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Abstract

6
7

Background

8

diabetes. Intake of specific nutrients has been associated with periodontitis risk but there

9

has been little research into the influence of overall diet, potentially more relevant when

Periodontitis is a major cause of tooth loss globally. Risk factors include age, smoking and

10

formulating dietary recommendations.

11
12

Objective

13

techniques for dietary pattern analysis.

14
15

Design

16

National Health and Nutrition Examination Survey (NHANES), 2009-2014 (n=10,010). Dietary

17

patterns extracted using Treelet Transformation, a data-driven hierarchical clustering and

18

dimension reduction technique. Associations between each pattern (Treelet component-TC)

19

and extent of periodontitis (proportion of sites with clinical attachment loss, CAL ≥3mm)

20

estimated using robust logistic quantile regression, adjusting for age, sex, ethnicity,

21

education level, smoking, body mass index and diabetes.

22
23

Results

24

extent. High TC1 scores represented a diet rich in salad, fruit, vegetables, poultry and

25

seafood, plain water or tea to drink.

26

There was a substantial negative gradient in CAL extent from the lowest to the highest

27

decile of TC1 (median proportion of sites with CAL ≥3mm: decile 1 =19.1%, decile 10 =8.1%;

28

Odds Ratio-OR, decile 10 vs. decile 1 =0.67, 95%CI [0.46, 0.99]).

To investigate potential associations between diet and periodontitis using novel statistical

Two 24-hour dietary recalls and periodontal examination data from the cross-sectional US

Eight TCs explained 21% of the variation in diet, one of which (TC1) was associated with CAL

4

29
30

Conclusions

31

however, rich in salad, fruit, and vegetables and with plain water or tea to drink was

32

associated with lower CAL extent. Treelet Transformation may be a useful approach for

33

calculating dietary patterns in nutrition research.

Most dietary patterns identified were not associated with periodontitis extent. One pattern,

34
35

36

Keywords: diet; periodontitis; Treelet Transformation; robust regression; NHANES.
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37

Introduction

38

Periodontitis is a chronic inflammatory disease characterized by progressive destruction of

39

the tooth supporting tissues (1). Tooth loss due to periodontitis negatively affects chewing

40

function and thereby dietary intake, impairing quality of life (2). Globally, severe

41

periodontitis is the sixth most prevalent disease, affecting 11.2% of the population, a figure

42

expected to increase with population aging (3). The global cost of lost productivity from

43

severe periodontitis has been estimated at $54 billion per year (4).

44

Periodontitis is an inflammatory condition sharing risk factors with systemic conditions

45

including diabetes (5,6), cardiovascular disease (7,8), obesity (9) and chronic obstructive

46

pulmonary disease (10).

47

A recent review of nutrition studies highlighted high intake of fermentable carbohydrates

48

and deficiencies of vitamins C, D and B12 as risk factors for periodontitis (11). Associations

49

between periodontitis and low dietary intake (12) or serum levels (13) of vitamin C are well

50

established but evidence linking other nutrients and periodontitis is less consistent. There is

51

evidence for associations with serum levels of other antioxidants including alpha- and beta-

52

carotene (13,14) and a report that intake of calcium within recommended limits and high

53

intake of the protein casein were associated with reduced risk of severe periodontitis (15).

54

In contrast, the same study found no association between vitamin D intake and severe

55

periodontitis. There is also evidence that high intake of saturated fatty acids is associated

56

with increased risk (16).

57

However, there has been little research into the ways in which overall diet, as distinct from

58

intake of individual nutrients, may influence risk of periodontitis. Studies typically focus on

59

one nutrient or a set of related nutrients and it is difficult to determine how intake

6
60

recommendations from diverse studies should be synthesised to inform dietary choices (17).

61

This is further complicated as each identified association may be driven by intake of

62

nutrients correlated with the focal nutrient but not measured or reported upon. Where

63

general dietary recommendations to reduce risk of periodontitis are made (e.g. reducing

64

sugar intake (18) and use of sugar-free alternatives (11), increasing intake of fibre, fish oils,

65

fruits, vegetables and berries), there is little indication of sufficient quantities of each

66

dietary component and whether some combinations are more beneficial than others.

67

The aim of this study was to investigate the extent to which real-world dietary patterns are

68

associated with periodontitis, by analysing a large, well-characterised dietary dataset. We

69

used statistical techniques designed to deal with the multicollinear nature of dietary data to

70

gain a holistic understanding of the pattern of association with periodontitis.

71

Subjects and Methods

72

The methodological approach had three stages, first using a data-driven technique to

73

identify dietary patterns and second assessing whether these were associated with

74

periodontitis. The third stage comprised fitting additional statistical models to briefly

75

explore potential explanations for the observed associations.

76
77

Study population

78

survey of community dwelling individuals in the United States. NHANES participants

79

underwent a home interview followed by a health examination at a mobile examination

80

center which included a full mouth periodontal examination for those aged ≥ 30 years.

81

Dietary data were collected through two 24-hour recalls, the first at the health examination

82

and the second administered by phone 3-10 days later (19,20). Age, sex, ethnicity,

We used data from the 2009 to 2014 waves of NHANES, a population-based cross sectional
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education level and smoking status were determined at home interview and diabetes status

84

was determined from information collected at the home interview and medical examination

85

(classified as diabetic by self-report or if measured HbA1c was > 6.5%). Body mass index

86

(BMI) was measured at the medical examination. As this was a secondary analysis of publicly

87

available data no additional ethical review was necessary.

