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Abstract

Background: Machine learning methods and in particular random forests (RFs)
are a promising alternative to standard single SNP analyses in genome-wide
association studies (GWAS). RFs provide variable importance measures (VIMs)
to rank SNPs according to their predictive power. However, in contrast to the
established genome-wide significance threshold, no clear criteria exist to determine
how many SNPs should be selected for downstream analyses.

Results: We propose a new variable selection approach, recurrent relative variable
importance measure (r2VIM). Importance values are calculated relative to an observed
minimal importance score for several runs of RF and only SNPs with large relative VIMs
in all of the runs are selected as important. Evaluations on simulated GWAS data show
that the new method controls the number of false-positives under the null hypothesis.
Under a simple alternative hypothesis with several independent main effects it is only
slightly less powerful than logistic regression. In an experimental GWAS data set, the
same strong signal is identified while the approach selects none of the SNPs in an
underpowered GWAS.

Conclusions: The novel variable selection method r2VIM is a promising extension to
standard RF for objectively selecting relevant SNPs in GWAS while controlling the
number of false-positive results.

Keywords: Machine learning, Random forest, Variable selection, Variable importance,
Genome-wide association study, Genetic, SNP

Background

In the last few years, more than one thousand single-nucleotide polymorphisms (SNPs)
have been reproducibly associated with more than two hundred phenotypes and quan-
titative traits in genome-wide association studies (GWAS) [1]. These loci are usually
identified by linear or logistic regression analysis which is performed separately for
each SNP. The resulting p-values are then used to rank the SNPs and to select those
with a p-value smaller than a pre-specified significance level which is adjusted for the
large number of statistical tests. In such a scenario, comparable to analyses of other
genomic data sets such as gene expression, p-values are not used in a confirmatory
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setting but rather as a screening tool to identify associated, i.e. important, SNPs while
controlling the number of false positive findings.

Nonparametric, model-free statistical learning machines provide a promising alterna-
tive to classical, model-based statistical methods for the selection of important variables
in high dimensional data sets. One major advantage is their ability to identify genetic
variants that have a joint effect on the phenotype which makes more biological sense
than the assumption of individual SNPs always acting independently. Indeed, the com-
mon variants that have been successfully identified in GWAS studies thus far appear to
explain only a small proportion of the overall heritability [2].

Popular learning machines, such as random forests (RFs) [3], are known to be statisti-
cally optimal and are computationally efficient when run in parallel on distributed sys-
tems. RF is an ensemble method based on a large number of classification and
regression trees trained on bootstrap samples and has been successfully applied to
identify SNPs influencing susceptibility to disease [4—6].

RF provides variable importance measures (VIMs) that can be used to order and select
the most predictive SNPs. But the actual importance values are difficult to interpret as
they depend not only on the signal in the data but also on the parameters of the algorithm
[7]. Usually, SNPs are ranked according to decreasing importance values and the top
ranked SNPs are declared as important. The number of selected SNPs is often arbitrary
and several approaches have been proposed to objectively determine a threshold. A
classical statistical test could be used by estimating z-scores and calculating asymp-
totic p-values [8]. However, the power of this test depends on the number of trees,
which is a tuning parameter in RF. Therefore, this method is not recommended [9].

As an alternative, the null distribution of the VIMs can be estimated by permuting
phenotype status (see e.g. R package rfpermute). Unfortunately, this approach would
require at least 1000 runs of RF and is therefore computationally prohibitive for GWAS
data sets. Therefore, it is difficult to decide how many SNPs should be selected with
the threshold being somewhat arbitrary. As a consequence, no clear criteria exist to
decide if RF is able to identify any important SNP or if the study is underpowered.
Indeed, simulations have shown that when the effects of the causal SNPs on the trait
are low and/or sample size is not extremely large, then most of the SNPs with strongest
VIMs are not causally related to the trait [10, 11]. Here we present a novel variable
selection procedure called recurrent relative variable importance measure (r2VIM).
Several runs of RF are performed each resulting in importance values calculated relative
to the observed minimal importance score. Only SNPs with large relative VIMs in
all of the runs are declared as important. GWAS data with realistic local linkage
disequilibrium patterns were simulated to evaluate false-positives and empirical
power compared to logistic regression. Analysis of two experimental GWAS, one
that has a strong signal and another one that is underpowered, illustrate the ap-

plicability of our new method.

Methods

Random forest

RF is a machine learning approach that combines many classification and regression
trees into a committee or ensemble [3]. Each tree is built using a bootstrap sample of
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the data set and at each node the optimal variable is selected from a random subset of
all predictor variables. Majority voting over all trees is used to classify a sample using
the ensemble. In addition to prediction, RF estimates VIMs that can be used to assess
the predictive power of each variable. The most reliable measurement is the (unscaled)
permutation importance [12] that measures the difference in prediction accuracy before
and after permuting values of the variable, averaged over all trees.

