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ABSTRACT Plots and charts are graphical tools that make data intelligible and digestible by
humans. But the oversimplification of data by only plotting the statistical summaries conflicts
with the transparent communication of results. Therefore, plotting of all data are generally
encouraged and this can be achieved by using a dotplot for discrete conditions. Dotplots,
however, often fail to communicate whether the data are from different technical or biologi-
cal replicates. The superplot has been proposed by Lord and colleagues (Lord et al., 2020) to
improve the communication of experimental design and results. To simplify the plotting of
data from discrete conditions as a superplot, the SuperPlotsOfData web app was generated.
The tool offers easy and open access to state-of-the-art data visualization. In addition, it in-
corporates recent innovations in data visualization and analysis, including raincloud plots and
estimation statistics. The free, open source webtool can be accessed at: https://huygens

.science.uva.nl/SuperPlotsOfData/.

Monitoring Editor
Thomas Pollard
Yale University

Received: Sep 10, 2020
Revised: Jan 7, 2021
Accepted: Jan 13, 2021

INTRODUCTION

Graphs have a key role in the communication of experimental re-
sults in lab meetings, presentations, and manuscripts. Over the
years, efforts have been made to increase the transparency in re-
porting of results and this has led to the recommendation to plot all
data, rather than just a summary (Drummond and Vowler, 2011,
Wilcox and Rousselet, 2018; Weissgerber et al., 2019). For the dis-
play of continuous data from discrete conditions this means that in-
stead of, or on top of, a bar that summarizes the data, the dot is the
geometry of choice as it enables the display of all data. Dotplots can
be generated by several popular commercial software packages,
but there are also free, open source solutions (Spitzer et al., 2014;
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Mauri et al., 2017; Weissgerber et al., 2017; Postma and Goedhart,
2019).

We have previously created PlotsOfData to facilitate visualization
of continuous data from different (discrete) conditions (Postma and
Goedhart, 2019). Under the hood, PlotsOfData uses the statistical
computing software R and several packages, including ggplot2 for
state-of-the-art data visualization (Wickham, 2011). The software is
operated by graphical user interface in a web browser. As a result,
PlotsOfData is a universally accessible open source tool that delivers
high quality plots, without the need for coding skills and with a mini-
mal learning curve.

In addition to the transparent display of the data, information
about the experimental design is necessary to interpret the results.
For instance, it should be clear whether data are paired, how many
technical and biological replicates are plotted, and how “n” is de-
fined for different conditions (Naegle et al., 2015; Lazic et al., 2018).
The “superplot” has been proposed by Lord and colleagues as a
way to make this clearin a plot (Lord et al., 2020). A superplot identi-
fies different replicates by color and/or shape and uses the average
of each (biological) replicate as input for the comparison of condi-
tions. An additional benefit of the explicit identification of biological
replicates, instead of using the aggregated technical replicates, is
that realistic p values are obtained.

Other approaches that aim to improve data visualization and
analysis have recently been proposed, that is, raincloud
plots (Allen et al., 2018) and the use of estimation statistics
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(Cumming, 2014; Claridge-Chang and Assam, 2016; Ho et al.,
2019). The benefit of an open source tool (such as PlotsOfData) that
is based on a powerful statistical computing language with excellent
graphics is that these innovations are readily incorporated. In con-
trast, implementing these new ideas in commercial software re-
quires multistep workarounds (Lord et al., 2020).

Here, SuperPlotsOfData is presented, which builds on the Plot-
sOfData web tool and uses the same philosophy of providing easy
and open access to state-of-the-art data visualization. In addition, it
enables the identification of replicates as a superplot and it incorpo-
rates recent innovations, including raincloud plots and estimation
statistics.

Availability, code, and issue reporting
The SuperPlotsOfData app is available at: https://huygens.science
.uva.nl/SuperPlotsOfData.

The code was written using R (https://www.r-project.org) and
Rstudio (https://www.rstudio.com). To run the app, several freely
available packages are required: shiny, ggplot2, magrittr, dplyr,
readr, tidyr, ggbeeswarm, readxl, DT, broom and RCurl. This version
of the manuscript is connected to version 1.0.3 of the web app
(https://github.com/JoachimGoedhart/SuperPlotsOfData/releases/
tag/v1.0.3), which is archived at zenodo, doi: https://doi
.org/10.5281/zenodo.4423341.

Up-to-date code and new release will be made available on
Github, together with information on running the app locally:
https://github.com/JoachimGoedhart/SuperPlotsOfData/.

The Github page of SuperPlotsOfData is the preferred way to
communicate issues and request features (https://github.com/
JoachimGoedhart/SuperPlotsOfData/issues).  Alternatively, the
users can contact the developers by email or Twitter. Contact infor-
mation is found on the “About” page of the app.

Data input and data format
The default data structure is the tidy format (Wickham, 2014) and an
example is shown in Table 1. The minimum input consists of a col-
umn with conditions and a column with measured variables. A third
column that identifies the replicates is recommend to take full ad-
vantage of the application.