88
89

Periodontal examination

90

had at least one natural tooth present. All dental examiners were trained and calibrated by

91

the survey’s reference examiner (21). Gingival recession and pocket depth measures were

92

made at six sites per tooth (including wisdom teeth), using a periodontal probe color-coded

93

and graduated in 2-mm increments (HU-Friedy, USA). All four quadrants were examined,

94

and all measurements were rounded to the lowest whole millimetre. An algorithm in the

95

data entry program calculated clinical attachment loss (CAL, difference between pocket

96

depth and gingival recession) at each site (21–23). The primary outome variable for this

97

analysis was the proportion of sites per subject with CAL ≥ 3mm. This has been

98

recommended for epidemiological studies as an extent measure of periodontitis (24) and is

99

henceforth referred to as CAL extent. Two secondary outcome variables measuring other

Participants aged ≥ 30 years were eligible for a full-mouth periodontal examination if they

100

aspects of periodontitis, mean CAL and mean pocket probing depth (PPD) per mouth in mm,

101

were calculated for descriptive purposes only.

102

A total of 30,468 participants were interviewed across the three waves of interest, of which

103

13,871 were aged ≥ 30 years and had a medical examination (including a valid BMI

104

measurement). We excluded edentulous people and those for whom a periodontal exam

105

was not completed or for whom dietary data were unavailable, leaving 10,010 individuals in

106

the analysis cohort (Supplementary Figure 1).
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107
108

Dietary pattern analysis

109

data, with many variables measured for each individual. This problem is compounded when

110

interactions among variables are present, a likely occurrence as some foods are commonly

111

consumed together and are therefore correlated, whilst some nutrients tend to co-occur in

112

similar foods. Widely used solutions include stepwise variable selection or mathematical

113

transformation of the input data to represent major features in fewer dimensions. Principal

114

components analysis (PCA) is widely used for dimension reduction of dietary data, finding

115

axes that explain the greatest variation and calculating the associations between each

116

variable and these axes to produce factor loadings. However, PCA has the disadvantage that

117

each principal component produces the same number of factor loadings as there are input

118

variables, so many parameters must still be interpreted (25). Potentially important patterns

119

may be missed if only variables with the largest loadings for each axis are discussed.

120

We used treelet transformation (TT), a recently developed technique designed to reduce

121

dimensionality whilst providing more easily interpretable outputs than PCA. It has been

122

applied to dietary data in a small number of studies (25–27). TT is a hybrid of hierarchical

123

clustering and PCA. At each stage of the algorithm the two most highly correlated variables

124

are replaced by the results of PCA on these two variables alone. The resulting variable

125

retains the major features of the originals and can then be clustered with other variables

126

(either raw or PCA) at later stages. The end result is a hierarchical cluster tree, with

127

correlated variables close to each other. For each cluster a treelet component (TC) is

128

produced, a representation of the dietary pattern within that cluster analogous to a

129

principal component of just the variables within that cluster. Factor loadings for variables

130

outside the cluster are set to zero so the representation is sparse, with very few factor

High dimensionality presents a major interpretational challenge when analysing dietary
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131

loadings to interpret for each TC (25). TCs can also be nested, with a single input variable

132

being part of both a local cluster and a higher level grouping of variables. The same variable

133

may have a different loading for each TC of which it is part. The number of TCs reported and

134

the level at which to cut the cluster tree (i.e. the stage of the clustering algorithm) is

135

determined empirically based on the amount of variation explained by each TC and by cross-

136

validation, respectively.

137

Intake of several thousand different food and drink items was recorded in the dataset and

138

so to produce a manageable cluster tree, we classified items into groups defined in the

139

USDA Food and Nutrient Database for Dietary Studies, version 5 (28). Total intake of each

140

food group was summarised for each individual, averaging across the two 24-hour recall

141

periods. For individuals with only one recorded 24-hour recall (10.1% of our cohort), total

142

intake during that period was used. Individual diets were scored for each TC to indicate how

143

closely they approached the pattern described by the TC. Scores were obtained by

144

calculating the linear combination of food group intakes and corresponding factor loadings

145

for the TC (i.e. multiplying intake of each food group by its factor loading and summing the

146

results across food groups). Intake of each food group was scaled by (i.e. divided by) total

147

energy intake so that individuals with similar dietary patterns (in terms of proportions of the

148

total energy intake contributed by each food group) had similar TC scores regardless of

149

overall quantities of food consumed. This approach was analagous to the nutrient density

150

method of adjustment for total energy intake (29). The total sample population (including

151

both consumers and non-consumers of each food group) was used in the TT analysis. The

152

TT algorithm was implemented in the R (30) package treelet (31).
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154

Statistical analysis

155

extent, adjusting for factors previously associated periodontitis: age (linear term fitted to

156

standardised variable), sex, ethnicity (five categories), education level (six categories),

157

diabetes status (yes/no) and smoking status (current smoker/former smoker/never

158

smoked). BMI was modelled using a linear term.

159

CAL extent was strongly right (positively) skewed so we used robust logistic quantile

160

regression to model associations between explanatory variables and the median, a more

161

meaningful summary of these data than the mean. TC scores were categorised into deciles

162

to detect potentially non-linear associations with CAL extent with the lowest decile as the

163

reference category for each TC. To assess whether associations were non-linear, Akaike’s

164

Information Criterion (AIC) was used to compare the quality of the decile model with one

165

specifiying linear relationships between TC scores and CAL extent. AIC is an estimator of out-

166

of-sample prediction error and hence a lower value indicates a higher quality model.

167

Categorical covariates were incorporated into the models using the categories defined

168

above and continuous covariates (age and BMI) were modelled using linear terms. Models

169

were fitted using the lqr (32) package in R. After fitting the main regression models we

170

briefly explored correlations between intake measures of 64 different nutrients and the TC

171

scores, to generate hypotheses regarding mechanisms that may underly the observed

172

associations between diet and periodontitis. TCs were defined on intake of food groups

173

adjusted for total energy intake but in these correlations, nutrient intake was not explicitly

174

adjusted for total energy intake. A parallel analysis of dietary patterns extracted using PCA

175

was conducted to assess the sensitivity of our findings to the method of pattern detection.

