 0.028

25OHD
[ng/mL]

29
(20; 42)

27.5
(19.8; 40)

30
(19.5; 47)

30
(20.5; 39) – – –
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For evaluation of the general influence of age on a given parameter, α was adjusted
according to the error rates method to α*(3) = 0.01695243. p-value: pairwise significant
difference (p ≤ 0.05); —: no pairwise significant difference; § significant influence of age
groups on the respective parameter according to the error rates method.

Table 1 shows DMFT score, number of teeth, LDL-C and 25OHD categorized according
to the distinct age groups. According to the error rates method, all age groups showed
statistically significant differences with regard to DMFT score, number of teeth, and LDL-C.
DMFT score and LDL-C were significantly higher, and number of teeth was significantly
lower in older age groups as compared to younger age groups. For 25OHD, there were no
statistically significant differences among the age groups.
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3.2. RBL

The RBL validation measurements revealed a median (first; third quartile) difference
between the first and second measurements of −0.1 (−0.3; 0.1) mm, thus showing sufficient
intra-examiner accuracy. Median (first; third quartile) RBL was 3.6 (3.2; 4.2) mm for all
patients (Figure 3A). Females had significantly smaller median RBL (3.5 mm) than males
(3.8 mm; p = 0.026; Figure 3A).
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Patients ≤ 44 years showed significantly smaller median RBL (3.2 mm) than patients
between 45 and 59 years (3.6 mm) and patients ≥ 60 years (4.1 mm). The differences in RBL
were statistically significant between all age groups (p = 0.000 in all cases; Figure 3B) and
accordingly, there was a general influence of the parameter age on RBL according to the
error rates method.

Smokers reporting a smoking history of ≥16 PY had significantly higher median RBL
values (4.1 mm) than non-smokers (3.6 mm; p = 0.029; Figure 3C). There were no significant
differences between the two smoking groups or between the non-smokers and the smoking
group with 1–15 PY.

DMFT score analysis showed that RBL increased with DMFT (Figure 4A). Patients
with DMFT score ≤ 11 showed significantly smaller median RBL (3.5 mm) as compared
to patients with DMFT score between 19 and 23 (3.8 mm; p = 0.036) and patients with
DMFT score ≥ 24 (4.0 mm; p = 0.019). Likewise, patients with DMFT score between 12
and 18 showed significantly smaller median RBL (3.5 mm) than those with DMFT score
≥ 24 (p = 0.020). It was also found that patients with 24 teeth and less had significantly
higher median RBL (3.9 mm) than the ones with ≥25 teeth (3.5 mm; p = 0.000), as shown in
Figure 4B.

Figure 5 shows RBL according to LDL-C (Figure 5A) and 25OHD groups (Figure 5B).
Patients with high LDL-C (≥160 mg/dL) showed significantly higher median RBL (3.9 mm)
than those with optimal (≤99 mg/dL; 3.4 mm; p = 0.000), near optimal (100–129 mg/dL;
3.5 mm; p = 0.009) and borderline high LDL-C (130–159 mg/dL; 3.7 mm; p = 0.033).
Accordingly, the error rates method revealed a general influence of the parameter LDL-C
on RBL. Patients with optimal 25OHD (≥40 ng/mL) showed significantly lower median
RBL (3.4 mm) than those with deficient (≤19 ng/mL; 3.6 mm; p = 0.029) and sufficient
25OHD (30–39 ng/mL; 3.8 mm; p = 0.031). No general influence of the parameter 25OHD
on RBL was detected by the error rates method.

RBL, age, and LDL-C or 25OHD levels, respectively, were put into a three-dimensional
curve-fitting model and depicted accordingly. When depicting age and LDL-C, Figure 6A
shows an irreducible influence of both parameters on RBL. When depicting age and 25OHD,
Figure 6B shows that RBL is mainly influenced by age but not by 25OHD levels.
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Figure 4. Results of RBL analysis according to (A) the different DMFT score groups (≤11, n = 23;
12–18, n = 57; 19–23, n = 67; ≥24, n = 16) and (B) number of teeth (≤24, n = 73; ≥25, n = 90). Results are
depicted as medians, first and third quartiles and asterisks depict statistically significant differences
between the groups. * marks significant differences with p ≤ 0.05; *** marks significant differences
with p ≤ 0.001.
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Figure 5. Results of RBL analysis according to the different (A) LDL-C groups (≤99, n = 30; 100–129,
n = 51; 130–159, n = 41; ≥160, n = 36) and (B) 25OHD groups (≤19, n = 38; 20–29, n = 38; 30–39, n = 21;
≥40, n = 20). Results are depicted as medians, first and third quartiles and asterisks depict statistically
significant differences between the groups. * marks significant differences with p ≤ 0.05; ** marks
significant differences with p ≤ 0.01; *** marks significant differences with p ≤ 0.001.
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4. Discussion

The aim of the present study was to investigate potential associations between RBL
and patient-specific parameters like sex, age, smoking history, DMFT score, number of
teeth, LDL-C, and 25OHD in a cohort of patients, who received treatment planning for
dental implants. Focusing on RBL as reference value allowed evaluation of the accumulated
history of periodontal destruction and reflected a longer period of time, regardless of the
current state of clinical periodontal health.

The data of our study showed that there were significantly higher RBLs in males and
in the older age groups, which is in line with other studies. Helmi et al. also evaluated
radiographic alveolar bone loss in a cohort-study and revealed significant higher RBLs in
men and older age groups [34]. Eke et al. found a higher prevalence of periodontal disease
in men as well as an increasing prevalence of periodontitis in the older age groups [35].
Aging is accompanied with modifications of the host immune response, which leads
to greater susceptibility to infections and autoimmunity [36]. The higher RBL in males
may be explained since men may be less attentive to their (oral) health and consequently
may exhibit worse oral hygiene levels, leading to higher RBLs [37]. Furthermore, the
immune response is different in men and women, whereby men show higher levels of
pro-inflammatory cytokines during infections [37,38].

Furthermore, RBL was also found to be significantly higher in smokers with ≥16 PY
compared to non-smokers. A similar outcome could be found in other studies, which
had measured radiographic alveolar bone loss [34,39]. Smoking is known as a risk factor
for onset and progression of periodontitis [40,41] and has also been included as grade
modifier in the 2018 classification of periodontal diseases [42]. Smoking is known to impair
the host response to the dental plaque biofilm and to be linked to increased levels of
potentially destructive inflammatory cytokines and enzymes [43]. Furthermore, smoking
diminishes the reparative capacity of periodontal cells, including fibroblasts, osteoblasts
and cementoblasts, thus potentially resulting in a higher RBL in smokers [43].

The patient cohort investigated in the present study exhibited a median DMFT score
of 19 with a median number of 25 teeth per patient, which clearly outnumbers the results
reported in the fifth German Oral Health study for the respective age groups (mean DMFT
score of 11.2 or 17.7 for age groups 35–44 or 65–74, respectively) [3]. The reason might be
the fact that the investigated cohort were seeking for treatment with dental implants. The
older age groups showed significantly higher DMFT score, significantly lower number of
teeth, and significantly higher RBL than patients from the other groups. To the best of the
authors’ knowledge, there has been no other study investigating RBL and DMFT score
or numbers of teeth. Levin et al. evaluated the DMFT score and number of missing teeth
in periodontitis patients compared to healthy controls [44]. They did not find statistically
significant differences regarding DMFT scores but did find a significantly higher number
of missing teeth in periodontitis patients. Strauss et al. and Mattila et al. investigated
the co-occurrence of periodontitis and caries and found significantly higher numbers of
decayed teeth in patients with periodontitis [45,46]. Tooth loss represents the end stage of
oral diseases such as periodontitis or caries, thus representing an objective marker for the
accumulated inflammatory burden of oral disease. Therefore, there may be common risk
factors for caries, periodontitis, and tooth loss such as nutrition, limitations in oral hygiene,
and not seeking dental treatment [45].

Pre-conditions such as high LDL-C levels or insufficient levels of 25OHD may be linked
to higher RBL [10,15]. Median LDL-C was 127 mg/dL in the patient cohort. According
to Virani et al. mean LDL-C among American adults was 112.1 mg/dL and prevalence of
LDL-C levels ≥ 130 mg/dL was 29.4% [11]. In our study, 47.9% were found to have LDL-C
levels ≥ 130 mg/dL. Thus, the investigated patient cohort had slightly higher values of
LDL-C than the average population. As found by Waskiewicz et al., patients suffering from
tooth loss and thus seeking for treatment with dental implants might have higher LDL-C
values [47]. Significantly higher LDL-C levels were found in the older patient groups which
is in line with the literature [48,49], and may be due to an age-associated loss of hepatic
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LDL receptors, higher body-mass index, larger waist circumference and lower sex hormone
levels [49].

LDL-C was found to have a significant influence on RBL according to the error rates
method and the high LDL-C group (≥160 mg/dL) exhibited significantly higher RBL than
all other groups in pairwise comparisons. Due to the general influence of age groups on
LDL-C as well as RBL according to the error rates method, it cannot be clarified entirely
from the data of this study which of both parameters had the bigger influence on RBL (see
Figure 6A). However, there are a few more studies, which reported significant associations
between high LDL-C and periodontitis when investigating clinical parameters [23–26].
Furthermore, a meta-analysis and meta-regression concluded that periodontitis patients
had significantly higher levels of LDL-C [10]. Conversely, Monteiro et al. and Saxlin
et al. did not find any significant differences between periodontitis patients and healthy
control patients regarding levels of LDL-C [50,51]. Potential associations between LDL-
C and periodontal status can be discussed in two ways. The presence of a periodontal
infection negatively affects serum lipid levels by an altered immune cell function which
leads to a dysregulation of the lipid metabolism [23,52]. On the other hand, high LDL-C
levels lead to an increase in periodontal destruction because of an activation of osteoclasts
and inhibition of osteoblasts [53] and by the release of pro-inflammatory cytokines [8,54].
Furthermore, higher LDL-C values can be interpreted as a marker of disease-promoting
lifestyles, which primarily lead to a higher periodontal inflammation [12,55]. There are also
common gen polymorphisms, which are risk factors for both diseases, periodontal disease
and hyperlipidemia [56].

The median 25OHD level was 29 ng/mL in the present study, and 23.9% of all patients
showed vitamin D deficiency (≤19 ng/mL). Another German investigation found median
25OHD of 44.9 mmol/L, which correspond to 18 ng/mL, and 57.3% of 3,917 subjects were
found to be deficient of 25OHD [57]. We found no notable difference regarding 25OHD
levels between the different age groups, which is in line with the literature [58,59].

RBL was found to be significantly higher in patients with “deficient” 25OHD levels
found as compared to patients with “optimal” (≥40 ng/mL) 25OHD levels. These results
are in line with a recently published systematic review and meta-analysis concluding
that periodontitis is associated with lower 25OHD levels [15]. This concurs with the
known bone-protective effect of higher 25OHD levels, which have been shown to decrease
the ratio of RANKL to OPG expression by periodontal ligament fibroblasts controlling
osteoclastogenesis [60]. Ketharanathan et al. focused on radiographic bone loss in their
cohort study to investigate the impact of 25OHD levels in periodontitis patients. They
found that patients with periodontal disease comprised higher radiographic alveolar bone
loss (as measured on bitewing radiographs) and lower 25OHD which corresponds to our
findings [16]. In another study, clinical attachment loss was evaluated and compared to
25OHD levels [58]. There was significantly less attachment loss in patients with high
25OHD levels, but only in the older age group (≥60 years) [58], which matches with the
results from the present study, where age definitely had a higher influence on RBL than
25OHD levels, as depicted in Figure 6B. Similar results have also been shown by other
studies [27,28]. Noteworthy, Perić et al. found a tendency for better healing outcomes
following non-surgical periodontal therapy in patients who took vitamin D as a supplement
than in patients without vitamin D supplementation [61]. There are two potential ways that
vitamin D may affect the periodontal status. First, there are effects on bone mineral density
especially in the elderly [62], and second, vitamin D may reduce gingival inflammation
through anti-inflammatory effects on the general host immune response [15,63,64]. In
addition, low salivary levels of 25OHD were found to be associated with higher levels of
inflammatory biomarkers in periodontitis patients [65]. Furthermore, there is evidence that
vitamin D supplementation reduces systemic inflammation and levels of pro-inflammatory
salivary cytokines [66,67] and gingival bleeding [64], whereas vitamin D deficiency is
supposed to be a risk factor for periodontal treatment failure [68]. It is also suggested that
genetic variants of the vitamin D receptor are a biomarker for periodontitis [69].
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As a potential limitation of the present study, it must be emphasized that RBL shows a
history of periodontal destruction and aging, but gives no information on the current state of
clinical periodontal health. Although aging is also strongly associated with RBL (as shown
in Figure 6) [70], periodontal disease is considered to be the major cause for alveolar bone
loss [71]. Accordingly, other studies showed that there is a reliable relationship between
clinical and radiographic bone loss [72–74]. Clinical bone loss precedes radiographic
findings six to eight months [75]. In addition, a high accuracy of CBCTs in periodontal
diagnosis, especially in visualizing periodontal intra-bony and furcation defects, has been
shown [76,77].

While DMFT score, number of teeth, and smoking history also reflect a longer period
of time, measurement of LDL-C and 25OHD levels just reflects a current snapshot. Never-
theless, it may be assumed that the determined LDL-C and 25OHD levels are a marker for
individual lifestyle and health constitution of the patients and are stable for longer periods
of time, particularly due to exclusion of patients receiving “treatment” in the form of statins
or vitamin D supplementation.

Although diabetes mellitus and rheumatoid arthritis are known to be associated with
periodontal disease [78,79], no sub-analysis regarding those parameters was possible in the
present cohort of patients since there were only two diabetes mellitus and four rheumatoid
arthritis patients. The small number may be explained by the fact that only patients were
included who were treated with dental implants, where diabetes and rheumatoid arthritis
are known to be relative contraindications for treatment with dental implants [80,81].

5. Conclusions

The present study detected significant associations between RBL and patient-specific
parameters like sex, smoking history, DMFT score, number of teeth, 25OHD levels, and
particularly age and LDL-C. While RBL gives no information on the current state of clinical
periodontal health, but reflects the cumulated burden of periodontal destruction, the
outcomes of this study support similar findings of previous studies investigating clinical
periodontal parameters. Future studies using RBL measurements should also include
clinical periodontal parameters as well as further investigations of the association between
lifestyle- and nutrition-linked conditions such as LDL-C and 25OHD levels and periodontal
bone loss.
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Abstract: Frailty is a highly prevalent condition in the elderly that has been increasingly considered
as a crucial public health issue, due to the strict correlation with a higher risk of fragility fractures,
hospitalization, and mortality. Among the age-related diseases, sarcopenia and dysphagia are two
common pathological conditions in frail older people and could coexist leading to dehydration and
malnutrition in these subjects. “Sarcopenic dysphagia” is a complex condition characterized by
deglutition impairment due to the loss of mass and strength of swallowing muscles and might be
also related to poor oral health status. Moreover, the aging process is strictly related to poor oral
health status due to direct impairment of the immune system and wound healing and physical
and cognitive impairment might indirectly influence older people’s ability to carry out adequate
oral hygiene. Therefore, poor oral health might affect nutrient intake, leading to malnutrition
and, consequently, to frailty. In this scenario, sarcopenia, dysphagia, and oral health are closely
linked sharing common pathophysiological pathways, disabling sequelae, and frailty. Thus, the aim
of the present comprehensive review is to describe the correlation among sarcopenic dysphagia,
malnutrition, and oral frailty, characterizing their phenotypically overlapping features, to propose a
comprehensive and effective management of elderly frail subjects.

Keywords: sarcopenic dysphagia; sarcopenia; dysphagia; malnutrition; oral health; osteoporosis; elderly
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1. Introduction

In the last decades, worldwide life expectancy has increased and the proportion of
older adults relative to other age groups has continued to grow resulting in ageing of the
society, especially in the developed countries [1–3]. Life courses of health and functional
status in older people are related to their genetics and environmental backgrounds, as
well as other physical and psychological factors [4]. Indeed, a common feature in elderly
subjects is the progressive decline in several physiological functions, which might lead to
an increased risk of sarcopenia, dysphagia, osteoporosis, and frailty [5–8].

In this context, frailty is a complex and multifaceted public health issue highly preva-
lent in older adults leading to increased direct and direct sanitary costs and is strictly
correlated with a higher risk of falling, fragility fractures and consequent disability, hospi-
talization, and mortality [5,9–11]. A consistent percentage of frail subjects might present
with sarcopenia, a clinical condition, characterized by a reduction in muscle mass, mus-
cle strength, and physical performance [12]. Sarcopenia typically occurs during the fifth
decade of life affecting from 9.9 to 40.4% of older people [13] and inducing a muscle mass
and strength decline, with a consequent need of a prompt diagnosis and a rehabilitative
intervention [6,14,15]. Moreover, it has been recently shown that sarcopenia could be con-
sidered as an independent risk factor for dysphagia, reducing the strength of swallowing
muscles [5,16,17]. Dysphagia is a dysfunction of the digestive system, characterized by
an impairment in chewing and swallowing, with absence or prolonged transit of food
or liquids in the upper digestive tract [18]. The oropharyngeal swallowing process in-
volves a coordinated set of neuromuscular actions allowing the transit of the bolus from
the oral cavity to the upper esophageal sphincter and is commonly described in three
different phases: oral, pharyngeal, and esophageal [19]. Hence, oropharyngeal dysphagia
could result in an ineffective deglutition, leading to dehydration and malnutrition with
a consequent increased risk of muscle mass loss [20]. In this scenario, sarcopenia and
dysphagia share several risk factors and their pathological coexistence has captured the
interest of the scientific community in the last few years. Moreover, both conditions could
be considered both risk and predictive factors at the same time [17]. Thus, the concept of
“sarcopenic dysphagia”, a pathological condition caused by a loss of mass and strength
of swallowing-related muscles, has been recently proposed and, in light of its detrimental
effects on health-related quality of life (HRQoL) and disability requires a multidisciplinary
approach and effective management in elderly subjects [21–23].

As previously described, dysphagia might lead to malnutrition through several patho-
logical mechanisms [24,25] with consequent increased risk of developing sarcopenia [26].
At the same time, malnutrition can be caused by a variety of factors including difficulty
eating, reduced mobility, psychological stress, and poor access to healthcare, oral health
care, and social services [27]. Individuals with impaired masticatory ability usually avoid
foods that are difficult to chew, including raw vegetables or fruits. Indeed, an insufficient
intake of fibers, linoleic acid, potassium, calcium, magnesium, zinc, selenium, vitamins D, E
and K, folate, biotin, and molybdenum have been observed in older adults with dysphagia
with reported chewing and swallowing impairments [24,28]. Among all these pathophysio-
logical mechanisms underpinning malnutrition, poor oral hygiene could play a key role in
the development of this condition, increasing the risk of progressive periodontal disease
and dental decay, as shown in other chronic conditions [29–32]. Indeed, oropharyngeal
functional decline culminates in a loss of independence in self-care abilities, including less
attention for oral care [33] and activities of daily living (ADL), such as brushing teeth or
dentures or periodic visits to the dentist [34]. Moreover, oral cancer, dry mouth (xerosto-
mia), and pathological denture-related conditions (including oral candidiasis and denture
stomatitis) [3,35] are more frequent in the elderly [36], resulting in variable degrees of oral
disability. Lastly, a reduction in appetite might occur because of decrease in smell and taste
senses, leading to a loss of pleasure in eating, which is another well-known risk factor for
malnutrition [37,38]. In conclusion, poor oral health might affect nutrient intake, leading to
malnutrition and, consequently, to frailty.
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In this scenario, age-related conditions are a growing issue and need comprehensive
and multidisciplinary interventions for a prompt and effective management. sarcopenia,
dysphagia, sarcopenic dysphagia, and oral health seem to be closely linked and share
common pathophysiological pathways, overlapping features and disabling sequelae all
leading to frailty (see Figure 1).

Figure 1. Overview of the vicious circle among malnutrition, sarcopenia, swallowing dysfunction,
bone frailty, and poor oral health in older subjects.

However, at present, few reports in the literature focused on these specific issues, their
impact on disability and the pathophysiological synergies of these different conditions of
older adults.

Therefore, by this comprehensive review we sought to describe the state-of-art about
the overlapping features of sarcopenia, sarcopenic dysphagia, malnutrition, and oral
frailty in the elderly and their correlation to define the correct framework for an optimal
management of these complex pathological conditions.

2. Malnutrition and Aging: A Close but Unclear Link in the Elderly

An adequate nutritional status and physical activity are cornerstones to preserve
functioning, wellbeing, and HRQoL in older people, according to the Healthy Aging policy
framework of the World Health Organization [39]. However, nutritional disorders are a
critical burden in the elderly, affecting physical function and global health with detrimental
consequences in well-being and sanitary costs [40].

According to the European Society for Clinical Nutrition and Metabolism (ESPEN),
diagnostic criteria for malnutrition are defined by a body mass index (BMI) of <18.5 kg/m2

or by meeting two of these three criteria: unintentional weight loss of more than 10% (or
more than 5% over the last three months), BMI lower 22 kg/m2 (or lower than 20 kg/m2 in
persons over 70 years old), or a low fat-free mass index (FFMI) score (FFMI < 15 in women
and FFMI < 17 kg/m2 in men) [41].
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In recent years, malnutrition prevalence is increasing worldwide due to the aging of
the population and the increasing prevalence of age-related pathological conditions [42].
To date, a recent meta-analysis including over 110,000 older persons underlined that
malnutrition rate might range between 6% (95% CI, 4.6–7.5) and 29.4% (95% CI, 21.7–36.9)
based on the health care setting [43]. In more detail, rehabilitation and subacute care
settings were associated with a higher prevalence of malnutrition [43]. In accordance,
Wojzischke et al. [44] reported similar results, while approximately 47% (40–54) of geriatric
rehabilitation patients were at risk of malnutrition.

Albeit several pathophysiological mechanisms underpinning the strict association be-
tween malnutrition and aging have been hypothesized [45], the gap of knowledge remains
still consistent. Physical function impairment, social and environmental conditions, acute
and chronic diseases, and pharmacological treatments have been identified as independent
risk factors potentially responsible to generate malnutrition in the elderly [45]. Moreover,
as previously suggested, malnutrition in the elderly might be related to dental problems or
to dysphagia due to a reduced performance in swallowing functions that might affect oral
intake [46,47]. Therefore, patients who could not achieve full oral intake with support or
supplemental strategies might undergo a catabolic state with detrimental consequences in
several body tissues tropism and systemic inflammation [48].

The relationship between oral health and nutrition is multidirectional: on the one
hand, oral health problems (e.g., tooth loss, toothache) could be contributing factors to
malnutrition, through the reduction of chewing skills (e.g., edentulism, dry mouth) [49,50].
In this context, Joshipura et al. showed that edentulous people consumed fewer vegetables,
less fiber and carotene and more cholesterol, saturated fat, and calories than did participants
with 25 or more teeth [51]; on the other hand, poor dietary intake increased the risk of
periodontal disease. Indeed, inverse associations were found between fatty acids, vitamin C,
vitamin E, beta-carotene, fiber, calcium, dairy, fruits, and vegetables and risk of periodontal
disease [52,53]. Moreover, a strict relationship between the development of periodontal
disease and the diet-borne systemic inflammation was supposed [53]. Indeed, nutrients
consumption of dairy, fruits and vegetables, fiber, calcium, antioxidants, and fatty acids
might regulate the immune-mediated inflammatory responses, starting and propagating
pro-inflammatory mechanisms, which are basis of periodontal disease development [54].

Therefore, an early identification of malnutrition is mandatory to optimize the com-
plex management of elderly patients and to prevent the negative clinical consequences of
malnutrition. Several screening and grading tools have been proposed to better characterize
malnutrition, including Mini Nutritional Assessment (MNA) [55], Malnutrition Screening
Tool [56,57], Seniors in the Community: Risk Evaluation for Eating and Nutrition (SCREEN
II) [58], Malnutrition Universal Screening Tool [32,59], Simplified Nutrition Assessment
Questionnaire (SNAQ) [60], and Nutritional Risk Screening (NRS) [61]. Despite nutritional
screening should be routinely performed in the hospital setting, there is still a lack of con-
sensus on the optimal tool to be used in clinical practice to promote the early identification
of this condition and an effective and tailored treatment.

To date, it has been widely recognized that malnutrition is related to poor health out-
comes due to its clinical consequences in both acute and chronic diseases [62,63]. Moreover,
malnutrition is currently considered as one of the main modifiable prognostic factors for
worsening outcomes and mortality in elderly patients [64,65]. Lastly, a nutritional defi-
ciency of micronutrients (vitamin D [66,67], vitamin C [66], vitamin B12 and folate [67,68],
vitamins A and E [69], vitamin B6 [70], selenium, zinc, magnesium [71], and copper [72])
has been reported to have a potential role in the immune regulation in the elderly. In
this scenario, malnutrition is considered as a risk factor for osteoporosis, sarcopenia, and
frailty [73,74]. To date, several studies [74–76] highlighted a correlation between protein
intake and calcium-phosphate or bone metabolism reporting that deficient protein sup-
ply might affect calcium homeostasis. Moreover, protein deficiency might downregulate
insulin-like growth factor-I (IGF-I) production which plays a key anabolic role in skeletal
muscle, cartilage, and bone [77].
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Concurrently, malnutrition consequences might reflect on musculoskeletal system with
crucial implications on functional performances and HRQoL of frail elderly patients [78].
Thus, the role of nutritional interventions in the elderly has been widely investigated with
increasing evidence supporting the positive role of oral supplementation to optimize the
rehabilitative path of frail patients [79].

However, it should be noted that tailored treatment should be proposed in patients
affected by concurrent conditions. In particular, it should be noted that dysphagia, mal-
nutrition, and oral frailty frequently coexistent in the elderly [80]. Therefore, nutritional
intervention should take into account individual swallowing capacities [81]. Moreover, due
to the detrimental effects of malnutrition in musculoskeletal system, sarcopenia and frailty
syndrome should be screened in patients with malnutrition due to the high prevalence of
these concurrent age-related conditions and the needing for enhancing synergism among
therapeutic interventions [82].

Taken together, the evidence reported put in light the needing for early screening
for malnutrition in the elderly to minimize malnutrition complications and set-up multi-
disciplinary strategies to treat this complex and disabling condition and prevent its health-
related consequences.

3. Dysphagia in Older Subjects

Swallowing problems have been considered as a growing health concern for the
elderly, being a major cause of malnutrition, dehydration, aspiration pneumonia or even
death due to asphyxiation [83]. Prevalence ranges from 16% in people aged 70–79 years to
33% in subjects aged more than 80 years [20], reaching 60% in geriatric populations residing
in community dwelling settings and nursing homes [84].

Dysphagia is defined as a difficulty in eating and swallowing, characterized by im-
paired or prolonged transit of food or liquids from the oral cavity to the esophagus [18].
The swallowing process could be divided into four distinct phases: oral preparatory, oral
transport, pharyngeal, and esophageal phase. An impairment in any of these phases may
lead to dysphagia [85]. The swallowing function may be altered, in every single phase,
by the age-related reduction of tissue elasticity, cervical spine changes, oropharyngeal
disorders, decrease of oral moisture, and sensory impairments, such as reduction of smell
and taste [19]. The coexistence of sarcopenia and dysphagia has recently attracted a con-
siderable amount of interest in the scientific literature, considering that older people with
dysphagia might present a loss of muscle mass and strength in both generalized skeletal
muscles and swallowing-related muscles [22]. Indeed, this age-related loss of muscle mass
might be manifested as a decrease in the thickness of tongue, geniohyoid muscle [86],
pharyngeal wall [87], and a reduction of tongue pressure [88] and weaker pharyngeal
contractility [89].

Dysphagia management requires a multidisciplinary approach focusing at first on
early diagnosis to prevent potential complications [90]. Hence, dysphagia screening can be
performed using validated questionnaires designed to rapidly detect signs and symptoms
of swallowing impairment, such as the 10-Item Eating Assessment Tool (EAT-10) [91,92].
This tool is composed of 10 items, each one describing a specific risk condition to be scored
from 0 (absence of problem) to 4 (severe problem), and a total score of 3 or higher sug-
gests an abnormal swallowing function. This screening tool reported a high specificity
(96.8% if ≥3 and 98.4% if ≥4) for detecting dysphagia in the elderly as shown in a study
performed on 534 older people referred to a Rehabilitation Unit after total hip or knee
arthroplasty [5]. Another screening test commonly used in the clinical practice is the modi-
fied water swallowing test (MWST), which shows a sensitivity and a specificity of 70% and
88%, respectively, for detecting aspiration [93,94]. Similarly, a wide variability of screen-
ing tools showed excellent sensitivity and specificity in the assessment of patients with
dysphagia, including volume–viscosity swallow test, pharyngo-esophageal manometry,
voluntary cough airflow, maximum tongue pressure, surface electromyography, real-time
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magnetic resonance imaging [95]. These tests might be associated with each other in order
to improve specificity and sensibility for a more precise dysphagia assessment [93–95].

