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Abstract

Aim: To investigate the association between dietary inflammatory potential and poor
periodontal health.

Material and Methods: A cross-sectional analysis of a nationally representative sam-
ple of participants was performed. NHANES 2011-2014 (n = 7081) and NHANES
2001-2004 (n = 5098) were used as discovery and validation datasets, respectively.
The energy-adjusted dietary inflammatory index (E-DII) score was calculated for
each participant based on 24-h dietary recalls to assess diet-associated inflammation.
Periodontitis was defined by the CDC/AAP using clinical periodontal parameters.
Natural cubic spline was applied to identify any non-linear associations of the E-DII
score with moderate/severe periodontitis. Furthermore, interaction analyses were
performed by age, gender, and race/ethnicity to explore the moderating roles of these
factors.

Results: In the discovery dataset, a non-linear positive relationship with periodontitis

was identified for the E-DII score ( < .001) after adjustment for potential

Pron-linearity
confounders. Compared with those individuals in the lowest tertile of E-DII, partici-
pants in the highest tertile who consumed a pro-inflammatory diet were 53% more
likely to be periodontitis (OR . 4ije3vs1 = 153, 95% Cl: 1.33-1.77). The validation data-
set showed similar associations. Relatively stronger associations were seen in older
adults and males.

Conclusion: Consuming a pro-inflammatory diet indicated by the E-DIl score is associ-

ated with periodontal disease in the U.S. general adult population.

KEYWORDS
dietary inflammatory index, inflammation, NHANES, periodontal health

Clinical Relevance

Scientific rationale for the study: Single nutrients may influence periodontal health, but its overall
association with the inflammatory dietary pattern (measured by the energy-adjusted dietary

inflammatory index [E-DII]) is still unclear.
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1 | INTRODUCTION

Periodontitis is a prevalent oral inflammatory disease associated
with complex interactions among plaque bacteria, environmental
factors, and the host's immune system (Peres et al., 2019; Zhang
et al., 2020). The host-modulation imbalance between microbial fac-
tors and the immune-inflammatory response causes periodontitis
onset and progression (Van der Velden et al., 2011). Conventional
treatment and prevention of periodontitis mainly involve mechanical
removal of the dental biofilm and calculus (i.e. professional clean-
ing and oral hygiene improvement). In complex cases, antibiotics and
surgical treatment may be applied (Sanz et al., 2020). Additionally,
healthy lifestyle changes should be incorporated in managing peri-
odontal disease, including smoking cessation, stress reduction, and
engaging in robust physical activity. Beyond these factors, adher-
ence to a healthy diet plays an integral role in maintaining and pro-
moting periodontal health (Kaye, 2012).

A dietary index can be used to identify the synergistic effects
among various nutrients and determine the overall healthy qual-
ities of an individual's nutritional patterns (Hu, 2002; Liese et al.,
2015; Schwingshackl et al., 2018), which is distinct from focusing
solely on a specific macronutrient or micronutrient. Recent stud-
ies on various dietary indices have shown that unhealthy dietary
patterns are associated with gingival bleeding and periodontal
disease, including the Mediterranean diet, the Western diet, the
Healthy Eating Index (HEI), and the Alternative HEI (Bawadi et al.,
2011; Salazar et al., 2018; Laiola et al., 2020; Wright et al., 2020;
Alhassani et al., 2021). Nevertheless, these index-based dietary
patterns were not designed to capture the inflammatory potential
of diets. The energy-adjusted dietary inflammatory index (E-DII)
was developed to measure an individual's dietary inflammatory
potential (Shivappa et al., 2014). There have been an increasing
number of studies reporting the associations between the E-DII
score and a variety of inflammatory diseases and conditions, in-
cluding diabetes mellitus (Laouali et al., 2019), cardiovascular dis-
ease (Khan et al., 2020), metabolic syndrome (Kim et al., 2018),
cognitive impairment (Frith et al., 2018), and chronic kidney dis-
ease (Mazidi et al., 2018). In a cross-sectional study conducted
in the U.S. population, the E-DII score was positively associated
with the number of missing teeth (Kotsakis et al., 2018). In the
subgroup analysis, the significant association remained in persons
aged 250 years who have suffered tooth loss primarily due to
periodontitis. Adherence to a pro-inflammatory diet could result

Principal finding: A non-linear positive association with periodontitis was identified for the E-DII
score. More pro-inflammatory diets were associated with an increased risk of periodontitis.
These associations could be replicated in the validation dataset. Relatively stronger associations
were observed between E-DII and periodontitis among adults >60 years old and males.
Practical implications: Individuals subsisting on a pro-inflammatory diet are more likely to have
poor periodontal health, suggesting the possible utility of the modulation of dietary inflamma-
tory potential in strategies intended to prevent and treat periodontal disease.

in a low-grade sustained inflammation, which could, in turn, ex-
acerbate the progress of periodontitis through the regulation of
immunity.