We estimated associations between dietary patterns (represented by TC scores) and CAL
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176

Results

177

Cohort characteristics are reported in Table 1. The median number of teeth assessed for

178

each individual was 26 (inter-quartile range, IQR = 22, 28). Across probing sites, mean

179

cohort CAL was 1.6mm and increased with age. 91% of cohort members had one or more

180

sites with CAL ≥ 3mm. Mean PPD was 1.5mm and did not increase with age. 45% of cohort

181

members had one or more sites with PPD ≥ 4mm.

182
183

Dietary pattern analysis

184

2). For example, the most closely correlated groups were lettuce (VEG5) and salad dressing

185

(FAT2), the next most closely correlated were milk (MILK11) and ready-to-eat cereals

186

(GRAIN21). Eight Treelet Components were identified as explaining substantial variation,

187

with a cut level of 28 giving the best cross-validation performance for this number of

188

components. There was little correlation among TC scores (strongest correlation, τ = -0.11)

189

so inclusion of all TC scores in the regression model is unlikely to have introduced

190

collinearity.

191

Figure 1 shows factor loadings for each TC. High TC1 scores characterised diets high in (i.e.

192

with high factor loadings on) salads, with moderately increased intake of other vegetables,

193

poultry, seafood, fruits (but not fruit juices) and water or tea to drink. TC2 loaded on milk,

194

ready-to-eat cereals and bananas. TC3 loaded on bread, luncheon meats and table fats,

195

coffee and sugar. TC4 loaded on fruit juice drinks and fruit flavoured drinks (but not pure

196

fruit juices). TC5 loaded on the same food groups as TC3 but represented a contrast

197

between low intake of bread, meat and table fats and high intake of coffee and sugar. TC6

Clustering revealed plausible sets of food groups consumed together (Supplementary Figure

12
198

loaded on beef, potatoes, beans and corn. TC7 loaded on candy, crackers, pretzels and low

199

calorie carbonated soft drinks. TC8 loaded on pancakes, eggs and French toast.

200

Representative composition of diets for each decile of TC1 are given in Supplementary

201

Figure 3 which shows the proportion of individuals in each decile consuming each food

202

group and the median intake of each group among consumers only.

203
204

Clinical attachment loss

205

32.3%). We observed that CAL extent was lesser among those with a higher score for the

206

TC1 dietary pattern (Table 2; decile 10 vs. decile 1; Odds Ratio [95% CI] = 0.67 [0.46, 0.99]).

207

TCs 2-8 were not associated with CAL extent (for each TC comparison between deciles 2-10

208

and decile 1, all P > 0.05). The model in which TCs were classified into deciles, allowing for

209

non-linear relationships, was of greater quality than one specifying linear relationships only

210

(decile model AIC = 57103, linear model AIC = 57131). For TC1, CAL extent was high for

211

deciles 1 and 2, and considerably lower in decile 3 (median predicted CAL extent 17.9% and

212

11.6% in deciles 2 and 3 respectively, Table 2). In deciles 4 to 7 CAL extent fluctuated

213

between 9.1% and 11.9%. CAL extent in each decile from 8 to 9 was approximately 1% lower

214

than in the previous decile, with a slight increase in decile 10 to 8.1%. For TCs 2-8 there

215

were no consistent patterns of change in CAL extent across deciles. As expected, greater age

216

was associated with greater CAL extent, as were non-white ethnicity, lower education level,

217

smoking, diabetes and male sex.

218

Age and current smoking was associated with the greatest variation in CAL extent but

219

variation with TC1 was considerable; median predicted extent among those in the highest

220

decile was less than half that among those in the lowest decile (Table 2). This gradient were

The median percentage of sites per mouth showing CAL ≥ 3mm was 10.9% (IQR = 2.6%,
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221

slightly smaller than those associated with education level and sex, of similar magnitude to

222

that associated with ethnicity and slightly larger than that associated with diabetes status.

223

To illustrate further, the difference in median predicted CAL extent from TC1 decile 10 (8.1%

224

of sites with CAL ≥ 3mm) to decile 1 (19.1% of sites with CAL ≥ 3mm) was equal to that

225

expected when comparing a 48 year old, high-school graduate, never-smoking, non-

226

diabetic, white male in the 5th decile for all TCs, to a 62 year old with similar characteristics.

227

BMI was not associated with CAL extent.

228

Intake of the following nutrients was positively correlated with TC1 scores: beta-carotene (τ

229

= 0.32), vitamin K (τ = 0.26), alpha-carotene (τ = 0.24), lutein and zeaxanthin (τ = 0.24),

230

vitamin C (τ = 0.18). Intake of the following nutrients was negatively correlated with TC1

231

scores: saturated fatty acid 18:0 (τ = -0.19), carbohydrates (τ = -0.17), saturated fatty acid

232

16:0 (τ = -0.17), total saturated fatty acids (τ = -0.16).

233

In our sensitivity analysis, PCA identified one principal component (PC1) that was associated

234

with CAL extent. The direction of the association between PC1 and CAL extent was similar to

235

that observed using treelets although the magnitude was slightly less (see Table 2 and

236

supplementary Table 3). The key elements (food groups) of TC1 were prominent in PC1

237

(Supplementary Results). In summary the sensitivity analysis indicated that the dietary

238

pattern identified in the treelet analysis was also found using PCA and that association

239

between TC1 and CAL extent was supported by PCA.

240

Discussion

241

Using data from a large population-based survey, we investigated the associations between

242

diet and periodontitis. In contrast to previous studies which have focused on single or

243

related sets of nutrients, we considered the overall diet, using a data-driven approach
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244

(treelet transformation) to identify eight dietary patterns. Our main finding was that one of

245

the dietary patterns identified was associated with lesser extent of clinical attachment loss.

