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Abstract

Incidence of temporomandibular disorders (TMD) was predicted with multivariable models that
used putative risk factors collected from initially TMD-free individuals in the Orofacial Pain:
Prospective Evaluation and Risk Assessment (OPPERA) study. The 202 baseline risk factors
included sociodemographic and clinical characteristics, measures of general health status,
experimental pain sensitivity, autonomic function, and psychological distress. Study participants
(n=2,737) were then followed prospectively for a median of 2.8 years to ascertain cases of first-
onset TMD. Lasso regression and random forest models were used to predict incidence of first-
onset TMD using all of the aforementioned measures. Variable importance scores identified the
most important risk factors, and their relationship with TMD incidence was illustrated graphically
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using partial dependence plots. Two of the most important risk factors for elevated TMD
incidence were greater numbers of comorbid pain conditions and greater extent of non-specific
orofacial symptoms. Other important baseline risk factors were pre-existing bodily pain,
heightened somatic awareness, and greater extent of pain in response to examiners’ palpation of
the head, neck and body. Several demographic variables persisted as risk factors even after
adjusting for other OPPERA variables, suggesting that environmental variables not measured in
OPPERA may also contribute to first-onset TMD.
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Introduction

The primary objective of the OPPERA study was to identify potential risk factors for first-
onset TMD. The study was motivated by a heuristic model (Supplementary Figure 1)
postulating that heightened sensitivity to pain and psychological distress contribute to first-
onset TMD. % 27 These two main risk factors are in turn influenced by a variety of genetic
and environmental variables. © Thus, OPPERA collected data from each study participant on
a wide variety of measures of experimental pain sensitivity and psychological distress as
well as data on sociodemographic characteristics, autonomic function, clinical
characteristics, and general health status.

As is common in epidemiologic studies of TMD, # 22 the first stage of analysis examined
univariate associations to test which individual variables predicted TMD

onset. 1214, 31, 34,36 However, some questions of interest cannot be easily answered using
univariate models. For example, one may wish to determine which risk factors for first-onset
TMD are most important, that is, which variables provide the most information about the
risk of developing first-onset TMD. One may also wish to evaluate the association between
a given variable and first-onset TMD after adjusting for the effects of other variables. For
example, we observed that race and lifetime U.S. residence were associated with first-onset
TMD. 36 It seems unlikely that race or duration of U.S. residence directly causes orofacial
pain, so the question arises whether these differences can be explained by other putative risk
factors.

The present study seeks to answer these questions using two multivariable statistical
methods. The first method uses a linear model for time-to-event data to predict the
likelihood that a given study participant will develop first-onset TMD based on a subset of
the variables that is selected to maximize the predictive accuracy of the model. The variables
selected by such a procedure represent one possible set of the “most important variables,”
and the coefficients in such a model can be used to estimate the effect of each selected
variable after adjusting for the other selected variables.

Despite the attractive simplicity of this approach, it has certain shortcomings. Any variable
that is not selected by the procedure is not included in the model. Thus, there is no way to
estimate the relative importance of variables that are not selected. More importantly, the
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estimated effect sizes of each variable do not account for the effect of variables that are not
selected by the model. Thus, if an important confounder of a given variable is not selected,
the model may overestimate the importance of this variable.

Thus, a second stage of the analysis used a different multivariable approach, random forest
modeling, to analyze potential contributions of all variables, not merely the variables
selected by the earlier linear model. Random forest modeling represents a machine learning
technique based on a series of decision tree models. 2! Decision trees predict outcomes by
recursively partitioning predictor variables, and these trees are superior to linear regression-
based models in identifying non-linear effects and handling large numbers of correlated
predictors. 16 In recent years, random forests have been increasingly applied to classification
problems in biomedical research, including predicting several pain related

outcomes. 19: 33,42 This novel method of data mining was used to achieve two goals: a) to
identify the most important risk factors for first-onset TMD; and b) to generate plots
depicting adjusted association between each variable and TMD incidence, with adjustment
for the effects of other variables and with latitude in generating the plots that permitted
departure from a straight-line association.

Recruitment, Eligibility Criteria, and Enroliment

This paper reports findings from the OPPERA prospective cohort study of 2,737 people who
were enrolled in 2006-08 and followed for a median of 2.8 years, during which time 260
people developed temporomandibular disorder (TMD). When they were enrolled, the
sample of community-based volunteers at four study U.S. sites was aged 18-44 years and
did not have painful TMD when examined using OPPERA's adaptation of a restricted set of
Research Diagnostic Criteria for TMD (RDC/TMD). 10 At enrollment, study participants
also completed questionnaires, autonomic function was measured, sensitivity to sensory
stimuli was evaluated, and a blood sample was collected for genotyping.