This study aimed to examine the relationship between the E-DII
score and clinically determined periodontitis after adjusting for po-
tential confounders (including sociodemographic factors, lifestyle,
and periodontitis-related diseases). We also explore differences in
this association by age, gender, and race/ethnicity to determine the

potential existence of subpopulations for dietary intervention.

2 | METHODS

2.1 | Study design and population

The current cross-sectional study uses two waves of survey data ac-
quired from the National Health and Nutrition Examination Survey
(NHANES). The NHANES is a stratified, multistage, clustered prob-
ability sampling study focusing on U.S. civilians’ health and nutri-
tional status; the NHANES is administered by the National Center
for Health Statistics (NCHS). The survey consists of an in-home
interview followed by physical examinations and biological sample
collections at a mobile examination centre. The NCHS Ethics Review
Board approved all NHANES protocols and testing procedures, and
all participants provided written informed consent (Curtin et al.,
2012). Additional information including protocol numbers are avail-
able here (Protocol #98-12, https://www.cdc.gov/nchs/nhanes/
irba98.htm).

NHANES 2011-2012 and 2013-2014 were merged as a dis-
covery dataset for primary analysis; NHANES 2001-2002 and
2003-2004 were combined as a validation dataset to replicate the
findings. The present study excluded individuals below 30 years
of age, edentulous, and no data available on dietary or periodon-
tal measurements. We also excluded individuals with extreme
total energy intakes outside the range of 500-5000 Kcal/day
(Shin et al., 2017).

2.2 | Exposure variable

Dietary information was used to calculate the dietary inflammatory
index score for each subject as an exposure variable. Trained inter-
viewers conducted 24-h dietary recalls to obtain dietary information
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using methods developed by the United States Department of
Agriculture (Moshfegh et al., 2008). Dietary data consisted of all
foods consumed and the quantities eaten. The dietary inflammatory
index methodology was developed based on a systematic review
of approximately 2000 published research articles (Shivappa et al.,
2014). The dietary inflammatory index estimates dietary inflamma-
tory potential based on the balance of pro- and anti-inflammatory
properties of 45 different food components (mostly micro- and
macronutrients). For each food component, an inflammatory effect
score was derived based on its pro-inflammatory effect (set to +1),
anti-inflammatory effect (set to -1), or null effect (set to 0). These
scores were weighted based on study design (i.e. randomized control
trials received the greatest weight and cell culture studies received
the lowest weight). The dietary inflammatory index score was stand-
ardized to a representative world database from 11 populations
worldwide, allowing the score to be used across different dietary
patterns and cultures (Shivappa et al., 2014).

NHANES applies a total of 27 food components to calculate
the E-DII score: carbohydrate; protein; total fat; dietary fibre; cho-
lesterol; saturated, monounsaturated, and polyunsaturated fatty
acids; omega-3 and omega-6 polyunsaturated fatty acids; vitamins
A, B1, B2, B3 (niacin), B6, B9 (folic acid), B12, C, D, and E; alcohol;
beta-carotene; caffeine; iron; magnesium; zinc; and selenium. A z-
score for each food parameter was computed by subtracting the
world standard means and then dividing it by its standard devia-
tion. Thereafter, each food parameter's z-score was converted to
a centred percentile score and multiplied by the literature-derived
inflammatory effect score. All of the specific food parameters’ di-
etary inflammatory index scores were then summed to create each
participant's overall score. To control the total energy intake effect,
the dietary inflammatory index was calculated per 1000 calories of
food consumed (i.e. E-DII). Higher E-DII scores correspond to more
pro-inflammatory diets, whereas more negative values are more

anti-inflammatory (Shivappa et al., 2014).

2.3 | Outcome variable
The primary outcome of interest was moderate or severe periodon-
titis. In the discovery dataset (NHANES 2011-2014), the full mouth
(four quadrants) was evaluated in each participant. Trained and cali-
brated dentists examined the periodontal status of each participant.
Probing pocket depth (PPD) and clinical attachment loss (CAL) have
shown good reliability, with Inter-class Correlation Coefficients
(ICCs) ranging from 0.80-0.90 and 0.79-0.86, respectively (Dye
et al., 2019). The periodontal examination included probing assess-
ments at six sites per tooth (mesio-, mid-, disto-buccal and mesio-,
mid-, disto-lingual). As the third molars were excluded, a maximum
of 28 teeth and 168 sites per individual could be examined to assess
periodontal status.

We used the CDC/AAP case definition (Centers for Disease
Control & Prevention and American Academy of Periodontology)
to categorize periodontal disease (Page & Eke, 2007). No or mild

909
EE ey

periodontitis was defined as no evidence of moderate, or severe
periodontitis; Moderate: 22 inter-proximal site with 24 mm CAL (not
on the same tooth), or 22 interproximal site with 25 mm PPD; Severe:
22 interproximal site with 26 mm CAL (not on the same tooth) and
>1 interproximal site with 25 mm PPD. The participants were dichot-
omized as no/mild periodontitis and moderate/severe periodontitis
(Weintraub et al., 2019). The periodontal examination protocol and
periodontitis definition in the validation dataset were provided in
the Method S1.

