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In an attempt to increase power to detect genetic associations with brain phenotypes derived from hu-
man neuroimaging data, we recently conducted a large-scale, genome-wide association meta-analysis of
hippocampal, brain, and intracranial volume through the Enhancing NeuroImaging Genetics through Meta-
Analysis (ENIGMA) consortium. Here, we present a freely available online interactive tool, EnigmaVis, which
makes it easy to visualize the association results generated by the consortium alongside allele frequency,
genes, and functional annotations. EnigmaVis runs natively within the web browser, and generates plots
that show the level of association between brain phenotypes at user-specified genomic positions. Uniquely,
EnigmaVis is dynamic; users can interact with elements on the plot in real time. This software will be useful
when exploring the effect on brain structure of particular genetic variants influencing neuropsychiatric
illness and cognitive function. Future projects of the consortium and updates to EnigmaVis will also be
displayed on the site. EnigmaVis is freely available online at http://enigma.loni.ucla.edu/enigma-vis/

� Keywords: GWAS, visualization, neuroimaging, genetics, SNP

The human brain has many heritable features (Kremen
et al., 2010; Peper et al., 2007; Thompson et al., 2001).
However, the genetic variants underlying these high heri-
tability estimates are, for the most part, unknown. Genome-
wide association studies (GWAS) are one way to identify
common variants influencing heritable traits in large-scale
population studies. GWAS have been used to identify asso-
ciations between single-nucleotide polymorphisms (SNPs)
and a host of different traits implicated in numerous dis-
eases (Cichon et al., 2009; McCarthy et al., 2008). Meta-
analysis has proven to be critical to our understanding of the
true effects that specific genetic variants have on these traits,
as most common variants have small effects. In general, in-
dividual studies — which typically assess a few hundred
to a thousand individuals — are underpowered to reliably
detect associations. Recently, we initiated the Enhancing
NeuroImaging Genetics through Meta-Analysis (ENIGMA)
consortium (Stein et al., 2012). The primary goal of the
ENIGMA consortium is to expedite meta-analysis of large
datasets and create a forum for collaboration in the field of

imaging genetics. The effort is modeled on other highly suc-
cessful consortia in psychiatric genetics, which have discov-
ered genetic loci associated with bipolar illness, schizophre-
nia, and attention deficit hyperactivity disorder (ADHD)
(Neale et al., 2010; Ripke et al., 2011; Sklar et al., 2011), of-
fering new leads for research at the molecular and systems
levels. In several ongoing projects, the ENIGMA consortium
has been analyzing the genetic influences on neuroimaging
traits with data from over 20 research groups and tens of
thousands of subjects. This presents a useful resource for
the imaging, neuropsychiatric, and cognitive genetics com-
munities to discover genes that influence the brain. It also
facilitates the confirmation, replication, and understanding
of effects of promising genetic variations and pathways.
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A method for user-friendly visualization and navigation
of the genetic regions containing important associations
is essential for demonstrating significant findings and for
distributing these results. For initiatives such as ENIGMA,
analyzing very large amounts of GWAS data, it is critical
that researchers are able to quickly and efficiently examine
the strength of the association at any desired genetic locus.
Specifically, researchers may want to look up the evidence
of genetic association between a gene they are interested
in, and various brain measures examined by ENIGMA. As
such, a visualization utility may prove to be one of the most
useful methods to facilitate interpretation of ENIGMA re-
sults. Conventional publication formats for GWAS use tab-
ular data and static graphs, which make it difficult for those
not closely involved in the study to access and browse the
results. Top hits are usually summarized in tables, which
lose a great deal of the data that is available at other loci
across the genome. Conventional formats additionally rely
on non-visual methods for data presentation, often consist-
ing of lists of SNP numbers and probabilities of association
that are very hard to digest. GWAS results comprise large
quantities of information, and these publication formats
represent a limitation of the journal manuscript in its abil-
ity to present GWAS results. Online environments have the
ability to serve rich and dynamic content, and are highly
suited for presentation of these kinds of results. Existing
online data visualization tools — SzGene, AlzGene, Locus-
Zoom, Ricopili — for genetic association studies (Allen
et al., 2008; Bertram et al., 2007; Pruim et al., 2010; Ripke
& Thomas, 2011) are available, but have some limitations.
All of these existing tools are static in nature; once a plot
has been generated, it cannot be interacted with or further
explored. Additionally, the SzGene and AlzGene databases
are based primarily on candidate-gene studies. Also, these
tools are not available for imaging genetics data. To this end,
we developed EnigmaVis, an online interactive tool for vi-
sualizing unbiased genome-wide association results from
ENIGMA.

Implementation
Features and Functionality

The main EnigmaVis webpage (http://enigma.loni.
ucla.edu/enigma-vis/) features a query box, phenotype se-
lection drop-down box, and file uploader. These fields allow
a user to query the database of associations with neuroimag-
ing phenotypes generated by the ENIGMA consortium and
generate custom, interactive plots for a desired region of
the genome. Presently, EnigmaVis allows users to select
GWAS results representing eight phenotypes from Stein
et al. (2012) for visualization; as the project grows, more
association results to neuroimaging, neuropsychiatric dis-
ease, and neurocognitive phenotypes will be uploaded to the
database and made available for use in EnigmaVis. Users can
search by SNP, genomic position, or gene. Optionally, the

user can also specify flanking region sizes (full documen-
tation of acceptable queries is provided on the EnigmaVis
website). Multiple phenotypes can be selected at once, for
simultaneous visualization. Users can additionally upload
their own data for visualization within EnigmaVis, and can
use the full array of features to query their own data, and
explore it alone or concurrently with any of our existing
data. After creating and submitting a query, an interactive
plot is generated.