246

This pattern (TC1) was a varied diet rich in salad, fruit and vegetables, poultry, seafood and

247

plain water or tea to drink. Extent of clinical attachment loss among the ten percent of

248

individuals with diets most closely matching this pattern was less than half that observed

249

among the ten percent least closely matching the pattern (8.1% and 19.0% of sites with CAL

250

≥3mm, respectively). This finding is in accordance with current, albeit very general, dietary

251

recommendations for maintaining periodontal health (18).

252

The biological mechanisms behind the association between TC1 and CAL extent may depend

253

on the nutrients present but also those that are avoided. TC1 scores were positively

254

correlated with intake of alpha and beta-carotene, vitamins C and K, lutein and zeaxanthin

255

and negatively correlated with intake of carbohydrates and saturated fatty acids. Placing our

256

findings in the context of previous studies, most of the micronutrients identified have been

257

associated with periodontitis although the influence of some (e.g. vitamin K) is thought to

258

be largely restricted to contexts of chronic deficiency rather than normal ranges of intake

259

(33). One hypothesis is that high intake of carbohydrates, especially sucrose and fructose in

260

added sugars, may influence periodontal health through chronic systemic inflammation

261

(34).

262

In methodological terms, we found that treelet transformation performed well in extracting

263

readily interpretable dietary patterns with relatively little data processing. Input to the

264

algorithm consisted simply of a correlation matrix comparing intakes of each food group. A

265

similar approach could be used to analyse many forms of dietary data, including food

266

frequency questionnaires and food diaries. Patterns extracted were purely data-driven and
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267

so enabled us to summarise entire diets, avoiding potential biases introduced by selecting

268

specific items or food groups for inclusion in analyses. The small number of factor loadings

269

returned by the treelet transformation algorithm meant that all eight TCs explaining

270

substantial variation could be examined and interpreted using just 40 loadings in total. In

271

contrast, PCA would have returned 392 factor loadings for a similar analysis and it would

272

have been tempting to concentrate on only the first two or three principal components,

273

potentially missing important dietary patterns in the remainder.

274

A limitation of this analysis was that the dataset was cross-sectional and so it was not

275

possible to infer directly whether the observed associations between diet and periodontitis

276

were causal. However, we suggest that they are unlikely to have arisen through dietary

277

changes in response to periodontitis (i.e. reverse causality), because periodontitis is

278

symptomless in the early stages (2) and so dietary changes are only likely once major tooth

279

loss has occurred, impairing chewing ability. In our sample 19% of individuals had <20 teeth,

280

a threshold commonly used to inform treatment decisions in restorative dentistry and

281

considered sufficient to retain adequate chewing ability (35). However, the estimated

282

associations were largely unchanged when these individuals were excluded (not shown) and

283

so were not solely driven by dietary changes amongst those with extensive tooth loss.

284

The assessment of periodontitis extent within individuals was based on the proportion of

285

sites with CAL ≥ 3mm (28). CAL represents cumulative periodontal tissue damage and is

286

derived based on measures of pocket probing depth and gingival recession. A limitation of

287

this is that gingival recession may occur which is unrelated to periodontitis. Causes may

288

include damage from aggressive toothbrushing, trauma, and orthodontic treatment and

289

tend to manifest in younger individuals. It is unlikely however that this would have had a
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290

major impact as the periodontal examination used in NHANES included six-point probing of

291

individual teeth and it is generally only the mid-buccal or a localised site that was likely to

292

have been affected by artefactual gingival recession.

293

In addition, the usual caveat applies that two 24-hour recalls may not accurately represent

294

usual diet across the extended time period in which disease may develop. However,

295

NHANES is well established and designed to be representative of the US population, so our

296

results are broadly applicable.

297

In conclusion, using data from a large population-based survey we have identified a dietary

298

pattern rich in salad, fruit, and vegetables associated with reduced extent of periodontitis.

299

These findings indicate a clear need for prospective studies to further investigate the role of

300

diet and the extent to which it mediates the established relationships between age, socio-

301

economic status and periodontitis. Treelet Transformation is a promising data-driven

302

approach to identify interpretable dietary patterns for nutrition research.
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Tables
Table 1. Characteristics of participants by extent of clinical attachment loss (CAL), classified into
quartiles. Frequencies and percentages given except where stated otherwise. N = 10,010.

1

Mean Age (SD)
Sex
Male
Female
Ethnicity
Mexican American
Other Hispanic
Non-Hispanic White
Non-Hispanic Black
Other race - including Multi-Racial
Education
Less than 9th grade
9-11th grade
High school graduate
Some college
College graduate or above
Refused/don’t know
Chronic health conditions
Diabetes
Cardiovascular disease
Smoking status
Never smoked
Former smoker
Current smoker
Mean BMI (SD)1
Prescription medications in last month
Median types (interquartile range)
1
SD = Standard Deviation

CAL Quartile
1
44.2 (11.9)

2
50.3 (13.5)

889 (35.5)
1614 (64.5)

1113 (44.5) 1338 (53.5) 1610 (64.3)
1389 (55.5) 1165 (46.5) 892 (35.7)

239 (9.5)
220 (8.8)
1386 (55.1)
385 (15.3)
285 (11.3)

346 (13.8)
278 (11.1)
1155 (45.9)
452 (18.0)
279 (11.1)

408 (16.3)
258 (10.3)
1010 (40.1)
536 (21.3)
304 (12.1)

440 (17.6)
243 (9.7)
880 (35.0)
705 (28.0)
247 (9.8)

94 (3.8)
201 (8.0)
409 (16.3)
779 (31.1)
1019 (40.7)
1 (0.0)

158 (6.3)
245 (9.7)
519 (20.7)
773 (30.9)
804 (32.1)
3 (0.1)

263 (10.5)
351 (14.0)
577 (23.1)
730 (29.2)
580 (23.2)
4 (0.2)

435 (17.4)
544 (21.6)
661 (26.4)
551 (22.0)
308 (12.3)
3 (0.1)

195 (7.8)
82 (3.3)