Moreover, several rating scales are used to assess the oral intake level of patients,
which correlates with deglutition ability, such as the Functional Oral Intake Scale (FOIS),
Food Intake Level Scale (FILS), neuromuscular disease swallowing status scale, and Sydney
Swallow Questionnaire [96,97].

However, despite these tools being the first-line use in common clinical practice, the
instrumental evaluation is mandatory to confirm the diagnosis of dysphagia [20]. The video-
fluoroscopic swallowing study (VFSS), also known as modified barium study, is the only
diagnostic tool that assesses all four phases of swallowing. It could detect oral and pharyn-
geal motility problems, ascertain presence of aspiration or penetration, assess the swallow
speed and evaluate postural changes and their effect on aspiration/penetration [20]. A
video-fluoroscopic study performed on 731 patients complaining of swallowing symptoms
showed prolonged oral transit time and aspiration after swallowing in elderly dysphagic
patients. Similarly, a study performed on 132 patients with swallowing difficulties using
fluoroscopic imaging showed that male sarcopenic patients had lower laryngeal upward
movements during swallowing and wider pharyngeal areas compared to healthy con-
trols [88].

Another instrumental technique for dysphagia assessment is the flexible endoscopic
evaluation of swallowing (FEES) that allows a direct visualization of the laryngopharynx,
whereas patients are asked to eat different consistencies of food with food coloring [98].
It is a very useful tool to assess the presence of penetration or aspiration residue in the
valleculate and pyriform sinuses, despite it is limited in exploring the oral and esophageal
phases of deglutition. Giraldo-Cadavid et al. showed that aspiration detected by FEES
and an age > 65 years were two independent predictors of mortality in 148 patients with
oropharyngeal dysphagia [98].

In conclusion, dysphagia is a common and disabling issue in the elderly and need to
be managed through a complex multidisciplinary approach, starting from early diagnosis
and involving several health professionals such as geriatric, otorhinolaryngoiatric, physical
and rehabilitation physicians, nutritionists, dentists, and speech-language pathologists in
order to plan the most effective treatment.

4. Oral Frailty: A Detrimental Issue

The oral cavity is the first part of the digestive tract and is involved in several functions
including biting the food, chewing, adding saliva for bolus formation and transporting it
into the stomach [99]. Poor oral health seems to be strictly related to aging and could be
considered as an indicator of frailty [100,101]. It has been shown that poor oral health is
associated with poor diet quantity and quality in older adults [102], leading to a consequent
reduction of fruits, vegetables, and fibers intake leading to an increased risk of malnutri-
tion [103]. Moreover, the number of teeth is significantly associated with the number of food
items that older persons able to eat [103]. Indeed, tooth loss could influence the selection of
food of reduced consistency and consequent loss of pleasure in eating [25], explaining the
relationship between tooth loss and poor nutritional status in the elderly [104].

In this scenario, Hussein et al. [105] in 2021 performed a systematic review with meta-
analysis showing that edentulous patients had a 9.5% higher risk of malnutrition than
healthy subjects, evidencing a lack of specific nutrients, that could lead to several disorders.
The authors reported that older adults with chewing impairment had twice the risk of
malnutrition and those with no daily teeth or denture cleaning had a 52.6% higher risk
of malnutrition compared to control subjects. Iwasaki and colleagues [106] investigated
the nutritional status among 1054 community-dwelling older adults, reporting that oral
frailty is defined as the number of remaining teeth, masticatory performance, articulatory
oral motor skill, low tongue pressure and eating and swallowing impairment was present
in 20.4% of the patients assessed. Study participants with oral frailty showed a higher
odd of more severe malnutrition, evaluated using the Mini-Nutritional Assessment—Short
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Form and serum levels of albumin. Furthermore, it should be highlighted that a poor oral
health status (in particular edentulism) increased the difficulty in eating hard foods, with a
consumption of mashed food and decreasing eating pleasure, leading to a higher risk of
malnutrition [107].

Another age-related condition that could affect oral health in the elderly is oral
dryness, with a negative impact on oral health status and HRQoL [108–110]. Xerosto-
mia is considered as the subjective sensation of oral dryness, ranging from 17% to 40%
among community-dwelling elderly and from 20% to 72% in institutionalized older peo-
ple [111]. The prevalence of dry mouth increases with increasing numbers of medications
used [109,112], especially if used in combination [113]. More than 400 medications could
cause xerostomia, including antidepressants, proton pump inhibitors, antihypertensives,
antipsychotics, diuretics, and antineoplastics. Xerostomia could also be caused by autoim-
mune conditions, as the Sjögren’s Syndrome [114], radiation therapy for cancers of the head
and neck [115], dehydration [116] and infection as hepatitis C virus (HCV) [117]. Moreover,
saliva plays a key role in neutralizing potentially damaging food acids and enhancing
the ability to taste food and speech facilitation [118]. It contains several enzymes, which
start the digestion process, and antibacterial, antifungal, and antiviral agents, which are ex-
tremely helpful to prevent oral infections [119]. Older people often present with a reduced
salivary flow, with negative consequences for oral health, including dysgeusia, halitosis,
burning mouth, oral pain, difficulty in chewing and swallowing, speech impairment, and
an increased risk of fungal infections, demineralization/caries, and periodontitis [120–124].

Periodontal disease is a chronic inflammatory pathological condition affecting the
tooth-supporting soft and hard tissues, which left untreated leads to tooth mobility and
tooth loss [56,125]. The constant deposit of bacterial biofilm on the teeth triggers a chronic
inflammatory condition ranging from a reversible low-level (gingivitis) to irreversible
higher level of inflammation (periodontitis) and tooth mobility/loss [126]. In this context,
microbial products and inflammatory mediators might enter the systemic circulation and
reach distant organs, supporting the genesis of systemic pathologies [127–130]. Nutrition
is a critical determinant of immune responses [131] because nutrients derived from food
sources show a strong interaction with the immune system cells [132] and nutritional
deficiency might impair the immune response and predispose the individual to infec-
tion [133,134]. In more detail, a low intake of vitamin A, E, C, B6, and B12, pantothenic acid,
riboflavin, and folate act on DNA and RNA synthesis, cellular metabolism, and antioxidant
activity and a low intake of these micronutrients might affect the host defenses [135,136].
The result is a state of chronic inflammation that might induce an intrinsic production of
glucocorticoids and proinflammatory cytokines with consequent body weight loss and
skeletal muscle depletion [137,138] Moreover, the high levels of pro-inflammatory cytokines
(i.e., interleukin-6 and TNF-α) have been associated with reduced muscle mass and muscle
strength [139,140]. Hence, poor oral health conditions characterized by high values of
plaque and bleeding on probing scores might be strictly related to dysphagia, sarcopenia,
and malnutrition, sharing some pathophysiological mechanisms and phenotypic manifes-
tations with these pathological conditions.

Oral health status is also considered to be a factor associated with sarcopenia [141] and
dysphagia [142], and improvement of the oral status and function might be important to
conduct dysphagia rehabilitation. Poor oral health status may induce difficulties in chew-
ing and swallowing in older people, as well as malnutrition and consequent sarcopenia.
Authors showed a strong relationship between dysphagia and low salivary flow [143],
which could induce both a dry feeling in the mouth and a defect in lubrication and the
cohesion of the bolus [143,144]. Dysphagia associated with salivary hypofunction can cause
a loss of appetite and a restricted choice of dietary intake [143].

Moreover, much attention has been focused on the relationship between oral health
and sarcopenia and it was assumed that impaired oral health leads to sarcopenia. In this
context, some reports have shown relationships between oral health and handgrip strength,
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walking speed, and skeletal muscle mass which are measurements used in the diagnosis of
sarcopenia [145–147].

Moreover, given the recent evidence underlining a strict muscle–skeletal crosstalk,
intriguing implications have been suggested in the relationship between oral health and
bone frailty [148,149].

Therefore, in conclusion, impaired oral health can lead to malnutrition and sarcopenia,
which can, in turn, cause dysphagia, resulting in a negative cycle that worsens the patient’s
general condition.

5. Sarcopenic Dysphagia: An Old and New Concept

The term “sarcopenic dysphagia” has been used for the first time in 2012 by Kuroda
and Kuroda [21] to define a swallowing impairment due to both systemic and swallowing
muscles sarcopenia [22]. To date, this topic has been rising a growing interest in the
scientific field with four academic societies that recently published a position paper to
better characterize the definition and diagnosis of sarcopenic dysphagia [150]. In this
scenario, a progressive decline in skeletal muscle mass in the elderly is widely documented
in literature [151–155]. However, this phenomenon might be extremely burdensome in
frail patients and might affect even swallowing muscle, including the tongue, geniohyoid
muscle, and pharyngeal muscles with negative consequences in terms of swallowing
function and consequent increased risk of dysphagia [87,156–158].

Therefore, sarcopenic dysphagia is characterized by specific differences from pres-
byphagia in elderly. In more detail, although presbyphagia is associated with age-related
decline of swallowing mechanisms, sarcopenic dysphagia might be related to a further
decline in swallowing muscle strength due to an impairment of whole-body skeletal muscle
strength associated with a reduction in swallowing function [22]. The negative bond of
events characterizing the evolution from presbyphagia to sarcopenic dysphagia has been
not fully understood; however, it has been proposed that energy intake reduction and acute
diseases might severely affect the risk for sarcopenic dysphagia in elderly [17,159].

In this context, Ogawa et al. [160] identified the cross-sectional area of the tongue
muscle as the most specific factor to assess sarcopenic dysphagia. Moreover, togue muscle
area of brightness assessed with ultrasound technique seem to be an independent risk
factor for sarcopenic dysphagia [160]. On the other hand, Maeda et al. [17] reported
that skeletal muscle index, Barthel Index and BMI were significantly related to sarcopenic
dysphagia, supporting the growing evidence on the similar pathophysiological mechanisms
underpinning these conditions, with a detrimental synergism in terms of frailty in older
people [161,162]. Furthermore, the strict association between sarcopenia and dysphagia
has been underlined by the recent systematic review by Zhao et al. [163], that reported a
significant association between sarcopenia and dysphagia independently by the diagnostic
criteria [163].

However, sarcopenic dysphagia is not simply identified by a concomitant diagnosis
of sarcopenia and dysphagia, but it has been characterized by specific diagnostic criteria
recently assessed by Mori et al. [164]. The authors emphasized the need for a precise tool
to identify sarcopenic dysphagia, aiming at developing specific strategies to counteract
this progressive and disabling condition. The authors proposed a diagnostic algorithm
consisting of five different items including dysphagia diagnosis, sarcopenia diagnosis,
imaging test consistent with loss of swallowing-muscles mass, no other possible cause
of dysphagia, or if any, not considered the main cause [164]. Based on these criteria, the
authors identified three potential diagnostic categories: probable sarcopenia dysphagia,
possible sarcopenic dysphagia, and no sarcopenic dysphagia [164].

However, it has been demonstrated that in stroke patients older than 65 years old, the
swallowing muscle mass might be decreased even without a direct neurological deficit,
mainly due to the high risk for malnutrition and oral intake reduction [48,165]. In partic-
ular, it has been reported that despite stroke-related dysphagia might be associated with
common neurological symptoms including dysarthria, aphasia, apraxia, and facial palsy,
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concurrent or overlapping sarcopenic dysphagia might be related to pre-injury comorbidity,
acute illness, immobilization, and inadequate energy intake that might affect post-stroke
patients with a major latency of onset but better reversibility with a specific therapeutic
intervention [165].

On the other hand, sarcopenic dysphagia has been also reported after severe COVID-
19 infection in non-intubated elderly patients [166], leading to an intriguing interest on the
screening strategies and therapeutic rehabilitation approach in COVID-19 survivors [167,168].

To date, several barriers have been identified in routine clinical screening of sarcope-
nia, including the lack of confidence in health care workers in the screening tools, the
underestimation of the disease, the lack of specific services to manage sarcopenic patients,
or limitations to access these specific services [169–171]. As a result, sarcopenic dysphagia
screening has not been fully introduced in routine clinical practice, albeit recent stud-
ies [172–175] have emphasized the need for a specific therapeutic intervention including
rehabilitation in this condition.

Taken together, these findings underlined that sarcopenic dysphagia is a common and
disabling condition in elderly patients. Specific diagnostic criteria have been proposed for
the early identification of this condition, and ultrasound imaging might be a useful tool to
assess swallowing muscle mass and muscle quality [160].

In this scenario, clinicians should consider the strict associations among sarcopenia,
dysphagia, and malnutrition in the therapeutic path of sarcopenic dysphagic patients in
order to optimize the comprehensive management of elderly patients.

Moreover, precise identification of these concurrent conditions might have a key role
in the optimal treatment strategy prescription directly targeting functional impairment
related to these conditions and etiological causes at the basis of the onset of the disease.

Figure 2 describes the overlapping features among different age-related conditions,
underlining the key role of sarcopenic dysphagia.

Figure 2. Sarcopenic dysphagia: overlapping features among different age-related conditions.
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Lastly, a routine clinical screening to assess sarcopenic dysphagia should be introduced
in the clinical practice to support an early rehabilitative treatment and improve functional
outcomes in sarcopenic elderly patients, potentially preventing malnutrition and frailty
along with their burdensome consequences.

6. Nutritional Supplementation to Counteract Sarcopenic Dysphagia

Nutritional interventions are a cornerstone of the integrated therapeutic path aimed
at counteracting sarcopenia and malnutrition in the elderly [176,177]. In more detail, the
ESPEN [176] recently recommended an energy intake of 30 kcal/kg of body weight/day and
a protein intake of at least 1.0 g/kg body weight/day in the elderly. However, the protein
intake may reach 1.2–1.5 g/kg body weight/day in acute or chronic illness [176]. In sarcopenic
patients, it has been shown that 1.2 g/ideal body weight/day (kg) protein intake might be
effective in improving tongue muscle strength [178]. Along with the daily protein intake, also
the daily caloric intake should be strictly monitored in elderly patients given the high risk of
malnutrition in these subjects, especially in dysphagic ones [26,179]. In more detail, it has been
suggested that a caloric intake ≥ 35 kcal/IBW/day (kg) is needed to adequately treat patients
with sarcopenic dysphagia [150]. Furthermore, it should be noted that the reaching of an
optimal energy and protein intake could be extremely challenging in these patients not only for
the well-known swallowing impairment but also for the high prevalence of concomitant age-
related disabling conditions [174]. Therefore, a specific therapeutic approach should be tailored
to the patient’s needs and enteral or parenteral nutrition might be considered especially in post-
acute patients [103]. However, conflicting data were reported for both enteral and parenteral
nutrition solutions and oral feeding should be preferred if possible [180,181]. In this scenario,
food texture modifications might be used to reduce the risk of inhalation and should be adapted
to the swallowing deficiencies [182]. Moreover, an adequate nutritional supplementation might
provide significant improvements in both macronutrients and micronutrients intake [183,184].
Indeed, promising results were reported in terms of vitamin D supplementation, which might
have a crucial role not only on musculoskeletal health but also on immune system regulation
with intriguing implications in several pathological conditions of the elderly [185,186].

To date, few studies assessed the effect of nutritional supplementation in patients
with sarcopenic dysphagia reporting promising results [187–190]. However, it should be
noted that nutritional supplements should be considered in an integrated multidisciplinary
treatment including an adequate physical exercise [191–193]. In recent years, rehabilita-
tion nutrition, a recent integrated approach aimed to counteract the effects of aging on
the skeletal muscle system, has been proposed to optimize functional outcomes in the
elderly [194]. It is based on a precise assessment of nutritional disorders, sarcopenia and
potential deficits in nutritional intake [159]. More in detail, the close synergism between
nutrition and rehabilitations has been deeply investigated in the past few decades [82,195].
Moreover, several papers supported the strong correlation between nutritional status and
functional outcomes, and the greater improvement in these outcomes in sarcopenic patients
obtained with combined nutritional and exercise interventions compared instead of single
ones [196].

Despite these findings, good-quality clinical trials assessing the role of specific nutri-
tional supplementation in sarcopenic dysphagic patients are still lacking. Moreover, there
is still a gap of knowledge concerning the effect of physical exercise and nutritional sup-
plementation in patients with sarcopenic dysphagia. Therefore, further research targeting
these specific patients is still warranted to establish to guide clinicians in the management
of frail subjects at risk of sarcopenic dysphagia.

7. Oropharyngeal Rehabilitation

Dysphagia and malnutrition are two major issues in the elderly with a negative impact
on several pathological conditions, including cardiovascular disorders, cognitive status
impairment, immune system downregulation, pressure ulcers, and skeletal muscle system
worsening [197,198]. Therefore, effective interventions aimed at improving the nutritional
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intake and counter malnutrition are mandatory not only to prevent dysphagia-related
complications (such as aspiration pneumonia) but also to improve the general health status
and the HRQoL of older patients [199].

In this context, oropharyngeal rehabilitation is a relatively new concept in the complex
multidisciplinary approach of dysphagia and swallowing disorders. This rehabilitative
approach is characterized by several interventions including functional training, com-
pensatory maneuvers, postural adjustments, swallowing maneuvers and diet modifica-
tions [156,200,201]. In more detail, postural adaptations might have a crucial role in airways
closure and in reducing the risk of inhalations in order to improve the speed and safety
of swallowing [201]. Thus, the posture of sitting upright and head/neck flexed should be
adopted in sarcopenic dysphagic patients, because this is the optimal posture to improve
swallowing performances in dysphagic patients [202]. Moreover, postural adjustments
significantly improve self-perceived difficulties in swallowing maneuvers [202]. In more
detail, an upright 90◦ seated position should be maintained at least 30 min after eating to
reduce the risk of inhalation of unswallowed food [18].

Swallowing compensatory maneuvers represent not only a short-term compensation
to provide immediate benefits in bolus flow but also a specific rehabilitative strategy to
improve swallowing functional training [81]. In more detail, supra- and super-supraglottic
swallow, Mendelsohn’s maneuver and effortful swallow have been proposed to have a role
in sarcopenic dysphagia.

Tongue-pressure resistance training (TPRT) is the most used strengthening exercise,
and it has been proved to enable an improvement in hyoid bone movements, tongue
pressure and width of the upper esophageal sphincter [203]. In 2020, Nagano et al. [178]
reported an increased maximal tongue pressure in sarcopenic patients after 2-month phys-
ical and occupational therapy, without additional swallowing training. Therefore, these
findings emphasized the role of a multitarget rehabilitative intervention focusing not only
on swallowing training but including physical exercise combined with a rehabilitative
nutrition approach to improve the overall well-being of older patients and consequent
swallowing deficits related to a decrease of physical function and sarcopenia.

Lastly, compensatory strategies might include changes in the consistency of solid
and/or liquid foods. In more detail, food texture represents one of the first therapeutic
targets aimed at improving the safety and effectiveness of oral feeding and oral intake in
dysphagic patients [81].

In accordance with the International Dysphagia Diet Standardization Initiative (IDDSI)
framework [204], food texture can be categorized into eight different levels (0–7). The eight
levels included both liquids (ranging from level 0 to level 4) and solids (ranging from level
3 to level 7). Therefore, levels 3 and 4 are characterized by a cross-over of both fluids and
solids [204].

Based on these food texture levels, an IDDSI Functional Diet Scale [205] was introduced
to standardize the food texture prescription based on the patient’s characteristics. Despite
the great consensus received by the IDDSI worldwide, there is still a large heterogeneity of
standards of diet texture and fluid modifications in the different countries [156].

Functional training might provide long-term benefits in patients suffering from dys-
phagia, such as lingual resistance exercises, considering the recent evidence supporting
the strict relationship between sarcopenic dysphagia and tongue strength [206]. Given that
resistance exercise requires specific and progressive training, a multidisciplinary approach
should be provided, involving not only speech-language pathologists but also nurses,
caregivers, and the patients themselves [85]. Moreover, specific exercises such as “shaker
exercise” and “masako” (tongue hold) maneuver might improve swallowing physiology
promoting muscles mechanics and bolus flow [207]. In this context, a meta-analysis per-
formed by Carnaby-Mann et al. [208] assessed the effects of transcutaneous neuromuscular
electrical stimulations for swallowing muscles, underlining the benefits of this treatment in
improving swallowing performances. Moreover, strength deficits seem to be considered the
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main responsible for dysphagia in sarcopenic patients, suggesting intriguing implications
of this treatment in elderly patients [206].

Despite several studies [209–211] underlining the positive effects of swallowing muscle
training in swallowing function, dysphagia-related morbidities prevention and swallowing
physiology improvement, there are only a few low-quality studies [188,189,191,192] that
supported this rehabilitative intervention in patients with sarcopenic dysphagia.

Taken together, these findings highlight the effectiveness of a comprehensive oral re-
habilitation approach in dysphagic patients, suggesting positive implications in sarcopenic
dysphagia too. In contrast, there is still low evidence supporting oropharyngeal rehabilita-
tion in a specific cohort of patients suffering from sarcopenic dysphagia, emphasizing the
needing for clinical trials assessing this specific intervention in these patients.

8. Oral Health Management for Older Subjects

Populations across the world are ageing and the average life expectancy is rising in de-
veloped and developing countries [212]. On a global scale, the World Health Organization
identified oral health as a major public health problem [213,214]. Among the oral diseases,
caries and periodontal diseases are the most prevalent ones, even because the damage due
to both periodontitis and caries is quite irreversible and so cumulative over the lifetime.
Moreover, aging might affect both diseases directly, through aging of the immune system as
well as impaired wound healing, and indirectly via physical and cognitive impairment as
well as reduced access to care [215,216]. Indeed, the age-related decline in terms of physical
performance and cognitive functions could influence older people’s ability to carry out an
adequate oral hygiene, with a consequent higher prevalence of oral diseases (e.g., periodon-
tal disease, caries, and oral mucosal inflammation) [129,217–219]. Moreover, as previously
underlined, oral health status might be strictly linked to dysphagia and malnutrition with
detrimental consequences in terms of the overall well-being of older adults.

In the literature, cognitive disorders have received growing attention for their possible
link to oral diseases. In this context, studies have examined the effect of lower cognitive
abilities on periodontal health, showing that reduced number of teeth, augmented alveolar
bone loss, and increased pocket depth were associated with cognitive impairment [220,221].
If untreated, caries and periodontal diseases could lead to tooth loss, edentulism, reduction
of the lower third of the face, poor esthetics, phonetic problems, loss of masticatory func-
tion, poor nutrition status, as well as loss of self-esteem, and reduced HRQoL [222,223].
Therefore, the treatment of caries, periodontitis, and replacement of teeth lost are the most
used among the clinical approaches to improve masticatory function in older people and
consequently might reduce the risk of malnutrition.

More in detail, the periodontal treatment aims to reduce the bacterial deposits with a
reduction of the inflammatory response through the active therapy, which consists of full-mouth
scaling (FMS) and full-mouth disinfection [224]. The scaling techniques allow the debridement
of bacterial deposits coating the surface of the root, deep within the periodontal pocket. In
addition, periodontal surgery is used when the depth of the periodontal pockets prevents
adequate access for debridement. After causal therapy, a supportive periodontal therapy is
employed to reduce the probability that the disease will flare up again, thus maintaining teeth
without pain, excessive mobility, or persistent infection [225–227]. According to the American
Academy of Periodontology, supportive periodontal therapy should include a periodontal
re-evaluation and risk assessment, supragingival and subgingival removal of bacterial plaque
and calculus, and re-treatment of any sites showing recurrent or persistent disease [225].

Frail and complex care needs elderly people suffered the most from oral dryness, which
could lead to rapidly progressing caries and oral infections [113,228]. In this context, pa-
tients with xerostomia should be adequately treated to reduce dysgeusia, halitosis, burning
mouth, oral pain, difficulty in chewing and swallowing, and speech impairment [120,121].
Salivary stimulation by means of systemic pharmacotherapies, such as pilocarpine, might
be appropriate for use by patients with some degree of salivary gland function [115].
However, whereas the stimulation of saliva production could be effective, these drugs
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are associated with adverse effects and might be contraindicated in patients with existing
chronic respiratory, cardiovascular and renal disease [229,230] in patients in whom drug
therapy is contraindicated, non-pharmacological interventions, such as electrostimulation
of the salivary glands, acupuncture or the application of low level laser therapy, have the
potential to increase saliva production especially in patients with some residual salivary
gland function [231].

The main goal of treatment of patients with co-morbidities or contraindications to phar-
macological therapies remains the reduction of clinical symptoms to provide a short-term
relief during daily hours [230]. Thus, the common therapy involves the topical application
of salivary substitutes [231] or artificial saliva [232], including carboxymethylcellulose [233],
herbal powder of Alcea digitata, and Malva sylvestris [234], and immunologically active
saliva substitutes [235].

Replacement of teeth lost is conventionally addressed by replacing multiple missing
teeth with prosthetic dental elements. Through the aid of partial or complete prosthesis
(removable or fixed) it is possible to restore missing dental elements, both in patients who
have the loss of some dental elements and in edentulous patients [236]. Techniques for
replacing one or more missing teeth are removable dental prostheses, tooth and tooth-
tissue supported, and fixed dental prostheses, tooth supported [237]. The use of complete
removable dentures might induce clinical manifestations, such as stomatitis, traumatic
ulcers, irritation-induced hyperplasia, and altered taste perception [237]. In this context,
the implant-retained prostheses represent the new approach and a long-term therapeutic
solution [238]. It is shown that prosthetic treatments could provide a better oral HRQoL in
edentulous patients, and that the fixed implant-supported prostheses might also improve
the patient satisfaction better than complete removable dentures treatment. These intrigu-
ing results might promote a significant improvement of masticatory function with possible
implications in terms of oral intake and risk of malnutrition in older people.

It is important to highlight that the geriatric management should provide an inter-
disciplinary diagnostic and therapeutic process aimed at determining the psychophysical
and functional problems of older people. Despite the significant progress in dental science
and oral health prevention in recent years, chronic oral diseases are still common in older
people [35].

Moreover, in geriatric subjects with serious illnesses and functional dependency, oral
health problems are often underdiagnosed and untreated [239,240]. Increasing evidence
also reveals significant interactions between oral health and general health that are unidi-
rectional and often bidirectional [127,129,130,241,242]. It has been hypothesized that a strict
correlation between oral health and quality of life, as reported by Hoeksema et al. [3] while
assessing the oral health in community-living elderly, demonstrated that general health
and HRQoL were higher in older people with remaining teeth and implant-supported
dentures than the edentulous ones. Indeed, edentulous individuals with up to one denture
were associated with higher risk of malnutrition, whereas in edentulous older persons with
two complete dentures, a better nutritional status was observed [243].

Therefore, given that poor oral health has been recently identified as a determinant
for malnutrition and sarcopenia [103], an adequate dental and oral screening might play
a key role in a comprehensive management of older patients. Moreover, as suggested by
the European Policy Recommendations on Oral Health in Older Adults [244], an adequate
patient-tailored oral health rehabilitation program is crucial to prevent not only oral diseases
but also malnutrition, particularly in the older people at high risk of sarcopenic dysphagia.

9. Study Limitations

We are aware that this study is not free from limitations. In particular, the narrative
design severely limits the strength of the study results. However, it should be noted
that considering the heterogeneity of pathological conditions and treatment assessed a
systematic review was not possible according to the Cochrane Handbook for Systematic
Review of Intervention (Ver, 6.1, 2020) [245].

183



Nutrients 2022, 14, 982

10. Conclusions and Future Perspectives

This comprehensive review showed that there is a negative bond among sarcopenic
dysphagia, malnutrition, and oral frailty in older people. These conditions share several
risk factors some phenotypically overlapping features and should be adequately assessed
and treated, particularly in the elderly.

A specific screening for sarcopenic dysphagia might be introduced in routine clinical
practice for high-risk patients to promote early rehabilitative interventions preventing
health-related consequences. Tailored treatment based on patient’s characteristics should
be proposed aiming at targeting not only sarcopenic dysphagia consequences but also
the etiological causes including oral frailty, malnutrition, and sarcopenia. Moreover, a
comprehensive intervention should be proposed to promote the synergic effects of different
therapies in frail elderly subjects.