New variable selection method r2VIM

Our proposed variable selection method r2VIM is based on the permutation import-
ance scheme, a standard component of RF. Our method has three components. First,
instead of performing a single run of RF and selecting a few top ranked variables, we
propose running RF several times with different random number seeds. Then, trees in
each run over several forests will be slightly different leading to random variability in
VIMs, where the randomness is partly sample based and partly seed based. Variables
more predictive of the outcome will have relatively high importance scores in each of
the runs, while other, less predictive variables will have only randomly high importance
scores. The second component of the scheme is that variables with little predictive cap-
acity will have importance values close to zero. It is useful to note that the variable im-
portance values in RF will generate importances that may be negative. Therefore, since
most SNPs in a GWAS setting are not expected to be associated with the disease, the
smallest, usually negative, observed importance score across the variables, SNPs in a
GWAS, can be used as an approximate estimate of the variability for variables with no
predictive power. The related idea here is that noise variables will have importances
randomly and symmetrically above and below zero. For each variable, we define a relative
importance score by dividing its value by the observed absolute value of the minimal im-
portance score. Hence all SNPs with a relative importance score larger than 1 (or in gen-
eral a factor f) could then be defined as important (see e.g. [13]), or more accurately, not
unimportant. The last part combines the other two components by declaring only those
SNPs as important that have relative importance scores > fin each of the runs.

The approach is implemented as a R package called r2VIM [14].

For all analyses presented in this paper we used ten runs and factors f=1, 3, and 5.
As shown in the results, using f = 1 identifies too many false-positive SNPs under the
null hypothesis. That is, the simple observed minimum, negative importance value is
not a good estimate of the variance of importances across noise features, while simple
multiples of the observed minimum seem to do quite well.

Simulation study 1

To evaluate our new variable selection method we first simulated genome-wide SNP
data sets with realistic local linkage disequilibrium patterns and relatively large effects
that depend on the MAF of the corresponding SNPs. Haplotypes from 381 European
individuals provided by the 1000 genomes project [15] were used as input data for the
software GWAsimulator [16] to simulate new haplotypes for a case—control study.
554,813 SNPs from the Illumina Human660W chip were selected and 10 replicates
generated. We used total sample sizes of 2000 and 6000 with a balanced number of
cases and controls.
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To estimate the number of false-positive SNPs, a null hypothesis was simulated
where case—control status was not dependent on the genotypes at any SNP but was
assigned randomly. To demonstrate the feasibility of the new variable selection method,
a simple alternative hypothesis based on a small number of common and independent
SNPs with relatively large effects was generated. Case—control status was determined
by nine independent causal SNPs, each with multiplicative (on relative risk level) main
effects. For reasonable power, most of the causal SNPs were common with minor allele
frequencies (MAF) of 0.3 or nearly 0.5 and relative risks for one minor allele was set to
1.5 or 1.3. In addition, three less common SNPs with MAF of 0.06 and a relative risk of
2 were included into the model. Detailed information about all nine SNPs can be found
in Table 1. Effect sizes of SNPs are given as relative risks since it is not possible to spe-
cify odds ratios in the used simulation software. However, only odds ratios can be esti-
mated in case—control studies which are equivalent to relative risks for rare diseases.

Simulation study 2

We performed a second simulation study focussing on the empirical power for a set of
SNPs with the same effect on the phenotype but different MAFs and local LD patterns.
We used the software SeqSIMLA2 [17] to simulate a region on chromosome contain-
ing 107,454 SNPs with MAF > 0.05 and realistic LD patterns based on 10,000 haplo-
types provided by the software that were generated using European samples of the
1000 genomes project [15]. Nine causal SNPs were selected based on regions of high,
low or no LD as well as MAFs close to 0.1, 0.3 and 0.5. We simulated two scenarios,
each with ten replicates. In the first one, each of the SNPs was assigned an OR of 1.3
and 3000 cases and 3000 controls were simulated. The second setting had more realis-
tic effect sizes of 1.1, but 10,000 samples were generated for cases as well as controls.

Experimental data

We selected two GWAS studies to illustrate application of the new method on real data
sets. To compare results from a GWAS with a strong signal we used GWAS phenotype
and SNP data from the Trinity Student Study (TRINITY) which examines traits related
to folate and vitamin B12 metabolism in healthy young Irish individuals who were

Table 1 Information about the nine causal SNPs under the alternative hypothesis in simulation

study 1

SNP MAF RR no SNPs strong LD no SNPs moderate LD
11-103959987 0474 13 0 1
22-28469630 0488 1.3 4 8
17-9807099 0496 13 0 0
1-240799543 0312 15 0 0
7-45984820 0312 1.5 0 2
5-130104076 0323 1.5 12 18
14-67463012 0.062 2 2 31
18-34645639 0.062 2 0 1
3-2770509 0.064 2 0 1

Table shows SNP identifier in chromosome and position notation, minor allele frequency (MAF), relative risks (RR) and
number of SNPs within a 1 Mb region that are in strong (> 0.8) or moderate LD (0.3 < * <0.8)
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university students at Trinity College in Dublin (TCD), Ireland between 2003 and 2004.
Eligible subjects were between 18 and 28 years of age at the time of study enrollment,
did not report a serious medical condition, and were ethnically Irish. All study partici-
pants provided written informed consent. The Research Ethics Committee of the
Dublin Federated Hospitals, which is affiliated with TCD, and the Institutional Review
Board of the National Human Genome Research Institute gave ethical approval for the
study. Further details of this study have been published previously [18—20]. The ana-
lyzed phenotype is total serum bilirubin (TBIL) measured as a quantitative trait. For
illustration purposes, we selected individuals at the extremes of the distribution. 193
individuals with TBIL >17 and 241 individuals with TBIL < 5 were defined as cases
and controls, respectively. Since missing values pose a problem for RF, quality con-
trolled SNPs were imputed with PLINK using CEU individuals from phase 2 of the
HapMap project as the reference panel resulting in 873,565 common SNPs with
complete genotypes.