The plot displays the genomic position of the user’s
query, in basepairs, on the x axis, and -log10(p) representing
the evidence for genetic association between that genomic
locus and a trait (e.g., hippocampal volume) on the y axis,
at the left. SNPs are represented on the plot as circles, with
the minor allele frequency represented by the radius of the
circle (Figure 1). Recombination rate (cM/Mb), attained
from the HapMap 3 project, is represented as a filled curve
beneath the SNP data points, and corresponds to the labels
on the y axis at the right hand side of the plot (Altshuler
et al., 2010). Below the main plot, EnigmaVis displays the
position of genes and their exons from the UCSC Genome
Browser (Kent et al., 2002). For direct SNP queries, the SNP
of interest is indicated on the plot by a vertical line. Enig-
maVis currently uses the NCBI 36/hg18 build of the human
genome.

Elements on the plot are interactive. By hovering over
an SNP within the plot, the user can display a tooltip pro-
viding information about the SNP, including its identifier,
chromosome and basepair location, minor allele frequency
(based on the ENIGMA discovery population, which is of
European ancestry), meta-analytic p-value, meta-analytic
effect size, and meta-analytic standard error (Figure 2). Sim-
ilarly, the user can hover over a gene to reveal information
about the gene. Clicking an SNP or gene generates link-outs
that the user can follow to learn more information about
that particular SNP or gene. EnigmaVis supports plot navi-
gation in two ways: (i) the user can ‘zoom in’ (plot a subset
of the currently displayed SNPs) by dragging a desired re-
gion directly onto the plot, and (ii) the user can pan the
plot upstream or downstream by clicking on arrows to the
left and right of the plot. EnigmaVis also provides a list of
the ‘top SNP hits’ for each phenotype in the user’s query.
These are displayed below the plot, ranked in order of p-
value from lowest to highest. Each top SNP can be clicked
to generate a new EnigmaVis plot displaying its location.

Implementation Details

EnigmaVis is comprised of a client-side front-end, a server-
side back-end, and a MySQL database. The front-end, which
contains the plotting engine and query fields, was written
in JavaScript and HTML5 using the Raphaël JavaScript vec-
tor graphics library. Using custom software, the MySQL
database was populated with data from ENIGMA, the
UCSC Genome browser, and HapMap 3. The back-end
was written in PHP; this code parses the user’s query,

TWIN RESEARCH AND HUMAN GENETICS JUNE 2012 415

https://doi.org/10.1017/thg.2012.17 Published online by Cambridge University Press

https://doi.org/10.1017/thg.2012.17


Nic M. Novak et al.

FIGURE 1

The EnigmaVis plot.

FIGURE 2

The EnigmaVis Plot, showing the tooltip that appears when the user hovers over a particular SNP. Not shown: ‘panning’ navigation
buttons allow the user to navigate upstream or downstream of the current view.

retrieves all necessary data from the database, and serves
it to the front-end for visualization. Most queries are typi-
cally served in less than 3 seconds, though queries of larger
regions may require up to 20–30 seconds before a plot can be
generated.

EnigmaVis can run natively in all major internet browsers
without requiring the installation of any third party soft-
ware or add-ons. It only requires that the browser ver-
sion be recent enough to provide HTML5 support. The
main webpage (http://enigma.loni.ucla.edu/enigma-vis/)
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features documentation of valid query forms that the user
can use to generate plots, as well as features of the applica-
tion itself. No account or login information is required to
use EnigmaVis.

Future Implementations

As EnigmaVis is still an active, ongoing project, additional
features are currently planned for implementation in the
future. We aim to find creative ways for users to browse and
filter top SNP results, display interactive Manhattan plots,
and identify putative functional significance of SNPs in LD
with an SNP of interest in a manner that takes advantage
of the interactive nature of EnigmaVis. The user could, for
example, be allowed to plot the LD to annotated SNPs with
functional potential (coding non-synonymous, splice site,
5’ and 3’ UTR).

Presently, other groups can use EnigmaVis to browse
their own GWAS results by using the data upload feature.
We aim to further extend EnigmaVis in the future to al-
low built-in visualization of results from other groups. To
accomplish this goal, EnigmaVis will accept GWAS results
from other published consortia for inclusion in the Enig-
maVis database; these results will be made available for all
users of EnigmaVis as they are received.

Conclusions
We present EnigmaVis, an intuitive, online tool allowing
users to visualize and navigate through GWAS results by
generating interactive plots. The tool provides, for the first
time, a straightforward way to visually examine the large
quantities of data collected through the ENIGMA consor-
tium. EnigmaVis is OS-independent, accessible through all
common web browsers, does not require installation of spe-
cial software, and is extendable to groups beyond ENIGMA.
Uniquely, EnigmaVis is interactive; once a plot has been
generated by a user query, elements on the plot can be in-
teracted with in a live fashion, without generating a new
plot. As such, our approach enables interactive interrogat-
ing capabilities, tightly coupling the data to analysis and
facilitating discovery. EnigmaVis is easily maintainable and
is, at present, still an active project. In the future, support
will be provided for visualizing additional phenotypes both
from the ENIGMA consortium and from other consortia
as the data become available, and we anticipate that new
features will be implemented that build upon the unique
interactive capabilities of EnigmaVis.
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