Therefore, an adequate management of older people should include oropharyngeal
rehabilitation, oral health treatment, and nutritional supplementation to counteract the
age-related functional decline and to improve the quality of life.

Despite these considerations, future studies are warranted to provide strong evidence
supporting a transdisciplinary approach to sarcopenic dysphagic elderly patients.
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Abstract: (1) Background: Periodontal diseases are a global health concern. They are multi-stage,
progressive inflammatory diseases triggered by the inflammation of the gums in response to peri-
odontopathogens and may lead to the destruction of tooth-supporting structures, tooth loss, and
systemic health problems. This systematic review and meta-analysis evaluated the effects of probiotic
supplementation on the prevention and treatment of periodontal disease based on the assessment
of clinical, microbiological, and immunological outcomes. (2) Methods: This study was registered
under PROSPERO (CRD42021249120). Six databases were searched: PubMed, MEDLINE, EMBASE,
CINAHL, Web of Science, and Dentistry and Oral Science Source. The meta-analysis assessed the
effects of probiotic supplementation on the prevention and treatment of periodontal diseases and
reported them using Hedge’s g standardized mean difference (SMD). (3) Results: Of the 1883 articles
initially identified, 64 randomized clinical trials were included in this study. The results of this
meta-analysis indicated statistically significant improvements after probiotic supplementation in
the majority of the clinical outcomes in periodontal disease patients, including the plaque index
(SMD = 0.557, 95% CI: 0.228, 0.885), gingival index, SMD = 0.920, 95% CI: 0.426, 1.414), probing
pocket depth (SMD = 0.578, 95% CI: 0.365, 0.790), clinical attachment level (SMD = 0.413, 95% CI:
0.262, 0.563), bleeding on probing (SMD = 0.841, 95% CI: 0.479, 1.20), gingival crevicular fluid vol-
ume (SMD = 0.568, 95% CI: 0.235, 0.902), reduction in the subgingival periodontopathogen count of
P. gingivalis (SMD = 0.402, 95% CI: 0.120, 0.685), F. nucleatum (SMD = 0.392, 95% CI: 0.127, 0.658), and
T. forsythia (SMD = 0.341, 95% CI: 0.050, 0.633), and immunological markers MMP-8 (SMD = 0.819,
95% CI: 0.417, 1.221) and IL-6 (SMD = 0.361, 95% CI: 0.079, 0.644). (4) Conclusions: The results of
this study suggest that probiotic supplementation improves clinical parameters, and reduces the
periodontopathogen load and pro-inflammatory markers in periodontal disease patients. However,
we were unable to assess the preventive role of probiotic supplementation due to the paucity of
studies. Further clinical studies are needed to determine the efficacy of probiotic supplementation in
the prevention of periodontal diseases.

Keywords: probiotic; periodontal disease; gingivitis; periodontitis; oral health; clinical parameters;
prevention; therapeutics
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1. Introduction

Periodontal disease is a growing public health concern, affecting approximately
750 million individuals worldwide [1]. The burden of this disease is expected to con-
tinue to grow as the global population ages [2,3]. Periodontal disease is preventable and
reversible in its early stages; however, it can progress to chronic, irreversible states with
significant destruction of the tooth-supporting tissues [4]. The cause of periodontal disease
is multifactorial with modifiable risk factors, including smoking, unhealthy diet (e.g., a
western diet with high sugars and saturated fats), poor oral hygiene, hormonal changes,
stress, various medications, and poorly managed comorbidities (e.g., type 2 diabetes), while
non-modifiable risk factors include age, sex, and genetics [5]. Periodontal disease, when
left untreated, can have local and/or systemic consequences, leading to poor oral and sys-
temic health and quality of life [5,6]. The underlying link of periodontal disease with other
chronic systemic diseases likely results from the dissemination of periodontopathogens into
the bloodstream, endotoxin release, and the associated imbalanced inflammatory response
to periodontopathogens [7,8].

Periodontal disease is an inflammatory progressive multi-stage disease of the periodon-
tium (which includes the gingiva, periodontal ligament, alveolar bone, and cementum); this
disease is triggered in response to periodontopathogens in the biofilm of the dental plaque
on tooth surfaces located near the gingiva (Figure 1) [9–11]. The first stage and mildest
form of periodontal disease is known as gingivitis [4]. Gingivitis is a reversible condition,
and, if untreated, may progress to periodontitis, which is the advanced stage of periodon-
tal disease [4,12,13]. Gingivitis is characterized by redness, swelling, mild irritation and
inflammation of the gingival tissue, and mild bleeding on brushing or flossing, while peri-
odontitis is characterized by deep inflammation and loss of alveolar bone and connective
tissue between the gingiva and tooth root [9,14]. The progression of periodontal disease is
associated with dynamic shifts in the subgingival bacterial counts and composition in the
periodontal pocket [15–18].
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Figure 1. Etiology and pathogenesis of periodontal diseases. Periodontal disease is initiated by dis-
rupting the commensal oral microbiome–host homeostasis. (A). Both modifiable and nonmodifiable
risk factors impact the oral microbiome composition and disrupt homeostasis between the host
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and microbiome. Modifiable risk factors include diet, smoking, oral hygiene, and comorbidities
(such as type 2 diabetes), while genetics, age, and sex are nonmodifiable risk factors. (B). Disrupted
homeostasis provides appropriate conditions for the growth of periodontopathogens and biofilm
formation on the tooth surfaces extending sub-gingivally. There are no clinical symptoms in this stage.
(C). These bacteria penetrate and grow in the gingival epithelium. Host–bacteria interactions cause a
chemotactic gradient that attracts innate immune cells, including neutrophils, macrophages, and NK
cells, to the affected sites. In addition, the outgrowth of bacteria progressively destroys the tissue
and provides enough nutrients for more pathogen growth, followed by increased activity of innate
immune cells and the secretion of pro-inflammatory cytokines, including IL-1, IL-8, and TNF. Early
clinical symptoms in this stage are redness, swelling, mild inflammation, and bleeding of the gingiva,
which are diagnosed by measuring the PlI, GI, and BOP. (D). Then, Antigen-Presenting Cells (APC),
including dendritic cells, present bacterial antigens to lymphocytes and trigger adaptive immune
system activity and antibody and cell-mediated immune responses, resulting in a pro-inflammatory
response with high expression of IL-4, 6, 8, 10, 12, TGF-β, and IFN-γ. (E). High levels of these inflam-
matory mediators stimulate more inflammatory mediators, causing periodontal tissue destruction
and leading to the loss of the gingival attachment to the tooth, and causing deep pockets around the
teeth that provide appropriate conditions for the growth and colonization of other anaerobic periodon-
topathogens. Untreated, these pathophysiological changes can lead to alveolar bone resorption and,
ultimately, tooth loss in the most advanced stage of the disease. (F). Probiotics may have therapeutic
benefits in periodontal disease treatment when used as an adjuvant to standard periodontal care.
Various mechanisms of action have been considered for the role of probiotics in periodontal disease
improvement. Probiotics interact directly with periodontopathogens through colonization resistance,
which includes competition for binding sites and nutrients, and the production of antibacterial agents
inhibiting pathogen growth. Probiotics can play a role in periodontal disease improvement indirectly
via the modulation of innate and adaptive immunity and through the gut–oral microbiome axis. PlI,
Plaque Index; GI, Gingival Index; BOP, Bleeding on Probing; IL, Interleukin; TGF-β, Tumor Growth
Factor-β; and IFN-γ, Interferon-γ.

1.1. Etiology of Periodontal Disease

The primary etiology of periodontal disease is an imbalanced subgingival microbiome
population developing progressively over time due to an increasing relative abundance of
periodontal disease-associated bacteria and a corresponding decrease in health-associated
bacteria, leading to the disruption of the microbiota–host homeostasis [16,19–21]. This
gradual phenomenon begins with the early adherence, growth, and colonization of Gram-
negative and Gram-positive bacteria on the tooth surface extending sub-gingivally [22].
This provides appropriate conditions for the growth of and colonization by other anaerobic
Gram-negative orange and red-complex bacteria [20]. The orange complex consists of
Prevotella intermedia, Parvimonas micra, and Fusobacterium nucleatum, while Porphyromonas
gingivalis, Tanerella forsythia, and Treponema denticola are components of the red complex [20].
These bacteria are highly pathogenic and have the ability to release bacterial collagenases
and other proteases, leading to the stimulation of the pro-inflammatory response and
periodontal tissue damage [9,10,20] (Figure 1).

1.2. Periodontal Disease Assessment, Diagnosis, and Therapy

The clinical assessment of periodontal disease includes the evaluation of patient-
reported outcomes (i.e., bleeding while brushing or flossing, receding gums, halitosis,
sensitive teeth, pain during mastication, and loose teeth) [4] and visual assessment of the
distance between the base of the periodontal pocket and gingival margin or cementoenamel
junction, the amount of plaque in the gingival margin on the tooth surface, and gingival
bleeding [9,23]. All of these factors are measured by standard procedures and defined as
specific indexes, including: the plaque index (PlI), gingival index (GI), periodontal pocket
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depth (PPD), clinical attachment level (CAL), bleeding on probing (BOP), gingival recession
(REC), and gingival crevicular fluid (GCF) volume [23–27].

The clinical diagnosis of periodontal diseases is based on the periodontal exam, ra-
diography, and patient’s oral/dental and medical history [28]. The American Academy of
Periodontology (AAP) classifies periodontitis into four stages based on severity, complexity,
and extent (stage I, II, III, and IV) and three grades based on the evidence of the disease’s
progression and its rate (slow, moderate, and rapid) [29,30].

Periodontal therapy consists of the removal of the supra- and subgingival plaque
from tooth surfaces using Scaling and Root Planing (SRP) [31,32]. To improve disease
outcomes, SRP can be incorporated into surgical procedures or adjunctive antibiotics can
be administered [3,31–33]. However, antibiotics may cause adverse side effects, or can be
contraindicated in some situations; therefore, there is a need for alternative approaches [14].

1.3. Periodontal Diseases and Probiotics

Increasing attention has been devoted to probiotic supplementation as a therapeutic
adjuvant/alternative to improve oral health [34]. Probiotics are live organisms (usually
bacteria) administered to provide health benefits in the prevention or clinical management
of different diseases [35,36]. Probiotics have been traditionally accepted in the medical
field as an adjuvant treatment of gastrointestinal disorders [37]. Moreover, probiotics
are recommended to patients who take antibiotics for the prevention and treatment of
Antibiotics-Associated Diarrhea (AAD) [38]. They have also been considered in the clinical
management of other conditions, including respiratory tract infections [39]. Furthermore,
probiotics may have a therapeutic benefit in dental caries prevention by decreasing the
number of cariogenic bacteria, such as Streptococcus mutans [40]. Probiotics may func-
tion through various mechanisms, including the production of antimicrobial metabolites,
immunomodulation, mucosal barrier enhancement, and microbial flora shift through com-
petition for cell adhesion with pathogenic strains [34,41]. The use of probiotics for the
clinical management of periodontal diseases is an active area of research. There have been
conflicting results based on several individual studies assessing the effects of probiotics
on gingival inflammation [42,43]. Furthermore, previously published systematic reviews
have had limited findings with conflicting results when examining the clinical efficacy of
probiotics on periodontal diseases. For instance, Akram et al. showed no improvement in
PlI and GI in patients with gingivitis after probiotic use, while other reviews concluded
that probiotics could improve PlI and GI [44–46]. A previous systematic review was unable
to assess the immunological benefits of probiotic supplementation due to limited studies;
however, the included individual studies indicated an immunomodulatory effect of pro-
biotics [47]. Microbiological findings suggested that probiotic supplementation reduced
periodontopathogens in subgingival plaque samples [47]; however, there is conflicting
evidence in the literature [48].

The purpose of our systematic review and meta-analysis was to combine results
from randomized clinical trials involving adults with periodontal diseases or healthy
volunteers receiving probiotic supplementation (control groups did not receive probiotic
supplementation) to assess the effects on the clinical, microbiological, and immunological
outcomes related to periodontal disease prevention and management.

2. Materials and Methods
2.1. Eligibility Criteria

Studies that were eligible for inclusion in this review satisfied the following criteria: 1.
Randomized controlled trials with adults aged 18 years or older clinically diagnosed with
either periodontal disease or healthy adults (without periodontal disease); 2. The study
design consisted of intervention groups that received probiotics in any form (i.e., lozenge,
capsule, tablet, powder, probiotic drink, probiotic-fortified food, toothpaste, mouthwash,
spray, or subgingival delivery) and control groups (without probiotic, with a placebo, or
with antibiotics); 3. Studies assessing any of the following: clinical, microbiological, or
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immunological outcomes. Clinical outcomes included: plaque index (PlI), gingival index
(GI), probing pocket depth (PPD), clinical attachment level (CAL), bleeding on probing
(BOP), gingival recession (REC), and gingival crevicular fluid (GCF) volume. Microbi-
ological outcomes included the subgingival count of periodontopathogens, including:
Porphyromonas gingivalis (P. gingivalis), Fusobacterium nucleatum (F. nucleatum), Tannerella
forsythia (T. forsythia), Prevotella intermedia (P. intermedia), and Aggregatibacter actinomycetem-
comitans (A. actinomycetemcomitans), and of commensal oral microbiota, such as Streptococcus
mutans (S. mutans) and Lactobacillus species. Immunological outcomes included the GCF
levels of matrix metalloproteinase-8 (MMP-8), interleukin-6 (IL-6), interleukin-1β (IL-1β),
interleukin-8 (IL-8), interleukin-10 (IL-10), and tumor necrosis factor-α (TNF-α).

English language, peer-reviewed studies published since 2000, which were either
open access or accessible to the researchers (via the University of Saskatchewan Library,
inter-library loan, or through Google scholar), were included. Detailed information about
the inclusion and exclusion criteria are available in Supplemental Table S1.

2.2. Information Sources, Search Strategy, and Study Selection

Six databases were searched without restrictions, including PubMed, MEDLINE, EM-
BASE, CINAHL, Web of Science, and Dentistry and Oral Science Source. A combination of
keywords and MeSH terms related to the following search domains were used: 1. Periodon-
tal diseases; 2. Clinical, microbiological, and immunological outcomes; 3. Probiotics. These
three domains were combined with the “AND” operator. Details of the search strategy are
included in the Supplementary Materials (Supplemental Table S2).

This systematic review and meta-analysis was registered with the International Prospec-
tive Register of Systematic Reviews (PROSPERO) (registration number: CRD42021249120).

After calibration, two screeners (ZG and AH) independently conducted dual screening
(title and abstract, and full-text), and if consensus was not reached, a third author (RM)
provided a tie-breaker vote.

2.3. Data Items and Collection Process

Two authors (ZG and AH) independently conducted data extraction, then compared
the extracted data, and, in case of disagreement, they referred to the publication. The
researchers used a Microsoft Excel (Microsoft Inc., Redmond, WA, USA) spreadsheet to
record data pertaining to the study design, sample size, age of participants, health status,
periodontal disease stage, dose and probiotic strain, treatment and follow-up durations,
oral hygiene instructions, mode of probiotic delivery, clinical measurements (PlI, GI, PPD,
CAL, BOP, GCF, and REC), oral bacterial count (P. gingivalis, F. nucleatum, T. forsythia,
P. intermedia, A. actinomycetemcomitans, S. mutans, and Lactobacillus species), immunological
outcomes (MMP-8, IL-6, IL-1β, IL-8, IL-10, and TNF-α), and key findings of each study.

2.4. Risk of Bias within Studies

The risk of bias within studies was assessed independently by two authors (ZG and
AH) using the Cochrane risk–of–bias assessment tool version 2 designed for randomized
trials [49]. This tool evaluates within-study bias by assessing the randomization process,
deviations from intended interventions, missing outcome data, measurement of the out-
come, and selection of the reported result. Studies were categorized as follows: low risk,
some concerns, or high risk of bias.

2.5. Summary Measures and Synthesis of Results

Comprehensive meta-analysis version 3.3070 (Biostat Inc., Englewood, NJ, USA) was
used for the meta-analysis. The meta-analysis was conducted using the mean and standard
deviations from the studies at baseline until the immediate follow-up after the end of
probiotic treatment. Hedge’s g standardized mean difference (SMD) was calculated with
a 95% confidence interval (CI) for each individual study and pooled in the meta-analysis
using random-effects models. SMD can be interpreted as follows: a value of 0 indicates
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that there is no statistically significant difference in the effect of treatment compared to
the control; values greater or less than 0 indicate a difference in effect. The strength of the
effect can be roughly interpreted as small (SMD = 0.2), medium (SMD = 0.5), and large
(SMD = 0.8) [50]. Heterogeneity was assessed using I2, which can be interpreted as low
(25%), moderate (50%), or high (75%) [51].

The meta-analysis used the following steps: 1. Pooled random-effects models examin-
ing the effect of probiotic supplementation on clinical, microbiological, and immunolog-
ical outcomes in periodontal disease patients compared to controls (without probiotics);
2. Pooled random-effects models examining the potential preventive effect of probiotic use
on clinical, microbiological, and immunological outcomes in healthy individuals (without
periodontal diseases) compared to controls (without probiotics); 3. Subgroup analysis
(see Section 2.7). The results of the meta-analysis were reported as the SMD, 95% CI,
heterogeneity score (I2), and p-value.

Studies lacking data on the mean, standard deviation, and sample size for treat-
ment and/or control were excluded from the meta-analysis, unless these values could
be calculated.

2.6. Risk of Bias across Studies

Publication bias and small study effects were evaluated using visual inspection of
funnel plots and Egger’s regression test. If publication bias/small study effects were
detected, we used Duval and Tweedie’s trim and fill methodology to correct for funnel plot
asymmetry [52].

2.7. Additional Analysis (Subgroup Analysis and Investigation of Heterogeneity)

The following subgroup analyses were conducted: 1. Type of periodontal disease
(gingivitis, periodontitis); 2. Disease severity; 3. Probiotic treatment duration; 4. Mode
of probiotic delivery; 5. Type of probiotic strain; 6. Type of lactobacillus species; and
7. Oral hygiene instructions (yes/no). In addition, subgroup analyses assessed the effects
of probiotics compared to a control group receiving antibiotics. Disease severity was
categorized as moderate (PPD = 4–6 mm) or deep (PPD > 6 mm) periodontal pockets.
The treatment duration was categorized as follows: 1. Up to one month; 2. More than
one month to two months; or 3. More than two months. The mode of probiotic delivery
was categorized as follows: 1. Oral (i.e., toothpaste, mouthwash, sachet applied orally,
mouth spray, or oil drops); 2. Oral and ingestion (i.e., lozenges, tablets, or chewing
gum); 3. Ingestion (i.e., sachet dissolved in water to drink, capsules, yogurt, or fermented
milk/Yakult); or 4. Local application (i.e., subgingival delivery as a paste or gel). The
type of probiotic strain was classified as follows: 1. Lactobacillus (Lactobacillus species
only); 2. Mixed (Lactobacillus species and other bacterial species); and 3. Other (not
lactobacillus species). The type of Lactobacillus was classified as follows: 1. Lactobacillus
Reuteri; and 2. Other Lactobacillus spp. (any Lactobacillus species other than L. Reuteri). The
oral hygiene instructions were categorized as follows: 1. Yes (when providing specific oral
hygiene instructions); or 2. No (when asking participants to maintain their regular oral
hygiene habits).

3. Results
3.1. Study Selection

A total of 1883 publications were identified through the electronic search of the six
databases. After removing duplicates, two reviewers conducted title and abstract screening
on 994 publications, and 890 were excluded. In the next step, 104 publications underwent
full-text screening. Finally, 64 publications remained for the systematic review and 47 were
included in the meta-analysis (17 studies were removed due to insufficient/incompatible
data for meta-analysis) (Figure 2).
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Figure 2. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow
diagram detailing the study selection.

3.2. Study Characteristics

There was a total of 64 studies eligible for the systematic review and 47 studies for
the meta-analysis. Table 1 presents the detailed individual study characteristics including:
periodontal disease status, sample size, probiotic strain, treatment duration and immediate
follow-up, mode of probiotic delivery, other treatments, oral hygiene instructions, outcomes
investigated, and key findings. The probiotic treatment duration varied from one day to
four months. The sample sizes varied from 10 to 120 individuals. The most common
probiotic formulation was composed of Lactobacillus reuteri. The majority of studies had
periodontitis patients.
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3.3. Risk of Bias within Studies

Using the Cochrane risk–of–bias assessment tool version 2, the majority of studies
included were classified as having a low risk of bias (n = 38). Additionally, 13 studies were
classified as having some concerns, and another 13 studies were classified as having a high
risk of bias. The majority of concerns were due to questions related to the randomization
process domain. There were minimal concerns regarding the missing outcome data domain.
The results are presented in Supplemental Table S3.

3.4. Synthesis of Results

This meta-analysis used the Hedge’s g standardized mean difference (SMD) to report
effect sizes. Forest plots depicting the pooled meta-analysis examining the effects of
probiotic supplementation on clinical, microbiological, and immunological outcomes are
presented in Figures 3–5, respectively. The overall measures of effect are summarized in
Supplemental Table S4. The results of subgroup analysis are presented in Table 2 with
additional information available in the Supplemental File. The forest plots for the subgroup
analysis of clinical parameters are depicted in Supplemental Figure S1.

Table 2. Subgroup analysis examining the effects of probiotic supplementation on clinical outcomes.

Clinical
Outcomes

Subgroup Level of
Subgroup SMD 95% CI I2 p-Value

Sample Size

Probiotic Control

Plaque index
(PlI)

Type of periodontal
disease

Gingivitis 0.153 −0.152, 0.457 20.906 0.281 108 99

Periodontitis 0.736 0.267, 1.206 71.842 0.001 136 135

Type of probiotic
strain

Lactobacillus 0.639 0.169, 1.110 75.533 <0.001 154 151

Mixed 0.280 −0.159, 0.719 0.000 0.523 42 36

Other 0.185 −0.212, 0.582 0.000 0.431 48 47

Type of Lactobacillus
species

L. Reuteri 0.707 0.034, 1.381 80.976 <0.001 98 95

Other 0.590 −0.456, 1.636 81.557 0.004 42 42

Treatment duration

≤1 month 0.615 0.146, 1.084 75.448 <0.001 154 153

>1 to 2 months 0.328 −0.006, 0.661 0.000 0.406 73 64

> 2 months 0.053 −0.603, 0.710 0.000 1.000 17 17

Mode of delivery

Ingestion 0.952 −0.894, 2.797 89.037 0.003 27 27

Local 0.323 −0.202, 0.847 0.000 1.000 28 27

Oral 0.239 −0.302, 0.780 0.251 0.251 34 34

Oral and
Ingestion 0.495 0.061, 0.930 0.001 <0.001 155 146

Oral hygiene
instructions

Yes 0.622 0.204, 1.040 66.923 0.006 145 138

No 0.665 −0.415, 1.746 85.436 <0.001 54 51

Mean plaque
percentage

(MPP)

Type of periodontal
disease

Gingivitis 1.279 −0.905, 3.463 96.629 <0.001 63 64

Periodontitis 0.681 0.072, 1.290 82.212 <0.001 130 130

Type of probiotic
strain

Lactobacillus 1.037 0.391, 1.683 88.278 <0.001 195 198

Mixed 0.112 −0.728, 0.952 0.000 1.000 10 10

Other 0.199 −0.396, 0.794 0.000 1.000 21 21

Type of Lactobacillus
species

L. Reuteri 1.458 0.724, 2.191 86.723 <0.001 148 150

Other 0.193 −0.200, 0.586 0.000 0.889 47 48

Treatment duration

≤1 month 0.937 0.076, 1.798 90.960 <0.001 145 146

>1 to 2 months 1.560 1.022, 2.099 0.000 1.000 33 35

> 2 months 0.460 0.008, 0.912 21.718 0.279 48 48
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Table 2. Cont.

Clinical
Outcomes

Subgroup Level of
Subgroup SMD 95% CI I2 p-Value Sample Size

Probiotic Control

Mode of delivery

Ingestion 0.969 −0.506, 2.445 94.211 <0.001 77 78

Oral 0.537 −0.348, 1.423 59.024 0.118 24 24

Oral and
Ingestion 0.942 0.159, 1.725 87.844 <0.001 125 127

Oral hygiene
instructions

Yes 0.880 0.197, 1.564 88.210 <0.001 170 170

No 0.865 −0.502, 2.232 91.878 <0.001 56 59

Gingival index
(GI)

Type of periodontal
disease

Gingivitis 0.298 −0.089, 0.684 49.985 0.092 108 99

Periodontitis 1.069 0.296, 1.841 86.299 <0.001 116 112

Type of probiotic
strain

Lactobacillus 1.236 0.574, 1.897 87.366 <0.001 178 174

Mixed 0.101 −0.333, 0.535 0.000 0.949 43 36

Other 0.329 −0.070, 0.729 0.000 0.354 48 47

Type of Lactobacillus
species

L. Reuteri 1.621 0.648, 2.595 89.871 <0.001 112 111

Other 0.817 0.018, 1.616 79.137 0.001 66 63

Treatment duration

≤1 month 0.949 0.270, 1.628 85.079 <0.001 132 130

>1 to 2 months 0.900 −0.116, 1.915 91.498 <0.001 106 99

>2 months 0.888 −0.920, 2.696 89.949 0.002 31 28

Mode of delivery

Ingestion 1.258 −0.169, 2.686 87.547 <0.001 41 38

Local 0.494 −0.035, 1.023 0.000 1.000 28 27

Oral 0.189 −0.305, 0.682 0.000 0.674 30 30

Oral and
Ingestion 1.051 0.306, 1.797 89.846 <0.001 170 162

Oral hygiene
instructions

Yes 1.051 0.327, 1.775 86.466 <0.001 134 126

No 1.344 0.261, 2.427 89.898 <0.001 87 86

Pocket probing
depth (PPD)

Type of periodontal
disease

Gingivitis 0.997 −0.853, 2.848 92.406 <0.001 35 38

Periodontitis 0.578 0.355, 0.801 62.720 <0.001 442 434

Type of probiotic
strain

Lactobacillus 0.674 0.386, 0.962 69.524 <0.001 330 329

Mixed 0.387 0.045, 0.729 0.000 0.740 67 62

Other 0.379 −0.037, 0.795 51.535 0.103 92 92

Type of Lactobacillus
species

L. Reuteri 0.677 0.315, 1.040 74.541 <0.001 249 252

Other 0.657 0.169, 1.144 56.911 0.041 81 77

Treatment duration

≤1 month 0.737 0.430, 1.044 66.736 <0.001 270 264

>1 to 2 months 0.514 −0.030, 1.059 65.160 0.057 76 79

> 2 months 0.326 0.015, 0.636 43.082 0.080 143 140

Mode of delivery

Ingestion 0.514 0.106, 0.922 47.870 0.088 94 91

Local 0.919 0.370, 1.468 0.000 1.000 28 27

Oral 0.918 −0.071, 1.907 79.291 0.008 44 44

Oral and
Ingestion 0.525 0.251, 0.800 66.577 <0.001 323 321

Oral hygiene
instructions

Yes 0.592 0.343, 0.841 63.935 <0.001 366 360

No 0.953 0.308, 1.597 65.707 0.054 66 69

Disease severity
Deep 0.735 0.209, 1.261 73.585 0.002 112 114

Moderate 0.499 0.043, 0.955 66.202 0.011 112 114
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Table 2. Cont.