301 (12.0)
123 (4.9)

441 (17.6)
212 (8.5)

592 (23.7)
329 (13.1)

1563 (62.5) 1372 (54.8)
603 (24.1) 674 (26.9)
336 (13.4) 457 (18.3)
29.5 (6.5)
29.8 (6.8)

968 (38.7)
736 (29.4)
798 (31.9)
29.1 (6.6)

1703 (68.0)
516 (20.6)
284 (11.3)
29.2 (6.9)
1 (0,2)

1 (0,3)

3
55.2 (14.3)

1 (0,4)

4
58.1 (13.2)

2 (0,4)
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Table 2. Association between dietary Treelet Component (TC) scores and extent of clinical attachment loss (CAL) 1. CAL extent measure is median % (interquartile range) sites with CAL
≥3mm. Mean CAL and pocket probing depth given in Supplementary Table 1. N = 10,010.
Treelet Component Decile

1

TC

Metric

1

2

3

4

5

6

7

8

9

10

TC1

CAL Extent

19.1% (3.2,60.6)

17.9% (3.4,62.9)

11.6% (2.2,45.8)

9.7% (1.9,36.0)

11.9% (2.3,45.3)

9.1% (1.8,35.3)

9.4% (1.9,35.3)

8.2% (1.6,32.9)

7.0% (1.3,30.2)

8.1% (1.6,30.3)

TC1
TC2

Odds Ratio
CAL Extent

1.00
8.7% (1.5,34.1)

0.98 (0.70,1.38)
14.2% (2.7,50.6)

0.83 (0.58,1.18)
11.0% (2.1,43.1)

0.68 (0.47,0.99)
10.3% (1.9,41.3)

0.78 (0.55,1.12)
9.6% (1.9,36.3)

0.64 (0.44,0.92)
9.2% (1.7,36.8)

0.76 (0.52,1.11)
11.4% (2.3,41.9)

0.62 (0.43,0.91)
9.9% (1.9,38.3)

0.62 (0.43,0.90)
10.6% (2.0,39.4)

0.67 (0.46,0.99)
11.9% (2.6,40.8)

TC2

Odds Ratio

TC3

CAL Extent

1.00
8.5% (1.4,33.2)

1.33 (0.87,2.03)
9.0% (1.7,33.4)

1.31 (0.84,2.05)
10.4% (2.1,38.7)

1.23 (0.81,1.87)
10.8% (2.0,43.7)

1.11 (0.74,1.67)
8.8% (1.7,37.3)

1.20 (0.80,1.78)
9.1% (1.7,34.4)

1.22 (0.82,1.81)
10.6% (2.1,40.8)

1.12 (0.75,1.66)
13.4% (3.1,48.2)

1.15 (0.77,1.70)
10.9% (1.9,43.3)

1.13 (0.75,1.69)
16.5% (3.4,56.0)

TC3

Odds Ratio

TC4

CAL Extent

1.00
8.7% (1.4,35.3)

0.92 (0.52,1.63)
9.8% (1.9,37.5)

1.08 (0.61,1.91)
9.3% (1.9,35.4)

0.98 (0.56,1.72)
13.3% (2.7,46.3)

0.92 (0.53,1.61)
13.6% (3.2,48.7)

0.93 (0.53,1.63)
10.4% (1.9,39.7)

0.96 (0.54,1.70)
10.0% (1.8,40.8)

1.09 (0.62,1.92)
9.7% (1.8,35.7)

0.93 (0.52,1.64)
10.4% (1.9,41.0)

1.00 (0.56,1.81)
11.3% (2.0,44.2)

TC4

Odds Ratio

TC5

CAL Extent

1.00
10.4% (2.2,38.0)

1.13 (0.78,1.64)
8.4% (1.5,32.9)

1.09 (0.70,1.68)
10.4% (1.8,41.9)

1.39 (0.87,2.20)
8.8% (1.7,33.6)

1.24 (0.77,2.00)
8.8% (1.4,35.8)

1.17 (0.71,1.93)
11.6% (2.5,41.1)

1.15 (0.71,1.87)
11.0% (2.1,40.5)

1.18 (0.73,1.91)
10.7% (2.1,38.7)

1.05 (0.69,1.61)
11.8% (2.4,44.4)

1.26 (0.86,1.87)
15.7% (2.8,58.3)

TC5

Odds Ratio

TC6

CAL Extent

1.00
9.3% (1.9,34.4)

1.06 (0.70,1.61)
13.8% (3.0,49.4)

1.07 (0.70,1.63)
10.1% (1.9,36.6)

0.95 (0.62,1.47)
9.3% (1.8,36.5)

1.04 (0.58,1.86)
9.0% (1.7,37.9)

1.03 (0.67,1.58)
9.5% (2.0,36.3)

0.97 (0.63,1.49)
9.5% (1.8,36.1)

0.95 (0.62,1.46)
11.0% (1.9,43.8)

1.03 (0.67,1.57)
10.3% (2.0,41.3)

1.26 (0.86,1.84)
14.4% (2.7,50.9)

TC6
TC7

Odds Ratio
CAL Extent

1.00
14.6% (2.8,50.3)

1.20 (0.78,1.85)
15.0% (3.2,50.7)

1.11 (0.71,1.74)
14.5% (2.8,51.6)

1.09 (0.73,1.63)
13.5% (2.7,49.0)

1.15 (0.77,1.72)
11.4% (2.2,42.2)

1.09 (0.73,1.64)
10.2% (1.9,38.3)

1.09 (0.73,1.63)
8.7% (1.6,33.8)

1.07 (0.73,1.58)
7.6% (1.5,30.4)

1.06 (0.72,1.58)
7.0% (1.4,31.5)

1.21 (0.82,1.78)
6.0% (1.1,25.4)

TC7

Odds Ratio

1.00

0.96 (0.63,1.47)

0.95 (0.62,1.47)