2.4 | Potential confounders

Sociodemographic variables were age, gender, race/ethnicity, edu-
cational level, and annual household income. We categorized race/
ethnicity into non-Hispanic Whites and others. Educational level
and annual household income were grouped into three categories:
less than high school, some college, or college graduate or more and
<20,000%, 20,000-75,000%, or >75,000$%, respectively. Behavioural
variables included smoking status (current, former, or never), the
average number of alcoholic drinks consumed in past year (0, <1,
1-8, and >8 drinks per week) (Gay et al., 2018), level of physical ac-
tivity (low, moderate, or high), and time since last dental visit (<1,
1-3, >3 years). Moreover, smoking intensity was quantitated among
current smokers (in the last 30 days) and former smokers (before
quitting) by calculating the average number of cigarettes smoked per
day (Aoki et al., 2017).

Systemic biomarkers of inflammation, including C-reactive pro-
tein (CRP, only for NHANES 2001-2004) and white blood cell (WBC)
count, were measured using blood samples taken from the partici-
pants. As done in a previous study (Siegel et al., 2016), we used the
following eight variables to characterize systemic diseases: abdom-
inal adiposity, obesity, hypertension, dyslipidaemia, dysglycaemia,
cardiovascular diseases, and arthritis (Table S1). Since both peri-
odontal disease and E-DII could be related to the above covariates,
we decided to adjust our analyses for these potential confounders.

2.5 | Statistical analysis
Descriptive statistics were calculated to describe the characteristics
of participants overall and by the E-DII tertiles. The Kolmogorov-
Smirnov test was used to test the normality of the distribution of
the continuous variables. Continuous variables with normal distribu-
tion were reported as mean with standard deviation and compared
among tertile groups using a one-way ANOVA test. Non-normal
variables were presented as median with interquartile range and
compared using an independent-samples Kruskal-Wallis test.
Categorical variables were described as numbers with frequencies
and compared using a Chi-square test.

In the discovery dataset, a multivariable logistic model was used
to study the association between the E-DII score and moderate/
severe periodontitis after adjusting for age, gender, race/ethnicity,
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education, income, smoking habit, alcohol consumption, physical
activity, dental visit, abdominal adiposity, obesity, hypertension,
dyslipidaemia, dysglycaemia, WBC count, cardiovascular, arthritis,
total energy intake, and the number of teeth present. To avoid arbi-
trary categorization, we explored the relationship between contin-
uous E-DII and periodontitis. Natural cubic splines with two knots
equally spaced within the range of E-DII were used to examine the
potential non-linear relationships. Secondly, we examined the asso-
ciation between the E-DII tertiles and periodontitis. We performed
interaction analyses to determine whether the association between
the E-DII score tertiles and periodontitis differed by age group (<60
and >60), gender, and race/ethnicity (Whites and others). Furtherly,
the robustness of the total and subgroup associations between E-DII
tertiles and moderate/severe periodontitis was validated using data
from the NHANES 2001-2004.

We performed a sensitivity analysis in the discovery dataset
to investigate effect modification by total energy intake (<median
and =median). In additional sensitivity analyses using data from the
NHANES 2001-2004, we also considered a definition of periodon-
tal health newly proposed by the Joint Workshop of the European
Federation of Periodontology and the American Academy of
Periodontology (EFP/AAP) (Chapple et al., 2018). Periodontal health
was defined as no sites with PPD >3 mm and <10% of sites with BOP
in an intact periodontium (CAL <3 mm); the others were set as a ref-
erence. Given the small percentage of missing data, a complete case

analysis was used in this study. All the analyses were conducted with

Total recruited participants NHANES
(2011-2012, 2013-2014)
(n=19,931)

Excluded participants
younger than 30 years

Y

Participants age 230 years old
(n=9,379)

Excluded participants no
completed periodontal exam

v

Participants age 230 years old
with a complete periodontal exam
(n=7,667)

Excluded participants with
incomplete dietary data and
extreme energy intake

A

Y

Discovery dataset
(n=7,081)

the R Project for Statistical Computing (version 3.6.0) and SPSS 25

(SPSS Inc.). A p value of <.05 was considered statistically significant.

3 | RESULTS

3.1 | Characteristics of the study sample

As depicted in Figure 1, data on 7081 participants of the NAHENS
2011-2014 were used as a discovery dataset, and data on 5098 partic-
ipants of the NHANES 2001-2004 were used as a validation dataset.
Table 1 presents the characteristics of participants overall and across
the E-DII tertiles in the discovery dataset. On average, participants
were 53.3 years of age, with the sample being almost equally divided
by gender (50.6% female). The overall percentage of people with mod-
erate/severe periodontitis was 41.8%. The E-DII score ranged from
-5.45 to 4.74: the first tertile (n = 2360; E-DII = -5.45 to -0.85), the
second tertile (n = 2362; E-DIl = -0.85 to 2.81), and the third tertile
(n = 2359; E-DII = 2.81-4.74). Compared with those in the first tertile
of E-DII score (i.e. those who consumed the most anti-inflammatory
diet), participants in the third tertile were more likely to be female,
less educated, and lower income. They also had a higher prevalence
of abdominal adiposity, obesity, hypertension, dyslipidaemia, dysgly-
caemia, and cardiovascular disease than those in the first E-DII tertile
(all p < .05). Additionally, the baseline characteristics of the validation
dataset (NHANES 2001-2004) are displayed in Table S2.

