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KEYWORDS Abstract Data visualization and interactive data exploration are important aspects of illustrating
Data visualization: complex concepts and results from analyses of omics data. A suitable visualization has to be intu-
Dashboard; itive and accessible. Web-basethshboards have become popular tools for the arrangement, consol-
Cloud; idation, and display of such visualizations. However, the combination of automated data processing
Data analysis; pipelines handling omics data and dynamically generated, interactive dashboards is poorly solved.
Automation Here, we present i2dash, an R package intended to encapsulate functionality for the programmatic

creation of customized dashboards. It supports interactive and responsive (linked) visualizations
across a set of predebned graphical layouts. i2dash addresses the needs of data analysts/software
developers for a tool that is compatible and attachable to any R-based analysis pipeline, thereby
fostering the separation of data visualization on one hand andata analysis tasks on the other hand.

In addition, the generic design of i2dash enables the development of modular extensions for specipc
needs. As a proof of principle, we provide an extension of i2dash optimized for single-cell RNA
sequencing analysis, supporting the creation of dashboards for the visualization needs of such
experiments. Equipped with these features, i2dash is suitable for extensive use in large-scale
sequencing/bioinformatics facilities. Along this line, we provide i2dash as a containerized solution,
enabling a straightforward large-scale deployment and sharing of dashboards usiolpud services.
i2dash is freely available via the R package archive CRAN (https://CRAN.R-project.org/
package=i2dash).
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Interactive data visualization is of vital importance when deal-
ing with complex or extensive data as regularly produced in the
belds of physics, geography, or life sciences. In this context,
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recently published software packages providing interactive
data visualizations in a web browser, such as Shiny (https://
shiny.rstudio.com/) and Plotly [1], have become popular.
Many recently developed software tools utilizing these
OOmeta-levelO packages were introduced. For instance, whe
focusing on the R programming environment in the beld of life
sciences, the WIIsON [2] package represents an example of a
generic omics data viewer with a collection of Rexible modules
for interactive visualization and data handling functionalities.
However, most packages are intended for the examination of
one specibc type of (omics) data, which enables highly adapted
functionality and tailored data views, but with limited Rexibil-

ity in regards to extensibility. In addition, most of these tools
rely on and are restricted to a distinct data object in a certain
format, e.g, the complex R SingleCellExperiment object [3].
Although such format dependencies ensure the high perfor-
mance of the visualization tools, they limit computational biol-
ogists to predebne plots, types of visualization, and bxed
layouts. A generic software package that can be integrated into
any kind of data generation process (such as an omics data
analysis pipeline), enabling a Rexible, web-based data presenta-
tion and exploration functionality and featuring custom lay-
outs, is critically missing. Here we introduce i2dash, a tool
that provides functionality for data analysts and software
developers working with any kind of omics data using complex
workRows. i2dash enables the programmatic creation of inter-
active dashboards from within such workRows, reduces code
complexity, and simplipes the spatial arrangement of data
visualizations.

In this context, i2dash is intended to primarily act at the
interface of non-computational users (NCU) and computa-
tional analysts and developers (CAD) Figure 1). It provides
functionality to generate dashboard-based data views for
CADs working with any kind of omics data. i2dash is designed
to provide dashboards both as HTML websites and interactive
Shiny apps. Since the latter requires at least a local server or an
advanced IT infrastructure for even larger deploymentse.g,
in cloud environments), we provide a cloud-compatible docker
container to assist CADs with dashboard distribution (see
Method). In addition to this functionality, i2dash is designed
to work with custom extensions for specibc data types in order
to generate adapted visualization venues in research and indus-
try. As a proof of principle, we developed a single-cell RNA
sequencing (scRNA-seq) extension, enabling the generation
of dashboards optimized for a typical single-cell (SC) data
analysis workf3ow with very few function calls, providing inter-
linked visualizations among others (see the O0i2dash.scrnase
extensionO section below). Further, we benchmark our exten-
sion to a collection of SC specibc visualization tools that create
static HTML reports for quality control and data set
comparisons, such as scRNABatchQC [4], or interactive
R/Shiny-based applications that allow data exploration and
visualization, such as Cerebro [5], iSEE [6], and pcaExplorer
[7]. As shown in the comparison for this use-case example,
there is no need to debne the Pnal layout for an i2dash dash-
board at the beginning of an analysis workRow. Instead,
i2dash acts on a visualization meta-level, providing an iterative
and dynamic process of dashboard creation, started at
runtime.