As a negative control data set we chose a GWAS study with a relatively small sample
size so that the power to identify a real effect is very low. Data are from the Age-Related
Eye Disease Study (AREDS), that was initially designed as a long-term, multicenter, pro-
spective study to assess the clinical course of age-related macular degeneration (AMD)
and age-related cataract [21]. In addition to collecting natural history data, AREDS
included a randomized clinical trial of high-dose vitamin and mineral supplements for
AMD and a clinical trial of high-dose vitamin supplements for cataract [21-23]. Prior to
study initiation, the protocol was approved by an independent data and safety monitoring
committee and by the institutional review board for each clinical center. Written
informed consent was obtained from all participants in accordance with the Declaration
of Helsinki. AREDS participants were 55 to 80 years of age at enrollment and had to be
free of any illness or condition that would make long-term follow-up or compliance with
study medications unlikely or difficult. For the current analysis, a subset of the control
group from the original AREDS study was included: 2000 Caucasian participants aged
60 and older who did not have AMD and were further screened to also exclude indi-
viduals with cataracts, retinitis pigmentosa, color blindness, other congenital eye
problems, LASIK, artificial lenses, and other eye surgery. Mean spherical equivalent
(MSE) of both eyes was calculated on study participants without either AMD or cataracts
at the first study visit. A binary phenotype, hyperopia, defined 858 cases as those with
MSE = + 1D and 602 controls with MSE < 0D. Quality-controlled SNPs were imputed
using MACH [24] based on HapMap phase 2 reference panel. To reduce the number of
SNPs for analysis, LD pruning was performed using PLINK with pairwise 7 of 0.99 as
threshold. 908,293 common SNPs with complete genotypes remained for analysis. Further
details about the genotype data have been published previously [25, 26].

Analyses

RF analyses were performed with Random]Jungle [6] versions 1.2.365 and 2.0.0. Ten RF
runs were performed for each data set or replicate using 1000 classification trees and
about 20, 25 or 50 % of SNPs randomly selected at each node. The number of samples
in terminal nodes was restricted to 5 or 10 % of the total sample size. To make the ana-
lyses computationally feasible, depth of trees was limited to 3. Important SNPs were
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selected using r2VIM with factors of 1, 3 and 5, i.e. only SNPs with relative importance
scores > 1,3 and 5 in each of the ten runs were selected.

For comparison, standard statistical analysis of GWAS data was performed. A logistic
regression model was fitted in PLINK versions v1.07 [27] and v1.90b3y [28] for each
SNP separately. Similar to the variable selection method, SNPs with a p-value smaller
than a pre-specified threshold were selected. For simulation study 1 as well as the
experimental data sets, the genome-wide significance level of 5*107% was used, whereas
for simulation study 2, a stringent Bonferroni based threshold of 0.05/100,000 = 51077
was applied.

Type I errors and empirical power were estimated for each SNP separately using the
proportion of replicates in which a particular SNP was identified by r2VIM or logistic
regression. A SNP was declared a false-positive if it was not in LD with any causal
SNP. We employed the clumping approach as implemented in PLINK to identify causal
SNPs in LD with selected SNPs.

Results

Simulation study 1

Results under the null hypothesis with case—control status assigned randomly are
shown in Fig. 1. As expected, no SNP reaches genome-wide significance in all ten repli-
cates for logistic regression. In contrast, the number of false-positive SNPs identified by
r2VIM depends on the factor that is used to define the threshold for declaring SNPs as
important (see Fig. 1). If a liberal factor of 1 is used, between seven and 13 SNPs are se-
lected across settings. Three and two SNPs on chromosomes 4 and 8 are highly
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Fig. 1 Heatmaps of type | error of single SNPs in simulation study 1. Shown are results for logistic
regression and r2VIM with several factors in the different scenarios (different sample sizes and mtry
parameters in RF). Columns correspond to SNPs that are selected in at least one approach and are
ordered by chromosomal position. Type | error is color-coded in gray with white and black denoting
0 and 1, respectively. In addition, LD information is shown at the top with SNPs in high (> 0.8) and
moderate LD (0.3 < <0.8) colored in red and yellow
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correlated (pairwise ° > 0.8), resulting in five to 12 independent regions. However, all
SNPs have been selected in only one replicate and each SNP is selected either with a
sample size of 2000 or 6000. In general, a smaller number of false-positive SNPs is
identified for the larger sample size. If the factor is increased to 3, only the region on
chromosome 8 is selected for the smaller sample size whereas none of the SNPs is
found for the larger one. In addition, if the most stringent factor of 5 is used, type I
error is well controlled since r2VIM declares none of the 500,000 SNPs as important.