Clinical
Outcomes

Subgroup Level of
Subgroup SMD 95% CI I2 p-Value Sample Size

Probiotic Control

Clinical
attachment
level (CAL)

Type of probiotic
strain

Lactobacillus 0.417 0.225, 0.609 8.881 0.355 229 228

Mixed 0.395 −0.066, 0.855 0.000 0.401 38 34

Other 0.415 0.076, 0.755 7.610 0.339 72 72

Type of Lactobacillus
species

L. Reuteri 0.416 0.201, 0.631 12.027 0.330 189 189

Other 0.445 −0.086, 0.975 31.016 0.235 40 39

Treatment duration

≤1 month 0.388 0.185, 0.592 0.000 0.547 186 181

>1 to 2 months 0.789 0.236, 1.343 34.507 0.217 41 41

> 2 months 0.330 0.071, 0.588 0.000 0.571 112 112

Mode of delivery

Ingestion 0.464 0.116, 0.812 0.276 0.390 63 63

Local 0.696 0.159, 1.233 0.000 1.000 28 27

Oral 0.887 0.132, 1.643 0.000 1.000 14 14

Oral and
Ingestion 0.339 0.159, 0.520 0.000 0.543 234 230

Oral hygiene
instructions

Yes 0.351 0.178, 0.523 0.000 0.789 256 251

No 0.835 0.437, 1.233 0.000 0.376 51 51

Disease severity
Deep 0.373 0.088, 0.657 0.000 0.690 92 94

Moderate 0.422 0.137, 0.706 0.000 0.886 92 94

Bleeding on
probing (BOP)

Type of periodontal
disease

Gingivitis 0.685 −0.438, 1.808 93.899 <0.001 117 120

Periodontitis 0.749 0.404, 1.094 72.526 <0.001 260 257

Type of probiotic
strain

Lactobacillus 0.878 0.442, 1.313 85.057 <0.001 314 312

Mixed 0.035 −0.574, 0.643 0.000 1.000 19 21

Other 0.202 −0.210, 0.613 0.000 0.640 44 44

Type of Lactobacillus
species

L. Reuteri 1.054 0.485, 1.622 86.818 <0.001 217 217

Other 0.502 −0.078, 1.081 74.262 0.002 97 95

Treatment duration

≤1 month 1.024 0.454, 1.595 88.021 <0.001 236 238

>1 to 2 months 0.095 −0.513, 0.703 0.000 1.000 20 20

> 2 months 0.402 0.020, 0.785 55.314 0.037 121 119

Mode of delivery

Ingestion 0.742 −0.391, 1.876 93.499 <0.001 112 110

Oral 1.166 −0.037, 2.370 89.525 <0.001 63 65

Oral and
Ingestion 0.616 0.296, 0.936 60.339 0.005 202 202

Oral hygiene
instructions

No 0.054 −0.508, 0.617 0.000 1.000 23 24

Yes 0.966 0.478, 1.454 86.250 <0.001 277 276

Gingival
crevicular fluid

(GCF)

Type of periodontal
disease

Gingivitis 0.626 0.162, 1.091 0.000 0.392 36 36

Periodontitis 0.507 0.027, 0.986 0.000 0.496 33 33

Subgroup analysis assessing the effects of probiotic supplementation compared to a control on clinical outcomes
in periodontal diseases using a random-effects model based on the: 1. Type of periodontal disease; 2. Type of
probiotic strain; 3. Type of Lactobacillus species; 4. Treatment duration; 5. Mode of probiotic delivery; and 6.
Oral hygiene instruction. Note: Bold indicates statistically significant findings (p-value ≤ 0.05). SMD, Hedge’s g
standardized mean difference. I2, Measure of heterogeneity.
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Figure 3. Pooled meta-analysis examining the effects of probiotic supplementation on clinical out-
comes. 1. Forest plot of the Hedge’s g SMD comparing the effects of probiotic supplementation
to control groups on the plaque index (P1I) using a random-effects model. Note that we detected
publication bias and/or small study effects, and the adjusted Hedge’s g SMD = 0.557, 95% CI: 0.228,
0.885, and p-value ≤ 0.05 [14,41,43,53,58,60,62,67,69,70,80,86,91,105]. 2. Forest plot of the Hedge’s
g SMD comparing the effects of probiotic supplementation to control groups on the mean plaque
percentage (MPP) using a random-effects model [54,66,68,72,77,82,88,89,92,107,109]. 3. Forest plot
of the Hedge’s g SMD comparing the effects of probiotic supplementation to control groups on
the gingival index (GI) using a random-effects model [14,41,43,53,58,60,69,70,75,80,89,91,92,105,110].
4. Forest plot of the Hedge’s g SMD comparing the effects of probiotic supplementation to
control groups on the probing pocket depth (PPD) using a random-effects model [10,34,41,53–
55,58,60,62,64,66–69,74–77,80–82,85,89,92,102,103,109,110]. 5. Forest plot of the Hedge’s g SMD
comparing the effects of probiotic supplementation to control groups on the clinical attachment level
(CAL) using a random-effects model [10,34,54,58,62,66,68,76,77,80,82,85,92,102,103,109]. 6. Forest
plot of the Hedge’s g SMD comparing the effects of probiotic supplementation to control groups
on bleeding on probing (BOP) using a random-effects model. Note that we detected publication
bias and/or small study effects, and the adjusted Hedge’s g SMD = 0.841, 95% CI: 0.479, 1.200, and
p-value ≤ 0.05 [10,34,41,53,56,66,67,69,70,72,74,76,77,88,89,102,103,107,109]. 7. Forest plot of the
Hedge’s g SMD comparing the effects of probiotic supplementation to control groups on the gingival
crevicular fluid (GCF) using a random-effects model [42,67,72,74,75,106].
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Figure 4. Pooled meta-analysis examining the effects of probiotic supplementation on microbiological
outcomes in periodontal disease patients. 1. Forest plot of the Hedge’s g SMD comparing the effects
of probiotic supplementation to control groups on the subgingival P. gingivalis bacterial count using a
random-effects model [14,43,76,77,102]. 2. Forest plot of the Hedge’s g SMD comparing the effects of
probiotic supplementation to control groups on the subgingival F. nucleatum bacterial count using a
random-effects model [14,43,76,77,102]. 3. Forest plot of the Hedge’s g SMD comparing the effects of
probiotic supplementation to control groups on the subgingival T. forsythia bacterial count using a
random-effects model [14,43,76,102].
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Figure 5. Pooled meta-analysis examining the effects of probiotic supplementation on immunological
outcomes in periodontal disease patients; 1. Forest plot of the Hedge’s g SMD comparing the effects
of probiotic supplementation to control groups on the gingival crevicular fluid (GCF) level of matrix
metalloproteinase-8 (MMP-8) using a random-effects model [59,67,78]. 2. Forest plot of the Hedge’s
g SMD comparing the effects of probiotic supplementation to control groups on the GCF level of
interleukin-6 (IL-6) using a random-effects model [42,72,95,106].

3.4.1. Associations between Probiotic Supplementation and Clinical Outcomes in
Periodontal Disease Patients
Pooled Meta-Analysis Examining the Effects of Probiotics on Plaque Index (PlI)

The effect of probiotic supplementation on the plaque index (PlI) indicated a statisti-
cally significant decrease with probiotic supplementation compared to controls in patients
with periodontal diseases (SMD = 0.483, 95% CI: 0.163, 0.803, I2 = 67.044, p-value ≤ 0.05,
and n = 13 studies). Upon visual inspection of the funnel plot and confirmation through
Egger’s regression test (p-value = 0.040), there was evidence of publication bias/small
study effects. Duval and Tweedie’s trim and fill method gave an adjusted pooled estimate
(SMD = 0.557, 95% CI: 0.228, 0.885, I2 = 75.716, p-value ≤ 0.05, and n = 13 studies) (Figure 3).

Pooled Meta-Analysis Examining the Effects of Probiotics on Mean Plaque
Percentage (MPP)

A change in the mean plaque percentage (MPP) was reported in 11 studies. The pooled
SMD showed a statistically significant decrease in the MPP with probiotic supplementation
compared to controls (SMD = 0.879, 95% CI: 0.308, 1.450, I2 = 87.544, p-value ≤ 0.05, and
n = 11 studies). There was no evidence of publication bias or small study effects upon
visual inspection of the funnel plot and confirmation through Egger’s regression test
(p-value > 0.05) (Figure 3).
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Pooled Meta-Analysis Examining the Effects of Probiotics on Gingival Index (GI)

The pooled SMD using data from patients with periodontal disease indicated a sta-
tistically significant reduction in the gingival index (GI) with probiotic supplementation
compared to controls (SMD = 0.920, 95% CI: 0.426, 1.414, I2 = 86.027, p-value ≤ 0.05, and
n = 14 studies). There was no evidence of publication bias or small study effects upon
visual inspection of the funnel plot and confirmation through Egger’s regression test
(p-value > 0.05) (Figure 3).

Pooled Meta-Analysis Examining the Effects of Probiotics on Probing Pocket Depth (PPD)

The pooled SMD indicated a statistically significant decrease in the probing pocket
depth (PPD) with probiotic supplementation in patients with periodontal disease compared
to controls (SMD = 0.578, 95% CI: 0.365, 0.790, I2 = 62.840, p-value ≤ 0.05, and n = 27 studies).
There was no evidence of publication bias or small study effect upon visual inspection of
the funnel plot, and this was confirmed by Egger’s regression test (p-value > 0.05) (Figure 3).

Pooled Meta-Analysis Examining the Effects of Probiotics on Clinical Attachment
Level (CAL)

The pooled meta-analysis of the effect of probiotic supplementation on the clinical
attachment level (CAL) was assessed in patients with periodontitis (n = 19 studies). Meta-
analysis was not conducted to assess the effects of probiotics on CAL in healthy participants
and those with gingivitis due to a lack of studies.

The pooled SMD indicates that there was a statistically significant CAL gain with pro-
biotic supplementation compared to controls in patients with periodontitis (SMD = 0.413,
95% CI: 0.262, 0.563, I2 < 0.001, p-value ≤ 0.05, and n = 19 studies). There was no evidence
of publication bias and small study effects upon visual inspection of the funnel plot, which
was confirmed by Egger’s regression test (p-value > 0.05) (Figure 3).

Pooled Meta-Analysis Examining the Effects of Probiotics on Bleeding on Probing (BOP)

The effect of probiotic supplementation on bleeding on probing (BOP) indicated a
statistically significant decrease with probiotic supplementation compared to controls
in patients with periodontal disease (SMD = 0.756, 95% CI: 0.381, 1.130, I2 = 83.699,
p-value ≤ 0.05, and n = 20 studies). Inspection of the funnel plot for potential publica-
tion bias or small study effects suggested a right skew. This was confirmed by Egger’s
regression test (p-value = 0.020). After adjusting with Duval and Tweedie’s trim and fill
method, the adjusted SMD remained significant with high heterogeneity (SMD = 0.841,
95% CI: 0.479, 1.20; and I2 = 86.750) (Figure 3).

Pooled Meta-Analysis Examining the Effects of Probiotics on Gingival Crevicular
Fluid (GCF)

The effect of probiotic supplementation on the gingival crevicular fluid (GCF) volume
indicated a statistically significant decrease in the GCF with probiotic supplementation
compared to controls in patients with periodontal disease (SMD = 0.568, 95% CI: 0.235,
0.902, I2 < 0.001, p-value ≤ 0.05, and n = four studies). There was no evidence of publication
bias or small study effects upon visual inspection of the funnel plot and confirmation by
Egger’s regression test (p-value > 0.05) (Figure 3).

Pooled Meta-Analysis Examining the Effects of Probiotics on Gingival Recession (REC)

There was no statistically significant evidence that probiotic supplementation im-
proved gingival recession (REC) compared to controls in patients with periodontitis
(p-value = 0.741, and n = 5 studies). There was no evidence of publication bias or small
study effects upon visual inspection of the funnel plot and confirmation by Egger’s regres-
sion test (p-value > 0.05).
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3.4.2. Associations between Probiotic Supplementation and Microbiological Outcomes in
Periodontal Disease Patients
Pooled Meta-Analysis Examining the Effects of Probiotics on Subgingival
Porphyromonas Gingivalis Count

The pooled SMD indicated a statistically significant decrease in the subgingival
P. gingivalis count with probiotic supplementation compared to controls in patients with
periodontal disease (SMD = 0.402, 95% CI: 0.120, 0.685, I2 = 10.769, p-value ≤ 0.05, and
n = five studies). There was no evidence of publication bias or small study effects through
visual funnel plot inspection and Egger’s regression test (p-value > 0.05) (Figure 4).

Pooled Meta-Analysis Examining the Effects of Probiotics on Subgingival
Fusobacterium nucleatum Count

The pooled SMD using data from periodontal disease patients indicated a statistically
significant decrease in the subgingival F. nucleatum count with probiotic supplementation
compared to controls (SMD = 0.392, 95% CI: 0.127, 0.658, I2 < 0.001, p-value ≤ 0.05, and
n = 5 studies). There was no evidence of publication bias or small study effects through
visual inspection of the funnel plot and Egger’s regression test (p-value > 0.05) (Figure 4).

Pooled Meta-Analysis Examining the Effects of Probiotic on Subgingival
Tannerella forsythia Count

The pooled SMD indicated a statistically significant decrease in the subgingival
T. forsythia count with probiotic supplementation compared to controls in patients with
periodontal disease (SMD = 0.341, 95% CI: 0.050, 0.633, I2 < 0.001, p-value ≤ 0.05, and
n = four studies). There was no evidence of publication bias or small study effects upon vi-
sual inspection of the funnel plot and with Egger’s regression test (p-value > 0.05) (Figure 4).

Pooled Meta-Analysis Examining the Effects of Probiotics on Subgingival Counts of
Other periodonthopathogenes

The meta-analyses conducted to assess the effects of probiotic supplementation on
the subgingival bacterial counts of P. intermedia (p-value = 0.193, and n = four studies)
and A. actinomycetemcomitans (p-value = 0.164, and n = 5 studies) were not statistically
significant when compared to controls.

3.4.3. Associations between Probiotic Supplementation and Immunological Outcomes in
Periodontal Disease Patients
Pooled Meta-Analysis Examining the Effects of Probiotics on Matrix Metalloproteinase-8
(MMP-8) Levels in the Gingival Crevicular Fluid (GCF)

The pooled SMD indicated a statistically significant decrease in the GCF MMP-8 levels
with probiotic supplementation compared to the controls in patients with periodontal
disease (SMD = 0.819, 95% CI: 0.417, 1.221, I2 < 0.001, p-value ≤ 0.05, and n = two studies)
(Figure 5).

Pooled Meta-Analysis Examining the Effects of Probiotics on Interleukin-6 (IL-6) Levels in
the Gingival Crevicular Fluid

The GCF Interleukin-6 (IL-6) levels showed statistically significant decreases with
probiotic supplementation compared to controls in patients with periodontal disease
(SMD = 0.361, 95% CI: 0.079, 0.644, I2 < 0.001, p-value ≤ 0.05, and n = three studies).
There was no evidence of publication bias or small study effects through visual funnel plot
inspection and Egger’s regression test (p-value > 0.05) (Figure 5).

Pooled Meta-Analysis Examining the Effects of Probiotics on Other Immunological
Biomarkers in the Gingival Crevicular Fluid (GCF)

The meta-analyses conducted to assess the effects of probiotic supplementation on
GCF levels of IL-1β (p-value = 0.393 and n = three studies), IL-8 (p-value = 0.434 and
n = two studies), IL-10 (p-value = 0.902 and n = two studies), and TNF-α (p-value = 0.495
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and n = three studies) in periodontal disease patients were not statistically significant when
compared to controls.

4. Discussion

The aim of this systematic review and meta-analysis was to examine if probiotic supple-
mentation is associated with preventive and therapeutic benefits in terms of improvement
of clinical, microbiological, and immunological outcomes in patients with periodontal
disease. In summary, the findings of this analysis are promising and indicate that probiotic
supplementation significantly improved clinical outcomes, decreased certain periodon-
topathogen counts, and reduced the levels of specific pro-inflammatory biomarkers in
patients with periodontal disease.

The overall results of this meta-analysis showed statistically significant improvements
in all clinical parameters (PlI, MPP, GI, PPD, CAL, BOP, and GCF volume) in patients with
periodontal disease after probiotic supplementation compared to control groups who did
not receive probiotics. When examining the microbiological outcomes, the subgingival
periodontopathogen counts of P. gingivalis, F. nucleatum, and T. forsythia showed statistically
significant reductions with probiotic supplementation. Furthermore, there was a statistically
significant reduction in the GCF levels of inflammatory mediators (MMP-8 and IL-6) with
probiotic supplementation.

In addition to the pooled meta-analysis, the effects of probiotic supplementation on
clinical outcomes were further assessed through subgroup analysis based on:

1. Type of periodontal disease, which indicated that probiotic supplementation improved
clinical outcomes in patients with periodontitis, but not in those with gingivitis or
healthy individuals. However, the GCF volume had statistically significant reductions
in both gingivitis and periodontitis patients;

2. Probiotic formulations consisting of Lactobacillus species and, more specifically,
L. reuteri were associated with statistically significant improvements in all clinical
outcomes in patients with periodontal disease;

3. Probiotic treatment duration, which showed that probiotic supplementation resulted
in statistically significant improvements in the clinical outcomes after one month of
supplementation in periodontal disease patients;

4. Mode of probiotic delivery, which indicated that probiotic supplementation through
the “oral and ingestion” mode was associated with statistically significant improve-
ments in all clinical outcomes in periodontal disease patients.

5. Oral hygiene instructions along with probiotic supplementation improved PlI and
BOP, while GI, PPD, and CAL improved with probiotic supplementation, irrespective
of the presence or absence of oral hygiene instructions.

Periodontal disease stability refers to a state of successful treatment where clinical
indicators do not progress in severity and is characterized by a minimized BOP score and
improved PPD and CAL scores [111,112]. The results of our meta-analysis suggest that
probiotic supplementation is a promising adjuvant to the current standard of care (SRP) to
improve prognosis and clinical outcomes in patients with periodontitis. Given the improve-
ments in the clinical, immunological, and microbiological outcomes in periodontal disease
patients, it seems plausible that probiotics may contribute to reaching periodontal stability.

4.1. Probiotics and Severity of Periodontal Disease

Our subgroup analysis did not have significant findings in gingivitis patients, which
may be partially attributed to: 1. Gingivitis being an early stage of periodontal disease, and,
therefore, the clinical aspects of disease and consequently the effects of probiotic supple-
mentation may be less notable; 2. Some studies on gingivitis did not use probiotics along
with the standard of care; and 3. These results could be due to the lack of eligible studies
and the moderate to high levels of heterogeneity in our analysis. However, the statistically
significant improvements that our meta-analysis found in all clinical parameters at the
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late/severe disease stages (periodontitis) adds evidence to the existing literature on the
clinical benefits of probiotic supplementation in the management of periodontal disease.

4.2. Probiotics vs. Antibiotics

The current non-surgical standard of care for periodontal disease includes SRP, which
is sometimes followed by antibiotic treatment [31,33]. However, previous studies have
reported that antibiotic use, particularly long-term administration, may increase the risk
of oral and gut dysbiosis, antibiotic-resistant bacteria, allergic reactions, and other side
effects [42]. Probiotics are a promising adjuvant/alternative approach that can be taken
safely for longer periods of time. Our meta-analysis comparing probiotic supplementation
to antibiotics as adjuvants to SRP did not show any statistically significant differences
in CAL and PPD in periodontitis patients. (Note: The other clinical outcomes were not
assessed due to insufficient studies). This finding suggests that probiotic supplementation-
may be as effective as antibiotics in improving clinical outcomes. Previous studies found
similar results when either one is administered as an adjuvant to SRP [61,83]. Furthermore,
a more recent study concluded that probiotics are a more effective adjuvant with SRP than
antibiotics [113]. However, there is evidence indicating that, when probiotics or antibiotics
were administered independently, neither one was more efficacious than SRP alone [10,61].
Although these conclusions warrant more research, our meta-analysis indicated improved
clinical outcomes, and it is plausible from a mechanistic perspective that probiotic supple-
mentation as an adjuvant to SRP may be a safer and more effective long-term therapeutic
option in the management of periodontal disease compared to antibiotics.

4.3. Probiotic Formulation and Duration

Our findings also indicated that probiotic formulation and the type of probiotic strain
have clinical relevance. Specifically, our subgroup analysis examining the type of probiotic
strain indicated that Lactobacillus probiotic formulations improved all clinical outcomes.
Further analysis into the types of Lactobacillus species identified that L. reuteri-containing
probiotic formulations improved all clinical outcomes. Lactobacillus species may play a role
in plaque control through direct interaction via colonization resistance, which includes
competition for binding sites and nutrients or antimicrobial agent production to inhibit
other oral bacteria [114]. Additional evidence suggests that L. reuteri may also influence the
composition of the oral microbiome and is correlated with reduced periodontopathogens,
including F. nucleatum [115,116]. As oral microbiome dysbiosis is one of the root causes
of periodontal disease, the shift induction by L. reuteri may result in improvements in
periodontal disease clinical outcomes. The only study without Lactobacillus included
in our meta-analysis with statistically significant reduction of PPD and CAL, but not
PlI, used the subgingival delivery of Saccharomyces Boulardii [58]. S. Bouldarii is a yeast
probiotic that is non-colonizing [117], which likely caused nonsignificant changes in plaque
accumulation [58]. However, the improvements in other clinical parameters (PPD and
CAL) may be due to its role in immunomodulation [118].

Two out of eleven studies with L. reuteri probiotic formulations in patients with peri-
odontitis did not result in significant reductions in plaque accumulation [62,119]. Elsadek
et al. recruited periodontitis patients with type 2 diabetes, and the most immediate follow-
up data available for our analysis was nine weeks after ending the probiotic treatment [62].
Non-significant plaque reduction could be due to the fast turnover of the oral microbiome
after probiotic treatment completion [116], although a recent meta-analysis conducted to
assess the long-term efficacy of probiotics found that clinical improvements persisted for up
to eleven months after the completion of probiotic treatment [47]. Our subgroup analysis
based on probiotic treatment duration suggested that the beneficial effects of probiotics on
clinical outcomes may occur within a month. However, the optimal treatment duration
cannot be inferred from our meta-analysis because there were few studies of participants
with a treatment duration of more than one month to two months.
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4.4. Probiotic Mode of Delivery

Studies have suggested that probiotics may have different mechanisms of action to
improve periodontal disease, including direct interaction with oral bacteria and/or indirect
action in the oral cavity through the modulation of innate and adaptive immunity [114]
and the gut–oral microbiome axis [120]. It has also been suggested that probiotics need to
have enough contact time with the oral environment to become part of the biofilm and fight
against pathogens through competition for binding sites, nutrients, and the production of
anti-microbial substances [114,121]. Probiotics can also interact with immune cells, altering
the production of inflammatory mediators, thereby modulating the immune response in the
oral cavity [114]. Probiotics are also often administered to balance the gut microbiome [122].
A well-balanced gut microbiome regulates overall immune homeostasis [123,124]. The high
count of periodontopathogens in periodontal disease may translocate to the gut resulting
in gut microbiome dysbiosis [120]. Thus, it is plausible that probiotic supplementation may
improve periodontal disease severity, at least in part, via this indirect mechanism linking the
gut and oral microbiomes. Therefore, different modes of probiotic delivery may improve
clinical outcomes based on the type of administration (oral, ingestion, or a combination of
both). Interestingly, our meta-analysis indicated that probiotic administration via ‘ingestion’
only improved signs of tissue destruction (PPD and CAL). However, all clinical outcomes
showed improvements with ‘oral and ingestion’ probiotic administration, potentially due
to the combined direct and indirect mechanisms of action.

4.5. Probiotic Supplementation and Oral Hygiene Instructions

Poor oral hygiene leads to periodontal disease progression, recurrence, and treatment
failure [125]. Oral hygiene instructions (OHI) play a key role in all stages of periodontal
disease management. Educating patients on the importance of oral hygiene practices and
techniques to ensure motivation to adhere to oral hygiene routines are critical components
of OHI [125]. Our analysis showed that, irrespective of the oral hygiene instructions,
probiotic supplementation improved GI, PPD, and CAL, but not plaque accumulation. Poor
plaque control is a key determinant of periodontal disease [126]. Effective OHI can control
and reduce plaque accumulation and improve the gingival health status, independent of
professional prophylactic care [127,128]. Supporting this evidence, our findings indicated
that probiotic supplementation combined with OHI resulted in statistically significant
improvements in all clinical outcomes, including plaque accumulation. This suggests
that probiotics may synergistically improve clinical outcomes with OHI, stressing the
importance of OHI in effectively preventing/reducing plaque accumulation.

4.6. Probiotic Supplementation and GCF Volume

In the healthy gingival sulcus, the GCF flow and volume are lower compared to those
of the inflamed gingival sulcus [25]. Increased GCF flow is a host defense mechanism
to flush bacteria and their metabolites from the gingival sulcus [25]. Furthermore, the
GCF content, including the microbial composition and concentration of inflammatory
mediators, differs between periodontal disease and healthy individuals, as well as during
disease progression and during and after treatment [129]. This is in line with findings from
a study by Teles et al., who found a greater GCF volume and inflammatory mediators
when comparing clinically healthy oral sites in periodontitis patients compared to healthy
individuals. Their results suggested a higher risk of periodontal disease initiation and pro-
gression from healthy sites in patients with periodontitis [130]. Altogether, these findings
indicate the potential clinical importance of the GCF volume and its level of inflammatory
mediators as an early diagnostic test for periodontal disease prior to the onset of clinical
manifestations. Based on our findings, the GCF volume was significantly decreased after
probiotic supplementation in both gingivitis and periodontitis patients, and other clinical
outcomes also improved in these patients [67,72,74,106]. Although our study did not find
statistically significant differences between probiotic supplementation and GCF volume in
healthy participants, it should be noted that each individual study included in our analysis
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reported that the GCF volume increased without probiotic supplementation, but not with
probiotic supplementation [42,78]. Probiotics may potentially be of therapeutic value for
the prevention and early treatment of periodontal disease. Due to the limited number
of studies included in our analysis, our results need to be interpreted with caution until
further studies fully ascertain the preventive role of probiotics in periodontal disease.

4.7. Probiotic Supplementation and Microbiological Outcomes

Our meta-analysis examined the effects of probiotic supplementation on subgingival
bacterial counts in periodontal disease. Our results found statistically significant reduc-
tions in the periodontopathogens P. gingivalis and T. forsythia from the red complex and
F. nucleatum from the orange complex after probiotic supplementation. Teles et al. reported
that subgingival plaque samples from healthy sites in patients with periodontitis had a
higher proportion of orange and red-complex bacteria compared to healthy individuals
(without periodontitis), suggesting a higher risk for these sites to be colonized by periodon-
topathogens [130]. Hence, probiotics, by reducing periodontopathogens, may be beneficial
in inhibiting the progression of periodontal diseases to healthy sites. Orange-complex bac-
teria create favorable conditions for colonization by red-complex bacteria, which are strictly
anaerobic [131]. F. nucleatum plays a crucial role as a bridging organism between early and
late colonizers, including red-complex bacteria [132]. Red-complex pathogens are higher
in number in plaques found in deeper periodontal pockets and advanced lesions [20]. Al-
though, in our meta-analysis, probiotic supplementation resulted in statistically significant
improvements in PPD for both moderate and deep pockets, this improvement was more
pronounced in deeper pockets. These findings and their potential ramifications may imply
that probiotic supplementation has the potential to alter the relative abundance of orange
and red-complex bacteria, thus reducing oral tissue destruction and leading to conditions
favoring periodontal healing/stability.

4.8. Probiotic Supplementation and Immunological Outcomes

Our analysis of the effects of probiotic supplementation on immunological outcomes
indicated that the GCF levels of MMP-8 and IL-6 were reduced after probiotic supplemen-
tation in patients with periodontal disease. Previously, MMP-8 and IL-6 were identified as
salivary biomarkers that increased in periodontitis [133,134]. MMP-8 is the main collage-
nase involved in periodontal disease, with the highest collagenolytic activity in GCF [135].
A recent meta-analysis reported significantly higher levels of salivary MMP-8 in periodon-
titis patients compared to healthy participants [135]. Similarly, a study found that the GCF
in the healthy sites of periodontitis patients had elevated inflammatory mediators, includ-
ing MMP-8, when compared to healthy individuals [130], suggesting that inflammatory
mechanisms may occur before they are clinically diagnosed or symptomatic. Moreover,
additional evidence indicates that higher GCF levels of MMP-8 may predict periodontal
disease progression [136], and that MMP-8 can also be measured as a grading biomarker to
classify disease stage and progression in periodontitis [137].

IL-6 is an inflammatory mediator induced by pathogens and other pro-inflammatory
cytokines, and has been reported to be elevated in periodontitis [138]. A recent meta-
analysis concluded that the GCF levels of IL-6 are significantly increased in patients with
chronic periodontitis [139]. However, there is conflicting evidence in the literature, with
other studies suggesting that there is no correlation between the IL-6 levels and periodontal
disease [140,141]. The proposed role of IL-6 in periodontal disease pathogenesis is through
the stimulation of MMP production and the activation of pathways involved in inflamma-
tion [142]. Accordingly, there may be a link between the IL-6 levels and clinical parameters
of periodontal disease. The pooled results of our meta-analysis showed statistically signifi-
cant reductions in the GCF levels of IL-6 after probiotic supplementation, despite individual
studies having differing results. Twetman et al. indicated that the use of L. reuteri probiotic
gum reduced the GCF levels of IL-6 and numbers of sites with bleeding on probing [106].
Keller et al. did not observe any significant change in the GCF levels of IL-6 with other
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strains of Lactobacillus probiotics; however, BOP improved significantly compared to the
baseline in both the probiotic and control groups [72]. Shetty et al. found a significant
reduction in the GCF levels of IL-6 after non-Lactobacillus-containing probiotic supple-
mentation in periodontitis patients compared to controls, but not clinical outcomes [95].
Further research is required to determine the potential effects of different probiotic formu-
lations on inflammatory molecular pathways and their impact on the clinical aspects of
periodontal diseases.