In summary, i2dash liberates CADs from the struggle with
low-level code or time-consuming spatial arrangement of data
visualizations when generating data views tailored to the

respective audience. From an NCUOs point of view (Figure 1),
i2dash provides a simplibped access to high-dimensional data
interpretations via a web browser with a focus on simple pro-
visioning and low technical hurdles. Hence, i2dash is the prst
ohoice to supersede static reports by state-of-the-art respon-
sive, interactive, and Rexible dashboards. Along this line,
i2dash provides the optimal framework for tool developers
who want to summarize their results in an easy-to-use,
web-accessible format.

Method

The typical workBow for the creation of a dashboard with
i2dash is a Rexible process, suitable for integration into existing
analysis pipelines, that generates results iterativelFigure 2A).
Once an instance of a dashboard has been initialized, CADs
can add pages with various layouts (Figure 2B), enabling dif-
ferent content presentation strategies Table 1). Individual
components such as texts, images, tables, and interactive wid-
gets can be added to pages as debned by the inherent layout
(Table 1). Noteworthy, it is possible to link components into
responsive views, such that data points visualized and
selected/pbltered for in one component can trigger a change in
the other. Dashboard creation concludes with the assembly
of an RMarkdown document from the i2dashboard instance,
which can be directly rendered into a static HTML ble é.g,
for report generation, archiving, or sharing with colleagues)
or into an interactive Shiny app running on the local computer
for web-based exploration (Figure 2C). The integration of
dashboards into professional service facilities requires more
advanced infrastructure features. Such advanced setups often
deal with recurring analysis tasks, application virtualization,
and cloud computing infrastructure, a scenario that is sup-
ported by i2dash. Accordingly, we provide a docker container
for the deployment of interactive dashboards on local servers
or even cloud infrastructure platforms such as Kubernetes
(Figure 2D). In a typical use case, a service facility provides
a running instance of the interactive dashboard to collabora-
tors for interactive exploration of their data analysis. Follow-
ing the FAIR data principles, access to the interactive
dashboard can additionally be granted to the public audience,
e.g, as an accompanying supplementary resource upon
publication (for a set of example use cases as described in
the O0i2dash.scrnaseq extensionO section below, see https://loo-
solab.github.io/i2dash.scrnaseq/#use-cases).

(implementation

The R package i2dash is entirely written in the R programming
language and relies on the widely used R packages Rexdash-
board (https://ICRAN.R-project.org/package=Rexdash-
board), knitr [8], RMarkdown [9], and stringi, and suggests
ComplexHeatmap [10], ggplot2 [11], and switchr [12] as well
as biocstyle [13]. i2dash introduces a new class based on ROs
S4 object system named i2dashboardf{gure 3A), which by
design provides the main functionality of the package. Besides
global properties such as the dashboard title, author, and
theme, an instance of the i2dashboard class stores individual
dashboard pages, sidebars, navigation bar items, and
document-wide colormaps, as well as all components that
make up the content of individual pages.
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Figure 1  Operational interface of i2dash

Users and developersg.g, computational analysts) are typically connected by process of data generation, data analysis, provisioning of
results, and an iterative process of analysis rebnement (outer orange and blue arrows). i2dash (red hexagon) supports this process by
integrating any kind of R-based analysis pipeline or software (blue circle, right) and enables the developer to provide a dynamic data
interpretation/data view, organized as an interactive dashboard. i2dash provides functionality to generate both a static dashboard based

on HTML or an interactive dashboard based on R Shiny (inner blue arrows). Utilizing these web technologies, technical hurdles of

distribution and access are minimized, and users only depend on a

We provided i2dash with a versatile mechanism to add con-
tent to a dashboard (Figure 3B). Its generic functions can dis-
patch arguments based on their individual class(es). For
example, the same generic function might add an image or an
HTML widget to the dashboard, depending on whether it gets
passed a ble path or an object of a supported HTML widget
class. This feature allows i2dash to handle objects of more than
50 different classes (for a complete list, see gallery.htmliwidgets.
org). Moreover, i2dash implements the ability to pass functions
as an argument to generic functions that are only expected to
return plain RMarkdown code upon execution. Those functions
allow the injection of arbitrary and user-debned content into the
dashboard, constituting the most Rexible mechanism conceivable.