Total recruited participants NHANES
(2001-2002, 2003-2004)
(n=21,161)

Excluded participants
younger than 30 years

Y

Participants age 230 years old
(n =8,524)

Excluded participants no
completed periodontal exam

v

Participants age =30 years old
with a complete periodontal exam
(n=5,321)

Excluded participants with
incomplete dietary data and
extreme energy intake

Y

A 4

Validation dataset
(n=15,098)

FIGURE 1 Flow chart indicating the discovery and validation datasets of participants included for the analysis from the National Health

and Nutrition Examination Survey 2011-2014 and 2001-2004 dataset
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TABLE 1 Characteristics of 7081 adults aged 230 years in the discovery dataset (NHANES 2011-2014) overall and by tertile of E-DII

Energy-adjusted Dietary Inflammatory Index ?

Overall Tertile 1 Tertile 2 Tertile 3
n=7081 n=2360 n=2362 n = 2359 p value
Sociodemographic variables
Age, year, mean (SD) 53.31 (14.66) 52.51 (14.96) 52.74 (14.57) 54.67 (14.36) <.001
Age group, n (%)
<60 years 4687 (66.2) 1605 (68.0) 1506 (63.7) 1576 (66.9) 429
>60 years 2394 (33.8) 755 (32.0) 860 (36.3) 779 (33.1)
Gender, n (%)
Male 3495 (49.4) 1289 (54.6) 1342 (56.7% 864 (36.7) <.001
Female 3586 (50.6) 1071 (45.4) 1024 (43.3% 1491 (63.3)
Race/ethnicity, n (%)
Non-Hispanic Whites 4073 (57.5) 987 (41.8) 1104 (46.7) 917 (38.9) 046
Others 3008 (42.5) 1373 (58.2) 1262 (53.3) 1438 (61.1)
Education, n (%) °
<High school 3171 (44.8) 952 (40.4) 1066 (45.1) 1153 (48.9) <.001
College 2003 (28.3) 637 (27.0) 687 (29.1) 679 (28.8)
>College 1904 (26.9) 768 (32.6) 609 (25.8) 527 (22.2)
Annual household income, n (%)
<20,000% 1456 (21.4) 319 (13.6) 608 (26.3) 529 (24.8) <.001
20,000-75,000% 3399 (50.1) 1185 (50.4) 1109 (48.0) 1105 (52.0)
>75,000% 1934 (28.5) 846 (36.0) 595 (25.7) 493(23.2)
Lifestyle variables
Smoking habit, n (%) °
Non smoker 3841 (54.3) 1391 (59.0) 1287 (54.5) 1163 (49.3) <.001
Former smoker 1850 (26.1) 620 (26.3) 621 (26.3) 609 (25.8)
Current smoker 1386 (19.6) 345 (14.6) 454 (19.2) 587 (24.9)
Smoking intensity, median (IQR) € 10 (15) 10 (16) 10 (15) 10 (16) <.001
Average alcohol use in past 12 months
0 drink/week 2602 (36.8) 969 (41.1) 810 (34.4) 823(34.9) <.001
<1 drink/week 1934 (27.3) 633 (26.9) 723 (30.7) 578 (24.5)
1-8 drinks/week 1719 (24.3) 545 (23.1) 570 (24.2) 604 (25.6)
>8 drinks/week 817 (11.6) 208 (8.8) 255 (10.8) 354 (15.2)
Physical activity level, n (%) b
Low 2889 (40.8) 968 (41.0) 990 (41.9) 931 (39.5) 410
Moderate 2396 (33.8) 781(33.1) 789 (33.4) 826 (35.0)
High 1796 (25.4) 611 (25.9) 583(24.7) 602 (25.5)
Time since the last dental visit, n (%) °
Less than 1 year 3961 (56.0) 1529 (64.8) 1459 (61.8) 973 (41.3) <.001
1-3 years 1368 (19.3) 363 (15.4) 307 (13.0) 698 (29.6)
More than 3 years 1746 (24.7) 467 (19.8) 593(25.1) 686 (29.1)
Systemic disease and related factors
Abdominal adiposity, n (%) b
Tertile 1st of WHtR 2290(33.4) 843 (36.9) 760 (33.6) 687 (29.5) <.001
Tertile 2nd of WHtR 2288(33.3) 763 (33.4) 706 (31.2) 819 (35.2)
Tertile 3rd of WHtR 2288 (33.3) 678 (29.7) 795(35.2) 815(35.1)