4.9. Probiotic Supplementation and Periodontal Disease Prevention

When examining the potential preventive role of probiotic supplementation in pe-
riodontal disease in healthy individuals, the results of our meta-analysis did not find
any statistically significant improvements in PlI and GI after probiotic supplementation.
There were insufficient studies to analyze the effects of probiotic supplementation on other
outcomes in healthy participants to clearly assess the preventive potential of probiotics in
periodontal diseases.

4.10. Strengths and Limitations

This is the first study examining the influence of probiotic formulation, mode of
delivery, treatment duration, and the impact of oral hygiene instructions on periodontal
diseases using subgroup analysis. Another strength of this study is that it used an up–to–
date analysis of the literature, used a systematic approach, and examined emerging factors
that may assist in the prevention, diagnosis, and treatment of periodontal diseases.

A limitation of this meta-analysis was that the number of studies examining micro-
biological and immunological outcomes was scarce; thus, some of the results need to be
interpreted with caution. We used Hedge’s g standardized mean difference to provide
better accounting for small study sample sizes. A further limitation was that, due to the
aggregated data, we were unable to examine the effects of probiotic supplementation on
periodontal diseases stratified by risk factors, such as sex, age, smoking status, and comor-
bidities. We were also unable to investigate the correlation between periodontopathogens
and inflammatory biomarkers before and after probiotic treatment.

5. Conclusions

This systematic review and meta-analysis highlights the potential therapeutic benefits
of probiotic supplementation in the treatment of periodontal disease. The results indicate
that probiotic supplementation improved the clinical parameters, reduced the subgingival
bacterial counts of specific periodontopathogens, and reduced the GCF levels of some
proinflammatory mediators in periodontal disease patients. The impact of probiotic supple-
mentation on clinical outcomes is affected by the probiotic formulation, mode of delivery,
treatment duration, and the type of periodontal disease. More research is needed to better
assess the therapeutic and preventive value of probiotic supplementation in patients with
gingivitis (early disease), as well as in healthy (without periodontal disease) individuals.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14051036/s1, Supplemental Table S1. Inclusion and exclusion
criteria, Supplemental Table S2. Search terms and strategy, Supplemental Table S3: Risk of bias within
studies, Supplemental Table S4. Overall measure of effects of probiotic supplementation on clinical,
immunological, and microbiological outcomes. Subgroup analysis of the associations between
probiotic supplementation and clinical outcomes in periodontal diseases patients. Supplemental
Figure S1. Subgroup analysis—forest plots examining the effects of probiotic supplementation on
clinical outcomes: 1. Plaque Index (PlI); 2. Mean Plaque Percentage (MPP); 3. Gingival Index (GI); 4.
Probing Pocket Depth (PPD); 5. Clinical Attachment Level (CAL); 6. Bleeding on Probing (BOP); and
7. Gingival Crevicular Fluid (GCF).
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Abbreviations

Plaque Index (PlI) The plaque index is a clinical indicator of oral hygiene status that
measures the level and rate of microbial plaque formation on the
gingival margin of the tooth’s surface. PlI is also used to estimate the
potential therapeutic or preventive roles of oral care products [24].

Gingival Index (GI) The gingival index is a numeric scoring system that assesses
inflammation and structural changes in gingival tissue [27].

Pocket Probing Depth (PPD) The probing depth is the distance between the gingival margin and
base of the periodontal pocket, providing one of the most accurate
parameters for the clinical diagnosis of periodontal disease [23].

Clinical Attachment Level (CAL) CAL is measured between the fixed point of the cemento-enamel
junction of the tooth and the base of the periodontal pocket. The
CAL is one of the most accurate and widely used measures for
the clinical diagnosis of periodontal disease [23].

Bleeding on Probing (BOP) BOP is a reliable indicator of gingival inflammation and refers to
the bleeding of gingival tissue upon gentle probing [143].

Gingival crevicular fluid (GCF) GCF is an inflammatory exudate that permits non-invasive
sampling from the oral cavity and is composed of serum,
leukocytes, and structural cells from the periodontium and oral
bacteria. It is found in the periodontal sulcus between the tooth
and marginal gingiva. The GCF flow rate and volume is used as
an indicator of gingival inflammation, which can be used to assess
periodontal disease severity [25].

Gingival recession (REC) REC is a clinical measurement of the distance between the
cemento-enamel junction and the free gingival margin measured
in millimeters (mm) during periodontal probing [26].
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plantarum as adjunct to non-surgical periodontal therapy: 3-month results of a randomized controlled clinical trial. Clin. Oral
Investig. 2021, 25, 1411–1422. [CrossRef] [PubMed]

88. Tomasello, G.; Tralongo, P.; Amoroso, F.; Damiani, P.; Sinagra, E.; Noto, M.; Arculeo, V.M.; Zein, R.J.; Saad, W.; Jurjus, A.; et al.
Dysmicrobism, Inflammatory Bowel Disease and Thyroiditis: Analysis of the Literature. J. Biol. Regul. Homeost. Agents 2015, 29,
265–272. [PubMed]

89. Sajedinejad, N.; Paknejad, M.; Houshmand, B.; Sharafi, H.; Jelodar, R.; Zahiri, H.S.; Noghabi, K.A. Lactobacillus salivarius NK02: A
Potent Probiotic for Clinical Application in Mouthwash. Probiotics Antimicrob. Proteins 2018, 10, 485–495. [CrossRef]

90. Scaryia, L.; Nagarathna, D.V.; Varghese, M. Probiotics in periodontal therapy. Int. J. Pharma Bio Sci. 2015, 6, 242–250.
91. Schlagenhauf, U.; Jakob, L.; Eigenthaler, M.; Segerer, S.; Jockel-Schneider, Y.; Rehn, M. Regular consumption of Lactobacillus

reuteri-containing lozenges reduces pregnancy gingivitis: An RCT. J. Clin. Periodontol. 2016, 43, 948–954. [CrossRef]
92. Schlagenhauf, U.; Rehder, J.; Gelbrich, G.; Jockel-Schneider, Y. Consumption of Lactobacillus reuteri-containing lozenges improves

periodontal health in navy sailors at sea: A randomized controlled trial. J. Periodontol. 2020, 91, 1328–1338. [CrossRef]
93. Shah, M.P.; Gujjari, S.K.; Chandrasekhar, V.S. Evaluation of the effect of probiotic (inersan(R)) alone, combination of probiotic

with doxycycline and doxycycline alone on aggressive periodontitis—A clinical and microbiological study. J. Clin. Diagn. Res.
2013, 7, 595–600. [CrossRef]

94. Shah, M.P.; Gujjari, S.K.; Chandrasekhar, V.S. Long-term effect of Lactobacillus brevis CD2 (Inersan((R))) and/or doxycycline in
aggressive periodontitis. J. Indian Soc. Periodontol. 2017, 21, 341–343. [CrossRef]

95. Shetty, S.; Srigiri, S.K.; Sheikh, K.H. A Comparative Clinical, Microbiological and Biochemical Evaluation of Guided Periodontal
Pocket Recolonisation (GPR) using Synbiotics as an Adjunct to Scaling and Root Planing in Patients with Chronic Periodontitis: A
Pilot Project. Int. J. Med. Res. Health Sci. 2020, 9, 20–32. [CrossRef]

96. Shimauchi, H.; Mayanagi, G.; Nakaya, S.; Minamibuchi, M.; Ito, Y.; Yamaki, K.; Hirata, H. Improvement of periodontal condition
by probiotics with Lactobacillus salivarius WB21: A randomized, double-blind, placebo-controlled study. J. Clin. Periodontol. 2008,
35, 897–905. [CrossRef] [PubMed]

97. Sinkiewicz, G.; Cronholm, S.; Ljunggren, L.; Dahlen, G.; Bratthall, G. Influence of dietary supplementation with Lactobacillus
reuteri on the oral flora of healthy subjects. Swed. Dent. J. 2010, 34, 197–206.

98. Slawik, S.; Staufenbiel, I.; Schilke, R.; Nicksch, S.; Weinspach, K.; Stiesch, M.; Eberhard, J. Probiotics affect the clinical inflammatory
parameters of experimental gingivitis in humans. Eur. J. Clin. Nutr. 2011, 65, 857–863. [CrossRef] [PubMed]

99. Sinulingga, R.T.N.; Soeroso, Y.; Lessang, R.; Sastradipura, D.F.S. Probiotic Lactobacillus reuteri effect’s on the levels of interleukin-4
in periodontitis patients after scaling and root planing. Int. J. Appl. Pharm. 2020, 12, 66–68. [CrossRef]

100. Staab, B.; Eick, S.; Knöfler, G.; Jentsch, H. The influence of a probiotic milk drink on the development of gingivitis: A pilot study.
J. Clin. Periodontol. 2009, 36, 850–856. [CrossRef]

101. Suzuki, N.; Tanabe, K.; Takeshita, T.; Yoneda, M.; Iwamoto, T.; Oshiro, S.; Yamashita, Y.; Hirofuji, T. Effects of oil drops containing
Lactobacillus salivarius WB21 on periodontal health and oral microbiota producing volatile sulfur compounds. J. Breath Res. 2012,
6, 017106. [CrossRef]

102. Teughels, W.; Durukan, A.; Ozcelik, O.; Pauwels, M.; Quirynen, M.; Haytac, M.C. Clinical and microbiological effects of
Lactobacillus reuteri probiotics in the treatment of chronic periodontitis: A randomized placebo-controlled study. J. Clin. Periodontol.
2013, 40, 1025–1035. [CrossRef]

103. Theodoro, L.H.; Claudio, M.M.; Nuernberg, M.A.A.; Miessi, D.M.J.; Batista, J.A.; Duque, C.; Garcia, V.G. Effects of Lactobacillus
reuteri as an adjunct to the treatment of periodontitis in smokers: Randomised clinical trial. Benef. Microbes 2019, 10, 375–384.
[CrossRef]

104. Tobita, K.; Watanabe, I.; Tomokiyo, M.; Saito, M. Effects of heat-treated Lactobacillus crispatus KT-11 strain consumption on
improvement of oral cavity environment: A randomised double-blind clinical trial. Benef. Microbes 2018, 9, 585–592. [CrossRef]

229



Nutrients 2022, 14, 1036

105. Toiviainen, A.; Jalasvuori, H.; Lahti, E.; Gursoy, U.; Salminen, S.; Fontana, M.; Flannagan, S.; Eckert, G.; Kokaras, A.; Paster, B.; et al.
Impact of orally administered lozenges with Lactobacillus rhamnosus GG and Bifidobacterium animalis subsp. lactis BB-12 on
the number of salivary mutans streptococci, amount of plaque, gingival inflammation and the oral microbiome in healthy adults.
Clin. Oral Investig. 2015, 19, 77–83. [CrossRef]

106. Twetman, S.; Derawi, B.; Keller, M.; Ekstrand, K.; Yucel-Lindberg, T.; Stecksén-Blicks, C. Short-term effect of chewing gums
containing probiotic Lactobacillus reuteri on the levels of inflammatory mediators in gingival crevicular fluid. Acta Odontol.
Scand. 2009, 67, 19–24. [CrossRef]

107. Vicario, M.; Santos, A.; Violant, D.; Nart, J.; Giner, L. Clinical changes in periodontal subjects with the probiotic Lactobacillus
reuteri Prodentis: A preliminary randomized clinical trial. ACTA Odontol. Scand. 2013, 71, 813–819. [CrossRef]

108. Vivekananda, M.R.; Vandana, K.L.; Bhat, K.G. Effect of the probiotic Lactobacilli reuteri (Prodentis) in the management of
periodontal disease: A preliminary randomized clinical trial. J. Oral Microbiol. 2010, 2, 5344. [CrossRef]

109. Vohra, F.; Bukhari, I.A.; Sheikh, S.A.; Albaijan, R.; Naseem, M.; Hussain, M. Effectiveness of scalling and root plannng with and
without adjunct probiotic therapy. J. Periodontol. 2020, 91, 1177–1185. [CrossRef] [PubMed]

110. Oda, Y.; Furutani, C.; Mizota, Y.; Wakita, A.; Mimura, S.; Kihara, T.; Ohara, M.; Okada, Y.; Okada, M.; Nikawa, H. Effect of
bovine milk fermented with lactobacillus rhamnosus l8020 on periodontal disease in individuals with intellectual disability: A
randomized clinical trial. J. Appl. Oral Sci. 2019, 27, 1–9. [CrossRef]

111. Corbet, E.; Smales, R. Oral diagnosis and treatment planning: Part 6. Preventive and treatment planning for periodontal disease.
Br. Dent. J. 2012, 213, 277–284. [CrossRef] [PubMed]

112. Lang, N.P.; Bartold, P.M. Periodontal health. J. Periodontol. 2018, 89, S9–S16. [CrossRef]
113. Butera, A.; Gallo, S.; Maiorani, C.; Molino, D.; Chiesa, A.; Preda, C.; Esposito, F.; Scribante, A. Probiotic alternative to chlorhexidine

in periodontal therapy: Evaluation of clinical and microbiological parameters. Microorganisms 2021, 9, 69. [CrossRef]
114. Allaker, R.P.; Stephen, A.S. Use of Probiotics and Oral Health. Curr. Oral Health Rep. 2017, 4, 309–318. [CrossRef] [PubMed]
115. Mu, Q.; Tavella, V.J.; Luo, X.M. Role of Lactobacillus reuteri in Human Health and Diseases. Front. Microbiol. 2018, 9, 757. [CrossRef]
116. Romani Vestman, N.; Chen, T.; Lif Holgerson, P.; Öhman, C.; Johansson, I. Oral Microbiota Shift after 12-Week Supplementation

with Lactobacillus reuteri DSM 17938 and PTA 5289; A Randomized Control Trial. PLoS ONE 2015, 10, e0125812. [CrossRef]
117. Narwal, A. Probiotics in Dentistry—A Review. J. Nutr. Food Sci. 2011, 1. [CrossRef]
118. Bartlett, A.; Gullickson, R.G.; Singh, R.; Ro, S.; Omaye, S.T. The link between oral and gut microbiota in inflammatory bowel

disease and a synopsis of potential salivary biomarkers. Appl. Sci. 2020, 10, 6421. [CrossRef]
119. Laleman, I.; Pauwels, M.; Quirynen, M.; Teughels, W. The usage of a lactobacilli probiotic in the non-surgical therapy of

peri-implantitis: A randomized pilot study. Clin. Oral Implant. Res. 2020, 31, 84–92. [CrossRef]
120. Olsen, I.; Yamazaki, K. Can oral bacteria affect the microbiome of the gut? J. Oral Microbiol. 2019, 11, 1586422. [CrossRef]
121. Çaglar, E.; Kargul, B.; Tanboga, I. Bacteriotherapy and probiotics’ role on oral health. Oral Dis. 2005, 11, 131–137. [CrossRef]
122. Kim, S.-K.; Guevarra, R.B.; Kim, Y.-T.; Kwon, J.; Kim, H.; Cho, J.H.; Kim, H.B.; Lee, J.-H. Role of Probiotics in Human Gut

Microbiome-Associated Diseases. J. Microbiol. Biotechnol. 2019, 29, 1335–1340. [CrossRef]
123. Belkaid, Y.; Harrison, O.J. Homeostatic Immunity and the Microbiota. Immunity 2017, 46, 562–576. [CrossRef]
124. Wu, H.-J.; Wu, E. The role of gut microbiota in immune homeostasis and autoimmunity. Gut Microbes 2012, 3, 4–14. [CrossRef]
125. Carra, M.C.; Detzen, L.; Kitzmann, J.; Woelber, J.P.; Ramseier, C.A.; Bouchard, P. Promoting behavioural changes to improve oral

hygiene in patients with periodontal diseases: A systematic review. J. Clin. Periodontol. 2020, 47 (Suppl. S2), 72–89. [CrossRef]
126. Bouchard, P.; Carra, M.C.; Boillot, A.; Mora, F.; Rangé, H. Risk factors in periodontology: A conceptual framework. J. Clin.

Periodontol. 2017, 44, 125–131. [CrossRef] [PubMed]
127. Singla, S.; Gupta, P.; Lehl, G.; Talwar, M. Effects of Reinforced Oral Hygiene Instruction Program With and Without Professional

Tooth Cleaning on Plaque Control and Gingival Health of Orthodontic Patients Wearing Multibracket Appliances. J. Indian
Orthod. Soc. 2019, 53, 272–277. [CrossRef]

128. Newton, J.T.; Asimakopoulou, K. Managing oral hygiene as a risk factor for periodontal disease: A systematic review of
psychological approaches to behaviour change for improved plaque control in periodontal management. J. Clin. Periodontol. 2015,
42, S36–S46. [CrossRef] [PubMed]

129. Barros, S.P.; Williams, R.; Offenbacher, S.; Morelli, T. Gingival crevicular fluid as a source of biomarkers for periodontitis.
Periodontol. 2000 2016, 70, 53–64. [CrossRef]

130. Teles, R.; Sakellari, D.; Teles, F.; Konstantinidis, A.; Kent, R.; Socransky, S.; Haffajee, A. Relationships among gingival crevicular
fluid biomarkers, clinical parameters of periodontal disease, and the subgingival microbiota. J. Periodontol. 2010, 81, 89–98.
[CrossRef]

131. Bourgeois, D.; Inquimbert, C.; Ottolenghi, L.; Carrouel, F. Periodontal Pathogens as Risk Factors of Cardiovascular Diseases,
Diabetes, Rheumatoid Arthritis, Cancer, and Chronic Obstructive Pulmonary Disease-Is There Cause for Consideration? Microor-
ganisms 2019, 7, 424. [CrossRef]

132. Brennan, C.A.; Garrett, W.S. Fusobacterium nucleatum—Symbiont, opportunist and oncobacterium. Nat. Rev. Microbiol. 2019, 17,
156–166. [CrossRef]

133. Javed, F.; Ahmed, H.B.; Saeed, A.; Mehmood, A.; Bain, C. Whole Salivary Interleukin-6 and Matrix Metalloproteinase-8 Levels in
Patients with Chronic Periodontitis With and Without Prediabetes. J. Periodontol. 2014, 85, e130–e135. [CrossRef]

230



Nutrients 2022, 14, 1036

134. Ebersole, J.L.; Dawson, D.R.; Morford, L.A.; Peyyala, R.; Miller, C.S.; Gonzaléz, O.A. Periodontal disease immunology: “Double
indemnity” in protecting the host. Periodontol. 2000 2013, 62, 163–202. [CrossRef]

135. Zhang, L.; Li, X.; Yan, H.; Huang, L. Salivary matrix metalloproteinase (MMP)-8 as a biomarker for periodontitis: A PRISMA-
compliant systematic review and meta-analysis. Medicine 2018, 97, e9642. [CrossRef]

136. Al-Majid, A.; Alassiri, S.; Rathnayake, N.; Tervahartiala, T.; Gieselmann, D.-R.; Sorsa, T. Matrix Metalloproteinase-8 as an
Inflammatory and Prevention Biomarker in Periodontal and Peri-Implant Diseases. Int. J. Dent. 2018, 2018, 7891323. [CrossRef]

137. Sorsa, T.; Alassiri, S.; Grigoriadis, A.; Räisänen, I.T.; Pärnänen, P.; Nwhator, S.O.; Gieselmann, D.-R.; Sakellari, D. Active MMP-8
(aMMP-8) as a Grading and Staging Biomarker in the Periodontitis Classification. Diagnostics 2020, 10, 61. [CrossRef]

138. Pan, W.; Wang, Q.; Chen, Q. The cytokine network involved in the host immune response to periodontitis. Int. J. Oral Sci. 2019,
11, 30. [CrossRef] [PubMed]

139. Stadler, A.F.; Angst, P.D.M.; Arce, R.M.; Gomes, S.C.; Oppermann, R.V.; Susin, C. Gingival crevicular fluid levels of cy-
tokines/chemokines in chronic periodontitis: A meta-analysis. J. Clin. Periodontol. 2016, 43, 727–745. [CrossRef] [PubMed]

140. Teles, R.P.; Likhari, V.; Socransky, S.S.; Haffajee, A.D. Salivary cytokine levels in subjects with chronic periodontitis and in
periodontally healthy individuals: A cross-sectional study. J. Periodontal Res. 2009, 44, 411–417. [CrossRef]

141. Goutoudi, P.; Diza, E.; Arvanitidou, M. Effect of periodontal therapy on crevicular fluid interleukin-6 and interleukin-8 levels in
chronic periodontitis. Int. J. Dent. 2012, 2012, 362905. [CrossRef]

142. Ross, J.H.; Hardy, D.C.; Schuyler, C.A.; Slate, E.H.; Mize, T.W.; Huang, Y. Expression of periodontal interleukin-6 protein is
increased across patients with neither periodontal disease nor diabetes, patients with periodontal disease alone and patients with
both diseases. J. Periodontal Res. 2010, 45, 688–694. [CrossRef] [PubMed]

143. Checchi, L.; Montevecchi, M.; Checchi, V.; Zappulla, F. The Relationship Between Bleeding on Probing and Subgingival Deposits.
An Endoscopical Evaluation. Open Dent. J. 2009, 3, 154–160. [CrossRef]

231





Citation: Schlenz, M.A.; Schlenz,

M.B.; Wöstmann, B.; Jungert, A.;

Glatt, A.S.; Ganss, C. The Suitability

of Questionnaires for Exploring

Relations of Dietary Behavior and

Tooth Wear. Nutrients 2022, 14, 1165.

https://doi.org/10.3390/nu14061165

Academic Editors: Kirstin Vach,

Johan Peter Woelber and Bernadette

P. Marriott

Received: 4 February 2022

Accepted: 9 March 2022

Published: 10 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

The Suitability of Questionnaires for Exploring Relations of
Dietary Behavior and Tooth Wear
Maximiliane Amelie Schlenz 1 , Moritz Benedikt Schlenz 1, Bernd Wöstmann 1, Alexandra Jungert 2 ,
Anna Sophia Glatt 3 and Carolina Ganss 3,*

1 Department of Prosthodontics, Dental Clinic, Justus Liebig University, Schlangenzahl 14, 35392 Giessen,
Germany; maximiliane.a.schlenz@dentist.med.uni-giessen.de (M.A.S.);
moritz.schlenz@dentist.med.uni-giessen.de (M.B.S.); bernd.woestmann@dentist.med.uni-giessen.de (B.W.)

2 Biometry and Population Genetics, Institute of Agronomy and Plant Breeding II, Interdisciplinary Research
Center for Biosystems, Land Use and Dietary (IFZ), Justus Liebig University, Heinrich-Buff-Ring 26-32,
35392 Giessen, Germany; alexandra.jungert@ernaehrung.uni-giessen.de

3 Department of Conservative and Preventive Dentistry, Dental Clinic, Justus Liebig University,
Schlangenzahl 14, 35392 Giessen, Germany; anna.s.glatt@dentist.med.uni-giessen.de

* Correspondence: carolina.ganss@dentist.med.uni-giessen.de; Tel.: +49-641-9946171

Abstract: Tooth wear is a relevant oral health problem, especially at a young age. Although ongoing
acid exposures may contribute to tooth wear, the role of acidic dietary components in this context
remains unclear. To date, in tooth wear studies, dietary behavior has been assessed using traditional
questionnaires, but the suitability of this approach has not been investigated so far. In our longitudinal
study, we followed 91 participants (21.0 ± 2.2 years) over a period of 1 year (373 ± 19 days) and
monitored tooth wear with an intraoral scanner. At baseline (T0) and at the end (T1), we assessed
dietary behavior with questionnaires asking about the consumption frequencies of acidic dietary
components and the acid taste preferences. Complete data were available from 80 subjects. The
consumption frequencies of T0 and T1 correlated weakly to moderately. Taste preferences seem
to be a more consistent measure, but there was predominantly no significant correlation with the
corresponding consumption frequencies. None of the dietary parameters showed a significant
relation with tooth wear. The suitability of dietary questionnaires to assess tooth-relevant dietary
behavior seems to be limited.

Keywords: diet; oral health; questionnaires; erosion; young adults; tooth wear; dentistry

1. Introduction

Tooth wear is a type of dental hard tissue loss that occurs due to the effects of physical
and chemical factors. Physical factors include forces due to tooth-to-tooth contact (attrition)
that can appear as parafunctions, such as tooth grinding. Furthermore, physical factors
can also be so-called foreign objects (abrasion), for example, oral hygiene may play a role.
Chemical factors include acid exposure of any kind that does not originate from bacterial
metabolism (erosion) [1]. These factors affect the dental hard tissue throughout the entire
functional period of the dentition and cause irreversible and, therefore, cumulative dental
hard tissue loss.

Enamel is a very densely mineralized avital tissue with considerable hardness and
wear resistance [2]. However, acid impacts are able to demineralize enamel relatively
easily, which can significantly reduce its microhardness. As a result, subsequent physical
impacts may increase dental hard tissue loss [3]. All these factors interact with the multiple
functions of the oral cavity. When acid impacts are prominent, it is referred to as erosive
tooth wear [1].

That a variety of food and drinks are capable of demineralizing enamel is well known
from laboratory experiments [4]. These include, for example, fruit juices, soft drinks, wines,
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fruit, vinegar, and pickles. It is, therefore, plausible to assume that an acidic diet can
contribute to tooth wear. However, epidemiological studies show only weak associations,
if any, between acid impacts from the diet and the prevalence and severity of tooth wear.
For example, a systematic review that included more than fifty cross-sectional studies had
very heterogeneous and contradictory results, with the majority of studies showing no
association between dietary acid impacts and tooth wear [5].

While cross-sectional studies can, at best, show associations, longitudinal surveys are
more capable of identifying causal or risk factors, but well-conducted studies are sparse. A
Dutch study [6] included 656 children aged 10–12 years, of whom 572 were followed up
3 years later. The only risk factors identified were frequent consumption of alcoholic mixed
drinks and acidic vegetables. However, the strength of the association was weak (alcoholic
mixed drinks OR = 1.82; acidic vegetables OR = 1.16). A recent Brazilian study [7] included
801 12-year-olds; 680 could be followed up after 2 and a half years. Dietary behavior was
not a risk factor in this study.

Generally, in such studies, the dietary data are collected only once, in longitudinal
studies at the beginning of the study period. Furthermore, the consumption frequencies of
individual items or individual classes (e.g., soft drinks or fruit juices) are usually considered,
which means that the total amount of daily acid impacts, regardless of their source, is not
taken into account. To the best of the authors’ knowledge, only two studies also included a
measure for the total amount of acidic drinks consumed [8,9].

Even if these methodological aspects can, at least, partially explain the heterogeneous
study results, the question remains: why it is so difficult to establish associations between
dietary behavior and tooth wear, even though the potential demineralizing properties
of acidic food have been clearly demonstrated? It is conceivable that questionnaires do
not adequately reflect actual eating behavior, that a cross-sectional observation of diet is
not very representative of dietary behavior over a longer period of time, or that dietary
behavior is so variable that individual surveys generally have little significance when it
comes to processes that only manifest themselves in longer contexts.

For this reason, we have modified the above-mentioned mostly used procedure for
collecting dietary data. When such data are collected at the beginning of a longitudinal
study, it is assumed that these data will reflect dietary behavior over the course of the
observation period. However, since this assumption cannot be easily substantiated, we
conducted a second survey at the end of the observation period. Furthermore, we did not
only collect data on the consumption frequencies of acidic food and drinks but also the
taste preferences of our study participants.

The main aim of our study was to investigate to what extent the dietary habits reported
at baseline are related to those reported at the end of the observation period and whether
the reported taste preferences reflect the reported consumption frequencies. A further but
subordinate aim was to explore how these results relate to tissue loss values measured with
an intraoral scanner in the corresponding observation period.