Aside from the generation of highly Rexible dashboards, the
ability to pass functions as argunents to generic functions per-
mits the design of templates that add ready-made visualizations,
layouts, and interactive tools to dashboards. As a proof of prin-
ciple, we developed an extension of i2dash as another R package
for the exploration of results from scRNA-seq called i2dash.scr-

naseq (see the O0i2dash.scrnaseq extensionO section below). Alo

this line, i2dash.scrnaseq can be seen as a template to shed light
on certain aspects of ScRNA-seq data generated and inspired by

web browser of their choice (orange circle, left).

an individual CAD. Once generated, this view is shareable and
permanently available.

i2dash.scrnaseq extension

As indicated above, i2dash.scRNAseq is an illustrative exam-
ple for an extension of i2dash, suitable for the generation of
specialized data views (Table S1). It is an individual solution
for advanced visualization of transcriptomics data and is
designed to assist with typical steps performed during the anal-
ysis of data from scRNA-seq. In order to showcase the func-
tionality of this custom extension, we analyzed a previously
published dataset ([14], GSE127465) of human and mouse lung
cancers with scater [15], following the current best practices in
scRNA-seq analysis [16] Kigure 4A), and populated an inter-
active dashboard using i2dash.scrnaseq with typical views for
this kind of data (Table S2). The data shown below are inter-
actively accessible in three use cases from https://loosolab.
ﬁiéhub.io/i2dash.scrnaseq/#use-cases.

Starting with data quality control (Figure 4A, left),
i2dash.scrnaseq provides boilerplate functions for boxplots,
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Figure 2 Pipeline integration and i2dash mechanism of action

A. i2dash is integrated at the beginning of a data analysis pipeline (orange arrow) by initialization of an empty dashboard (blue arrow).
During the pipeline run, new content, results, or data visualizations are iteratively added to the dashboardOs pages. The bnal dashboard is
rendered into a static or interactive documentB. Pages added to the dashboard can be arranged in a Rexible manner from a selection of
predebned layoutsC. Examples of programmatically created dashboardd). The i2dash docker container, providing all dependencies for
interactive Shiny-based apps, can be used to deploy individual data interpretations on a cloud infrastructure.§, Kubernetes) as a
microservice.

Table 1 Available dashboard layouts and features

Layout Feature Useful for

Storyboard Unlimited capacity Presenting a sequence of data visualizations and related commentary
Tabset column Unlimited capacity Presenting a large number of components without requiring the user to scroll
Focal left Up to three components linkable layout Highlighting a single component

2 x 2 grid Up to four components linkable layout Cross-linked components / interactivity

Sidebar Globally or locally Providing static content and Ul elements to control interactive components

barplots, or violin plots, e.g, to visualize the number of  approximation and projection (UMAP)]. Consequently,
detected genes per cell (Figure 4B, use case 1 OOQuality Methigh-level functions from i2dash.scrnaseq center around 2D
ricsO). Optionally, those plots can be stratiped by categorical embeddings (use case 2 OOSC data explorerQ), allowing the
variables €.g, sequencing batch) to investigate whether data exploration of metadata either on sample leveld.g, the num-
correction is needed (Figure 4B). Per-cell quality data can ber of cells per inferred cell type, Figure 4D) or feature level
additionally be aggregated across levels of categorical data (e.g, the expression of a marker gene in cell clusters,
(e.g, to obtain the mean number of genes detected by sequenc- Figure 5A). By adding the OODIimRed feature pageO to a dash-
ing batch) using any function to summarize numerical data  board, the user can additionally display results from differen-
(e.g, mean, median, and sum). Feature selectiore.g, using  tial expression analysis in a table that is linked to the 2D
highly variable genes, can be visualized using a meanbvariance embedding and will interactively update coloring upon feature

plot (Figure 4C, use case 3 OOVisual parameter selection forselection. To complete the portfolio, i2dash.scrnaseq provides
expertsO). This plot is provided by adding the OOFeature selecfunctionality to display feature dynamics in an interactive

tion pageO to a dashboard, which takes either a Sin- heatmap (Figure 5B, use case 2 OOSC data explorerO) by using

gleCellExperiment object or a Seurat object [17] as input and  the GOheatmapO function with a SingleCellExperiment or Seurat
additionally allows the user to choose a suitable model from  gpject that contains features of interest.