(Continues)
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TABLE 1 (Continued)

Obesity, n (%) ©
Normal
Overweight
Obese

Hypertension, n (%) ®
Normal
Prehypertension
Hypertension

Dyslipidaemia, n (%) b

Normal

Intermediate dyslipidaemia

Dyslipidaemia
Dysglycaemia, n (%) b

Normal

Intermediate dysglycaemia

Diagnosed diabetes

Cardiovascular disease, n (%) °

No physician's diagnosis

Physician's diagnosis
Arthritis, n (%) ®

No physician's diagnosis

Physician's diagnosis

White blood cell count, mean (SD)
Total energy intake (Kcal/day), mean (SD)
Total energy intake group, n (%)

< median
> median

Periodontal disease variables

Number of the teeth present, median (IQR)
CDC/AAP case definition, n (%)

Non/mild periodontitis

Moderate/severe periodontitis

LI ET AL.
Energy-adjusted Dietary Inflammatory Index ?
Overall Tertile 1 Tertile 2 Tertile 3
n=7081 n=2360 n=2362 n=2359 p value
1921 (27.3) 692 (29.5) 600 (25.6) 629 (26.9) .044
2408 (34.3) 771(32.9) 832 (35.5) 805 (34.4)
2699 (38.4) 881 (37.6) 911 (38.9) 907 (38.7)
2179 (31.2) 1100 (47.3) 612 (26.2) 467 (20.1) <.001
1457 (20.8) 388 (16.7) 516 (22.1) 553(23.7)
3354 (48.0) 837 (36.0) 1208 (51.7) 1309 (56.2)
2738 (40.5) 974 (42.9) 881 (39.4) 883(39.1) .003
1922 (28.4) 636 (28.0) 671 (30.0) 615 (27.2)
2108 (31.1) 661 (29.1) 685 (30.6) 762 (33.7)
3741 (54.3) 1403 (60.7) 1419 (62.4) 919 (39.9) <.001
2137 (31.0) 582(25.2) 520(22.9) 1035 (44.9)
1010 (14.7) 326 (14.1) 334 (14.6) 350(15.2)
6316 (89.4) 2139 (90.8) 2125(90.2) 2052 (87.3) <.001
747 (10.6) 217 (9.2) 231 (9.8) 299 (12.7)
5032 (71.2) 1658 (70.3) 1676 (71.1) 1698 (72.1) 409
2037 (28.8) 699 (29.6) 681(28.9) 657 (27.9)
7.10(2.22) 6.99 (2.08) 7.12(2.20) 7.20(2.38) .007
2053 (853) 2077 (873) 2058 (847) 2035 (825) .037
3541 (50.0) 1048 (44.4) 1176 (49.7) 1317 (55.9) <.001
3540 (50.0) 1312 (55.6) 1190 (50.3) 1038 (44.1)
25(9) 25(7) 25(11) 25(9) <.001
4124 (58.2) 1427 (60.5) 1449 (61.2) 1248 (53.0) <.001
2957 (41.8) 933 (39.5) 917 (38.8) 1107 (47.0)

Note: All p values were calculated with a two-sided significance level of .05.

Abbreviations: AAP, American Academy of Periodontology; CDC, Centers for Disease Control and Prevention; E-DII, energy-adjusted dietary
inflammatory index; IQR, interquartile range; NHANES, National Health and Nutrition Examination Survey; SD, standard deviation; WHtR, waist-to-

height ratio.

?E-DII ranges for Tertile 1, Tertile 2, and Tertile 3 were -5.45 to -0.85, -0.85 to 2.81, and 2.81 to 4.74.
bMissing values for total study: education (n = 3; 0.1%), income (n = 292; 4.1%), smoking status (n = 4; 0.1%), Smoking intensity (n = 98; 1.4%), alcohol
(n =9;0.1%), dental visit (n = 6; 0.1%), abdominal adiposity (n = 215; 3%), obesity (n = 53; 0.7%), hypertension (n = 91; 1.3%), dyslipidaemia (n = 313;

4.4%), dysglycaemia (n = 193; 2.7%), cardiovascular disease (n = 18; 0.3%), and arthritis (n = 12; 0.2%).

“Average number of cigarettes smoked per day was used as a measure of smoking intensity.

3.2 | Diet-borne inflammation and

periodontal disease

In the discovery dataset, the E-DIl score has a non-linear positive
relationship with moderate/severe periodontitis (pnon—linearity <.001,

Figure 2). The risk of periodontitis was relatively flat before the E-DII

score was around 2 and then increased rapidly afterward. Based on

this, the E-DIl score was grouped into tertiles in the further analyses.

