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Clustering Tooth Surfaces 
into Biologically Informative 
Caries Outcomes

Appendix

COHRA Population Characteristics

Descriptive characteristics of the COHRA sample are shown in 
the Appendix Table. Compared with the general US population, 
this Appalachian sample from rural West Virginia and 
Pennsylvania is poorer, less educated, and underserved with 
respect to oral health care.

Cross-validation and Defining Separate Clusters

Determining the number of separate clusters is the principal 
challenge in the field of cluster analysis, and there is currently 
very little statistical theory in this area. Defining a priori mini-
mum distances between clusters is arbitrary and may lead to 
over-fitting. Therefore, we instead performed two-fold cross-
validation (e.g., Salvador and Chan, 2004), a commonly used 
approach for determining the number of clusters. Cross-
validation allows us to determine the sensitivity of our clusters 
to perturbations of the input data and to identify what level of 
within-cluster similarity and between-cluster dissimilarity 
defines stable clusters. We randomly divided our sample into 
two halves and performed hierarchical clustering on each half. 
This process was repeated for 10 random halves. By comparing 
dendrograms, we determined the maximum number of separate 
clusters that were consistently observed across all random 
halves. Overall, tooth surfaces were distributed across 5 very 
stable clusters. Example cluster results for two complementary 
halves (which total to the full sample) are shown in Appendix 

Fig. 1. Similarly, to assess any effects of the inclusion of bio-
logical relatives in our sample, we repeated hierarchical cluster-
ing in the maximal subset of unrelated individuals (see Appendix 
Fig. 2), which were nearly identical to the total COHRA and 
NHANES 1999-2000 samples.

In both the total COHRA sample and in the NHANES 1999-
2000 sample, the fifth cluster was subdivided into maxillary and 
mandibular components (indicating possibly 6 instead of 5 clus-
ters). However, these subdivisions were not consistently 
observed via cross-validation of the COHRA sample. That is, in 
some randomly chosen halves of the COHRA sample, the sixth 
cluster did not distinguish maxillary and mandibular compo-
nents of the fifth cluster. Therefore, we have conservatively 
shown results for the 5 stable clusters, as well as the maxillary 
and mandibular subdivisions of the fifth cluster.

Overwhelmingly, the cluster results were stable within the 
COHRA sample, and consistent between the COHRA sample 
and NHANES 1999-2000 sample. That being stated, there were 
subtle differences observed among cluster results. For example, 
left-right asymmetry was observed, albeit rarely, in the random 
halves (e.g., Appendix Fig. 1A, tooth #20 and tooth #29). 
Likewise, some tooth surfaces physically positioned on the bor-
der between two adjacent clusters shifted membership (e.g., 
Appendix Figs. 1A and 2, tooth #21 and tooth #28). In many 
cases, the result of such shifts in cluster membership echoed the 
subtle differences between COHRA and NHANES 1999-2000. 
We speculate that the all-or-nothing nature of our clustering 
approach represents an oversimplification of the relationships 
among tooth surfaces with respect to dental caries risk factors 
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and that some surfaces may be better modeled by distributing 
their membership across multiple clusters. Thorough explora-
tion of other methods of cluster analysis may provide added 
insight into this issue, but is outside the scope of the current 
manuscript.

Comparison of Caries Patterns with Those  
from Previous Studies

We identified and replicated 5 clusters of tooth surfaces that 
behave similarly with respect to caries experience. In general, 
for the anterior teeth (e.g., incisors and maxillary canines), all 
surfaces of a given tooth tended to be members of the same 
cluster, whereas for the posterior teeth (e.g., molars and pre-
molars) and mandibular canines, surfaces of a tooth were 
divided among two different clusters. This observation is rea-
sonable given the comparatively similar and disparate mor-
phologies of surfaces on anterior and posterior teeth, respectively. 
Our 5 clusters were: (cluster 1) pit and fissure molar surfaces, 
(cluster 2) mandibular anterior surfaces, (cluster 3) posterior 
non-pit and fissure surfaces, (cluster 4) maxillary anterior sur-
faces, and (cluster 5) the mid-dentition surfaces.