1.04 (0.69,1.58)

0.80 (0.53,1.18)

0.84 (0.56,1.25)

0.76 (0.51,1.14)

0.76 (0.51,1.13)

0.76 (0.51,1.13)

0.74 (0.50,1.11)

TC8

CAL Extent

8.3% (1.4,32.9)

9.8% (1.8,39.3)

14.1% (3.0,49.0)

9.6% (1.9,36.8)

10.0% (1.8,37.0)

10.7% (2.0,43.2)

10.2% (2.1,39.0)

9.4% (1.8,39.8)

11.2% (2.2,40.9)

13.6% (2.7,44.2)

TC8

Odds Ratio

1.00

0.91 (0.58,1.44)

1.19 (0.74,1.92)

1.01 (0.62,1.66)

1.03 (0.63,1.67)

1.17 (0.76,1.82)

1.04 (0.69,1.58)

0.93 (0.62,1.38)

0.96 (0.65,1.44)

0.93 (0.61,1.41)

Multivariable model is adjusted for age, sex, ethnicity, education level, smoking status (current smoker/ former smoker/never smoked), BMI and diabetes status.
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Figures
Figure 1. Treelet Component loading from treelet transformation analysis of food group intake.
Component loadings indicate the relative contribution of each food group to the TC score (similar to
PCA). X-axis scale is unit-less but the sign of each loading indicates whether the food group intake
was lower (negative loadings) or higher (positive loadings) than average among those with high
scores for that TC.
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10,000 NHANES participants.
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Supplementary Figures
Supplementary Figure 1. Cohort construction flow chart.
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Supplementary Figure 2. Dendrogram of food group intake produced using treelet transformation.
Horizontal axis indicates the stage of the clustering algorithm at which groups were joined. Dashed
line indicates the cut level of the cluster tree, selected for the best cross-validation performance
(level 28). The selected treelet components were clustered at or below this level. Food group codes
are given in Supplementary Table 2.
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Supplementary Figure 3. Daily intake of food groups by TC1 decile. Greyscale indicates proportion of
individuals that consumed the food group. White text indicates cell has proportion >0.5. Numbers
indicate median intake (g/day) among those in the given decile that consumed any of the food
group. Food group codes are given in Supplementary Table 2.
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Supplementary Figure 4. Principal Component (PC) loadings from principal component analysis of
food group intake. Component loadings indicate the relative contribution of each food group to the
PC score, measured as the correlation between food group intake and PC score. The sign of each
loading indicates whether the food group intake was lower (negative loadings) or higher (positive
loadings) than average among those with high scores for that PC. Food group codes are given in
Supplementary Table 2. For display purposes, loadings with absolute values ≤ 0.1 are omitted.
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Supplementary Tables
Supplementary Table 1. Mean CAL and pocket probing depth (PPD) by dietary treelet component scores.
TC
TC1
TC1
TC2
TC2
TC3
TC3
TC4
TC4
TC5
TC5
TC6
TC6
TC7
TC7
TC8
TC8

Metric
Mean CAL (± SE) mm
Mean PPD (± SE) mm
Mean CAL (± SE) mm
Mean PPD (± SE) mm
Mean CAL (± SE) mm
Mean PPD (± SE) mm
Mean CAL (± SE) mm
Mean PPD (± SE) mm
Mean CAL (± SE) mm
Mean PPD (± SE) mm
Mean CAL (± SE) mm
Mean PPD (± SE) mm
Mean CAL (± SE) mm
Mean PPD (± SE) mm
Mean CAL (± SE) mm
Mean PPD (± SE) mm

1
2.2 (0.04)
1.7 (0.02)
1.8 (0.04)
1.7 (0.02)
1.8 (0.04)
1.6 (0.02)
1.7 (0.04)
1.7 (0.02)
1.8 (0.04)
1.6 (0.02)
1.7 (0.04)
1.7 (0.02)
2.0 (0.04)
1.8 (0.02)
1.7 (0.04)
1.6 (0.02)

2
2.1 (0.04)
1.7 (0.02)
2.0 (0.04)
1.7 (0.02)
1.7 (0.03)
1.5 (0.02)
1.7 (0.04)
1.7 (0.02)
1.7 (0.03)
1.5 (0.02)
2.0 (0.04)
1.6 (0.02)
2.1 (0.04)
1.7 (0.02)
1.8 (0.04)
1.6 (0.02)

3
1.9 (0.04)
1.6 (0.02)
1.9 (0.04)
1.5 (0.02)
1.8 (0.03)
1.5 (0.02)
1.8 (0.04)
1.7 (0.02)
1.8 (0.04)
1.6 (0.02)
1.9 (0.03)
1.4 (0.02)
2.0 (0.04)
1.6 (0.02)
2.0 (0.04)
1.5 (0.02)

4
1.8 (0.04)
1.6 (0.02)
1.8 (0.04)
1.5 (0.02)
1.9 (0.04)
1.5 (0.02)
2.0 (0.04)
1.5 (0.02)
1.8 (0.03)
1.5 (0.02)
1.8 (0.04)
1.5 (0.02)
2.0 (0.04)
1.5 (0.02)
1.8 (0.04)
1.4 (0.02)

TC Decile
5
1.9 (0.04)
1.6 (0.02)
1.8 (0.04)
1.5 (0.02)
1.8 (0.04)
1.5 (0.02)
2.0 (0.04)
1.5 (0.02)
1.8 (0.04)
1.6 (0.02)
1.8 (0.04)
1.5 (0.02)
1.8 (0.03)
1.5 (0.02)
1.8 (0.03)
1.4 (0.02)

6
1.7 (0.04)
1.5 (0.02)
1.8 (0.03)
1.5 (0.02)
1.8 (0.03)
1.5 (0.02)
1.9 (0.04)
1.4 (0.02)
1.8 (0.04)
1.5 (0.02)
1.8 (0.03)
1.5 (0.02)
1.8 (0.04)
1.5 (0.02)
1.8 (0.04)
1.4 (0.02)