Figure 3 shows the results with moderate/severe periodontitis as

the outcome for the overall samples in the discovery and validation
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e Fitted non-linear trend
---------- 95% confidence interval

Pnon-linearity <.001

QOdds Ratio for Periodontitis

-6 -4 -2 0 2 4
Energy-adjusted Dietary Inflammatory Index

FIGURE 2 Natural spline curve indicates the non-linear association between the E-DIl score and moderate/severe periodontitis

in participants aged >30 years in the discovery dataset (NHANES 2011-2014, n = 7081). The red hollow-circle line and dotted lines
represent the estimated values and their corresponding 95% Cl. Odds ratios are based on logistic regression models adjusted for age,
gender, race/ethnicity, education, income, smoking habit, alcohol consumption, physical activity, dental visit, abdominal adiposity, obesity,
hypertension, dyslipidaemia, dysglycaemia, WBC count, cardiovascular disease, arthritis, total energy intake, and the number of teeth
present. Periodontitis was defined by CDC/AAP case definition. Knots are at the 33.3th and 66.7th percentiles for the E-DII score.
Abbreviations: AAP, American Academy of Periodontology; CDC, Centers for Disease Control and Prevention; Cl, confidence interval; E-DII,
energy-adjusted dietary inflammatory index; NHANES, National Health and Nutrition Examination Survey; OR, odds ratio; WBC, white
blood cell

Adjusted Odds Ratio (95% Cl)

E-DII Case/participants Unadjusted Odds Ratio (95% Cl)

Discovery dataset

Tertile 1 933/2,360 ] 1 [Reference] [ ] 1 [Reference]
Tertile 2 917/2,366 L 0.96 (0.85 to 1.09) - 0.92 (0.80 to 1.06)
Tertile 3 1,107/2,355 1.32 (1.17 to 1.50) r 1.53 (1.33 t0 1.77)
Validation dataset
Tertile 1 318/1,700 ) 1 [Reference] ) 1 [Reference]
Tertile 2 346/1,702 I 1.13 (0.9 to 1.364) - 1.02 (0.82 to 1.26)
Tertile 3 649/1,696 & 2.89(2.43t0 3.44) - 2.66 (2.17 to 3.27)
05 1 2 4 o5 1 2 4

Odds Ratio (95% Cl) Odds Ratio (95% Cl)
FIGURE 3 Associations between the tertiles of E-DIl and moderate/severe periodontitis in participants aged >30 years in the discovery
dataset (NHANES 2011-2014, n = 7081) and the validation dataset (NHANES 2001-2004, n = 5098). Association is deemed significant if the
95% Cl does not include zero. All p values were calculated with a two-sided significance level of .05. A multivariable logistic regression model
was adjusted for potential confounders (see legend of Figure 2). Periodontitis was defined by CDC/AAP case definition. Abbreviations: E-DII,
energy-adjusted dietary inflammatory index; NHANES, National Health and Nutrition Examination Survey; Cl, confidence interval; OR,

odds ratio; CDC, Centers for Disease Control and Prevention; AAP, American Academy of Periodontology
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datasets. After adjustment for potential confounders, participants
from the discovery population in the most pro-inflammatory E-DII
group (i.e. the third tertile) had a significantly increased risk of peri-
odontitis compared to those in the first tertile (adjusted OR for the
third vs. the first tertile of E-DII [OR , 4i30s1): 1.53, 95% Cl: 1.33-
1.77). Similar trend and direction of adjusted odds ratios for mod-
erate/severe periodontitis were obtained in the validation dataset
(Figure 3): OR 2.66,95% Cl: 2.17-3.27.

tertile3vs1-

3.3 | Subgroup analyses

When stratified by age and gender in the discovery dataset, rela-

tively stronger associations were observed between E-DII tertiles
and periodontitis among older adults (OR = 1.84; 95% Cl:

tertile3vsl

Energy-adjusted DIETARY INFLAMMATORY INDEX

= 2.69; 95% Cl: 2.17-3.32), with
< .001, Table 2). There was

no evidence in the discovery population supporting the modified ef-

1.45-2.35) and males (OR . ic3vs1
significant interactions (both p . ... tion
fect of race/ethnicity on the association between the E-DII tertiles
and periodontitis (p | ;e action = -146, Table 2). During the validation
analysis in the NHANES 2001-2004, no statistically significant mod-
interaction = -228 for age, .243 for
gender, and .113 for race/ethnicity, Table S3).

ification effects were observed (p

3.4 | Sensitivity analyses
We conducted a sensitivity analysis in the discovery dataset to deter-
minewhetherthetotal energyintake affected the relationship between