Empirical power under the alternative hypothesis is summarized in Fig. 2 and Table 2.
Detailed information about each SNP that was detected in at least one replicate and
with at least one method is given in Additional file 1: Table S1. With logistic regression
eight out of the nine causal SNPs have empirical power > 0 for the smaller sample
size. However, only the three common SNPs with relative risks of 1.5 have significant
p-values in more than 5 replicates. In the larger data set, all causal SNPs are identified
in all ten replicates. All other SNPs with significant p-values are in LD with one of the
causal SNPs. r2VIM identifies seven and nine causal SNPs with a sample size of 2000
and 6000, respectively. However, power decreases from factor 1 to 3 and 5. The largest
reduction in power is observed for the very common SNPs with small effects on chro-
mosomes 17 and 22. Increasing the factor value also reduces the number of selected
SNPs that are correlated with one of the causal SNPs. In concordance with results
under the null hypothesis, using a factor of 1 results in identification of four to 13
false-positive SNPs (each observed in only a single replicate) that are not correlated
with any of the causal SNPs and that are often located on other chromosomes. Interest-
ingly, more false-positives are observed for the larger mtry value for both sample sizes.
Again, the number is greatly reduced for a factor of 3 with one false-positive SNP iden-
tified with mtry = 250000. And only causal SNPs or SNPs correlated with causal SNPs
are selected with a factor of 5.
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Fig. 2 Heatmaps of empirical power of single SNPs in simulation study 1. Shown are results for
logistic regression and r2VIM with several factors in the different scenarios (different sample sizes
and mtry parameters in RF). Only the nine causal SNPs (marked in red on top) and false-positive
SNPs that are uncorrelated to each causal SNP are shown in columns and ordered by chromosomal
position. Empirical power is color-coded in gray with white and black denoting 0 and 1, respectively
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Table 2 Number of SNPs in simulation study 1 with empirical power >0

Method n mtry Factor Total Causal High LD Mod LD Low LD FP
LR 2000 40 8 15 1 4 0
LR 6000 98 9 16 15 15 0
r2VIM 2000 100000 1 38 7 13 10 2 4
r2VIM 2000 100000 3 28 7 12 6 2 0
r2VIM 2000 100000 5 24 7 10 5 2 0
r2VIM 2000 250000 1 40 8 12 9 2 8
r2VIM 2000 250000 3 25 7 9 5 2 1
r2VIM 2000 250000 5 23 7 9 5 2 0
r2VIM 6000 100000 1 51 9 16 10 5 3
r2VIM 6000 100000 3 41 9 16 4 0
r2vVim 6000 100000 5 37 9 16 6 4 0
r2vVim 6000 250000 1 63 9 16 12 6 13
r2Vim 6000 250000 3 42 9 16 7 4 1
r2VIM 6000 250000 5 37 9 16 5 4 0

Shown are results for logistic regression (LR) and r2VIM. Columns denote method, sample size (n), mtry parameter and
factor for r2VIM, total number of SNPs, number of SNPs in strong (> 0.8), moderate LD (0.5 <r*<0.8) and low LD
(0.3 < <0.5) with any causal SNP as well as number of false-positive SNPs (FP)

Simulation study 2
Table 3 shows the number of identified SNPs and clumps using logistic regression or
r2VIM in the two simulated scenarios. Logistic regression results in the largest total
number of SNPs and has only one or two clumps based on false-positive SNPs. In con-
trast, r2VIM has more false-positive findings, especially when a factor of 1 is used. For
the most stringent factor threshold of five, eight and four out of the nine causal SNPs
are identified in the two scenarios, however, SNPs in LD with the causal ones are found
for all or seven causal SNPs. Surprisingly, for the more difficult scenario with OR of
1.1, LD identifies only five clumps around causal SNPs.

The empirical power for each causal SNP is shown in Fig. 3. Again, power is generally
lower for the more difficult simulation scenario with OR of 1.1. Logistic regression usu-
ally exhibits larger power for SNPs in low or high LD, but is less powerful for SNPs

Table 3 Number of SNPs and clumps in simulation study 2 with empirical power >0

Causal clumps FP clumps
OR n Method Factor Total Causal no no SNPs no no SNPs
13 6000 LR 765 9 9 741 2 24
13 6000 r2ViM 1 194 8 9 178 13 16
13 6000 r2Vim 3 110 8 9 106 3 4
13 6000 r2VIM 5 78 8 9 77 1 1
1.1 20000 LR 106 5 5 105 1 1
1.1 20000 r2ViM 1 104 5 8 62 32 42
1.1 20000 r2VIM 3 43 4 30 8 13
1.1 20000 r2VIM 5 26 4 7 21 3 5

Shown are results for logistic regression (LR) and r2VIM. Columns denote odds ratio (OR), sample size (n), method, factor
for r2VIM, total number of SNPs, number of causal SNPs, number of clumps based on causal SNPs, number of SNPs in
clumps based on causal SNPs, number of clumps based on false-positive (FP) SNPs and number of SNPs clumps based
on false-positive (FP) SNPs
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Fig. 3 Empirical power of causal SNPs in simulation study 2. Shown are results for logistic regression and
r2VIM. Empirical power is shown for the scenario with OR= 1.3 (a) and with OR = 1.1 (b). Causal SNPs are
ordered by LD pattern and MAF. Results for logistic regression are shown in blue, whereas red denotes power
of r2VIM (stratified by factor value)

with low MAF. Interestingly, r2VIM is advantageous for uncorrelated SNPs, especially
in the low effect scenario.