At three-monthly intervals after enrollment, study participants were asked to complete a
screening questionnaire (Quarterly Health Update or QHU) that asked about TMD pain
symptoms. Those reporting symptoms were invited to study clinics for a follow-up
examination that determined presence or absence of painful TMD using the same criteria
used at baseline. Specifically, the 260 incident cases satisfied two criteria for TMD: (1)
symptoms of orofacial pain reported for =5 days/month; and (2) examiner findings of TMD
myalgia, arthralgia, or both. An accompanying paper ° describes methods used to
standardize examiners across study sites. Inter-examiner reliability between study site
examiners and the OPPERA reference examiner was evaluated annually, yielding kappa
statistics that ranged from 0.82 to 1.00, signifying excellent inter-examiner reliability. The
paper ° also reports that QHU questionnaires had kappa values of 0.83 (95%CL = 0.72,
0.95) for test-retest reliability, indicating excellent agreement.

Institutional review boards at each study site approved study procedures and participants
provided signed, informed consent. Full details of enroliment and follow-up are provided
elsewhere in this volume. ®
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Lasso Regression Modeling

Lasso regression 41 is a multivariable regression method that is useful for predicting an
outcome measure in the presence of a large number of correlated predictor variables.
Conventional least squares regression models minimize the sum of the squared differences
between the predicted and actual values of the outcome variable. Lasso modifies this
criterion by penalizing models that have too many large coefficients under the assumption
that models with too many large coefficients are likely to be overfit. It can be shown 16 that
lasso models have lower variance than conventional least squares models thereby mitigating
the effect of multicollinearity. Moreover, the lasso model selection criterion forces some of
the model coefficients to be 0, so lasso also performs variable selection. The amount by
which large coefficients are penalized is controlled by a tuning parameter. Larger values of
the tuning parameter result in a larger penalty for the coefficients, resulting in fewer nonzero
coefficients. The optimal tuning parameter can be chosen using cross-validation. See the
appendix for a more detailed description of lasso regression.

This paper focuses on baseline measurements from the following six risk domains: 1)
sociodemographic variables, 2) measures of experimental pain sensitivity, 3) measures of
autonomic function, 4) measures of psychological functioning, 5) measures of general health
status, 6) clinical orofacial characteristics. A seventh grouping of variables from all domains
was designated the “cross-domain” set of variables. The variables included in the cross-
domain model (and the OPPERA instruments that evaluated each variable) are listed in
Supplementary Table 1. Data collection methods used to create the variables have been
published previously 11 13.30. 35 and in accompanying papers in this volume. 12: 14, 31, 34, 36

A lasso regression model was calculated using all of the variables collected in the six
domains of interest. Any variable with more than 150 missing values was excluded from the
analysis. This threshold was chosen because only a small number of predictor variables had
more than 150 missing values, and including these variables in the model created
computational problems. Missing values of the remaining variables were imputed using the
EM algorithm as described previously. 12: 13. 35 A total of 202 variables collected from
2,734 participants were included in the analysis. (Three participants were excluded due to
excessive missing data.) Dummy variables were created for categorical variables and all
variables (including these dummy variables) were normalized to have mean 0 and standard
deviation 1 prior to fitting the model.

The outcome variable was the time from enrollment to when the participant was classified as
meeting the criteria for first-onset TMD. However, this analysis requires one to adjust for
the fact that many study participants did not develop first-onset TMD. A set of statistical
tools known as survival analysis methods can be used for this type of data. In survival
analysis, the outcome is the time until an event occurs (development of first-onset TMD in
the present study). If no event occurs before the end of the follow up period (or if a given
individual drops out of the study prematurely), the observation is said to be censored. Lasso
regression can be applied when the outcome is a censored survival time. 40

The tuning parameter for the lasso model was selected using cross-validation. After the
optimal tuning parameter was identified, the nonzero lasso regression coefficients were
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calculated for the optimal model. Each regression coefficient was then converted to a hazard
ratio (HR). For continuous predictor variables, only the standardized HR (the HR after
normalizing the predictor variable to have mean 0 and standard deviation 1) was reported.
Standardized HR's allow for the comparison of the effect sizes of variables that may be
measured using different scales. Both standardized and unstandardized HR's were reported
for categorical variables. (Standardized HR's for categorical variables cannot be easily
interpreted. However, they are still useful for comparing the relative effect sizes of the
variables in the model.) The lasso model was calculated using version 1.7.3 of the “glmnet”
R package in R version 2.13.1.