2. Participants, Materials and Methods
2.1. Study Group

The study was conducted in accordance with the principles of the Declaration of
Helsinki [2] and approved by the Ethics Committee of the medical faculty of the Justus
Liebig University Giessen (ref. no. 148/18). The procedure and methodology of the study
have been described earlier [10] as part of the project “Intraoral scanner-based monitoring
of tooth wear in young adults”. The data for this publication were based on the data set
from [10].

Between the end of 2018 and the beginning of 2020, a total of 91 participants (mean
age at the start of the study: 21.0 ± 2.2 years) were included. Inclusion criteria were
defined as age between 18 and 25 years, a lower first molar without caries and clinically
visible plaque, as well as without any restoration or one whose extent did not exceed
one-third of the occlusal width. The same criteria were defined for the occluding antagonist.
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Exclusion criteria were determined as severe disease [11], ongoing orthodontic treatment,
and maxillary crowns or bridges.

2.2. Questionnaire

The questionnaire regarding dietary behavior was designed by an experienced nu-
tritionist (A.J.) and provided in paper form. In advance of this study, cognitive pre-tests
using the technique of thinking aloud were applied, and expert interviews were conducted.
The survey contained questions about the frequency of consumption of specific drinks and
food items in order to calculate the acid impacts per day. To this end, for each frequency
category, the mean value of the given range was determined and subsequently converted in
frequencies per day. As an example: for the consumption frequency “1–4× per week”, the
mean would be 2.5× per week, converted to the day this would result in 0.36. The values
of all items (or those related to food or drinks separately) were summed and constituted
the total number of daily acid impacts (or acid impacts from drinks and food, respectively).

Furthermore, a five-point Likert scale was used to ask about the taste preference
for drinks and food. The abstention of answers was allowed, and questionnaires were
evaluated anonymously. The items of the questionnaire that were analyzed here can be
found in the Appendix A. Participants completed a dietary questionnaire twice: at baseline
(T0) and at follow-up after one year (T1; mean observation time 373 ± 19 d).

Please also see further information in the Appendix A.

Re-Test of Questionnaire

To investigate the reliability of the questionnaire, a re-test was conducted indepen-
dently of the main study procedure with a group of 28 participants (12 female, 16 male; age
25.8 ± 4.6 years) not involved in the clinical study. Participants were asked to fill out the
questionnaire twice at a 1-week interval.

The intra class coefficient (ICC) estimates and their 95% confident intervals (95% CI) for
the acidic impacts at both survey times were calculated based on a single-rating, absolute-
agreement, 2-way mixed-effects model. The following ICCs (95% CI) were found: acid im-
pacts from drinks: ICC = 0.795 (0.605;0.900, p ≤ 0.001), acid impacts from food: ICC = 0.653
(0.381;0.822, p ≤ 0.001), all acid impacts: ICC = 0.809 (0.629;0.906, p ≤ 0.001), indicating a
moderate to good reliability [12].

The kappa value for “I like to drink acidic drinks” at both survey times was 0.441
(p ≤ 0.01), and for “I like to eat acidic food” was 0.408 (p ≤ 0.01), indicating a moderate
agreement [13] for both items (the combined Likert categories, see Section 2.4).

2.3. Tooth Wear Monitoring

Besides investigating the dietary behavior with a survey, tooth wear of one lower first
molar (study tooth) was analyzed using an intraoral scanner (Trios 3, 3Shape, Copenhagen,
Denmark). An experienced investigator (M.A.S.) scanned the study tooth at T0 and T1.
To determine tooth wear, datasets of T0 and T1 were superimposed in an external 3D
software (GOM Inspect, version V8 SR1, GOM GmbH, Braunschweig, Germany) using the
established best-fit alignment with the iterative closest point technique for the measurement
of the maximum vertical tissue loss in micrometer. The 3D measurements were conducted
by a second investigator (M.B.S.) to avoid bias, and this investigator was blinded to
dietary data.

2.4. Statistics

Of the 91 participants, 11 had some missing dietary data, and these were therefore
not included. In total, the 80 complete datasets were analyzed here. For the quantitative
data (tissue loss and the number of acid impacts), significant deviations from the Gaussian
distribution were found (Kolmogorov–Smirnov test); therefore, these are given as the
median and 95% confidence interval (after bootstrapping). Non-parametric test procedures
were used for the analysis.
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For taste preferences, the five-point Likert scale items were combined into three
categories. For this purpose, the categories “I do not agree at all” and “I rather disagree”
were pooled into “disagree”, and “I tend to agree” and “I fully agree” were pooled into
“agree”. “Neither” remained a category of its own. In addition, the participants were
divided into two groups according to the number of acid impacts per day (low acid
impacts: <4 acid impacts per day; high acid impacts: ≥4 acid impacts per day) [14].

All statistical procedures were done with IBM SPSS Statistics version 27 (IBM Germany
GmbH, Ehningen, Germany).

2.4.1. Comparison of Dietary Data T0 to T1

The intra class coefficient (ICC) estimates and their 95% confidence intervals for the
number of acidic impacts at T0 and T1 were calculated based on a single-rating, absolute
agreement, 2-way mixed-effects model. The relation of taste preferences at T0 and T1 was
analyzed using Kappa statistics.

2.4.2. Comparison of the Number of Acid Impacts and Taste Preferences

The relation between the number of acid impacts and taste preferences at both T0 and
T1 was analyzed using the Kruskal–Wallis test for independent samples.

2.4.3. Comparison of Dietary Data with Tissue Loss Values

Qualitative data on dietary behavior and quantitative data on tissue loss values at
both T0 and T1 were examined using the Kruskal–Wallis test for independent samples.
Furthermore, Spearman’s rank correlation was computed to assess the relationship between
acid impacts and tissue loss.

3. Results
3.1. Comparison of Dietary Data T0 to T1

Table 1 describes the acid impacts at the two observation time points (T0 and T1).

Table 1. Descriptive data of the number of acid impacts from different sources at the beginning (T0)
and at the end (T1) of the observation period. Acid impacts from drinks included wine.

Median 95% CI Minimum;Maximum

Acid impacts from drinks T0 1.0 0.7;1.3 0.1;5.2
Acid impacts from drinks T1 0.9 0.7;1.1 0;11.7
Acid impacts from food T0 1.4 1.1;1.7 0.1;5.4
Acid impacts from food T1 1.5 1.3;1.9 0.1;6.2

Total acid impacts T0 2.5 2.3;3.0 0.4;7.9
Total acid impacts T1 2.7 2.3;3.0 0.6;12.0

The ICC for the comparison of the number of acid impacts from food, drinks, and
overall at T0 and T1 was 0.387 (0.187;0.557, p ≤ 0.001), 0.068 (−0.154;0.284, p = 0.274), and
0.175 (−0.042;0.377, p = 0.057), respectively, indicating a fair relation for the first (Figure 1)
and no significant relation for the others.

Kappa coefficients for “I like to eat acidic food” and “I like to drink acidic drinks” at
T0 and T1 were 0.408 (p ≤ 0.01) and 0.403 (p ≤ 0.01), respectively, indicating a moderate
relation. The comparison of the two items with each other resulted in a Kappa coefficient
for T0 of 0.149 (p ≤ 0.05) and for T1 of 0.205 (p ≤ 0.05), indicating a slight relation.

At T0, 63 participants were in the low acid impacts group, and 17 were in the high acid
impacts group; at T1, there were 62 and 18 subjects, respectively; 63.7% of the par-ticipants
remained in the low acid impacts and 7.5% in the high acid impacts group, but 28.7%
switched between groups. Figure 2 shows all participants ranked by the number of acid
impacts per day at T0 and the corresponding data at T1.
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Figure 1. Scatterplot of acid impacts from food per day at baseline (T0) and at the end of the
observation period after one year (T1).

Figure 2. Scatterplot of acid impacts per day at T0 and T1, participants were ranked by their acid
impacts at T0. The dotted line indicates the threshold for low and high acid impact groups; black dots
indicate the number of acid impacts per day at T0 and the grey dots the corresponding values at T1.

3.2. Comparison of the Taste Preferences and Consumption Frequencies

Most items addressing taste preferences did not show a significant relation to the
corresponding acidic impacts. Table 2 shows that those agreeing with the statement “I like
to eat acidic food” did not have significantly more acid impacts from acidic food than those
who were undecided or disagreed with this statement. This was true for both observation
time points. In contrast, taste preferences regarding drinks had a significant effect on acid
impacts, but this was only the case at T1.
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Table 2. The number of acid impacts per day (median, 95% confidence interval, and range) in
the different categories of taste preferences at baseline (T0) and follow-up after one year (T1)
(* = Kruskal–Wallis test p ≤ 0.001). Drinks include wine.

Disagree Neither Agree

Acid impacts from food T0

I like to eat acidic
food
T0

n = 27
1.2 (0.8;1.8)
range 5.0

n = 15
1.2 (0.9;2.3)
range 4.7

n = 38
1.5 (1.2;1.8)
range 4.2

Acid impacts from food T1

I like to eat acidic
food
T1

n = 18
1.3 (0.9;2.1)
range 4.6

n = 20
1.5 (0.8;2.1)
range 5.0

n = 42
1.6 (1.3;2.2)
range 5.8

Acid impacts from drinks T0

I like to drink acidic
drinks

T0

n = 50
0.9 (0.6;1.2)
range 5.1

n = 14
1.1 (0.6;1.6)
range 2.2

n = 16
1.5 (0.7;1.9)
range 3.4

Acid impacts from drinks T1

I like to drink acidic
drinks

T1 *

n = 45
0.7 (0.5;0.9)
range 5.1

n = 14
0.9 (0.6;1.1)
range 2.7

n = 21
1.4 (1.2;1.7)
range 11.2

3.3. Comparison of Dietary Data with Tissue Loss Values

The median tissue loss was 42.5 (38.0;49.0) µm with a range of 183 µm.
There was no significant correlation between acid impacts and tissue loss, regardless

of whether the source of the acids (from drinks, food, or total) or the time point of the
survey were considered. At T0, the correlation coefficients were 0.114 (p = 0.315), −0147
(p = 0.966), and −0.058 (p = 0.612), respectively, and at T1, they were 0.082 (p = 0.469), 0.005
(p = 0.966), and 0.018 (p = 0.871), respectively.

There was also no significant relationship between taste preferences for drinks and
food and tissue loss. A numerical relationship was found between tissue loss and preference
for acidic drinks at baseline. The tissue loss values were 39.0 (36.0;47.5), 44.5 (33.0;54.5), and
51 (38.0;67.9) µm for those who disagreed, were undecided, or agreed, but these differences
did not reach statistical significance (p = 0.088).

4. Discussion

We investigated a new approach to shed light on the role of questionnaires in analyzing
the relationship between diet and progression of tooth wear.

First of all, in the present context, there is no generally accepted questionnaire to fall
back on. For this reason, we developed a new one and included some novel aspects. In
this questionnaire, we collected the consumption frequencies of potentially erosive food
and drinks that are frequently queried in the literature. In contrast to the usual analyses
of individual drink or food categories with regard to their effect on tooth wear, we used
the consumption frequencies only to determine the frequency of acid impacts overall. This
approach seems more meaningful to us because the erosive potential of products in a
category can vary greatly [15] (for example, different brands within the soft drink class),
thus categories such as “soft drinks” or “fruit juices” do not represent an entity to which
one could assign an independent erosive potential.

Dietary habits are multidimensional, of course, and self-reported frequencies may
be biased in various ways, for example, in terms of recall, or social desirability [16]. We,
therefore, included not only consumption frequencies but also qualitative aspects of diet
and asked about taste preferences. We assumed that such questions could provide an
indicator of basic preferences and general dietary behavior and might be more meaningful
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for our research question than consumption frequencies. In another context, food (taste)
preferences have, indeed, been identified as an important factor in food choice [17].

Finally, we coupled our one-year wear observation period with two dietary surveys to
obtain both a prospective and a retrospective dimension of dietary behavior in relation to
the observation period.

With regard to the measurement of tissue loss, we focused on a single tooth obser-
vation, although tooth wear naturally can occur across the entire dentition. However,
measuring tissue loss with intraoral scanners is less accurate when looking at larger sec-
tions of the jaw [18]. For this reason, we have only collected loss values for the first lower
molar. This was well suited for our purpose because it is the tooth where tooth wear
manifests itself earliest and has the highest progression rates [9,19,20].

First of all, we were interested in how consistent the data from the questionnaires
were. With regard to the acid impacts from drinks and food, similar numbers were found
at the beginning (T0) and at the end of the study (T1), but at the individual level, their
correlation was low. That this was not due to random errors is indicated by the comparison
with the results of the retest of our questionnaire, which showed a very good correlation
with the consumption frequencies. This variability in the consumption frequencies is also
reflected in the classification of the participants into the low and high acid impacts groups,
as almost 30% of them were classified differently depending on whether the data from the
beginning or the end of the studies were used.

Self-reported dietary data are subject to a variety of influencing factors, including
memory, social desirability [7,16], and behavioral changes due to participation in a study.
While the first two aspects mean that the actual dietary behavior differs from the reported
one, the last aspect would imply an actual change in consumption. It is quite conceivable
that our study participants, based on their knowledge of the study objective, have informed
themselves about the reasons for tooth wear and the role of diet and have adapted their
diet accordingly. This could have led to a reduction in reported acid impacts over time, but
our data do not confirm this. That knowledge about a healthy diet only has a limited effect
on behavioral change has also been shown in other contexts [21].

Eating habits are also a very strongly socially influenced construct [22], and it is
quite conceivable that a dynamic social environment, as is possibly assumed especially
in younger adults, could lead to variable and changing dietary behavior. Especially for
the age group studied here, there seem to be many potential factors that determine eating
behavior [23]. Among these factors are also taste preferences, and this factor is perhaps
one for which a certain continuity can be assumed and which could have a certain basic
influence on dietary behavior. It was, indeed, shown that those who agreed with the
statement “I like the taste of most fruits” in fact ate more fruit than those who did not [24].
Furthermore, taste preferences and eating habits seem to be consistently associated with
each other over a longer period of time [24]. In our study, taste preferences for both food
and drinks at T0 and T1 were at least moderately consistent, in contrast to consumption
frequencies. Contrary to what might be assumed, taste preference for drinks and food does
not seem to be always in the same direction because those who liked to consume acidic
drinks did not necessarily consume acidic food. Interestingly, taste preference was, except
for acid drinks, only by trend associated with a corresponding frequency of consumption,
which seems to contradict the results of the study mentioned above. However, it certainly
depends on how the question is framed. In the context of erosive tooth wear, questionnaire
items focus on drinks and food that are acidic in the chemical sense. However, low pH
does not necessarily reflect taste sensation. For example, it was shown that participants
rated the sweetness intensity of two commercial soft drinks with a sugar content of about
10% comparably high, even though the pH value of one drink was 6.3 and that of the other
2.1 [25]. It would, therefore, be interesting to investigate in further studies whether taste
or consumption preferences can be found that have a better predictive value for tissue
loss than the simple question about acidic taste sensations. Furthermore, the nutrient
content and pH value may largely differ within a food category or even within a food
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item, and food items are often combined (e.g., fruits and yoghurt), which may influence
the erosive potential. Finally, not only the original pH value of food is relevant for the
erosive potential of food, but also the buffering capacity [26]. Moreover, human saliva has
protective properties, thus a low pH value of food does not lead automatically to a low
intraoral pH [26].

Our data show that, on the one hand, the participants reported a wide range in
consumption of acidic food and drinks, and, on the other hand, they also experienced con-
siderable tissue loss. This is similar to our first, very basic analysis, where we only looked
at the dietary data reported at T0 [10]. However, neither the consumption frequencies
of potentially erosive drinks or food nor the taste preferences at both time points could
provide an explanation for the tissue loss. Accordingly, the classification of four or more
acid impacts per day as a risk indicator for erosive tooth wear proposed by Lussi and
Hellwig [14] could not be confirmed with our data; this is all the more so because about
one-third of the participants changed this classification, depending on whether the data
at T0 or T1 were taken into account. Thus, our study basically confirms the results of the
two longitudinal studies mentioned at the beginning [6,7], which used a clinical index to
assess tissue loss. Such indices represent a rather crude measure of tissue loss, and we had
assumed that an objective and quantitative measure would be better suited to detect etio-
logical factors attributable to diet. However, if we consider the heterogeneity of the dietary
data at the two points in time of our study, it can be assumed that the dietary behavior, at
least in the phase of life in which our participants found themselves, might be too variable
to be grasped via only two data collection points. Thus, a cross-sectional survey of factors
that can be attributed to diet might be generally unsuitable for explaining phenomena that
manifest themselves over a longer period of time. A longer study period with multiple
data collection points could shed light on this. Finally, however, the fundamental question
can be asked whether and to what extent self-reported dietary habits have anything at all
to do with real dietary behavior, and the relevance of dietary data collected on the basis
of memory-based dietary assessment methods has generally been questioned [27]. As the
relationship between diet and (oral) health remains an important area of research, it would
be valuable to think about novel methods for assessing dietary behavior [28,29].

A strength of our study is that we have objectively quantified tissue loss with a
digital measurement method that can represent tissue loss very sensitively. However, this
relatively complex measurement method also means a limit to the number of test persons.
The relatively small group of people is a limitation. Therefore, further studies must show
how generalizable our results are. It could be regarded as a further limitation that other
factors, such as oral hygiene behavior or bruxism, that could affect tooth wear were not
included. Since it was not the aim of the present study to clarify which factors, in general,
could be responsible for the wear that we found in our group of individuals, however, this
limitation rather draws attention to methodological aspects for epidemiological studies
in the field as a whole. If we consider bruxism, for example, as a possible factor for wear,
studies show that self-reported behavior, collected with questionnaires, may also be less
reliable in this context than one might presume [30]. It would, therefore, be an important
research perspective to look at the research methodology for analytical, epidemiological
questions on tooth wear from a broader perspective.

5. Conclusions

Considering the duration of longitudinal studies on tooth wear, it is important to note
that the dietary behavior reported at intervals of only one year was only partially consistent.
Although taste preferences seem to be more consistent over a longer period of time than
consumption frequencies, it remains unclear to what extent these also reflect acid exposure
from food and drinks. None of the dietary parameters showed a significant relation with
tissue loss. The suitability of dietary questionnaires seems to be limited, and new survey
methods may be needed to clarify the role of diet in the context of tooth wear.
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Appendix A

Questionnaire items

1. Frequencies

To investigate the number of acid impacts per day, the consumption of the following
drinks and food was enquired in the questionnaire. The participants were asked to reflect
on the last four weeks before answering the questions.

Non-alcoholic drinks:

• Energy drinks
• Lemonade
• Cola/cola mixed drinks
• Soft drinks other than cola and lemonade
• Light soft drinks
• Fruit juices
• Smoothies
• Iced tea
• Isotonic sports drinks
• Fruit tea

Food:

• Citrus fruits
• Soft fruits
• Stone fruits
• Pome fruits
• Pineapple
• Sour pickled food
• Salad dressings with vinegar
• Sour sweets

The following answer options were available, which were considered equivalent to
the acid impacts per day in brackets:

• Never/rarely (0)
• 1–3x per month (0.07)
• 1–4x per week (0.36)
• 5–6x per week (0.79)
• 1–2x daily (1.5)
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• 3–4x daily (3.5)
• ≥5x daily (5)

In addition, the consumption of wine was enquired with the following answer options
available, which were considered equivalent to the acid impacts per day in brackets:

• Never (0)
• ≤1x per month (0.02)
• 2–3x per month (0.08)
• 1–3x per week (0.29)
• 4–6x per week (0.71)
• 1x daily (1)
• ≥2x daily (2)

The values of all items (or those related to food or drinks separately) were summed
and constituted the total number of daily acid impacts (or acid impacts from drinks and
food, respectively).

Example:
Consumption frequencies of a subject:

i. Energy drinks (1–4x per week)
ii. Smoothies (5–6x per week)
iii. Fruit tea (1–2x per day)
iv. Wine (4–6x per week)
v. Citrus fruits (1–2x daily)
vi. Soft fruits (1–2x daily)
vii. Salad dressings with vinegar (5–6x per week)
viii. Sour sweets (1–4x per week)

Calculation (addition of corresponding acid impacts):

i. 0.36
ii. 0.79
iii. 1.5
iv. 0.71
v. 1.5
vi. 1.5
vii. 0.79
viii. 0.36

Total: 7.51 acid impacts per day.

2 Taste preference

The answers to the questions were related to dietary behavior during the last four
weeks.

1. I like to eat acidic food.
2. I like to drink acidic drinks.

The following answers could be chosen:

• I do not agree at all.
• I rather disagree.
• Neither.
• I tend to agree.
• I fully agree.
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Abstract: This study aimed to evaluate the Mediterranean Diet Adherence Screener (MEDAS) in
a study investigating the anti-inflammatory effect of a 6-week Mediterranean diet intervention
on periodontal parameters. Data from a randomized clinical trial were analyzed for correlations
between the MEDAS score and oral inflammatory parameters (bleeding on probing (BOP), gingival
index (GI), and periodontal inflamed surface area (PISA)) and select nutrient intakes estimated by a
food frequency questionnaire (FFQ) and a 24-h dietary recall (24dr). A mixed model, calculations
of Spearman $, Lin’s Concordance Coefficient (CC), and Mann–Whitney U test were used for the
statistical analyses. The MEDAS score was significantly negatively correlated with periodontal
inflammation (BOP: CoE −0.391, p < 0.001; GI −0.407, p < 0.001; PISA −0.348, p = 0.001) and positively
correlated with poly unsaturated fatty acids/total fat, vitamin C, and fiber intake estimates obtained
from the FFQ and 24dr ($ 0.38–0.77). The FFQ and 24dr produced heterogeneously comparable intake
results for most nutrients (CC 0–0.79, Spearman $ 0.16–0.65). Within the limitations of this study,
the MEDAS was able to indicate nutritional habits associated with different levels of periodontal
inflammation. Accordingly, the MEDAS can be a sufficient and useful diet screener in dental studies.
Due to its correlation with oral inflammatory parameters, the MEDAS might also be useful in
dental practice.

Keywords: dentistry; gingivitis; inflammation; Mediterranean diet; periodontology

1. Introduction

Increasing evidence has shown that the Mediterranean diet (MedD) is associated
with lower morbidity and mortality and a lower likelihood of developing certain chronic
diseases [1–3]. The MedD is characterized by an increased consumption of vegetables,
fruits, and herbs, with fatty sea fish and olive oil as the main fat sources [4]. Caries, the
most common oral disease, are mainly caused by nutritional behaviors, and an increasing
number of studies have indicated that malnutrition is also an important risk factor for
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oral inflammatory diseases such as gingivitis and periodontitis [5–7]. However, in den-
tistry, there is a lack of interventional studies on this topic; consequently, there is little
evidence supporting dietary-based prevention and treatment concepts [5,8]. Thus, current
periodontitis therapy guidelines require further evidence for nutritional interventions [8].
In the last decade, nutritional studies in the field of periodontology have gained increasing
attention after it was found that nutrition has a beneficial effect on oral inflammation.
By replacing Western dietary habits with dietary concepts found in the MedD, several
nutritional interventions have shown impressive results in the reduction of oral inflam-
mation. These dietary concepts (such as a paleolithic diet, the consumption of lettuce
juice, a nitrate-rich diet, and a mainly plant-based whole foods diet) were able to reduce
inflammation even though the participants had higher or constant plaque values [9–12].
Our group recently investigated the MedD in a 6-week randomized clinical trial and found
comparable results to the studies above [13]. The findings of that study were in accordance
with a cross-sectional study that reported lower odds of periodontitis when the participants
adhered to the MedD [14]. Accordingly, the MedD offers advantages both for general and
oral health and should therefore be recommended to dental patients.

However, to the best of our knowledge, how to optimally and relevantly assess the
diet of dental patients with regard to the MedD remains unclear. This assessment could
be in regards to diet adherence or to analyze food or nutrient intake [15,16]. When the
goal is to monitor general dietary habits or adherence to recommendations, short and
easy evaluable assessment screeners might be sufficient, such as the Mediterranean Diet
Assessment Screener (MEDAS), which covers 14 items [16,17]. Typical food groups are
queried for a minimum consumption and the result is given as a score. A score of ≥10 has
been suggested to indicate sufficient adherence to the MedD [18]. MEDAS has been recently
used in numerous diet studies, and negative correlations between the MEDAS score and
cardiovascular diseases (CVD), symptoms of depression, odds for mobility limitations in
seniors, unhealthy anthropometric parameters, occurrence of gestational diabetes, and
mortality were reported [19–24]. Moreover, the MEDAS score was positively correlated
with higher levels of education, nutritional knowledge, and physical activity [25–27]. So
far, no similar study has focused on periodontal inflammatory parameters. However, the
MEDAS does not allow for detailed nutrient or food analyses. The 24-h diet recall (24dr)
and food frequency questionnaires (FFQs) provide the ability to analyze the consumption of
certain foods or nutrient intake levels. The 24dr might demand a more intense cooperation
of study participants, possibly influencing adherence and the return rate. This might lower
the use of the 24dr in a dental practice compared with clinical research. The results of
FFQs and the 24dr have generally been shown to agree [15,28]. The assessment of nutrient
intake demands detailed documentation of one’s diet, with the consequent conversion
into nutrient amounts per day prior to data analysis [29]. In studies with small sample
sizes, data agreement between these methods, as well as differences between study groups,
might be less valid [30]. Hence, a determination of diet adherence without the need for
detailed nutrient analysis could be a beneficial alternative for those studies. Moreover,
screeners such as the MEDAS might correlate positively or negatively with clinical dental
parameters when there is an association between the investigated diet and oral inflamma-
tion. Consequently, in addition to the goal of low plaque levels, traditionally used in dental
medicine [31,32], an increased screener score might be an additional goal of periodontal
therapy. Monitoring diet adherence with an easy and efficient evaluation tool without
the use of detailed nutrient analysis might facilitate study implementation and increase
data validity.

Therefore, the present study aimed to determine the validity of the MEDAS using the
framework and data of a recent study [13] that investigated the effect of a 6-week MedD
intervention in patients with gingival inflammation. The MEDAS score was correlated
with clinical data and nutritional parameters obtained from an FFQ and 24dr. The nutrient
analysis results of the FFQ and 24dr were also analyzed for their correlation.
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2. Materials and Methods
2.1. Study Design

The data used in the correlative analysis were from a clinical trial that investigated the
effect of the MedD on gingivitis (Bartha et al., 2021). The trial was designed in accordance
with the CONSORT statement for clinical trials (Figure 1). The study protocol was approved
by the University of Tübingen Ethics Committee (745/2019BO2) and registered in the
German Clinical Trials Register (DRKS 00025103).
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Figure 1. Study flow chart [13] PI = plaque index, GI = gingival index, BOP = bleeding on probing,
PD = pocket depth, 24dr = 24-h dietary recall, FFQ = food frequency questionnaire, MEDAS = Mediter-
ranean Diet Adherence Screener.

2.2. Inclusion Criteria

Patients were included if they met all of the following criteria: had generalized gin-
givitis defined as >30% of sites around the teeth exhibiting bleeding on probing (BOP) [33]);
≥20 present teeth; aged 18 to 49; a BMI of 18–30 kg/m2; self-reported Western diet defined
as a daily intake of processed carbohydrates, sugar, animal protein, saturated fatty acids, or
other Western diet characteristics [34] elicited by verbal anamnesis.

2.3. Exclusion Criteria

Patients were excluded for any of the following reasons: periodontitis defined as a
Community Periodontal Index of Treatment Needs (Ainamo et al., 1982) score > 2; smoker;
severe illnesses (e.g., HIV, chronic hepatitis, cancer, illnesses of the salivary glands or the
gastrointestinal tract, diabetes mellitus); pregnancy or breastfeeding; intake of antibiotics
within 6 months prior to or during study; intake of anti-inflammatory drugs; treatment
with medication affecting gingival bleeding; intake of probiotics; strict vegetarian, vegan,
low-carb, or paleo diet; dislike or intolerance of fish, milk, or milk products; allergic to fish,
fruits, or nuts; eating disorder (anorexia nervosa, bulimia, binge eating, or fasting). Those
who missed more than one structured MedD training were also excluded from the study.
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2.4. Patient Recruitment and Allocation

After recruitment through social media and institutional emails and flyers, applicants
were comprehensively informed about the study and gave written consent. Eligibility
screening was conducted at the Department of Conservative Dentistry, University Hospital
Tübingen, Germany.

The included participants were pseudonymized and allocated to either the Mediter-
ranean diet group (MedDG) or control group (CG) using minimalization according to
gender and age (JMP, SAS Institute, Heidelberg, Germany).