scran [18]. ) _ Besides high-level functions for the visualization and inter-
Downstream analyses like cell clustering are often based on active exploration of results from scRNA-seq analysis
results from dimension reduction methods ¢.g, t-distributed i2dash.scrnaseq provides helpful tools to simplify otherwise

stochastic neighbor embedding (t-SNE) or uniform manifold  ¢;mpersome tasks. The OOFeature grid pageO can be used to
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Figure 4  Visualization features of the i2dash.scrnaseq extension

A. High-level workRBow for a typical analysis of data from a scRNA-seq experimentB. Violin plots from the plotly package showing per-

cell quality criteria, such as the number of read counts (left) and the number of detected genes (right). Plots are stratiPed by the categorical
variable OOCondition@. Visualization of expression mean and variance of features (meanBvariance plot) generated by the OOFeature
selection pageO. Highly variable features are highlighted in red and can be used for downstream analy3iExploration of cell metadata

using linked visualizations. Individual samples are shown in a 2D embedding (left), colored by their annotated cell type. Upon sample
selection, the number of observations per cell type (top right) and the percentage of mitochondrial content across cell types (bottom right)
are updated, respectively. scRNA-seq, single-cell RNA sequencing.

interactively create publication-ready graphics that show a 2D provided by the respective functions OOadd_feature_grid_pageO
embedding, colored by feature expression, for an arbitrary and OOadd_dimred_comparison_pageO, which once more rely
number of features on a grid layout Figure 6A, use case 3 on either a SingleCellExperiment or a Seurat object as input.
OOVisual parameter selection for expertsO) utilizing multipan- Summing up, the i2dash extension i2dash.scrnaseq is an exam-
elbgure [19]. In the context of dimension reduction methods, ple for an individual view on a certain type of data (here

the OODImRed comparison pageO simplibes the parametescRNA-seq) that detaches the analysis of data (the package
search by comparing many different dimensionality reductions  used for the analysis is open to the user) from the visualization
across different parameters (Figure 6B, use case 3 OOVisuabf data as an interactive dashboard (coded in the i2dash.scr-
parameter selection for expertsO). These data views are naseq package).
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Benchmark and feature comparison

The R package i2dash is a generic tool for the generation of
Rexible dashboards. Therefore, it cannot be directly compared
to specialized applications as enumerated above, dealirgg,
only with SC specibc aspects, such as iSEE does. However,
by providing an exemplary i2dash extension for data from
scRNA-seq experiments, a comprehensive comparison
becomes feasible, emphasizing the generic approach of our
framework. A detailed side-by-side comparison of web-based
visualization tools from the perspective of implemented fea-
tures is shown inTable 2. BrieRy, all compared tools are R-
based applications and are able to be deployed on a multitude
of operating systems. In terms of general customization, i2dash

Figure 5 Visualization of feature metadata and dynamics

offers a wider range of layouts and ways to organize content.
While iISEE does allow a customized organization of visualiza-
tion panels, i2dash extends this feature by organizing content
via pages, menus, and sidebars. With regard to the content
type, the other programs are limited to SC specibc data types,
provided as R objects. Only i2dash supports a variety of con-
tent types, including but not limited to images, text, and
HTML widgets. Interactive and linked visualizations embed-
ded in a Shiny app are provided by almost all programs. How-
ever, i2dash offers the unique possibility to link interactive
visualizations in a customizable way, a feature of high impor-
tance when specibc aspects of data should be prioritized
(Table S2). Regarding the SC-related features, i2dash is cap-
able of providing all key aspects of common scRNA-seq anal-
ysis. In summary, we conclude that i2dash and i2dash.scrnaseq

A. Exploration of feature metadata using linked visualizations. Feature expression of individual samples is shown in a 2D embedding
(left). A table (top right) shows features of interest €.g, from differential expression) and can update the coloring of the 2D embedding, as
well as violin plots showing feature expression across cell types (bottom rightB. A heatmap is utilized to illustrate the expression

dynamics of the top 10 marker genes for the annotated cell type.
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dashboard development in isolated environments, thus reduc-
ing the burden of dependency management, we additionally
provide i2dash as a Docker container, which can be obtained
from https://gitlab.gwdg.de/loosolab/container/i2dash.deploy-
ment/container_registry/. Similarly, the i2dash extension i2-
dash.scrnaseq is available from https://github.com/loosolab/
i2dash.scrnaseq. Use cases for application of i2dash.scrnaseq
to data from scRNA-seq have been set up, and resulting dash-
boards and data views can be accessed from https://loosolab.
github.io/i2dash.scrnaseq. Both packages have been tested on
Linux, Windows, and MacOS.
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