Because previous studies of caries patterns have usually 
assumed a priori classification of tooth surfaces, which often 
differed among studies, detailed comparisons across studies is 
difficult. However, some commonalities across studies were 
observed. For example, Douglass et al. (1994, 1995) investi-
gated 4 a priori patterns of decay in children, 2 of which closely 
matched the agnostic patterns observed in our study: The “fis-
sure” and “maxillary anterior” patterns were similar to clusters 
1 and 4, respectively, in the present study. The “posterior proxi-
mal” and “posterior buccal/lingual” patterns studied by Douglass 
et al. did not individually match any of our clusters, though, 
together, included surfaces from clusters 3 and 5. However, 
Douglass et al. studied the primary dentition, whereas we stud-
ied the permanent dentition, so differences in posterior decay 
patterns may be expected, especially given the inclusion of 8 
permanent premolars in our study, which lack analogous teeth in 

the primary dentition. Another study by Douglass et al. (2001) 
looked at 3 decay patterns in children, “pit and fissure”, “maxil-
lary anterior”, and “posterior proximal”. Again, the “pit and 
fissure” and “maxillary anterior” patterns were similar to our 
clusters 1 and 4.

A study by Greenwell et al. considered 3 a priori caries pat-
terns in children which they called “faciolingual”, “pit and fis-
sure”, and “molar-approximal” (1990). Their “pit and fissure” 
pattern was similar to our cluster 1, but their other patterns were 
unlike any of our clusters. The underlying premise of these stud-
ies, like ours, was that different risk factors may lead to different 
patterns of caries. However, in contrast to a priori caries patterns, 
which may be informed by clinical experience but which are not 
supported by empirical data, our agnostically determined clusters 
may better represent the differential effects of risk factors.

Other studies have defined caries patterns based on catego-
rizing participants into different classes of dental caries experi-
ence. For example, in Johnsen et al. (1986), participants were 
categorized as caries-free or exactly 1 of 5 a priori caries pat-
terns, 2 of which were also defined by enamel defects. Given the 
differences in approach—that is, categorizing participants as 
opposed to clustering tooth surfaces—their a priori caries pat-
terns are difficult to compare with our clusters. However, they 
showed that water fluoridation was associated with smooth-
surface patterns of decay, but not with other patterns of decay. 
This result is consistent with our study, which showed modest 
effects of home water source fluoride concentration on cluster 2, 
the anterior mandibular surfaces, but not on other surfaces.

An innovative study by Psoter et al. (2003) used multidimen-
sional scaling to collapse the information across 5,169 children 
(i.e., 5,169 original dimensions) to map each tooth surface onto 
2 new orthogonal dimensions. This multidimensional scaling 
approach is nearly identical to the principal components analy-
sis previously performed in our sample (Shaffer et al., 2012); 
however, we performed dimension reduction across tooth sur-
faces to create new pattern-based caries phenotypes, whereas 
Psoter et al. performed dimension reduction across participants 
to understand the relationships among surfaces with respect to 

Appendix Table. Descriptive Characteristics of the COHRA Sample

Variable N % or mean (SD) [range]

Sex (% female) 1,068 63.2
Race: white/black/other 964/73/35 89.9/6.8/3.3
Hispanic (%) 1,052 1.1
Age (yrs) 1,068 34.7 (9.2)
Birth yr 1,066 1971 [1929-1993]
Body mass index (kg/m2) 874 29.7 (7.7)
Educational attainment

Up to high school (%) 611 58.8
Some college (%) 265 25.5
4-year degree or higher (%) 163 15.7