Random Forest Modeling

A second form of multivariable modeling was performed using random forests, which are
based on a series of decision tree models. A decision tree predicts an outcome by recursively
partitioning the set of predictor variables producing results that can be visualized as a tree
diagram. 7 Compared to conventional Cox models, decision trees can readily detect
nonlinear effects and interactions, and they are robust against missing values. However,
decision trees typically have high variance, resulting in inaccurate predictions. 18 Random
forests attempt to capture the advantages of trees while reducing their variance by averaging
over a series of decision trees. Each decision tree is fit using a subset of the data. The final
predictions are obtained by averaging over 1,000 decision trees. Only a subset of the
predictors is used in each tree to reduce the correlation between the trees. 8 16 All variables
are included in the final model, however, since it consists of the average of 1,000 such trees.
Thus, unlike a simple decision tree, the output of a random forest cannot be visualized as a
tree diagram. For a description of how random forests can be applied to censored survival
data, see Ishwaran et al. (2008). 2! See the appendix for a more detailed description of the
random forest methodology.

A random forest model was calculated using all of the variables collected in the six domains
of interest described previously. Unless otherwise stated, OPPERA study site was used in
each model. Any variable with more than 150 missing values was excluded from the
analysis. Missing values of the remaining variables were imputed by adaptive tree
imputation, 21 with the exception of the pain sensitivity, autonomic, and psychosocial
variables, which were imputed using the EM algorithm imputed as described

previously. 11:13. 35 Censoring indicators were also imputed for 318 participants who were
identified as possible cases of first-onset TMD based on their responses to the QHU but
never returned to the clinic to undergo an RDC/TMD examination for definitive
classification of first-onset TMD. (Note that this imputation was performed using adaptive
tree imputation, and therefore was different from the multiple imputation method described
elsewhere in this volume ° that imputed outcomes from the same 318 participants.) One
consequence is that estimated incidence rates produced by the random forest models may
differ slightly from the estimated incidence rates reported elsewhere. As was the case for the
lasso model, a total of 202 variables collected from 2,734 participants were included in the
analysis.
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The first objective for fitting the random forest model was to compare the predictive
accuracy of the variables in each risk domain for predicting first-onset TMD. The predictive
accuracy of each random forest model was evaluated by calculating Harrell's concordance
index (HCI). 15 The index is a generalization of the area under the receiver operating
characteristic (ROC) curve applied to censored survival data. A HCI of 1.0 corresponds to
perfect predictive accuracy; whereas a HCI of 0.5 means that the model is no better than
random guessing. In studies of diagnostic tests, descriptors of “rather low”, “useful” and
“rather high” accuracy of prediction have been proposed 3° for area-under-ROC-curve
statistics at thresholds of <0.7, 0.7 to 0.9, and >0.9, respectively, although the thresholds
clearly are arbitrary. Six HCI's were calculated, one from each random forest model fit to the
respective domains of interest. In addition, the HCI was calculated for the model that
included all six domains.

The second objective for fitting the random forest model was to identify the most important
variables for predicting first-onset TMD. This was assessed by calculating the variable
importance score (VIS), which estimates the decrease in the predictive accuracy of the
model when the variable is measured incorrectly. When the variable is an important
predictor, the decrease will be large. By convention, the most important variable is scaled to
have a VIS of 100, and all other VIS's have lower values. A VIS of zero signifies that the
predictive accuracy is not decreased when the variable is measured with error, and a
negative VIS indicates that predictive accuracy increases when the variable is measured
incorrectly. See the appendix for a more detailed description of how the VIS's are calculated.

The third objective for fitting the random forest model was to estimate the association
between each variable and first-onset TMD after adjusting for the effects of all other
variables. For example, previous analysis revealed an association between race and lifetime
U.S. residence and first-onset TMD. 38 It seems unlikely that lifetime U.S. residence directly
causes TMD. Thus, one may wish to determine if this association can be explained by other
variables measured in OPPERA. Perhaps lifetime U.S. residents have more comorbid pain
conditions, more pre-existing pain, or greater somatic awareness (or greater levels of any
other potential risk factor measured in OPPERA). If this is the case, then the association
between lifetime U.S. residence and first-onset TMD will disappear after adjusting for these
other variables. However, if this association remains after adjusting for other variables, this
suggests that other environmental variables not measured in OPPERA that may also
influence the risk of developing first-onset TMD.