E-DII tertiles and periodontitis. No significant effect modification by

TABLE 2 Subgroup analyses of the
associations between the tertiles of E-DII

p for
Subgroup Tertile 1 Tertile 2 Tertile 3 interaction and moderate/severe periodontitis by
age, gender, and race/ethnicity in the
Age discovery dataset (NHANES 2011-2014;
<60 years n=7081)
Cases/participants ~ 574/1605 578/1506 648/1576 <.001
QOdds Ratio (95% 1 [Reference] 1.18 (0.99 to 1.36 (1.15 to
Cl) 1.40) 1.61)
>60 years
Cases/participants  359/755 339/860 459/779
QOdds Ratio (95% 1 [Reference] 0.66 (0.52 to 1.84 (1.45 to
Cl) 0.83) 2.35)
Gender
Male
Cases/participants ~ 581/1289 543/1342 589/864 <.001
Odds Ratio (95% 1 [Reference] 0.78 (0.65 to 2.69 (2.17 to
Cl) 0.93) 3.32)
Female
Cases/participants ~ 352/1071 374/1024 518/1491
QOdds Ratio (95% 1 [Reference] 1.27 (1.02 to 1.02 (0.84 to
cl) 1.56) 1.24)
Race/ethnicity
Whites
Cases/participants ~ 285/987 355/1104 363/917 146
Odds Ratio (95% 1 [Reference] 1.09 (0.88 to 1.75(1.40 to
Cl) 1.35) 2.18)
Others
Cases/participants ~ 648/1373 562/1262 744/1438
QOdds Ratio (95% 1 [Reference] 0.87 (0.72 to 1.35(1.13 to
cl) 1.04) 1.61)

Note: All logistic regression models were adjusted for potential confounders (see legend of
Figure 1) unless the covariate was tested as an effect modifier, in which case it was also entered as

an interaction term.

Periodontitis was defined by CDC/AAP case definition.
Abbreviations: AAP, American Academy of Periodontology; CDC, Centers for Disease Control and
Prevention; Cl, confidence interval; E-DII, energy-adjusted dietary inflammatory index; NHANES,
National Health and Nutrition Examination Survey.
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=.240,
Table S4). Sensitivity analysis was also performed using an alternate
definition of periodontal health in the validation dataset (NHANES
2001-04). The E-DII score had a non-linear relationship with peri-
odontal health (p non-linearity < .001, Figure S1). The odd of periodon-
tal health slowly decreased as E-DII increased until 1.5 and rapidly

the total energy intake was found for periodontitis (p | eraction

decreased afterward. Participants who consumed pro-inflammatory
diets had worse periodontal health compared with those with anti-
inflammatory diets (OR , 1jc3vs1: 0-58, 95% Cl: 0.49-0.69) after adjust-
ing for potential confounders (Table S5). Interaction analyses yielded a
stronger association between the E-DII tertiles and periodontal health
among older adults, although the interaction was not statistically sig-
=.159, Table S5). No significant modification effect

=.482 for gender

nificant (p interaction

by gender and race/ethnicity was found (p
and .322 for race/ethnicity, Table S5).

interaction

4 | DISCUSSION

The consumption of more pro-inflammatory diets was associated
with moderate/severe periodontitis among U.S. adults in the cross-
sectional study using data from NHANES 2011-2014 and NHANES
2001-2004. This study revealed that the E-DIl score has a non-linear
positive relationship with periodontitis; the association was more
marked when E-DII was higher than approximate 2. The relatively
stronger associations of the E-DII tertiles with periodontitis were
observed in the elderly and males from the discovery population.
However, the modification effects were not replicated in the vali-
dation dataset. The primary findings persisted after adjusting for a
range of potential confounders and were robust in various validation
and sensitivity analysis.

Dietary and nutritional interventions have a favourable effect
on periodontal therapy outcomes and have gradually become es-
sential tools for regulating host immunity to prevent periodontitis
(Kaye, 2012; Né et al., 2019). In a study on experimental gingivitis,
the participants lived under Stone Age conditions (e.g. reduced in-
take of processed carbohydrates and refined sugars) for 4 weeks
(Baumgartner et al., 2009). The Stone Age diet significantly de-
creased gingival bleeding (from 34.8% to 12.6%), although this de-
crease was accompanied by plaque accumulation. A randomized
controlled trial recently indicated that using an anti-inflammatory
diet (plant-based whole-foods) -characterized by a higher intake of
omega-3, vitamin C, vitamin D, and fibre - as an intervention signifi-
cantly reduced gingivitis among individuals living on a Western diet,
although without changes in plaque (Woelber et al., 2019). These
findings from the small-scale clinical trials were confirmed by the
current large-scale observational study that pro-inflammatory diets
are associated with periodontal disease in a general population.

The inflammatory potential of different diets could be attributed
to different nutritional components. Typically, a pro-inflammatory
dietary pattern is characterized by an increased intake of processed
and red meat, saturated fats, and simple carbohydrates. A recent
prospective study reported that the Western diet (enrich with red
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meat, processed meat, eggs, butter, and refined grains) was sig-
nificantly associated with incident periodontitis among obese in-
dividuals (Alhassani et al., 2021). In contrast, an anti-inflammatory
pattern is characterized by frequent intake of vegetables and fruits,
whole grains, legumes, nuts, and fish (Ahluwalia et al., 2013). Using
a data-driven approach in the NHANES population, the dietary pat-
tern (rich in salad, fruit and vegetables, poultry, and seafood) was
negatively associated with the extent of periodontitis (Wright et al.,
2020). These epidemiological studies reported that periodontal sta-
tus might be affected by inflammatory eating patterns defined using
principal components analysis (Alhassani et al., 2021) and treelet
transformation analysis (Wright et al., 2020). Both analyses derive
a summary score for each pattern through statistical modelling of
dietary data at hand (e.g. food frequency questionnaires or 24-h di-
etary records) (Hu, 2002). Thus, principal components analysis and
treelet transformation analysis are considered “a posteriori” diet
pattern that is a data-driven approach based on subjective methods
and reported dietary intake (Trichopoulos & Lagiou, 2001; Steffen &
Hootman, 2016). In contrast, dietary inflammatory index is “a priori”
diet pattern because the indices are created on the basis of current
knowledge and understanding of the diet-disease relationship (Hu,
2002). Even though the defining methods may vary, the association
of pro-inflammatory dietary patterns on periodontitis in the re-
ported studies is consistent with our findings.