Saliva flow rate (mL/min) 1,030 0.68 (0.48)
Home water fluoride level (mg/L) 536 0.68 (0.42)
Public water source (%) 999 79.3
Toothbrushing twice or more per day (%) 983 58.2
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caries experience. Interestingly, both of the new dimensions cre-
ated in Psoter et al. were related to surface morphology and 
timing of eruption. Given that timing of tooth eruption is cor-
related with position in the mouth (i.e., anterior vs. posterior, 
and mandibular vs. maxillary), their results mesh nicely with our 
observation that clusters were related to surface morphology 
and position. Their agnostic procedure, which assumed only 
contralateral symmetry, suggested 4 caries patterns: (1) maxil-
lary incisor surfaces, (2) first molar occlusal surfaces, (3) sec-
ond molar pit and fissure surfaces, and (4) all other surfaces. 
Only their maxillary incisors pattern matched our results (i.e., 
our cluster 4). However, like other previous studies, Psoter et al. 
looked at primary dentition. A follow-up study in this sample 
used a variety of cluster analysis methods to group tooth sur-
faces (Psoter et al., 2009), very much like the method used in 
our study. Their follow-up analyses largely confirmed their 
original caries patterns, but with possible subdivisions repre-
senting maxillary vs. mandibular surfaces of first molar and 
second molar patterns. The potential subdivision of Psoter et al. 

clusters into maxillary vs. mandibular surfaces echoes what we 
observed for cluster 5 in our study.

Overall, caries patterns differed among the limited number of 
previous studies investigating patterns of dental decay, which is 
not surprising given that most of these presumed a priori pat-
terns (Johnsen et al., 1986; Greenwell et al., 1990; Douglass  
et al., 1994, 1995, 2001), and were conducted in children 
(Johnsen et al., 1986; Greenwell et al., 1990; Douglass et al., 
1994, 1995, 2001; Psoter et al., 2003, 2009). However, when 
these studies are taken together, some consensus patterns have 
emerged, including a pattern reflecting maxillary anterior sur-
faces (like cluster 4 in our study) and one or more patterns 
reflecting pit and fissure surfaces (like cluster 1 in our study). 
More work is needed to verify which patterns are most useful 
for investigating and understanding cariogenesis, though, col-
lectively, the body of literature on this topic suggests that these 
patterns may differ between primary and permanent dentition, 
and may differ based on the risk factor profiles of the popula-
tions under study.

Appendix Figure 1. Cluster membership by surface in random halves (A and B, which sum to the total sample) of the COHRA sample: (magenta) 
cluster 1 includes pit and fissure molar surfaces; (gray) cluster 2 includes mandibular anterior surfaces; (yellow) cluster 3 includes posterior non-pit 
and fissure surfaces; (green) cluster 4 includes maxillary anterior surfaces; and (cyan) cluster 5 includes mid-dentition surfaces.

Appendix Figure 2. Cluster membership by surface in the maximal set of unrelated individuals from the COHRA sample: (magenta) cluster 1 
includes pit and fissure molar surfaces; (gray) cluster 2 includes mandibular anterior surfaces; (yellow) cluster 3 includes posterior non-pit and 
fissure surfaces; (green) cluster 4 includes maxillary anterior surfaces; and (cyan) cluster 5 includes mid-dentition surfaces.
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Cluster Analysis vs. DMFS and Other  
Pattern Extraction Methods

Our results showed that global caries experience in the perma-
nent dentition could be partitioned into patterns defined by 
similarly behaving clusters of tooth surfaces. Some cluster-
based phenotypes were more heritable than traditional DMFS 
index, whereas others were not. Similarly, the cluster-based 
phenotypes were associated with different suites of environmen-
tal risk factors, such as sex, educational attainment, toothbrush-
ing frequency, race, and home water source. Several of these 
associations were observed for cluster-based phenotypes, but 
not for the traditional DMFS index. Overall, these results, which 
demonstrate the potential benefit of modeling caries patterns, 
are consistent with previous work with principal components 
and factor analyses used for the extraction of heritable caries 
patterns (Shaffer et al., 2012). In particular, the second strongest 
caries pattern identified by factor analysis was predominantly 
due to maxillary incisors, which is very similar to cluster 4 iden-
tified in the present study. A benefit of the cluster analysis 
approach is that the interpretation of results can be clearly 
mapped back to individual tooth surfaces, whereas for principal 
components and factor analyses, interpretation of results with 
respect to actual tooth surfaces is problematic, which greatly 
diminishes the utility of the latter methods.
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