The association between each variable and first-onset TMD after adjusting for the effects of
other variables was assessed by estimating the expected rate of first-onset TMD that would
be observed at several values of the variable after averaging over the values of all other
variables in the model, and the results were plotted. Partial dependence plots were estimated
at up to 25 values of continuous predictor variables and a loess smoother (and associated
95% confidence interval) was calculated to help visualize the association. For a more
detailed description of loess smoothing, see the appendix or Loader (1999). 23 For
categorical variables, the estimated incidence rate was calculated for each participant and
box plots of the estimated incidence rates were plotted separately for each category. Partial
dependence plots were generated for the four variables with the highest VIS's in each of the
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six OPPERA domains. They were also calculated for each variable with a nonzero lasso
coefficient as well as a few other variables of interest. See the appendix for a more detailed
description of how these partial dependence plots were calculated. The random forest
models were fitted using version 3.6.3 of the “randomSurvivalForest” R package in R
version 2.13.1. 20. 21

Results

Lasso Regression

The HR's estimated from the nonzero coefficients in the lasso regression model are shown in
Table 1. (All variables not included in Table 1 had a regression coefficient of 0.) The three
strongest predictors of first-onset TMD are the somatization subscale of the SCL-90R from
the psychosocial domain, the count of comorbid conditions from the health status domain,
and the count of non-specific orofacial symptoms from the clinical domain. Overall there
were six health status variables, five clinical variables, two psychosocial variables, one
sociodemographic and one autonomic variable with nonzero coefficients. The dummy
variables for the Florida study site, smoking, and lifetime U.S. residence also had nonzero
coefficients. Note that all other sociodemographic variables (including age, race, and
gender) had coefficients of 0. It is also noteworthy that one autonomic variable (namely
average diastolic blood pressure during the orthostatic challenge) had a nonzero coefficient
despite the fact that this variable was not associated with first-onset TMD in the univariate
analysis. 14

Comparison of the Random Forest Models

HCI values for each of the seven random forest models ranged from 0.65 for the autonomic
domain to 0.75 for the health status domain (Table 2). For the cross-domain model, the HCI
was 0.74. All these values are close to the threshold that has been proposed to distinguish
between “rather low” and “useful” accuracy of prediction. However, there is no formal
statistical test to distinguish between the HCI values shown in Table 2.

Variable Importance Scores

The 30 most important predictors of first-onset TMD based on VIS from the random forest
model are shown in Table 3. The four most important predictors had VIS values ranging
from 100 to 80: 1) the number of comorbid conditions from the health status domain, 2) the
number of non-specific orofacial symptoms from the clinical domain, 3) OPPERA study site
and 4) the SF-12 bodily pain score from the health status domain. There were six other
predictors with VIS values ranging from 70 to 40, and all remaining predictors had VIS of
33.3 or lower.

Table 4 shows the five variables with the largest VIS within each of the six OPPERA
domains (as well as each variable's overall VIS rank). All five of these variables had a VIS
of 10.0 or greater (placing them among the 30 most important variables overall) for the
health status, clinical, sociodemographic, and autonomic domains. In contrast, none of the
pain sensitivity variables had a VIS of 10.0 or greater, and only two of the top five
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psychosocial variables had a VIS of 10.0 or greater (although four of the top five
psychosocial variables had a VIS of 9.7 or greater).

The two most important sociodemographic predictors were age (which ranged from 18-44
years in this study) and marital status, with lesser contribution to prediction from race, and
lifetime U.S. residence. Gender was not an important predictor of first-onset TMD
(V1S=-8.3). Among the top five health status variables, three of the strongest effects were
seen for the number of comorbid conditions, the SF-12 bodily pain score, and the SF-12
general health score. The remaining health status variables had noticeably lower importance
scores. Four of the top five clinical predictors had a VIS of 50.0 or greater, including the
non-specific orofacial symptoms, oral parafunctions, reported limitation of mouth opening,
and the number of craniofacial palpation tender points. A history of orthodontic treatment
also had a relatively high VIS (V15=29.3).