Numerous pathways exist through which pro-inflammatory diets
caninfluence periodontal health. The dietary inflammatory index was
used to assess overall dietary quality in terms of inflammation. The
findings were validated using several different inflammatory markers
(e.g. CRP, interleukin [IL]-1, IL-2, IL-6, interferon-gamma, and tumour
necrosis factor-alpha) (Shivappa, Hebert, et al., 2017; Corley et al,,
2019). Periodontal health may be influenced by dietary inflammation
via systemic regulation of immunity. The newly proposed definition
of periodontal health can accurately reflect a patient's current in-
flammation level by taking into account gingival bleeding (Chapple
et al., 2018). Recent studies have explored the association between
active periodontitis with chronic conditions through systemic in-
flammatory burden (Li et al., 2020; Pietropaoli et al., 2020). Since
periodontal inflammation might result from a higher intake of a pro-
inflammatory diet or the lack of an anti-inflammatory diet, a focus on
dental plaque control alone might overlook primary prevention and
cause-oriented therapy opportunities (Woelber & Tennert, 2020).

The positive association between the E-DIl score and moderate/
severe periodontitis was non-linear when E-DII was used as con-
tinuous. To be more specific, when E-DII is above a certain critical
threshold, the likelihood of being periodontitis rapidly increases, sug-
gesting some compensatory immunomodulation may exist. Of note,
the non-linear relationship was replicated in the NHANES 2001-
2004 when the new definition of periodontal health was regarded
as an outcome. The J-shaped relationship was consistent with a pre-
vious study in which dietary inflammatory index was grouped into
quartile groups (Kotsakis et al., 2018). Compared to the 1st quartile,
the association of dietary inflammatory index and periodontal tooth
loss was statistically significant in the 4th quartile (p = .02) but not
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in the intermediate quartile groups. This result would have clinical
implications in periodontal prevention and treatment that dietary in-
tervention is more important for the target population who consume
a more pro-inflammatory diet.

Moreover, we identified a trend towards relatively stronger as-
sociations in older people and males through interaction analyses.
Previous studies on the association between the E-DII score and
the presence of other chronic diseases have obtained inconsistent
results concerning age and gender, with the associations being
stronger for the elderly (Cho et al.,, 2016) and for men (Harmon
et al., 2017; Zhang et al., 2017). Elderly individuals and males at the
upper end of the E-DII score scale may benefit the most from diet
and lifestyle interventions if the results concerning causal associa-
tion presented in this paper can be confirmed in future randomized
controlled trials.

Several limitations of this study should be considered. The
NHANES 2001-2004 employed a random half-mouth protocol,
which underestimates the prevalence and severity of periodontal
disease compared to full-mouth examination of six sites on all teeth
(Albandar, 2011). It might explain why some results could not be rep-
licated in the validation dataset. Besides, the E-DIl score was cal-
culated based on 27 of 45 food parameters. The selection of these
parameters may have affected the findings. However, the previous
study showed no change in the predictive ability of the E-DII food
parameters available in NHANES data in terms of assessing inflam-
mation compared with the full list (Shivappa et al., 2017). Similarly,
a single 24-h dietary recall interview is not ideal for estimating
long-term habitual intake, given that it may not account for intra-
individual (i.e. day-to-day) variability in diet, leading to imprecise
estimates (Basiotis et al., 1987). Finally, it is not possible to identify
causal relationships between pro-inflammatory diet and periodon-
titis using cross-sectional designs. Future large-scale randomized
controlled trials are needed to elucidate the potential causal asso-
ciation and thus help confirm the beneficial effect of reducing pro-
inflammatory foods’ consumption or adopting an anti-inflammatory
diet on periodontal health.

5 | CONCLUSION

It was found that the consumption of a pro-inflammatory diet may
affect periodontal health in a representative population of U.S.
adults. The benefits of consuming a less inflammatory diet in terms
of periodontal health may be more pronounced for adults >60 years
old and males. In addition to conventional periodontal treatment,
dentists could recommend an anti-inflammatory diet (e.g. reduced
intake of fats, red meat, and processed foods and accordingly in-
creased consumption of green leafy vegetables, fruits, whole grains,
and fish) to their patients.
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