In addition, we used the r2VIM results of simulation study 2 to evaluate variability of
the relative VIMs and the minimal raw VIM across the ten runs. Results are comparable
across the two simulated scenarios. Coefficients of variation (cv) of the relative VIMs
strongly depend on the median relative VIM (see Additional file 1: Figure S1). While SNPs
which are not selected using a factor threshold of 1 have a median cv of more than 0.5,
median cvs drop to about 0.2 for SNPs that are selected by the strict factor threshold of 5.
Median cvs of the minimal VIMs are slightly smaller with values of 0.1697 and 0.1899 for
the simulations with ORs of 1.3 and 1.1, respectively (see Additional file 1: Table S2).

Experimental data

The two experimental GWAS data sets have different results. Figure 4 shows a very
strong signal on chromosome 2 for the TRINITY study. Ninety-eight SNPs in this
region are genome-wide significant with a minimal p-value of 2.342*107>° (see Fig. 4a).
Forty-two, 35 and 34 SNPs in the same region are selected by r2VIM using factors of 1,
3 and 5, respectively. They have large minimal relative importance scores with a max-
imum of 240.13 (see Fig. 4b). Additional file 1: Figure S2 compares P-values and min-
imal relative importance scores for SNPs that were selected by either method on
chromosome 2. P-values are very similar for a long region of 100 kb because of strong
linkage disequilibrium, whereas only four SNPs at about 234.33 have very large relative
importance scores. Two additional SNPs, one on chromosome 1 and the other one on
chromosome 13, are selected with a factor of 1. However, if a more stringent factor is
used they are not declared as important and p-values of logistic regression are larger
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than 0.1 for both SNPs. Detailed information about all selected SNPs on chromosome
2 can be found in Additional file 1: Table S3.

Results for the underpowered AREDS study are summarized in Fig. 5. Using logistic
regression, no SNP is genome-wide significant and the smallest p-value of 3.011*10” is
observed for a SNP on chromosome 7 (see Fig. 5a). Similarly, r2VIM selects none of
the SNPs even with the most liberal factor 1 and minimal relative importance scores
are much smaller than 1 (see Fig. 5b). Again, SNPs on chromosome 7 have the largest
minimal importance scores.

Discussion

In this work, we presented a new approach for RF to select important variables, i.e.
SNPs in GWAS. Evaluations on simulated GWAS data showed that this new method
controls the number false-positives and has slightly less power than the standard
approach logistic regression.

Further research is needed to evaluate this promising method in more realistic situa-
tions. Since this work was designed as a proof-of-concept study we simulated mainly
common SNPs with effects that are larger than the ones observed in real studies. A
power comparison using more realistic effect sizes, however, would require larger sam-
ple sizes so that there is a chance to detect the signal. Another limitation of the current
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Fig. 5 Manhattan plots for AREDS data set. a) P-values of logistic regression for each SNP. b) Minimal relative
variable importance (VIM) based on RF analysis for each SNP

simulation study is the very simple alternative hypothesis with case—control status
determined by a small number of SNPs interacting independently. We expect RF in
combination with the new variable selection procedure to be more powerful than single
SNP analyses in more complex scenarios including gene-gene or gene-environment
interactions. Indeed, we showed recently that r2VIM is able to identify interaction
effects in situations with purely epistatic effects, i.e. when no marginal effects exist [29].

Our new variable selection method introduces an additional parameter determining
the threshold in each run which can be interpreted as follows. A factor of, e.g. 3, means
that the relative VIM of a selected variable is three times larger than the relative VIM
of a noise variable in each of the independent forests. Our simulations show that a
fairly stringent parameter is needed to fully control the number of false-positive SNPs
that are identified. However, this approach leads to reduced power. Depending on the
costs of follow-up analyses and experiments, more liberal thresholds might be preferred
in situations where sensitivity is more important. As an alternative, an optimal thresh-
old for a specific data set could be estimated based on permutations. The threshold
corresponding to the desired level of false-positive findings could then be used to
analyze the original data set. This would be similar to a family-wise error rate.

In our simulation studies we used a rather broad definition of a true finding and
declared only those SNPs as false-positives which were uncorrelated to each of the
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causal SNPs. This approach is in line with the major goal of a GWAS, namely to find
regions in the genome which show association with the phenotype. By design of the
arrays used for genotyping, only SNPs in LD with the functionally causal SNP are iden-
tified. Further studies including fine-mapping using denser arrays or sequencing are
needed to narrow down the association signal.

The focus of this study was on variable selection in a classification setting. However,
RF is a very flexible approach than can be used to predict quantitative traits and to esti-
mate probabilities for risk prediction [30]. Modified versions of the permutation
importance based on mean square errors are available in current implementations so
that our proposed variable selection method can be easily extended to such scenarios.