In the psychosocial domain, the most important predictor was the PILL score of somatic
awareness (V1S=42.4). The remaining psychosocial variables had much smaller importance
scores. In the experimental pain sensitivity domain, all variables had importance scores of
5.8 or lower. Interestingly, each of the five most important autonomic predictors, with
importance scores ranging from 10.8 to 19.1, were measures recorded during the Stroop
stress procedure: total power, mean arterial blood pressure and heart rate. It is also
noteworthy that all five of the strongest autonomic predictors had higher importance scores
than any of the pain sensitivity variables and any of the psychosocial variables except PILL.

Partial Dependence Plots

The partial dependence plot for OPPERA study site is shown in Supplementary Figure 2. A
boxplot of the estimated distribution of the TMD incidence rate (after adjusting for other
OPPERA variables) is calculated for each study site. The rate of TMD incidence shows
substantial variation between study sites, with the Buffalo, NY and the Gainesville, FL study
sites showing higher rates of TMD incidence than the Chapel Hill, NC and Baltimore, MD
sites.

The partial dependence plots for age, marital status, race, and lifetime U.S. residence are
shown in Figure 1, and the partial dependence plot for gender is shown in Supplementary
Figure 3. For continuous variables, the partial dependence plots estimate the TMD incidence
rate for a series of possible values in the range of the variable after adjusting for other
OPPERA variables. Consistent with findings reported elsewhere in this volume, 3¢ greater
age was associated with first-onset TMD, and there was no significant association between
gender and first-onset TMD. However, partial dependence boxplots for race differed from
the univariate findings. While African-Americans had a higher rate of first-onset TMD
compared to Whites, Asians did not have a lower incidence rate. Similarly, marital status,
which was not associated with first-onset TMD univariate analysis, was strongly associated
with first-onset TMD in the partial dependence plots, with married or previously married
individuals showing higher incidence rates.

The partial dependence plots for the health status variables are shown in Figure 2 and
Supplementary Figure 4. Consistent with the findings from Cox models reported

J Pain. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bair et al.

Page 9

elsewhere, 34 a greater number of comorbid conditions, a greater number of headaches, and
a greater number of IBS symptoms were associated with first-onset TMD. Likewise, lower
scores on the SF-12 bodily pain and general health scales (corresponding to higher pain
levels and poorer levels of general health) and a higher PSQI score were associated with
first-onset TMD. Finally, both current and former smokers had higher rates of first-onset
TMD, as observed in the univariate Cox models. 34 (See Supplementary Figure 4.)

The partial dependence plots for the clinical variables are shown in Figure 3 and
Supplementary Figure 5. The results are nearly identical to the results reported in previous
Cox models: reported limitation of mouth opening was associated with first-onset TMD, as
were a greater number of non-specific orofacial symptoms, a greater number of palpation
sites with pain, and oral parafunctions. One interesting finding was that a history of
orthodontic procedures was associated with lower TMD incidence. Although a similar trend
was observed in the univariate analysis, that association was not statistically significant. 31

The partial dependence plots for the psychosocial variables are shown in Figure 4 and
Supplementary Figures 6 and 7. As seen in the univariate analysis, the PILL score (and SCL
90R score) of somatic awareness had a positive association with first-onset TMD, whereas
effects were less apparent for other psychosocial variables. Likewise, Figure 5 and
Supplementary Figure 8 show that the effects of pain sensitivity variables are generally
consistent with the univariate analysis. Specifically, greater sensitivity to both pressure and
thermal stimuli was associated with greater rates of first-onset TMD, although the effects
were weak.

Figure 6 and Supplementary Figures 9 and 10 show partial dependence plots for the
autonomic variables, providing an interesting contrast with the univariate results. In the
univariate analysis, no significant relationship was observed between any of the autonomic
measures and first-onset TMD. In this multivariable analysis, however, higher diastolic
blood pressure during the orthostatic challenge, higher evoked mean arterial pressure during
both the color and pain-affective STROOP procedures, and lower HRV all show an
association with first-onset TMD.

Discussion

This analysis evaluated over 200 variables measured when participants were enrolled into
the OPPERA prospective cohort, with the goal to identify variables that best predicted first-
onset TMD. The study purposefully measured a large number of variables, recognizing that
TMD is influenced by a multitude of factors, most of which have several facets that warrant
evaluation. Their influences on TMD incidence were hypothesized a priori in a heuristic
model developed for this study (Supplementary Figure 1). 27 The present analysis used
lasso regression and random forests, novel multivariable analysis methods that are well-
suited to deal with problems created by the number and density of data collected in this
cohort study. The findings support the heuristic model by demonstrating a prominent
contribution of psychological distress, particularly somatic symptoms. Pain amplification
and autonomic function had smaller, yet measurable, effects that supported the basic
domains of the proposed heuristic model. In addition, the findings reveal pronounced effects

J Pain. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bair et al.