2.5. Diet Intervention

Aiming to harmonize the clinical conditions before the start of the intervention, all
participants continued their usual diet for the first 2 weeks. Furthermore, at-home dental
care was equalized by asking all participants to refrain from using interdental cleaning
tools and mouthwashes [11,13]. During the subsequent 6 weeks, the MedDG changed their
diet to conform to a MedD. They also participated in four nutrition classes in groups of up
to five participants: two sessions before starting the MedD and two meetings during the
intervention period (Figure 1). Further information can be found in [13].

The Institute of Nutritional Medicine of the University of Hohenheim, Germany,
provided the diet training material.

The nutrition classes were conducted by a dietician and a dentist who were specialized
in the field of nutrient medicine. The first session consisted of a short lecture and group
discussion on the background of the MedD and its health effects, including information on
the MedD food pyramid and meal planning. Training material was distributed, and ten
training tasks were set such as online research and grocery shopping; recommendations for
books and apps were also given. The second session repeated much of the information and
discussed selected training tasks, the MedD when eating out, canteen and restaurant menus
and their agreement with the MedD, and easy preparations of MedD snacks and meals.
The third session included a discussion of the first experiences with the MedD and a lecture
about fat and fatty acids. Also discussed were MedD recipes and how to prepare typical
Western diet meals using MedD ingredients. In the fourth session, there were further
discussions about adhering to the MedD when eating out and implementation difficulties.

2.6. Diet Assessment and Clinical Examinations

Diet was evaluated at three time points: at week 2, near the start of the MedD inter-
vention (T0); 2 weeks after T0 (T1), and at the end of the dietary intervention, 6 weeks
after T0 (T2). The assessment tools used were the MEDAS, the German Health Interview
and Examination Survey for Adults Food Frequency Questionnaire (DEGS-FFQ, Robert
Koch Institute, Berlin, Germany), and the German Society of Nutrition 24-h dietary recall
(24dr). The MEDAS is a 14-item questionnaire that queries the habitual intake of 12 typical
MedD food components. The items are scored as 0 for nonadherence or 1 for adherence to
the particular component [17]. A value of 10 or greater indicates MedD adherence. The
DEGS-FFQ consists of 53 food items and is a reflection of one’s daily intake frequency
during the previous 4 weeks. For each component, consumption frequency is answered
as: one serving per month; two to three servings per month; one to two, three to four, or
five to six servings per week; or one, two, three, four to five, or more than five servings per
day [15]. The daily nutrient intake can then be calculated based on reference tables. For the
24dr, participants reported their food consumption and portion size at each time point.

The assessments were filled out close to each time point.
T0: MEDAS and DEGS-FFQ; T1: 24dr; T2: 24dr, DEGS-FFQ, and MEDAS
At T0 and T2, clinical examinations were conducted by a blinded examiner. The

clinical examination used is described in Bartha et al. (2021).
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2.7. Study Outcomes

The primary outcome was the correlation of the MEDAS score with the oral inflam-
matory parameters BOP, GI, and PISA. In addition, the MEDAS score was analyzed for
correlations with the following nutrient intakes as evaluated by the 24dr and DEGS-FFQ:
relative proportion of polyunsaturated fatty acids (PUFA) to total fat (PUFA/fat), vitamin
C, and dietary fiber. The 24dr and DEGS-FFQ results at T2 were compared for daily intake
levels of total energy (E), carbohydrates (CH), protein (P), fat (F), PUFA, saturated fatty
acids (SFA), cholesterol (CHOL), glucose (GLUC), fructose (FRUC), alcohol (ALC), vitamin
C (ASC), vitamin E (TOC), carotin (CAR), and fiber (FB). Additionally, for each tool, the
daily nutrient intake levels were compared between the two study groups at T2. The results
were descriptively analyzed regarding their intragroup comparison results. Changes in the
MEDAS score between T0 and T2 were calculated and compared between the two groups.

2.8. Statistical Methods

The DEGS-FFQ data were evaluated according to the recommendations of the Robert
Koch Institute. The clinical data and the nutrient analysis data obtained from the DEGS-FFQ
and 24dr were analyzed using Ebis Pro (University of Hohenheim, Stuttgart, Germany).
Correlations between MEDAS and clinical parameters including all timepoints were cal-
culated using a mixed model for data with repeated measures [35]. Due to the lack of a
normal distribution (Anderson–Darling test p < 0.05), the T2 intergroup comparisons were
performed using the nonparametric Mann–Whitney U test. Lin´s Concordance correlation
coefficient (CC) and the Spearman rank correlation between the 24dr and DEGS-FFQ was
used to assess correlations between the 24dr and DEGS-FFQ. Additionally, Spearman rank
correlation was used to assess correlations between the MEDAS score and nutrient intake.
SAS 9.4WIN (SAS Institute, Cary, NC, USA) was used for calculation of the mixed model,
Excel 16.57 (Microsoft, Redmond, WA, USA) with Real Statistics Using Excel Resource
Pack for Mac, Release 8.1 (https://www.real-statistics.com, accessed on 14 March 2022)
was used for calculation of CC, and JMP16.0 (SAS Institute, Cary, NC, USA) for all other
statistical analyses.

3. Results

Of the 42 participants who met the inclusion criteria, 37 completed the study; 17 men
and 20 women (Figure 2), with no difference in mean age between MedDG and CG. All
participants completed the MEDAS and DEGS-FFQ at T0 and T2, except one missing
MEDAS at T2. In total, 24 participants completed the 24dr at T2 (Table 1). The clinical
data from our previous study are presented in Table 2. Between T1 and T2, there were
statistically significant improvements in the BOP, GI, and PISA in the MedDG. The plaque
values did not change in either group, while the MEDAS score significantly improved in
the MedDG (Table 2). For further details see [13].
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Table 1. Baseline characteristics of MedDG and CG.

MedDG CG Intergroup p-Value

Men 10 7 0.2536
Women 8 12

Age (years) 32.71 ± 8.87 29.21 ± 7.17 0.198
Note: MedDG = Mediterranean diet group; CG = Control group. The data are from [13].

Table 2. Clinical data with mean values and standard deviations, * paired t-test, PI = plaque index,
GI = gingival index, BOP = bleeding on probing, PD = pocket depth, PISA = periodontal inflamed
surface area.

T1 T2

MedDG, T1 CG, T1 MedDG, T2 CG, T2 MedDG T1-T2
Intra p-Value *

CG T1-T2
Intra p-Value *

PI 1.51 ± 0.21 1.37 ± 0.38 1.49 ± 0.24 1.39 ± 0.24 0.560 0.823
GI 1.3 ± 0.25 1.11 ± 0.42 0.99 ± 0.22 0.97 ± 0.27 <0.001 0.093

BOP [%] 51.00 ± 14.65 43.21 ± 14.25 39.93 ± 13.74 39.74 ± 11.0 <0.001 0.151
PD [mm] 2.26 ± 0.18 2.29 ± 0.18 2.36 ± 0.17 2.36 ± 0.18 0.008 0.044

PISA [mm2] 616.33 ± 201.39 528.94 ± 173.48 512.02 ± 205.83 514.26 ± 148.79 0.004 0.589
MEDAS Score 5.55 ± 3.01 6.52 ± 2.17 11.89 ± 1.90 7.22 ± 2.88 <0.001 0.310

Note: The data are from [13].

3.1. The MEDAS Score Was Negatively Correlated with Periodontal Inflammation and Positively
Correlated with the Intake of MedD-Associated Nutrients

Analyzing all available data of MEDAS and the clinical examinations (T0 and T2), the
mixed model revealed statistically significant negative correlations between the MEDAS
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score and BOP (correlation estimate (CoE) = −0.391, p < 0.001), GI (−0.407, p < 0.001), PISA
(−0.348, p = 0.001), and PI (−0.23, p = 0.045) (Figure 3). Furthermore, using Spearman
correlation analysis, the MEDAS score was positively correlated with the intake results
of both detailed assessment methods (FFQ and 24dr at T2) for dietary fiber, vitamin C,
and the relative fraction of PUFA in the daily total fat intake. The results were statistically
significant for all correlations (p < 0.01) except 24dr vitamin C vs. MEDAS (p = 0.069)
(Figure 4).
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Figure 3. Correlation between the MEDAS score and clinical parameters (BOP, GI, PISA and PI).
Scatterplots; data from T0 0 (blue) and T2 (red) for both groups (n = 73). MEDAS = Mediterranean
Diet Adherence Screener, BOP = bleeding on probing, GI = gingival index, PISA = periodontal
inflammation surface area, PI = plaque index, CoE = correlation estimate, CI = 95% confidence interval.
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3.2. DEGS-FFQ and 24dr Nutrient Intake Results Were Heterogeneous Comparable

Calculating the concordance coefficient, the 24dr and DEGS-FFQ results showed
values between 0.00 and 0.79, most pronounced for CHO (0.79). The additionally calculated
nonparametric Spearman $ displayed values from 0.16–0.65 with values less than 0.20 for
CH and GLUC (Figure 5).
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At T2, there were significant differences in daily nutrient intake levels between the two
groups for several nutrients. By comparing the statistical results of each assessment method,
matching significant results were found for dietary fiber and all macronutrients except
carbohydrates, which was significantly higher in the CG in the 24dr analysis. Similarly, the
CG cholesterol intake was significantly higher than the MedDG in the 24dr analysis. The
micronutrient and alcohol intake of the MedDG was significantly higher than that of the
CG in the FFQ analysis (Table 3).
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4. Discussion

This study aimed to evaluate correlations between the MEDAS score and oral inflam-
matory parameters after a 6-week Mediterranean diet intervention and its comparability
with the results of the DEGS-FFQ and 24dr. We found that the MEDAS score showed
significant negative correlations with all assessed oral inflammatory parameters (GI, BOP,
and PISA). The negative correlation was weaker, but still significant, between the MEDAS
score and PI. The MEDAS score showed significant positive correlations with the intake
levels of PUFA/total fat and fiber for both of the more detailed assessment methods. There
were comparable values for nutrient intake as assessed by the 24dr and DEGS-FFQ.

Although the MEDAS has been evaluated for correlations with many medical and
anthropometric parameters, no study has investigated its ability to assess MedD adher-
ence within a diet intervention study in patients with gingivitis. The significant negative
correlations between the MEDAS score and oral inflammatory parameters indicate the
following: (i) adherence to the MedD is associated with decreased gingival inflammation
and (ii) the MEDAS can be used as a dietary screening tool that can be related to the level of
gingival inflammation. This tool can be recommended in research and in clinical practice,
since it is easy to use by patients, and instantly interpreted by users. An explanation for
the observed weak but significant correlation between the MEDAS score and PI could be
that a higher adherence to a healthy diet might be associated with a higher awareness of
healthy habits in general, as reported in some recent studies [25,27,36]. Alternatively, it
might reflect a lower level of biofilm formation, as was seen in studies looking at sugar
restriction [37,38]. In dentistry, plaque scores are traditionally used to monitor patients´
adherence to anti-inflammatory therapeutic concepts [31,32,39]. Investigating the diet in
clinical studies and including dietary counseling in therapeutic concepts both require the
evaluation of diet adherence. Thus, an easy evaluable form like the MEDAS might be
suitable for these applications. Our results confirm the findings of Altun et al. (2021). In
their cross-sectional study, they found a lower risk for periodontal disease when adherence
to the MedD was increased, and they used the MEDAS as an evaluation tool [14].

The observed positive correlations between the MEDAS score and the FFQ and 24dr
intake estimates for PUFA/total fat, vitamin C, and dietary fiber are comparable with
the results of previous validation studies of the German and English versions of the
MEDAS [17,29]. Additionally, recent studies have used the MEDAS to assess MedD
adherence or adherence to healthy diets in general. In many cases, a lower MEDAS
score was correlated with the presence of disease and an unhealthy lifestyle. It also
correlated with the plasma metabolome profile and metabolic signature, which were able
to predict the risk for CVD incidents in patients of the “Prevention with Mediterranean
Diet” (PREDIMED) study [40]. In patients with depression, the occurrence of symptoms
was negatively associated with the MEDAS score [23,41]. Zhao et al. found a reduced
occurrence of gestational diabetes with higher MEDAS scores and with increased olive oil
and pistachio consumption [24]. In summary, our results, together with those of Altun
et al., are in line with previous studies that have investigated the correlations between the
MEDAS score (and therefore MedD adherence) and parameters of numerous other diseases.
Some studies additionally evaluated the relation between low consumption of certain food
groups and lower MEDAS scores. In these studies, mostly olive oil, nuts, seafood, legumes,
wine, and vegetables were the reduced food groups and the consumption of red meat and
carbonated beverages was increased [23,27].

We used the DEGS-FFQ and a 24dr for the analysis of food groups and nutrient
intake estimation. The nutrient and energy intake estimates from the 24dr and DEGS-FFQ
at T2 showed significant differences for all parameters except for PUFA, SFA, ASC, and
TOC. Concordance analysis revealed values ranging between 0 and 0.79. Additionally, the
nonparametric Spearman correlation coefficient ranged from 0.15 to 0.65, with most values
above 0.30. These results are comparable to those of validation studies of the DEGS-FFQ
and other FFQs, with correlation coefficients ranging between 0.14 and 0.90 [15,28,42–44].
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Haftenberger concluded that in cases where there are differences between the FFQ and
24dr, there is no evidence indicating which one reflects the most realistic food consumption.

In general, energy (and therefore nutrient intake) seems to be underestimated by
both the 24dr and the FFQ. This underestimation has been shown in validation studies
using the double-labeled water technique [45–47] and in comparisons of estimated sodium
intake and sodium excretion in 24-h urine samples [48]. Furthermore, underestimation
seems to be more pronounced with increasing BMI, especially at BMI values ≥30 [47,49].
We additionally compared the two methods regarding their ability to produce matching
results when the estimated T2 nutrient intake was tested for statistically significant dif-
ferences. Intragroup comparisons of the 24dr and DEGS-FFQ showed matching results
for all macronutrients except total carbohydrates and cholesterol. Differences between the
groups for micronutrients and total alcohol were shown by only one of the two assessment
methods. Regarding micronutrients, all estimated differences were found to be significant
in the DEGS-FFQ analysis only. This again underlines the question as to which method
produces the more accurate result. As the 24dr captures the diet for only one day, the
results could be susceptible to intake fluctuations, especially when it is used to display
diet for a longer time period. This might also be the case if 24drs are used for more than
one day. For FFQs, inaccuracies can arise because individual foods are grouped into food
groups, and participants have to remember a period of 4 or more weeks. The evaluated
food groups might contain foods with variable nutrient contents [50]. Thus, both tools have
advantages and disadvantages. The bias resulting from the short time period covered by
the 24dr could be mitigated by increasing the number of 24dr days within the study period.
However, more days requires a higher degree of participant compliance, again leading to
possible bias.

When monitoring diet adherence is the only goal, we find the MEDAS to be an easy to
use tool for monitoring MedD adherence in a dental study. European scientific societies
for periodontal diseases and caries recommend the inclusion of dietary counseling in
therapeutic concepts [33]. The S3 treatment guidelines for stage I–III periodontitis suggest
dietary counseling for the control of HbA1c in patients suffering from diabetes mellitus [8].
Both publications mention the need for further randomized controlled trials on this topic.
Future studies should try to confirm the correlation of easy evaluation screening tools such
as the MEDAS with oral inflammatory parameters to provide adherence evaluation tools for
use in clinical research and clinical practice. Although the diet affects inflammation [9–13],
the common dental therapeutic goal of low plaque values may be oversimplified because
it does not address possible malnutrition, which can also lead to other nonoral diseases.
Plaque scores are regularly discussed with patients and are used to motivate patients to
increase oral hygiene procedures. Plaque value documentation might be supplemented
with dietary scores such as the MEDAS. Like the plaque score, a dietary score could serve
as a motivational approach to increase and monitor patients’ adherence to healthy diets,
such as the MedD. In the context of a study with low participant numbers, an FFQ or a
24dr might be a supplement to the MEDAS, because these tools give at least an overview
of the participants’ food and nutrient intake. In the current study, comparable results for
the two methods were found, implicating a sufficient reflection of dietary behavior. The
lower return rate of the 24dr might indicate that the FFQ was more acceptable. Future
studies should evaluate whether a 24dr or an FFQ are applicable in digital forms, such as a
smartphone app.

Our study had some limitations. The main limitation was the low number of partici-
pants, which decreased the statistical power of the FFQ and 24dr analysis. The reason for
the low number of participants was that the main outcome parameter was the percentage
of BOP; hence, the calculated number of participants was based on a predicted change in
this parameter. Another limitation was that at the beginning of the study, the FFQ and 24dr
had to be filled out at different time points. The 24dr was used to monitor diet adherence
in the MedDG during the first 2 weeks and during the final week of the intervention. This
schedule limited the number of comparable FFQs and 24drs because the tools could only
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be compared at the final time point. Moreover, not all participants returned or filled out
their 24dr at the end of the study, leading to an even lower number of analyzable cases.
This might have resulted from decreasing motivation towards the end of the study and
reflected that a 24dr demands a more intense cooperation.

5. Conclusions

In this study, the MEDAS was sufficiently able to monitor adherence to a Mediterranean
diet throughout the study period. The MEDAS score was negatively correlated with the oral
inflammatory parameters BOP, GI, and PISA, but was positively correlated with nutrient
intake levels as assessed by both the FFQ and 24dr. These findings indicate that in situations
where diet adherence (but not nutrient intake assessment) is concerned, the MEDAS is a
suitable and easy evaluation tool for use in dental practice. The MEDAS score was correlated
with the observed reduction of gingival inflammation in a MedD intervention.
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Abstract: Dental health is closely linked to an individual’s health and diet. This bioarcheological
study presents dental caries and stable isotope data obtained from prehistoric individuals (n = 101)
from three Early Neolithic sites (c. 5500-4800 BCE) in central Germany. Dental caries and ante-mortem
tooth loss (AMTL) were recorded and related to life history traits such as biological sex and age at
death. Further, we correlate evidence on caries to carbon and nitrogen isotope data obtained from
83 individuals to assess the relationship between diet and caries. In 68.3% of the adults, carious
lesions were present, with 10.3% of teeth affected. If AMTL is considered, the values increase by
about 3%. The prevalence of subadults (18.4%) was significantly lower, with 1.8% carious teeth. The
number of carious teeth correlated significantly with age but not sex. The isotopic data indicated an
omnivorous terrestrial diet composed of domestic plants and animal derived protein but did not
correlate with the prevalence of carious lesions. The combined evidence from caries and isotope
analysis suggests a prevalence of starchy foods such as cereals in the diet of these early farmers,
which aligns well with observations from other Early Neolithic sites but contrasts to Late Neolithic
and Early Bronze Age populations in Germany.

Keywords: caries; nutrition; oral health; stable isotope analysis; bioarcheology

1. Introduction

In modern-day societies, caries is the most widespread non-communicable disease [1].
The nature of dental caries and its association with diet and oral hygiene are well under-
stood [2,3]. Once the homeostasis of the physiological oral microbiome is disturbed, this
may favour the colonization and multiplication of pathogenic bacteria [4,5]. Streptococcus
mutans is the main representative of caries-promoting pathogens, which have the ability to
metabolize low-molecular-weight carbohydrates such as sugars quite rapidly, producing
organic acids such as lactic acid. An excess of acid-producing bacteria leads to the deminer-
alization of tooth enamel, which can ultimately result in failure of the overall tooth structure
and tooth loss. The bacterial infection can even spread to the jawbone and lead to so-called
periapical alterations or abscesses, thus causing further complications [6]. Dental caries
is a multifactorial disease in which individual dietary habits (food, processing, texture),
oral hygiene, genetic factors (e.g., enamel thickness, microstructure, tooth morphology,
saliva composition), and underlying pathological conditions may also play a role [2,4,7]. As
dental health has an impact on a physiological and socio-cultural level, age- and sex-specific
associations with caries have been described [8,9].

263



Nutrients 2022, 14, 1831

In the past, a sharp increase in dental caries correlated significantly with fundamental
changes in human subsistence strategies and diet [9]. The first important event was the
adoption of agricultural practices to procure food in the Neolithic period. Particularly
the cultivation of several species of cereal provided a readily available and, thus, secure
source of food. The higher starch and, hence, carbohydrate content in this novel diet
and the way food was processed resulted in a higher prevalence of caries [9,10]. With
the availability of cane and beet sugars in the 18th and 19th centuries, caries occurrence
and frequency increased significantly [10]. However, in many industrialized Western
nations, dental health has improved in the past few decades, especially among children
and adolescents. The main elements are new concepts for prevention and treatment and
the desire for wellbeing [3]. Nevertheless, the incidence of caries is still much higher in
Western industrialized nations than in most African and Asian populations [11].

In archeological and forensic contexts, teeth can still provide information even when
other tissue structures have already been destroyed by taphonomic processes [12,13].
Analyses of pathophysiological changes in dental hard tissue provide information on the
frequency and severity of dental disease within a population, as well as information on
individual and population-specific behaviors and dietary habits [9,14,15]. In addition, it
is possible to visualize spatial and chronological trends in oral health in human history
through comparative analysis of dental pathology data [8,10,16,17].

Our study provides an insight into the dental health of the earliest farmers of central
Europe, who had their genetic origins in the Near East and settled in central Germany
approximately 7000 years ago [18,19]. In addition to a (1) detailed survey of dental caries
and ante-mortem tooth loss (AMTL) in three burial communities, this study puts the
occurrence of dental caries in relation to stable isotope data obtained from human bone
collagen, assessing the possible relationship between diet and dental disease [20]. Stable
isotope analysis of carbon and nitrogen can provide information on the main source
of dietary proteins and carbohydrates and allows us to differentiate between herbivore,
omnivore, carnivore, and piscivore diets [21,22]. We expect to find (2) lower frequencies of
dental caries in individuals with slightly higher nitrogen isotope values and, hence, higher
amounts of animal protein (milk, meat) in their diet [20]. Another question is (3) how
biological sex and (4) age relate to the prevalence of dental caries and AMTL in these
populations. Gender-based differences in diet have been described for several Neolithic
sites in Europe, with male individuals tending to show isotopic evidence of more frequent
animal protein consumption than female individuals [23].

2. Materials and Methods
2.1. Material

This bioarcheological study includes data from the three Early Neolithic sites of
Halberstadt-Sonntagsfeld, Derenburg-Meerenstieg II, and Karsdorf-Steigra in the Middle
Elbe-Saale region (MES) of central Germany (Figure 1). Based on its characteristic ceramic
ornamentation, the archaeological culture is referred to as linear pottery culture (Linear-
bandkeramik = LBK) [24]. The MES is bordered in the west and south by low mountain
ranges (Harz, Thuringian Forest, and Ore Mountains) and in the east by glacial landscapes.
The area is interspersed with fertile loess soils, which offered favorable conditions for
settling and farming in prehistoric times [25,26]. In the western regions of the MES in par-
ticular, the lime-rich soils support the preservation of bones. The human remains sampled
in this study were radiocarbon-dated to the period between 5450 and 4775 cal BC [27].

Two of the sites, Derenburg-Meerenstieg II (DEB) and Halberstadt-Sonntagsfeld (HBS),
are located in the foothills of the northern Harz region (Nordharzvorland, Harz district,
Saxony-Anhalt), at a distance of less than 10 km from each other. With its 47 burials, DEB
can be defined as a cemetery. In contrast, the 41 skeletons from HBS were found in so-
called settlement burials, i.e., grouped together close to the remains of wooden longhouse
structures. Single burials dominated at HBS and DEB, but a few double burials were also
found. More than half of the burials contained grave goods such as pottery, earth pigments,
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and spondylus shells [28]. The third site, Karsdorf-Steigra (KAR) in the Unstrut Valley
(Burgenland), is located approximately 100 km from the other sites. As at HBS, the burials
at KAR were also found within the settlement. The 30 individuals were grouped primarily
to the west of the longhouse structures. All deceased were buried in individual grave pits,
and the number of grave goods can be described as low compared to the other sites [29].
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Figure 1. Location of the three sites in the Middle Elbe-Saale region, Saxony-Anhalt, central Germany
(LDA, Halle/Saale).

2.2. Methods
2.2.1. Age and Sex Determination

Following international recommendations, a broad range of morphometric methods
were used for age and sex determination of the skeletal remains [30,31]. The age determi-
nation in adult individuals (>20 years) was based on the assessment of the cranial suture
closure [32], changes in the auricular surface [33,34], and the pubic symphysis [35]. In
children and adolescents (<20 years = subadults), age determination was based on the
tooth development and eruption [36], long-bone lengths [37], and ossification patterns of
epiphyses and apophyses [38]. The sex was determined on the basis of morphological
and metric criteria in adults only [38–40]. Age determinations were made according to the
following classification [41]: infans I (0–6 years), infans II (7–14 years), juvenis (15–20 years),
adultas (21–40 years), maturitas (41–60 years), senilis (≥61 years).

2.2.2. Morphological Examination of the Teeth

Assessment of the dental status was based on the designation standards of the
Fédération Dentaire Internationale (FDI) [42]. Adapted to the bioarcheological evalua-
tion of dental caries, the following two quotients were defined: (a) caries frequency (or
prevalence) in percent (CF = number of affected individuals × 100/number of assessable
individuals), (b) caries experience in percent (CE = number of affected teeth × 100/number
of assessed teeth) [43–45]. Carious lesions (dental cavities) were divided into five stages:
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caries superficialis (1), caries media (2), caries profunda without pulpa aperta (3), caries profunda
with pulpa aperta (4), radix relicta (5) [12]. So-called “white spots” and “brown spots” were
not part of this evaluation.

DMF scores are not appropriate for archeological investigations, because teeth may
be missing due to periodontal disease, trauma, or heavy tooth wear, and teeth lost post-
mortem (PMTL) may also have been carious [43,46]. Nevertheless, in the present study
ante-mortem tooth loss (AMTL) was assessed and combined with carious lesions in relation
to the assessable alveolar sockets (dental alveoli). AMTL was considered if the alveolus was
completely remodeled or at least showed signs of remodeling. The number of assessable
dental alveoli is composed of the number of preserved teeth, AMTL, and PMTL.

2.2.3. Digital Volume Tomography (DVT)

For a more detailed dental analysis of some individuals (n = 13), radiological images
were taken at the Department of Prosthodontics and Materials Science, Leipzig University
using digital volume tomography (DVT, Morita 3D Accuitomo 170), with a slice thickness
of 1 mm and a voxel size of 0.250 (tube voltage: 80 kV; tube current: 2.0 mA).

2.2.4. Stable Isotope Data

To assess whether the occurrence and prevalence of carious lesions can be associated
with dietary patterns in the three study populations, stable carbon and nitrogen isotope
data, δ13C and δ15N, respectively, previously published by Oelze and colleagues [20], were
also taken into account. Depending on the state of preservation, the bones used for isotope
analysis were mainly ribs, but a few long bones and skull fragments were also sampled.
Stable isotopes in collagen samples were extracted following the procedure outlined by
Richards and Hedges [47] and analyzed in a Flash EA 2112 coupled to a DeltaXP isotope
ratio mass spectrometer (Thermo-Finnigan, Bremen, Germany) at the Max Planck Institute
for Evolutionary Anthropology in Leipzig, Germany. The δ13C and δ15N values are reported
here in ‰ following the international standards vPDB and AIR. The analytical error was
better than 0.2‰ (1σ) for both isotope systems [20]. Collagen quality was affirmed by
inspecting %nitrogen, %carbon, and the atomic C:N ratios for each sample following the
recommendations by Ambrose [48].

2.2.5. Statistical Data Analysis

To compare the prevalence of caries with life history parameters and stable isotope
data in this archeological population with post-mortem tooth loss, we calculated percent
caries (caries%) as the number of teeth affected by caries divided by the number of teeth
present per individual. This allows us to assess dental caries in light of age, sex, site, and
dietary patterns across individuals. We ran two linear regression models in R (version
R 4.1.1, [49]) with the alpha level set to 0.05. One model was run using the full dataset
(n = 83), thus testing the effect of age (average value in years), site (3 levels: DEB, HBS,
KAR), and δ13C and δ15N values on the percentage of teeth affected by caries per individual
(%caries/individual). Log1p transformations were conducted to remove the zeros from
the response variable %caries/individual in both models. The fixed effect of sex was
also included in the second model, having excluded all subadult individuals and those
of undetermined sex from the dataset (n = 64). In the full dataset model, the possible
interaction between δ13C and δ15N was initially tested; this, however, was not significant
(χ2 = 0.0, df = 76, p = 0.958) and was subsequently dropped from the full model. The
interaction between isotopes was not considered in the second model.