In addition, these simulations and data analyses all used SNP genotype data as the
features (potential predictor variables), which all have the same number of categories
[31, 32]. This avoids the known feature selection biases inherent in RF using bootstrap
sampling and permutation importance scores when the features vary in their scale of
measurement or number of categories. However, in these situations, different imple-
mentations of RFs such as cforest [32] or other tree-based regression models such as
GUIDE [33] have been shown to correct for these biases. Our approach could be
extended to these and other analysis approaches that provide unbiased permutation
variable importance metrics.

Variables of different scales are also relevant if known covariates should be included
in the analysis. In theory, those covariates could be added to the genotype data and the
above mentioned implementions could be used to select the important variables. How-
ever, depending on the mtry parameter, covariates will have a low probability of being
evaluated for a split. An alternative approach would be to use a weighted variable sam-
pling scheme for each split in the tree or always include them in the set of possible split
variables.

The principle of our new method to select variables that are important in several runs
of the algorithm could, in general, be combined with other machine learning ap-
proaches. However, r2VIM is based on several specific features of RF. First, RF calcu-
lates importance measures for each single variable and not just for a model based on a
specified set of variables such as the overall error rate. Second, the random component
in the tree building process leads to slightly different forests if the random number seed
is changed. Other suitable machine learning approaches therefore need to provide some
measurement of importance or relevance for each variable. To repeatedly perform vari-
able selection, random subsets of the data, e.g. by bootstrapping or subsampling, might
be used.

For each hypothesis and each sample size we only simulated ten replicates to reduce
computation time. Simulating one replicate and converting the data into appropriate
input formats for PLINK and Random]Jungle took approximately 4 h on the high per-
formance Biowulf Linux cluster at the National Institutes of Health, Bethesda, MD. We
restricted the size of the trees in each forest, so that a single run of RF was performed
in about 8 h using two threads. We checked the effect of the depth parameter by gener-
ating trees that were only restricted by node size for some of the replicates with similar
or slightly worse results (data not shown).

Similarly, we made several decisions regarding the analysis of the two experimental
GWAS data sets for illustration purposes. The first was to dichotomize the provided
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quantitative traits because our simulation study was focused on case—control studies.
Although we were still able to identify the strong signal in the TRINITY data, this ap-
proach is usually less powerful and therefore not recommended [34]. In the AREDS
data set, we reduced the number of SNPs by LD pruning. In a real study we would not
recommend to remove SNPs, but rather use RF to select the important variables. In
some smaller simulation studies [35, 36], LD seemed to be a problem in identifying the
true causal SNP in regions with moderate and high LD, but in our simulations the
causal SNP usually had the highest power. However, additional simulation studies are
needed to fully explore the effect of LD in a genome-wide setting because our causal
SNPs were not located in regions with very high LD and especially not in very long LD
blocks.

RF identified a much smaller region in the TRINITY data compared to the large
number of SNPs with similar p-values based on logistic regression. Three out of the
top five SNPs have been reported to be associated with bilirubin levels in several
GWAS studies [37-39]. In particular, SNP rs6742078 is in strong LD with the poly-
morphism UGT1A1#28 in the promoter of the Uridine diphosphate glucuronosyl trans-
ferase 1 family, polypeptideAl gene (UGT1AI) [38]. This 2 bp insertion is one of the
causal mutations in Gilbert syndrome, a hereditary hyperbilirubinemia [40].

Conclusions

In conclusion, our new variable selection approach is a promising tool for joint analysis
of GWAS data that helps to identify interesting regions for follow up studies while lim-
iting the number of false-positives.

Additional file

[ Additional file 1: Figure S1. Supplementary material (figures and tables). J

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

SS developed the new method, designed the study, implemented the approach as R package, generated simulated
data sets, performed analyses, interpreted results and drafted the manuscript. EH tested the R package, participated in
writing documentation and revised the manuscript. AD, JDM and JEBW participated in the design of the study,
interpreted results and revised the manuscript. AMM, JLM and LCB provided the TRINITY data and DS provided the
AREDS data. All authors approved the final version of the manuscript.

Acknowledgements

This work was supported by the Intramural Research Programs of the National Human Genome Research Institute
(NIH), National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIH) and Center for Information Technology
(NIH) and utilized the high-performance computational capabilities of the Biowulf Linux cluster at the National Insti-
tutes of Health (http://hpc.nih.gov). AMM was funded by National Institute of Child Health and Human Development grant
NOTHD33348 and DS was funded by National Eye Institute grant RO1EY020483. The authors acknowledge the
contributions made by the study participants in the Trinity Student Study (TSS). The TSS GWAS work was supported in part
by the Intramural Research Programs of the National Human Genome Research Institute, the Eunice Shriver National
Institute of Child Health and Development of the National Institutes of Health (NIH) and the Health Research Board,
Dublin, Ireland.