Page 10

on TMD incidence of two domains that are not explicitly depicted in the heuristic model:
clinical orofacial characteristics and general health status.

One of the strongest predictors of first-onset TMD in both models was the number of
comborbid conditions reported by the participant. The comorbid conditions included some
painful conditions such as fibromyalgia and lower back pain, although it included other
conditions that are not primarily painful (e.g. depression and sleep apnea). One explanation
for the predominance of these variables relates to the model building process. Specifically,
these methods select from among the many predictor variables by singling out those that
best predict TMD incidence with the least measurement “noise.” This means that, given the
choice between two variables that predict a proportion of total TMD incidence with some
level of noise and a third variable that predicts the same proportion of total TMD incidence
with less noise, the method will select the third variable. By this means, a seemingly
heterogeneous measure, such as the number of comorbid conditions, can be selected by the
model if it effectively captures variability in TMD incidence with less noise than several
more specific measures that are strongly associated with comorbid conditions. In this
instance, there is good evidence that people with numerous comorbid conditions have
correspondingly high levels of somatic awareness, muscle tenderness, fatigue, and
“unexplained” symptoms. 1-3. 29 Thus, it is not surprising that this measure has the highest
importance score of any variable collected in OPPERA. Likewise the bodily pain score of
the SF-12, which was also a strong predictor in both models, probably captures many of
these other variables as well.

Another interesting finding was a small but noticeable association between several
autonomic variables and first-onset TMD. In the OPPERA case-control study, we observed
that chronic TMD was associated with higher resting and stress evoked heart rates and lower
HRV, 28 and similar findings have been observed among patients with comorbid conditions
such as fibromyalgia. 8 3237 This is consistent with our other studies 2426 showing that
dysregulation of autonomic modulatory systems may contribute to risk of TMD and related
conditions. It is unclear why the multivariable models detected an association between the
autonomic variables and first-onset TMD whereas no association was observed in the
univariate analysis. One possibility is that there is an interaction between the autonomic
variables and other OPPERA variables. A similar phenomenon was observed for some
other, seeming unrelated variables, including marital status. Further investigation will be
needed to explain these incongruous findings.

The random forest models also illustrate that much is still unknown about the etiology of
TMD. We suggested earlier that the sociodemographic measures collected in OPPERA most
likely do not contribute directly to first-onset TMD but rather are associated with other risk
factors for TMD, and we hypothesized that many demographic differences in TMD onset
could be explained once we account for the effect of the other OPPERA variables. 36 In
some cases this hypothesis is supported. After accounting for these differences, the effect of
lifetime U.S. residence on first-onset TMD largely disappears (Figure 1). However, even
after accounting for other OPPERA variables there are still strong associations between
first-onset TMD and both race and study site. Similarly, the model identified an association
between first-onset TMD and marital status and history of orthodontic treatment. Given that
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none of these variables are likely to directly cause first-onset TMD, these results suggest that
there are other cultural or environmental variables not measured in OPPERA that contribute
to first-onset TMD. Indeed, the cross-domain random forest model had only a slightly higher
HCI than the random forest model for the sociodemographic variables, suggesting that these
unknown cultural/environmental variables may be responsible for a large proportion of the
variability in TMD incidence.

It is also interesting to note that the standardized HR's associated with the variables in the
lasso model were noticeably attenuated compared to the corresponding univariate HR's. For
example, the SCL 90R somatization score had a standardized HR of 1.18 in the lasso model
(compared to 1.38 in the univariate analysis) 12 and the PSQI sleep score had a standardized
HR of 1.07 (compared to 1.32 in the univariate analysis). 3* Although standardized HR's
cannot be computed for the random forests models, a similar result was evident in the partial
dependence plots. This suggests that the etiology of first-onset TMD is strongly
multifactorial and that any single factor is likely confounded to some degree (although not
completely) by other factors. Although many of the measures collected in OPPERA are
correlated with one another, one cannot identify a single variable that captures all the
information in the individual variables. Each of the variables provides a unique contribution
to the risk of developing TMD although the independent contribution of any individual
variable is small.