7
1.8 (0.03)
1.5 (0.02)
1.9 (0.04)
1.5 (0.02)
1.8 (0.04)
1.5 (0.02)
1.8 (0.03)
1.4 (0.02)
1.8 (0.03)
1.5 (0.02)
1.8 (0.03)
1.5 (0.02)
1.8 (0.04)
1.5 (0.02)
1.8 (0.04)
1.5 (0.02)

8
1.7 (0.03)
1.4 (0.02)
1.8 (0.04)
1.5 (0.02)
1.9 (0.04)
1.5 (0.02)
1.8 (0.03)
1.4 (0.02)
1.8 (0.03)
1.5 (0.02)
1.9 (0.04)
1.6 (0.02)
1.7 (0.03)
1.5 (0.02)
1.8 (0.04)
1.6 (0.02)

9
1.6 (0.03)
1.4 (0.02)
1.8 (0.04)
1.5 (0.02)
1.9 (0.04)
1.5 (0.02)
1.8 (0.04)
1.5 (0.02)
1.9 (0.04)
1.5 (0.02)
1.8 (0.04)
1.5 (0.02)
1.7 (0.04)
1.5 (0.02)
1.8 (0.04)
1.6 (0.02)

10
1.6 (0.03)
1.4 (0.02)
1.8 (0.04)
1.5 (0.02)
2.0 (0.04)
1.6 (0.02)
1.9 (0.04)
1.7 (0.02)
2.1 (0.04)
1.6 (0.02)
2.0 (0.04)
1.6 (0.02)
1.6 (0.03)
1.4 (0.02)
1.9 (0.04)
1.7 (0.02)
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Supplementary Table 2. USDA food groups included in treelet analysis.
Food group Description
BEV0
BEV21
BEV22
BEV231
BEV232
BEV233
BEV241
BEV242
EGG0
FAT1
FAT2
FRUIT11
FRUIT2
FRUIT31
FRUIT32
FRUIT33
FRUIT34
FRUIT35
GRAIN1
GRAIN21
GRAIN22
GRAIN23
GRAIN3
GRAIN4
GRAIN5
GRAIN6
MEAT1
MEAT2
MEAT3
MEAT4
MEAT5
MEAT6
MEAT7
MEAT8
MILK11
MILK2
MILK3
MILK4
SUGAR1
SUGAR2

Total alcoholic beverages
Coffee
Tea
Regular fruit juice drinks and fruit flavored drinks
Low-calorie fruit juice drinks and fruit flavored drinks
Fruit flavored thirst-quenching beverages
Regular carbonated soft drinks
Low calorie carbonated soft drinks
Eggs
Table fats
Salad dressings
Citrus juices
Dried fruits
Apples
Bananas
Melons and berries
Other fruits and mixtures mainly fruit
Noncitrus juices and nectars
Total yeast breads and rolls
Ready-to-eat cereals
Rice
Pasta
Quick breads, pancakes, french toast
Cakes, cookies, pastries, pies
Crackers, popcorn, pretzels, corn chips
Mixtures mainly grain
Beef
Pork
Lamb, veal, game
Organ meats
Frankfurters, sausages luncheon meats
Total poultry
Fish and shellfish
Mixtures mainly meat, poultry, fish
Total fluid milk
Yogurt
Milk desserts
Cheese
Sugars
Candy
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Food group Description
VEG1
VEG2
VEG3
VEG4
VEG5
VEG6
VEG7
VEG8
WATER1

White potatoes, total
Dark-green vegetables
Deep-yellow vegetables
Tomatoes
Lettuce
Green beans
Corn, green peas, lima beans
Other vegetables
Plain water

30

On-line Supplementary Material

31

Supplementary Table 3. Association between dietary Principal Component (PC) scores and extent of clinical attachment loss (CAL) 1. CAL extent measure is median % (interquartile range)
sites with CAL ≥3mm. N = 10,010.
Principal Component Decile

1

PC

Metric

1

2

3

4

5

6

7

8

9

10

PC1

CAL Extent

16.8% (2.9,59.3)

15.1% (2.5,56.7)

12.3% (2.3,43.9)

11.0% (2.1,44.4)

9.8% (2.2,37.3)

9.4% (1.8,36.9)

8.3% (1.6,32.0)

9.5% (1.9,36.6)

7.3% (1.5,30.7)

8.9% (1.8,32.5)

PC1

Odds Ratio

1.00

0.94 (0.67, 1.33)

0.77 (0.53, 1.11)

0.71 (0.49, 1.03)

0.70 (0.47, 1.04)

0.64 (0.44, 0.94)

0.59 (0.40, 0.88)

0.69 (0.46, 1.02)

0.51 (0.33, 0.76)

0.56 (0.37, 0.86)

PC2

CAL Extent

13.9% (2.7,51.2)

11.3% (2.0,45.9)

9.4% (1.7,38.4)

9.6% (1.9,38.7)

10.4% (2.0,45.6)

9.5% (1.9,39.7)

10.0% (2.0,35.3)

9.6% (1.8,36.6)

10.3% (2.1,35.3)

12.2% (2.3,41.2)

PC2

Odds Ratio

1.00

1.05 (0.73, 1.51)

0.88 (0.61, 1.29)

0.98 (0.67, 1.43)

0.99 (0.68, 1.44)

1.05 (0.72, 1.53)

1.03 (0.69, 1.53)

1.01 (0.68, 1.50)

1.03 (0.69, 1.55)

1.04 (0.69, 1.56)

PC3

CAL Extent

12.2% (2.3,46.0)

11.8% (2.2,41.2)

11.2% (2.4,43.3)

10.4% (1.9,40.2)

10.2% (2.0,40.0)

8.1% (1.5,32.6)

10.2% (2.0,38.1)