Author details

'Statistical Genetics Section, Inherited Disease Research Branch, National Human Genome Research Institute, National
Institutes of Health, 333 Cassell Dr, 21224 Baltimore, USA. “Clinical Trials and Outcomes Branch, National Institute of
Arthritis and Musculoskeletal and Skin Diseases, National Institutes of Health, 1 AMS Circle, 20892 Bethesda, USA.
3Division of Computational Bioscience, Center for Information Technology, National Institutes of Health, 12 South Dr,
20892 Bethesda, USA. “Department of Clinical Medicine, School of Medicine, Trinity College Dublin, 152-160 Pearse
Street, 2 Dublin, Ireland. *Division of Intramural Population Health Research, Eunice Shriver National Institute of Child
Health and Human Development, National Institutes of Health, 6100 Executive Blvd, 20892 Bethesda, USA. ®Molecular


dx.doi.org/10.1186/s13040-016-0087-3
http://hpc.nih.gov

Szymczak et al. BioData Mining (2016) 9:7

Pathogenesis Section, Medical Genomics and Metabolic Genetics Branch, National Human Genome Research Institute,
National Institutes of Health, 50 South Dr, 20892 Bethesda, USA. "Department of Ophthalmology, University of
Pennsylvania, 422 Curie Blvd, 19104 Philadelphia, USA. éCurrent address: Institute of Medical Informatics and Statistics,
University of Kiel, Brunswiker Str. 10, 24105 Kiel, Germany.

Received: 14 July 2015 Accepted: 19 January 2016
Published online: 01 February 2016

References

1. Hindorff L, Sethupathy P, Junkins H, Ramos E, Mehta J, Collins F, et al. Potential etiologic and functional implications of
genome-wide association loci for human diseases and traits. Proc Natl Acad Sci U S A. 2009;106:9362-7.

2. Manolio TA, Collins FS, Cox NJ, Goldstein DB, Hindorff LA, Hunter DJ, et al. Finding the missing heritability of

complex diseases. Nature. 2009;461:747-53.

Breiman L. Random Forests. Mach Learn. 2001,45:5-32.

. Goldstein BA, Polley EC, Briggs FBS. Random Forests for genetic association studies. Stat Appl Genet Mol. 2011;10:32.

5. Jiang R, Tang W, Wu X, Fu W. A random forest approach to the detection of epistatic interactions in case-control
studies. BMC Bioinformatics. 2009;10:565.

6. Schwarz DF, Konig IR, Ziegler A. On safari to Random Jungle: a fast implementation of Random Forests for
high-dimensional data. Bioinformatics. 2010;26:1752-8.

7. Genuer R, Poggi J-M, Tuleau C. Random forests: some methodological insights [Internet]. INRIA Research Report
RR-6729; 2008. Available from: http://hal.inria.fr/inria-00340725/en/

8. Breiman L, Cutler A. Random forests [Internet]. Available from: http://www.stat.berkeley.edu/~breiman/
RandomForests/cc_home.htm

9. Strobl C, Zeileis A. Danger: High Power! - Exploring the Statistical Properties of a Test for Random Forest Variable
Importance [Internet]. Department of Statistics University of Munich Technical Report 017; 2008. Available from:
http://epub.ub.uni-muenchen.de/2111/

10. Kim'Y, Li Q, Cropp CD, Sung H, Cai J, Simpson CL, et al. Performance of random forests and logic regression
methods using mini-exome sequence data. BMC Proc. 2011;5 Suppl 9:5104.

11, Kim'Y, Wojciechowski R, Sung H, Mathias RA, Wang L, Klein AP, et al. Evaluation of random forests performance
for genome-wide association studies in the presence of interaction effects. BMC Proc. 2009;3 Suppl 7:564.

12. Nicodemus KK, Malley JD, Strobl C, Ziegler A. The behaviour of random forest permutation-based variable
importance measures under predictor correlation. BMC Bioinformatics. 2010;11:110.

13, Strobl C, Malley J, Tutz G. An introduction to recursive partitioning: rationale, application and characteristics of
classification and regression trees, bagging and random forests. Psychol Methods. 2009;14:323-48.

14. R package r2VIM [Internet]. Available from: http://research.nhgrinih.gov/software/r2ViM

15. The 1000 Genomes Project Consortium. An integrated map of genetic variation from 1,092 human genomes.
Nature. 2012;491:56-65.

16. Li C Li M. GWAsimulator: a rapid whole-genome simulation program. Bioinformatics. 2008;24:140-2.

17. Chung R-H, Tsai W-Y, Hsieh C-H, Hung K-Y, Hsiung CA, Hauser ER. SeqSIMLA2: simulating correlated quantitative traits
accounting for shared environmental effects in user-specified pedigree structure. Genet Epidemiol. 2015;39:20-4.

18. Desch KC, Ozel AB, Siemieniak D, Kalish Y, Shavit JA, Thorburg CD, et al. Linkage analysis identifies a locus for plasma
von Willebrand factor undetected by genome-wide association. Proc Natl Acad Sci U S A. 2013;110:588-93.

19. Mills J, Carter T, Scott J, Troendle J, Gibney E, Shane B, et al. Do high blood folate concentrations exacerbate
metabolic abnormalities in people with low vitamin B-12 status? Am J Clin Nutr. 2011;94:495-500.

20. Stone N, Pangilinan F, Molloy A, Shane B, Scott J, Ueland P, et al. Bioinformatic and genetic association analysis of
microRNA target sites in one-carbon metabolism genes. PLoS One. 2011,6:221851.

21.  Age-Related Eye Disease Study Research Group. A randomized, placebo-controlled, clinical trial of high-dose
supplementation with vitamins ¢ and e, beta carotene, and zinc for age-related macular degeneration and vision
loss: AREDS Report No. 8. Arch Ophthalmol. 2001;119:1417-36.