In general, the results of the lasso model were similar to the results of the random forest
model. Both models found that a history of comorbid conditions, bodily pain, non-specific
orofacial symptoms, and somatic awareness were among the most important predictors of
first-onset TMD. However, some minor differences between the two models were also
apparent. For example, the random forest model found a strong association between marital
status and first-onset TMD whereas marital status was not selected by the lasso model.
Given that marital status also was not significant in the univariate analysis, 3 this suggests
that marital status is only associated with first-onset TMD via an interaction with some other
variables that were not included in the lasso model. The random forests can detect this
association since it adjusts for all 202 variables rather than the subset selected by lasso.

Other differences between the two models can be explained by the fact that many OPPERA
variables are strongly correlated with one another. For example, the number of palpation
sites with pain in the right masseter had a high VIS in the random forest model whereas the
lasso model selected the count of palpation sites with pain in the right and left temporalis.
Similarly, both models include variables measuring somatic awareness and autonomic
function, but different variables are selected by each model. The most likely explanation is
that the variables are approximately interchangeable: one could substitute the PILL
somatization score for the SCL 90R somatization score without noticeably changing the
model. Thus, one should be cautious about assuming that a variable with a low VIS or a
variable not selected by the lasso model is “not important.” Such variables may simply be
strongly correlated with another variable with a greater lasso coefficient or VIS. Indeed, one
potential shortcoming of both lasso and random forests is that there is no simple statistical
test to determine if a variable is “significantly” associated with first-onset TMD after
adjusting for other variables (nor is there a simple way to calculate confidence intervals for
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the lasso coefficients or VIS's). Determining which variables are truly superfluous and
which variables are merely correlated with other important variables is a difficult problem
and an area for future research.

Another methodological consideration is that lasso and random forests are optimized to
discriminate between people who develop first-onset TMD and people who do not. An
optimal statistical model for discrimination can readily overlook etiologic factors that
contribute more subtly to an individual's degree of risk. For example, family history is often
used to predict risk of cardiovascular disease, in part because family history often captures
aspects of inherited disposition and environmental circumstances that are relevant to the
disease. Hence, a statistical procedure to optimize discrimination between diseased and
healthy people might select a simple measure of family history rather than a more complex
set of measures relating to inheritance and environment. In the case of first-onset TMD, as
noted earlier, it is conceivable that comorbid conditions, the single most-important predictor,
reflect a range of biological processes that have emerged over time to manifest as one or
more comorbid conditions. Complete identification of such factors may require further
analysis and research.

Another important area for future research is the development of a model that could be used
to predict an individual's risk of developing first-onset TMD. Although the models described
in the present manuscript could be used for this purpose, in practice they are unsuitable for
several reasons. For such a model to be useful in a clinical situation, it would need to be
based on a small number of variables that can be easily measured and applied to a patient.
The random forest model is unsuitable for that purpose since it would require measuring all
202 variables considered in the present study. Although the lasso model uses a smaller
number of variables, ease of measuring such variables was not considered when fitting the
model. It would also need further validation to verify that the predictive accuracy of the
model is satisfactory 38 and that applying the model in practice would not be unsafe or
excessively costly. 17- 18 Instead, the primary goal of these models is to identify a set of
variables that are important predictors of the overall rate of TMD in this group of study
participants. The value of these models therefore is in understanding predictors of the
overall rate of TMD, not in predicting an individual's risk of TMD.

These limitations notwithstanding, the current findings identify several environmental,
clinical, psychosocial, autonomic and neurosensory measures that predict TMD incidence,
providing support for the OPPERA heuristic model. The current approach has demonstrated
the power of lasso regression and random forest modeling in evaluating a seemingly dense
array of measures across multiple domains. This represents a novel application of these
methods in pain research where there is a pressing need to evaluate multiple, interacting risk
factors in order to understand complex pain conditions. The findings demonstrate that an
extensive array of risk factors contribute to the development of TMD. In revealing
prominent contributions from clinical and health status domains that have not been clearly
depicted in existing models of TMD etiology, the results offer new directions for future
studies of this complex, biopsychosocial illness.
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Partial dependence plots for selected sociodemographic variables, which show the estimated
TMD incidence rate for several possible values of each variable after adjusting for all other

OPPERA variables.
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Partial dependence plots for selected health status variables, which show the estimated TMD
incidence rate for several possible values of each variable after adjusting for all other

OPPERA variables.
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Partial dependence plots for selected autonomic variables, which show the estimated TMD
incidence rate for several possible values of each variable after adjusting for all other
OPPERA variables. See Supplementary Figure 10 for a version of this figure with the y-axes
redrawn to show additional detail.