11.0% (2.2,43.4)

11.3% (2.1,44.2)

9.8% (1.7,37.2)

PC3

Odds Ratio

1.00

1.03 (0.70, 1.53)

1.01 (0.68, 1.49)

0.92 (0.62, 1.37)

0.99 (0.67, 1.47)

0.84 (0.56, 1.26)

0.96 (0.64, 1.44)

1.03 (0.69, 1.52)

1.05 (0.71, 1.55)

1.08 (0.73, 1.61)

PC4

CAL Extent

8.5% (1.6,34.9)

8.4% (1.5,36.6)

7.7% (1.7,30.2)

9.3% (1.9,38.5)

9.7% (2.0,37.1)

11.9% (2.2,45.2)

12.5% (2.4,46.0)

12.8% (2.4,46.4)

12.8% (2.4,46.3)

12.2% (2.1,44.7)

PC4

Odds Ratio

1.00

1.09 (0.75, 1.59)

1.05 (0.70, 1.57)

1.00 (0.68, 1.47)

1.00 (0.68, 1.49)

0.97 (0.65, 1.43)

1.18 (0.79, 1.76)

1.06 (0.71, 1.56)

1.01 (0.68, 1.52)

0.94 (0.63, 1.40)

PC5

CAL Extent

17.7% (3.7,58.0)

12.5% (2.4,45.2)

11.9% (2.2,42.8)

10.6% (2.0,38.7)

11.7% (2.1,46.8)

9.7% (2.0,36.6)

7.7% (1.6,32.0)

9.2% (1.8,36.2)

7.7% (1.5,32.7)

8.7% (1.4,37.1)

PC5

Odds Ratio

1.00

0.73 (0.50, 1.07)

0.82 (0.56, 1.20)

0.76 (0.51, 1.14)

0.81 (0.54, 1.20)

0.81 (0.54, 1.23)

0.70 (0.47, 1.06)

0.85 (0.56, 1.29)

0.72 (0.48, 1.09)

0.76 (0.51, 1.12)

PC6

CAL Extent

16.3% (3.3,56.5)

10.8% (2.0,41.0)

12.0% (2.4,45.4)

12.3% (2.3,43.3)

10.1% (2.1,37.0)

11.3% (2.2,41.9)

10.4% (1.9,43.5)

9.6% (1.7,37.9)

7.8% (1.4,32.2)

8.1% (1.6,31.0)

PC6

Odds Ratio

1.00

0.85 (0.59, 1.24)

0.88 (0.60, 1.28)

0.89 (0.61, 1.30)

0.80 (0.54, 1.19)

0.89 (0.61, 1.31)

0.82 (0.56, 1.20)

0.77 (0.53, 1.13)

0.71 (0.49, 1.05)

0.81 (0.55, 1.20)

PC7
PC7

CAL Extent
Odds Ratio

8.4% (1.5,34.9)
1.00

7.9% (1.6,34.6)
0.97 (0.66, 1.41)

9.2% (1.9,35.6)
0.95 (0.64, 1.39)

8.3% (1.7,31.5)
0.88 (0.60, 1.31)

9.7% (1.7,39.2)
0.95 (0.65, 1.38)

10.0% (1.9,40.0)
0.93 (0.63, 1.37)

10.7% (2.2,41.6)
1.01 (0.68, 1.50)

11.8% (2.2,44.8)
0.99 (0.68, 1.45)

13.6% (2.8,47.8)
1.01 (0.68, 1.48)

16.1% (3.1,57.4)
1.15 (0.79, 1.69)

PC8

CAL Extent

14.3% (2.7,51.9)

12.5% (2.4,47.5)

10.6% (2.0,41.4)

12.5% (2.4,46.0)

9.9% (1.9,39.4)

9.5% (2.0,36.1)

10.1% (2.0,41.0)

9.5% (1.8,36.2)

9.2% (1.8,34.6)

8.6% (1.5,35.0)

PC8

Odds Ratio

1.00

1.06 (0.73, 1.52)

0.94 (0.65, 1.36)

1.03 (0.70, 1.50)

0.87 (0.60, 1.28)

0.85 (0.58, 1.25)

0.93 (0.63, 1.36)

0.82 (0.55, 1.21)

0.76 (0.51, 1.12)

0.76 (0.51, 1.13)

Multivariable model is adjusted for age, sex, ethnicity, education level, smoking status (current smoker/ former smoker/never smoked), BMI and diabetes status.
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Supplementary results

3

Components (TCs) identified in the main analysis. Supplementary Figure 4 shows factor loadings for

4

each PC. High PC1 scores characterised high intake of salads, a wide range of fruits and vegetables,

5

bread and ready-to-eat cereals and low intake of regular carbonated soft drinks. PC2 loaded on high

6

intake of mixed meats and rice and low intake of yeast breads, sausages and luncheon meats and

7

table fats. PC3 loaded on high intake of salads and low intake of milk and ready-to-eat cereals. PC4

8

loaded on potatoes, beans and regular fruit juice drinks. PC5 loaded on high intake of regular fruit

9

juice drinks and fruit flavoured drinks and low intake of tea and coffee. PC6 loaded on high intake of

The first eight principal components (PCs) were extracted for comparison with the Treelet

10

salads, candy, crackers, pretzels and low calorie carbonated soft drinks and low intake of

11

yeast breads, sausages and luncheon meats. PC7 loaded on high intake of sugar, coffee, milk

12

and ready-to-eat cereals. PC8 loaded on high intake of regular fruit juice drinks, fruit flavoured

13

drinks, low calorie carbonated soft drinks, candy, crackers and pretzels.

14

There was evidence of an association between PC1 and extent of clinical attachment loss (CAL).

15

Other PCs were not associated with CAL extent. There was strong evidence for lower CAL extent with

16

higher PC1 scores in deciles 6, 7, 9 and 10 (supplementary Table 3).

17
18