22. Age-Related Eye Disease Study Research Group. A randomized, placebo-controlled, clinical trial of high-dose
supplementation with vitamins C and E and beta carotene for age-related cataract and vision loss: AREDS report
no. 9. Arch Ophthalmol. 2001;119:1439-52.

23. Clemons T, Chew E, Bressler S, McBee W. Age-Related eye disease study research group for the. National eye
institute visual function questionnaire in the age-related eye disease study (AREDS): AREDS Report No. 10. Arch
Ophthalmol. 2003;121:211-7.

24. Li'Y, Willer CJ, Ding J, Scheet P, Abecasis GR. MaCH: using sequence and genotype data to estimate haplotypes
and unobserved genotypes. Genet Epidemiol. 2010;34:816-34.

25. Simpson CL, Wojciechowski R, Yee SS, Soni P, Bailey-Wilson JE, Stambolian D. Regional replication of association
with refractive error on 1514 and 15g25 in the Age-Related Eye Disease Study cohort. Mol Vis. 2013;19:2173-86.

26.  Stambolian D, Wojciechowski R, Oexle K, Pirastu M, Li X, Raffel LJ, et al. Meta-analysis of genome-wide association
studies in five cohorts reveals common variants in RBFOX1, a regulator of tissue-specific splicing, associated with
refractive error. Hum Mol Genet. 2013,22:2754-64.

27. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, et al. PLINK: A tool set for whole-genome
association and population-based linkage analyses. Am J Hum Genet. 2007,81:559-75.

28.  Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ. Second-generation PLINK: rising to the challenge of
larger and richer datasets. Gigasci. 2015:4:7.

29. Holzinger ER, Szymczak S, Dasgupta A, Malley J, Li Q, Bailey Wilson JE. Variable selection method for the
identification of epistatic models. Pacific Symposium on Biocomputing (PSB). Maui, HI: World Scientific; 2015.

30. Malley J, Kruppa J, Dasgupta A, Malley K, Ziegler A. Probability Machines: Consistent Probability Estimation Using
Nonparametric Learning Machines. Methods Inf Med. 2012;51:74-81.

& ow

Page 14 of 15


http://hal.inria.fr/inria-00340725/en/
http://www.stat.berkeley.edu/~breiman/RandomForests/cc_home.htm
http://www.stat.berkeley.edu/~breiman/RandomForests/cc_home.htm
http://epub.ub.uni-muenchen.de/2111/
http://research.nhgri.nih.gov/software/r2VIM

Szymczak et al. BioData Mining (2016) 9:7

31

32.

33.
34.

35.

36.

37.

38.

39.

40.

Qin X, Han J. Variable selection issues in tree-based regression models. Transport Res Record J Transport Res
Board. 2008;2061:30-8.

Strobl C, Boulesteix A-L, Zeileis A, Hothorn T. Bias in random forest variable importance measures: illustrations,
sources and a solution. BMC Bioinformatics. 2007,8:25.

Loh W-Y. Regression trees with unbiased variable selection and interaction detection. Stat Sinica. 2002;12:361-86.
Yang J, Wray NR, Visscher PM. Comparing apples and oranges: equating the power of case-control and
quantitative trait association studies. Genet Epidemiol. 2010,34:254-7.

Nicodemus KK, Malley JD. Predictor correlation impacts machine learning algorithms: implications for genomic
studies. Bioinformatics. 2009;25:1884-90.

Walters R, Laurin C, Lubke GH. An integrated approach to reduce the impact of minor allele frequency and
linkage disequilibrium on variablen importance measures for genome-wide data. Bioinformatics. 2012;28:2615-23.
Bielinski SJ, Chai HS, Pathak J, Talwalkar JA, Limburg PJ, Gullerud RE, et al. Mayo Genome Consortia: a genotype-
phenotype resource for genome-wide association studies with an application to the analysis of circulating
bilirubin levels. Mayo Clin Proc. 2011,86:606-14.

Johnson AD, Kavousi M, Smith AV, Chen M-H, Dehghan A, Aspelund T, et al. Genome-wide association meta-
analysis for total serum bilirubin levels. Hum Mol Genet. 2009;18:2700-10.

Suhre K, Shin S-Y, Petersen A-K, Mohney RP, Meredith D, Wégele B, et al. Human metabolic individuality in
biomedical and pharmaceutical research. Nature. 2011;477.54-60.

Beutler E, Gelbart T, Demina A. Racial variability in the UDP-glucuronosyltransferase 1 (UGT1AT1) promoter: a balanced
polymorphism for regulation of bilirubin metabolism? Proc Natl Acad Sci. National Acad Sci. 1998,95:8170-4.

and we will help you at every step:
* We accept pre-submission inquiries
e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support
e Convenient online submission
® Thorough peer review
e Inclusion in PubMed and all major indexing services
* Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit () BiolMed Central

Submit your next manuscript to BioMed Central

Page 15 of 15



	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Random forest
	New variable selection method r2VIM
	Simulation study 1
	Simulation study 2
	Experimental data
	Analyses

	Results
	Simulation study 1
	Simulation study 2
	Experimental data

	Discussion
	Conclusions
	Additional file
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