Model diagnostics were carried out on both models by visually inspecting histograms,
qq-plots, and residuals plotted against fitted values, all of which confirmed normally
distributed and homogeneous residuals. Testing variance inflation factors in both models
found no evidence for collinearity (vifs around 1–1.2). The final results were obtained by
comparing both full models with a null model each, which only contained the fixed effect
of site, using chi-square independence tests.
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3. Results

Out of a total of 116 skeletons recovered from the three Neolithic sites, the dentitions
of 101 individuals could be examined for this study (Table 1). These comprised 63 adults
and 38 subadults (<20 years) with 1910 permanent and 277 deciduous teeth (Appendix A
Table A1). For a total of 83 individuals, we can report both dental caries and isotope
analysis results.

Table 1. Archeological sites, number (N) of excavated individuals separated in adults and subadults,
and number of individuals with preserved teeth separated in adults and subadults.

Archeological
Sites

N Excavated
Individuals

N
Adults

N
Subadults

N Individuals
with Teeth

N Adults
with Teeth

N Subadults
with Teeth

DEB 47 32 15 40 28 12
HBS 38 18 20 33 17 16
KAR 31 20 11 28 18 10
Total 116 70 46 101 63 38

The model testing the effects of age, site, and δ13C and δ15N values in relation to the
percentage of carious teeth per individual (n = 83) was highly significant (χ2 = 65.4, df = 77,
p < 0.000). However, as shown in Figure 2, this was driven exclusively by the effect of age
(p < 0.000). Interestingly, none of the other predictors had any impact on the percentage
of caries per individual (site: p= 0. 878, δ13C: p = 0.594, δ15N: p = 0.433). A similar pattern
emerged from the second model which included the fixed effect of sex in a subset of all adult
individuals. Here too the full model was highly significant (χ2 = 43.2, df = 57, p < 0.000),
exclusively driven by the effect of age (p < 0.000) and not by site (p = 0.613), sex (p = 0.733)
or δ13C (p = 0.669), and δ15N (p = 0.431) values.
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Figure 2. Scatterplot showing the significant relationship between the mean estimates of age in years
and the percentage of caries per individual.

3.1. Age-Specific Differences

Table 2 summarizes the caries frequencies (CF) and caries experience (CE) for all adult
and subadult individuals in this study. At DEB, 18 out of the 28 adults (64.3%) were affected
by caries. The CF in the adults from HBS (12/17, 70.6%) and KAR (13/18, 72.2%) were
slightly higher, but the number of assessable individuals was lower. A CF of 68.3% (43/63)
can be determined for all three groups taken together. When considering CE, the adults
from HBS exhibited the highest number of carious teeth (12.0%), followed by the group
from KAR, with a CE of 10.9%. The adult group from DEB showed the lowest CE rate of
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8.6%. Combining all three LBK sites, a CE value of 10.3% can be determined. In most cases,
a small number of individuals were characterized by particularly severe dental cavities.
AMTL could only be detected in adult individuals. Of 63 adults, 14 are affected (22.2%).
Individuals from KAR are most frequently affected by AMTL; in relation to the assessable
dental alveoli, HBS is in the lead. In total, two adults show AMTL but no carious lesions,
which raises the combined frequency (AMTL + caries) by individuals to 71.4%. Looking
at the combined data in relation to the assessable alveolar sockets, the average frequency
increases by 3%.

Table 2. Caries frequency (CF) and caries experience (CE) in adult and subadult individuals for each
site and in total. Information on AMTL and AMTL combined with caries is given by adult individuals
and assessable alveolar sockets.

Site
Adults Subadults

Individuals CF % Individuals CF %

DEB 18/28 64.3 2/12 16.7
HBS 12/17 70.6 2/16 12.5
KAR 13/18 72.2 3/10 30.0
total 43/63 68.3 7/38 18.4

Teeth CE % Teeth CE %

DEB 52/594 8.8 4/255 1.6
HBS 49/409 12.0 4/281 1.4
KAR 52/477 10.9 5/171 2.9
total 153/1480 10.3 13/707 1.8

Adults with AMTL

AMTL by individuals % AMTL by alveolar sockets %

DEB 5/28 17.9 9/625 1.4
HBS 3/17 17.6 23/453 5.1
KAR 6/18 33.3 23/517 4.4
total 14/63 22.2 55/1595 3.4

AMTL + caries by
individuals % AMTL + caries by

alveolar sockets %

DEB 19/28 67.9 61/625 9.8
HBS 12/17 70.6 72/453 15.9
KAR 14/18 77.8 75/517 14.5
total 45/63 71.4 208/1595 13.0

Among the subadults, the CF value was highest at KAR with 30% (Table 2). At DEB,
two out of 12 (16.7%) and at HBS two out of 16 subadults (12.5%) were affected. Overall,
seven of 38 subadult individuals (18.4%) had carious lesions. With 4–5 affected teeth, the
CE values in the subadults of all three sites were low. At KAR, 2.9% of the preserved
teeth were affected and at DEB, 1.6%. The lowest CE rate (1.4%) can be determined for the
subadult group from HBS. Combining the data of the subadult individuals from all three
LBK sites results in a CE rate of 1.8%. AMTL was not observed among the subadult group.

A closer look at all adult individuals by age group (Table 3) suggests an increase in
both CF and CE with advancing age. The same tendency can be described for AMTL and
AMTL combined with caries, both at the individual level and by alveolar sockets. However,
the oldest age group (>61) is only represented by a single individual.
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Table 3. Caries frequency (CF) and caries experience (CE) in subadult and adult individuals from all
sites by age group, with data on permanent teeth and deciduous teeth affected. Data on AMTL and
AMTL combined with caries are given by adult individuals and assessable alveolar sockets.

Age
(Years) Indidviduals % Permanent

Teeth/Alveolar Sockets % Deciduous
Teeth %

Caries (CF) Caries by teeth (CE)

0–6 0/19 0.0 0/105 0.0 0/188 0.0
7–14 5/13 38.5 2/194 1.0 8/87 9.2

15–20 2/6 33.3 3/131 2.3 0/2 0.0
21–40 22/37 59.5 75/873 8.6 — —
41–60 20/25 80.0 66/586 11.3 — —
>61 1/1 100 12/21 57.1 — —

AMTL AMTL by alveolar sockets

21–40 3/37 8.1 13/917 1.4 — —
41–60 10/25 40.0 37/652 5.7 — —
>61 1/1 100 5/26 19.2 — —

all adults 14/63 22.2 55/1595 3.4 — —

AMTL + caries AMTL + caries by
alveolar sockets

21–40 22/37 59.5 88/917 9.6 — —
41–60 22/25 84.0 103/652 15.8 — —
>61 1/1 100 17/26 65.4 — —

all adults 45/63 71.4 208/1595 13.0 — —

The subadults affected are exclusively children of the infans II age group (7–14 years)
and juvenile individuals. Carious deciduous teeth were observed in the infans II group.
Carious lesions are detectable in the permanent molars of an approximately 12-year-old
child and two juvenile individuals (15–20 years). No carious lesions were found in the
infans I group (0–6 years).

3.2. Sex-Related Differences

The results of our statistical data analysis show no significant effect of sex on the
percentage of carious teeth per individual among all adults from the three Neolithic sites.
However, although the sample sizes per archeological site are small, we can describe
some trends in our dataset. At DEB and KAR, females (81.3% and 83.3%) tend to be
more frequently affected by dental caries than males (40.0% and 63.6%) (Table 4). At
HBS, the situation is different: all six male individuals show evidence of dental cavities,
but only six out of 11 females (54.5%) have carious lesions. Overall, CF appears slightly
higher for females (72.7%) than for males (63.0%). At the individual level AMTL is slightly
higher in females, but the combined data from AMTL and caries do not lead to any
significant changes.

Similar results occur when looking at the CE values. Again, males from DEB and
KAR (5.9% and 4.9%, respectively) seem less affected by carious teeth than the females
(10.2% and 21.6%). At HBS, males (13.7%) tend to show more carious lesions than females
(11.5%). The female individuals from KAR show the highest CE with 21.6%. AMTL is more
common in females than in males. In comparison, the combined data from AMTL and
caries show a small but non-significant increase in frequencies.
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Table 4. Sex-specific differences in caries frequency (CF), caries experience (CE). Data on AMTL and
AMTL combined with caries are given by individuals and assessable alveolar sockets.

Site Male % Female % Male % Female %

Caries by individuals (CF) Caries by teeth (CE)

DEB 4/10 40.0 13/16 81.3 13/221 5.9 38/365 10.4
HBS 6/6 100 6/11 54.5 24/175 13.7 27/234 11.5
KAR 7/11 63.6 5/6 83.3 14/285 4.9 35/162 21.6
Total 17/27 63.0 24/33 72.7 51/682 7.5 100/761 13.1

AMTL by individuals AMTL by alveolar sockets

DEB 0/10 0.0 5/16 31.2 0/224 0.0 9/393 2.3
HBS 1/6 16.7 2/11 18.2 6/185 3.2 17/268 6.3
KAR 3/11 27.3 3/6 50.0 12/313 3.8 11/174 6.3
Total 4/27 14.8 10/33 30.3 18/722 2.5 37/835 4.4

AMTL + caries by individuals AMTL + caries by alveolar sockets

DEB 4/10 40.0 14/16 87.5 13/224 5.8 47/393 12.0
HBS 6/6 100 6/11 54.5 28/185 15.1 44/268 16.4
KAR 8/11 72.7 5/6 83.3 26/313 8.3 46/174 26.4
Total 18/27 66.7 25/33 75.7 67/722 9.3 137/835 16.4

3.3. Affected Tooth Types

The adult individuals from all three sites are summarized in Table 5. The distribution
shows a clear trend, whereby the post-canine teeth are clearly more affected by carious
lesions than the anterior teeth. The first molar (tooth 16; 22.4%) and the second premolar
(tooth 15; 20.4%) are most affected in the right maxilla. In the left maxilla, the most dental
cavities are found on the second molar (tooth 27; 33.3%), followed by the first molar
(tooth 26; 22.9%). In the right and left mandibles, most defects are evenly distributed
among the molars, with third molars being slightly more affected.

Table 5. Distribution of carious lesions in the dentition of adult individuals from all sites with
information on the number of assessable (N teeth) and carious teeth (N affected). The teeth were
named according to the FDI system.

Right Jaw Left Jaw

Upper Jaw 18 17 16 15 14 13 12 11 21 22 23 24 25 26 27 28

N teeth 31 49 49 49 49 51 44 42 45 47 47 47 51 48 48 27
N affected 4 7 11 10 8 4 2 1 1 1 2 2 6 11 16 5
% affected 12.9 14.3 22.4 20.4 16.3 7.8 4.5 2.4 2.2 2.1 4.3 4.3 11.8 22.9 33.3 18.5

Lower Jaw 48 47 46 45 44 43 42 41 31 32 33 34 35 36 37 38

N teeth 35 50 49 51 48 51 47 45 40 47 49 51 53 49 51 40
N affected 6 7 7 5 2 1 0 1 0 1 1 1 4 9 9 8
% affected 17.1 14.0 14.3 9.8 4.2 2.0 0.0 2.2 0.0 2.1 2.0 2.0 7.5 18.4 17.6 20.0

Due to the low prevalence in the subadults, a tabular presentation was omitted. A
total of 13 teeth, eight deciduous teeth and five permanent teeth, are affected. The affected
deciduous teeth are seven molars and one canine. The affected permanent teeth are four
second molars and one first molar.

3.4. Severity of Caries Lesions

When looking at the adult individuals from all sites, most teeth affected by caries
show only minor lesions in the form of caries superficialis (grade 1) and caries media (grade 2)
(Table 6). These two forms of caries represent approximately 60% of all defects. Deeper
structural defects, such as caries profunda without (grade 3) or with opened pulp cavity
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(grade 4), are less frequently observed considering the total number of affected teeth. There
are differences between the sites: at DEB, the proportion of grade 4 cavities (25%) is higher,
whereas, at KAR, the proportion of grade 3 (19.2%) and grade 5 (21.2%) is higher. HBS
also shows a higher proportion of grade 5 defects (20.4%), which are associated with the
complete destruction of the dental crowns.

Table 6. Degree of caries in adult individuals: number of affected teeth (N teeth) by severity of
carious lesion (grade 1–5).

Grade
DEB HBS KAR Total

N Teeth % N Teeth % N Teeth % N Teeth %

1 11 21.2 20 40.8 19 36.5 50 32.7
2 24 46.2 9 18.4 9 17.3 42 27.5
3 3 5.8 7 14.3 10 19.2 20 13.1
4 13 25.0 3 6.1 3 5.8 19 12.4
5 1 1.9 10 20.4 11 21.2 22 14.4

Total 52 100 49 100 52 100 153 100

In the subadult individuals, the severity does not exceed grade 3. Of the eight decidu-
ous teeth, two show grade 3, four teeth show grade 2, and two show grade 1. Of the five
permanent teeth, three exhibit grade 1, one shows grade 2, and two show grade 3.

3.5. Stable Isotope Ratios and Diet

The stable isotope ratios for carbon and nitrogen for the three study populations
have been reported and discussed previously by Oelze and colleagues [20]. No significant
differences in stable isotope values were found between the sites. The stable isotope values
in all fully weaned individuals (estimated age older than 5 years) cluster tightly in δ13C
with an average value of −19.8‰ (±0.3‰ 1σ). The δ15N values for these individuals show
slightly more variation with an average value of 8.8‰ (±0.7‰ 1σ). Subadults tend to have
higher δ13C and even higher δ15N values than adult individuals.

4. Discussion

This paper presents the dental caries profiles and matching stable isotope records of
three early Neolithic farming populations to describe the nuanced relationship between
diet and dental heath in one of the earliest agricultural societies of central Europe. The
comparison between HBS, DEB, and KAR is problematic due to the small number of
individuals per burial community. Our statistic model did not pick up any differences
between sites in the percentage of caries per individual, and the three sites were also
found to be almost indistinguishable isotopically [20]. This suggests that, in respect of
their dental health, we can treat all individuals sampled as one study population. The
marginal differences between sites, such as the lower CF and CE of the adult individuals
from DEB or the higher caries burden in the males from HBS, are of limited significance.
The combined data of AMTL and caries show a relatively small, non-significant increase
in the frequencies of age- and sex-specific differences. Overall, the three LBK populations
show a rather moderate degree of dental cavities in which the milder forms of caries such as
caries superficialis and caries media dominate. The results can be discussed under various
aspects, with nutrition playing an essential role.

4.1. The Influence of Nutrition

The δ13C data point to a dependence on domesticated C3-plants for these early farmers,
whereas the possibility of prevalent wild plant foods and C4-plant cultivation can be
excluded [20,50,51]. The δ15N values suggest that this domestic plant-based diet was low
in leguminous plants which fix nitrogen directly from the soil [21] and was mixed with
considerable amounts of animal-derived protein, most likely meat from domestic cattle,
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sheep, goats, and pigs [20]. A previous comparison of human δ15N values with those
of domestic animals from each site suggested that individuals from DEB may have had
slightly less animal protein in their everyday diet than the inhabitants of the two other
sites [20]. If that is the case, we would predict that the plant and, hence, possibly cereal
proportion of the diet might have been higher for DEB community members. However,
this assumption does not align with the CF and CE values of the DEB individuals, which
are very similar to those of the other two sites.

Based on the genetic evidence from several individuals from DEB, we can say that
these people were likely not lactase-persistent and, hence, could not digest lactose from
unfermented milk after reaching maturity [52]. As expected, children younger than five
years (n = 13) have slightly elevated δ13C and δ15N values compared to older individuals,
as their isotope values are influenced by the tropic level increase associated with human
breastmilk consumption [20,53]. Isotopic differences between adult males and females
are insignificant and do not suggest that men had considerably better access to meat than
women. Overall, the isotopic evidence indicates that all individuals led an agricultural
lifestyle with a mixed diet of domesticated plants (cereals and small amounts of legumes)
and animal products [20].

Cereals occupied an important position in the diet of Early Neolithic farming cultures.
The geographic region studied offered rich loess soils and, thus, optimal conditions for
cereal cultivation. Archeological investigations show that the LBK people preferred to
settle in these loess areas [24,25]. The cultivation of cereals increased the proportion of
carbohydrate-rich food. New food processing techniques made starch and sugar easily
accessible to bacteria of the oral cavity, thus promoting the development of caries [10].
Studies indicate that early farmers suffered an increase in caries prevalence compared to
hunter-gatherers [9]. In addition to diet, genetic factors also affect the quality of tooth
structure and saliva production [2,4]. Nevertheless, an essential role in cariogenesis can
be attributed to the starch and sugar content in the diet [2,54]. Epidemiological studies
suggest an increased caries risk when starch is combined with sugar [55]. In the European
Early Neolithic, fruits and honey can be assumed as sweet foods. Genetic analyses of
dental calculus samples from different time periods demonstrate that the composition of
the oral flora from the Neolithic to the Middle Ages was more diverse than that of recent
populations [56]. This trend can be attributed to continuous changes in the human diet.

4.2. Age-Specific Differences and Caries Localisation

At 68.3%, the CF was significantly higher in the adults than in the subadult individuals,
at 18.4%. The difference in CE was also very clear, where the proportion of affected teeth
was 5.7 times higher in adults than in children and adolescents. In principle, young children
between 0 and 6 years of age were not affected. Only in the older children and adolescents
a few carious teeth were found, including some deciduous teeth. The nutritional data
indicated that children older than three years were weaned. Before that, there does not
seem to have been any risk of dental caries, e.g., by feeding premasticated food.

The data confirm that the risk of dental caries increased significantly with age. Within
the dentition, caries was almost exclusively found in the post-canine teeth. Few cavities
in the anterior teeth were found in older group members who were severely affected by
caries. The carious lesions seem to have originated predominantly on the approximal
surfaces of the interdental space. An impressive example is the dentition of a 35–45-year-
old male individual (ID 484) from DEB (Figure 3a–d). The morphological examination
shows pronounced carious lesions on a total of five teeth, three maxillary molars (teeth 16,
26, 27), and two premolars (teeth 15, 44). In the three maxillary molars, the carious lesions
originate on the approximal surfaces (Figure 3a). Severe wear is noticeable on the occlusal
surfaces and is particularly pronounced in the anterior region (Figure 3a,c). Periapical
changes resulting from deep caries lesions with opening of the pulp cavity are visible on
teeth 26, 27, and 44 (Figure 3a,d). These periapical lesions can be clearly localized in DVT
images of the maxilla and mandible (Figure 4a,b). Due to the osteolytic processes in the
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jaw bones, it is very likely that the man suffered from recurrent inflammatory reactions.
Without medical intervention, chronic oral infections can spread to the adjacent tissue and
the entire body [57–60].
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Figure 3. (a–d). Dentition of an adult male individual (ID 484) from DEB (a) In the upper molars
(teeth 16, 26, 27), the carious lesions appear to originate in the interdental spaces (approximal caries;
red rectangles). (b) In the two premolars (teeth 15, 44) in the right upper and lower jaw (white arrows),
the crowns are destroyed, and the origin of the carious lesion cannot be reconstructed. The area
around the first mandibular premolar (tooth 44) shows traces of an abscess (black arrows). (c) Dental
wear is particularly pronounced in the anterior dentition. Incisors and canines of both maxilla and
mandible show formation of secondary dentin (cf. (a)). (d) There is evidence of periapical changes on
molars 26 and 27. Teeth 33, 36, and 47 were taken for DNA analyses, tooth 14 was lost post-mortem
(DEB 484, 35–45 years, male).
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Figure 4. (a,b) The DVT images show that the dental cavities in some teeth (red rectangles) have led
to periapical changes in the bone (white arrows): (a) in the left maxilla, the second molar (tooth 27) is
affected; (b) in the right maxilla, there is a small lesion on the second premolar (tooth 15); and on the
canine of the left mandible (tooth 33), there is a larger cavity that can be identified as a possible cyst
due to its size. The latter has led to a vestibular abscess (cf. (b); DEB 484, 35–45 years, male).

4.3. Sex-Related Differences

In the present study, females had a slightly higher CF (72.7%) than males (63.0%). The
difference was even more pronounced for CE. Although this difference is not statistically
significant, female individuals had more carious teeth, with a CE of 13.1%, than male
individuals with 7.5%. The same trend can be observed considering AMTL.

Differences between the sexes are not uncommon in archeological and ethnological
contexts, and a higher carious burden is often reported in females [9,61,62]. This is usually
explained by a difference in diet, with females consuming less animal protein than males.
It is supposed that females consume more carbohydrate-rich foods to meet their primary
caloric needs [16,63,64]. However, a higher proportion of animal protein in the diet has
a more beneficial effect on dental health [10]. The proteins found in dairy products,
especially casein, reduce caries activity by inhibiting bacterial attachment to enamel as well
as decreasing the solubility of hydroxyapatite, thus counteracting demineralization [65–67].
However, it cannot be ruled out that women preferred foods with a higher starch or sugar
content, such as porridge, fruits, and honey.

In addition to dietary habits, hormonal differences between the sexes can also play
a role [63,68]. For example, females show lower salivary flow rates than males [69,70].
Furthermore, high estrogen levels during pregnancy have a negative effect on the quantity
and composition of saliva [71,72]. This favors the colonization of cariogenic bacteria and
the development of periodontal diseases, which indirectly affects tooth loss. This explains
the observed higher number of AMTL in females in the present study and the correlation
between births and tooth loss in other studies [73–75].

4.4. Influence of Dental Wear

Occlusal wear protects against occlusal caries to a certain extent by preventing plaque
from adhering to the tooth [10]. Mastication also promotes wear at the contact points of
the teeth, which is called interproximal (interstitial) wear. The continuous progression
of both occlusal and interstitial wear reduces the contact surfaces between the teeth [76].
As a result, the interdental spaces are better flushed with saliva, which protects the teeth
from approximal caries (e.g., anterior teeth Figure 3a). However, if the wear continues,
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there is a high probability that the pulp cavity will be exposed. In the past, this could
lead to the death and subsequent loss of the tooth [6]. Compared to current industrialized
nations, dental wear was well developed in Neolithic populations, as shown in Figure 3c,d.
The main reason for this was mechanical abrasion induced by dietary habits and can be
explained by the higher proportion of rough, fiber-rich food as well as naturally occurring
sand and grit in processed food [10,77,78]. Flour is a perfect example, as it was much more
coarsely ground in ancient times and contained grit due to the use of grinding stones [79].
A total of 74 adult individuals from the sites investigated were subjected to an analysis of
the degree of dental wear [80]. The results showed that the degree of wear of the occlusal
surfaces continuously increased with age and reached its maximum level in mature and
senile individuals. A comparison between the anterior and posterior regions showed that
the mean degree of dental wear was higher in anterior teeth than in post-canines. Slightly
more wear was observed in the upper jaw, especially in the anterior teeth. Differences
between the upper and lower jaw were attributed to a higher load on the upper teeth due
to occupational activities and the use of teeth as a third hand [81,82].

4.5. Comparative Data from Other Neolithic Sites

Comparing the prevalence of caries in different populations from the same or from
neighboring geographic regions can provide information about the living conditions
and subsistence strategies (Table 7). Comparative data from early farming populations
(LBK/BK) from central Germany show a similar range of CE values for adults [83,84], with
a considerably higher CE at Wandersleben [85]. If AMTL is included in the calculations, the
frequencies increase and align with those from Wandersleben and Sondershausen. The low
variability within the CE values does not indicate any significant nutritional differences
within early farming populations in the MES. Data from the LBK site at Aiterhofen (south-
ern Bavaria) show a similar CE value for adults, but the CF differs significantly [86]. In
contrast, a lower CE was observed in adults from the Early Neolithic site of Kleinhadersdorf
in Lower Austria [87]. In the subadults, the CE ranged between 1 and 3%; at Aiterhofen [88]
and Kleinhadersdorf [87] the proportion of affected deciduous teeth was higher. The CF
showed a greater range of variation in both adults and subadults. Different environmental
conditions and subsistence strategies must be expected in different geographic regions.
Isotope analyses from southern Germany, for example, show higher δ15N values (mean:
9.7‰) than in the MES, which is interpreted as evidence of a higher proportion of animal
protein in the diet [89]. In addition, sample size and differences in the age structure of the
investigated populations may also contribute to the variations.

Table 7. Caries frequency (CF) and caries experience (CE) amongst adult and subadult individuals
compared to other Neolithic and Early Bronze Age datasets from the MES region, Germany.

Period/Site
CF % CE %

ReferencesSubadult Adult Subadult Adult

DEB 26.7 64.3/69.9 ** 1.6 8.8/9.8 ** this study
HBS 12.5 70.6/70.6 ** 1.4 12.0/15.9 ** this study
KAR 30.0 72.2/77.8 ** 2.9 10.9/14.5 ** this study

All sites 18.4 68.3/71.4 ** 1.2/2.9 * 10.3/13.0 ** this study

BK/Wandersleben (MES) --- 63.8 --- 14.4 [85] **
BK/Wandersleben (MES) 12.5 --- 3.2/0.0 * --- [88]
BK/Sondershausen (MES) --- 69.0 --- 11.8 [83] **

BK/collection --- 58.1 --- 11.3 [84]
LBK/Aiterhofen (SB) 36.8 --- 5.4/2.8 * --- [88]
LBK/Aiterhofen (SB) --- 37.0 --- 9.2 [86]

LBK/Kleinhadersdorf (LA) --- 60.7 4.9/2.0 * 7.3 [87]
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Table 7. Cont.

Period/Site
CF % CE %

ReferencesSubadult Adult Subadult Adult

MN/collection (MES) 8.0 44.0 1.3 4.9 [17]
LN/collection (MES) 9.8 38.3 0.9 5.5 [17]
LN/collection (MES) --- 36.4 --- 6.0 [90] **

EBA/collection (MES) 11.4 35.6 0.9 5.8 [17]
EBA/collection (MES) --- 38.3 --- 6.9 [91] **

* deciduous teeth/permanent teeth; ** ante-mortem tooth loss included; BK (Bandkeramik, c. 5700–4100 BC), MN
(Middle Neolithic, 3950–3025 cal BC), LN (Late Neolithic, 2800–2050 cal BC), EBA (Early Bronze Age, 2200–1575
cal BC); SB (Southern Bavaria, Germany), LA (Lower Austria).

Lower CF and CE values were observed for the later periods of the Neolithic (MN,
LN) and for the Early Bronze Age (EBA) [17,90,91]. This indicates a change in subsistence
and dietary patterns. The results of C/N analyses from the Middle and Late Neolithic and
the Early Bronze Age suggest that the amount of animal protein in the diet increased [92].
The higher proportion of meat and dairy products might have had a positive effect not only
on dental health but also on the general wellbeing. The diachronic comparison suggests
that the early farmers’ diet was characterized by a higher proportion of carbohydrates,
which can be attributed primarily to the cultivation of cereals [17,25].

5. Conclusions

The aim of this bioarcheological study was to provide insights into the relationship of
dental caries and diet in c. 7000-year-old Early Neolithic farmers from central Germany. The
results show that, although consuming a diet lower in sugar content compared to modern
populations, carious lesions were not uncommon among early farmers. We found no
significant differences between the sexes or between burial communities but, as anticipated,
a strong effect of age on the presence of dental caries. A diet rich in carbohydrates can be
blamed for this, with grain consumption playing an important part. Single cases illustrate
the painful fate of some older individuals. It is evident that caries acquired symptomatic
significance with increasing age, while carious lesions did not yet play a role in infants still
relying strongly on mother’s milk. The absence of a sex effect is supportive of the notion of
a comparatively egalitarian lifestyle, in which both sexes have equivalent access to plant
and animal-based foods.
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Appendix A

Table A1. Number of individuals, permanent teeth, deciduous teeth and teeth lost ante-mortem
(AMTL) of the three burial sites by age groups.

Age (Years) Individuals Permanent Teeth Deciduous Teeth AMTL

Derenburg

0–6 6 54 50 0
7–14 4 84 23 0
15–20 2 44 0 0
21–40 18 390 0 4
41–60 10 204 0 5
>61 0 0 0 0

total 40 776 73 9

Halberstadt

0–6 8 40 83 0
7–14 5 65 33 0
15–20 3 58 2 0
21–40 10 231 0 9
41–60 7 178 0 14
>61 0 0 0 0

total 33 572 118 23

Karsdorf

0–6 5 11 55 0
7–14 4 45 31 0
15–20 1 29 0 0
21–40 9 252 0 0
41–60 8 204 0 18
>61 1 21 0 5

total 28 562 86 23
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