J Pain. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Bair et al.

Lasso Regression Coefficients

Table 1

Variable Standardized Hazard Ratio | Hazard Ratio
somatization (SCL 90R) 1.180
count of 20 comorbid conditions 1.123
count of 6 non-specific orofacial symptoms 1.071
global sleep score (PSQI) 1.069
study site (Florida) 1.035 1.057
# of palpation sites with pain (right temporalis) 1.029
bodily pain (SF-12v2) 0.975
smoking history (never) 0.984 0.991
lifetime U.S. Residence (less than all my life) 0.985 0.967
average diastolic BP (orthostatic challenge) 1.013
# of painful anatomical locations during protrusion 1.009
# of palpation sites with pain (left temporalis) 1.008
negative impact of life events (LES) 1.005
general health (SF-12v2) 0.996
count of 10 IBS symptoms 1.003
# of palpation sites with pain (left TM joint) 1.003
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Concordance Indices for the Random Forest Models Fit to Each OPPERA Domain

Table 2

Domain Concordance Index
Cross-Domain 0.74
Autonomic 0.65
Clinical 0.72
Demographic 0.69
Health Status 0.75
Psychosocial 0.73
QST 0.67
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Table 3

Putative TMD Risk Factors with the Largest Importance Scores

Variable Importance Score
Count of 20 comorbid conditions 100.0
Count of 6 non-specific orofacial symptoms 92.9
Study site 90.7
Bodily pain (SF-12v2) 80.6
Oral parafunction sum score (OBC) 66.0
Could not open mouth wide in the last month 54.1
Age 51.6
# of palpation sites with pain (right masseter) 50.0
Marital status 44.7
Somatic symptom reporting (PILL) 424
General health (SF-12v2) 31.8
Ever had orthodonic procedures 29.3
Race 25.1
# of palpation sites with pain (left masseter) 23.0
HRV: total power (color-word Stroop) 19.1
# of painful anatomical locations during protrusion 16.3
Average mean arterial pressure (pain-affect Stroop) 16.2
# of different types of headaches in the last year 16.1
Average mean arterial pressure (color-word Stroop) 15.8
Pain with TMJ noises in the past month 15.4
Sleep latency (PSQI) 12.7
Average heart rate - ECG (pain-affect Stroop) 12.6
Lifetime U.S. residence 12.4
Count of 10 IBS symptoms 119
Functional limitation in jaw opening (JFLS) 115
Self-rated general health 111
Could not open mouth wide prior to 1 month ago 10.8
HRV: total power (pain-affect Stroop) 10.8
# of painful anatomical locations during right lateral excursion 10.6
Catastrophizing - magnification (PCS) 10.4
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Putative TMD Risk Factors with the Largest Importance Scores (by Domain)

Table 4

Domain Variable Importance Score
Autonomic HRV: total power (color-word Stroop) 19.1
Average mean arterial pressure (pain-affect Stroop) 16.2
Average mean arterial pressure (color-word Stroop) 15.8
Average heart rate - ECG (pain-affect Stroop) 12.6
HRV: total power (pain-affect Stroop) 10.8
Clinical Count of non-specific orofacial symptoms 92.9
Oral parafunction sum score (OBC) 66.0
Could not open mouth wide in the last month 54.1
# of palpation sites with pain (right masseter) 50.0
Ever had orthodonic procedures 29.3
Demographic Age 51.6
Marital status 44.7
Race 25.1
Lifetime U.S. residence 12.4
Satisfaction with financial situation 55
Health Status Count of 20 comorbid conditions 100.0
Bodily pain (SF-12v2) 80.6
General health (SF-12v2) 31.8
# of different types of headaches in the last year 16.1
Sleep latency (PSQI) 12.7
Pain Sensitivity | Presure pain threshold (masseter) 5.8
Heat pain ratings of 10 stimuli: area under curve (48°C) 4.2
Presure pain threshold (trapezius) 3.7
Thermal pain single stimulus rating (46°C) 3.6
Thermal pain single stimulus rating (48°C) 35
Psychosocial Somatic symptom reporting (PILL) 424
Catastrophizing - magnification (PCS) 10.4
EPQ Lie scale 9.9
Anxiety (SCL 90R) 9.7
Mood - clearheaded/confused (POMS-Bi) 6.5
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