Data are, however, often organized and stored in spreadsheets.
The web app supports this type of “wide” data, when it is structured

Condition Replicate Value
Control Replicate 7.1
Control Replicate1 6.7
Control Replicate 6.3
Drug Replicate 9.9
Drug Replicate1 9.5
Drug Replicate1 8.5
Control Replicate2 5.1
Control Replicate2 4.5
Control Replicate2 4.4
Drug Replicate2 8.7
Drug Replicate2 9.1
Drug Replicate2 8.5

TABLE 1: Synthetic data in the tidy format, where each row is an
observation and all measured values are in one column.
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Control Drug Control Drug
Replicate Replicatel  Replicate2  Replicate2
7.1 9.9 5.1 8.7
6.7 9.5 4.5 9.1
6.3 8.5 4.4 8.5

TABLE 2: Data, identical to the data in Table 1, in a spreadsheet
format. The first two rows specify the condition and replicate.

according to Table 2. Users are asked to define the number of rows
that are used to define the conditions and replicates. For a super-
plot, typically two rows are necessary, one for conditions and an-
other for specifying the replicates. Users can identify the information
of each of the rows with a label. After upload, the data will be con-
verted to the tidy format.

The data can be supplied as a CSV file, XLS(X) file, by copy-paste
or through a URL (CSV files only). One example dataset is available
to demonstrate the data structure and for testing the app.

After data upload, the user selects the columns that hold the in-
formation on the Conditions, Measurements, and (optional) Repli-
cates. When no replicates are selected, the measurements are
grouped per condition.

Data visualization

When the data are composed of different replicates, these are indi-
cated for each condition with a different color and/or a different
symbol as suggested before (Galbraith et al., 2010; Weissgerber
et al., 2017; Lord et al., 2020). The mean or median of each of the
replicates is indicated with a larger dot (Figure 1). Lines are drawn
between the means or medians from the same sample when the
data are qualified by the user as “paired.” Pairing of the data will
affect the statistics for the quantitative comparison of conditions, as
will be explained below.

Statistics

Technical replicates. A median or mean can be selected as the
summary statistic for each replicate and this is shown in the graphs
as a larger dot. Several other statistics for individual replicates are
available under the Data Summary tab and include n, standard
deviation standard error of the mean and the 95% confidence
interval (Cl). The table (Figure 2) with the statistics for the individual
replicates lists the p value from a Shapiro-Wilk test which can be
used to evaluate whether the data of the replicates are normally

Treatment

Treatment

FIGURE 1: Output of the application based on example data. (A) By
default, the (biological) replicates are identified by unique, colorblind
friendly colors and the mean of each replicate is indicated with a
larger dot. (B) An alternative presentation of the same data that uses
different symbols and gray values to identify replicates.
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Table 1: Statistics for individual replicates

Copy csv Excel PDF

Search:

paired t test is done when the means are con-
nected with lines and an unpaired t test with
correction for unequal variances (also known
as Welch’s t test) is done when the means are

- " R N p(Shapiro-
Condition Replica n mean sd sem 95%Cl_lo 95%CI_hi median ) . -
Wilk) not connected. The table with statistics can
1 Control 1 50 4149 748 107 39.34 43.64 M7 0.034 be displayed under the plot and is also avail-
able under the Data Summary tab.
2 Control 2 50 3264 688 098 30.66 34.61 34.37 0.061 . o .
Instead of testing for statistical signifi-
3 Control 3 50 2062 684 098 18.66 2259 20.29 0.099 cance, it is often more interesting and biologi-
4 Drug 1 50 2957 609 087 27.83 31.32 30.05 0.084 cally relevant to answer the question: how
. ) n .
5 Drug 2 50 2232 468 067 20.98 23.66 21.92 0.263 large is the qhﬁerence. (Cumming, 2_914)' The
calculated difference between conditions and
6 D 3 50 129 44 063 11.63 14.16 12,55 0.497 . . .
e its 95% Cl is also known as the effect size and
Showing 1 to 6 of 6 entries Previous ‘j Next this type of analysis is termed estimation sta-
tistics (Claridge-Chang and Assam, 2016). In
Table 2: Statistics for conditions SuperPlotsOfData there is an option to dis-
copy || csv || Excel || POF Search: play the difference between a reference con-
dition, which can be selected by the user, and
Condition n mean sd sem 95%Cl_lo 95%ClI_hi .
the other conditions.
1 Control 3 31.58 10.48 7.41 0.29 63.45
2 Drug 3 216 8.36 5.91 -3.83 47.03 Optimizing the visualization

Showing 1 to 2 of 2 entries

Table 3: Statistics for differences between conditions

’ Copy H csv H Excel

]

Condition difference 95%ClI_lo 95%CI_hi

Previous B Next

Search:

Scientific graphs often represent data in an
unpolished format with default settings that
are not optimized to communicate the data in
an easy-to-digest manner. In marked contrast,
the field of data visualization focuses on “sto-
rytelling” and aims to convey the story that is

p.value

il Control vs Drug -9.99 -31.89 11£2

told by the data with a clear and compelling

0.2695074 ) ) .
illustration. Several of the principles of story-

Showing 1 to 1 of 1 entries

can be downloaded in a number of formats.

distributed. A high p value provides evidence for a normal
distribution. When the majority of the replicates shows a deviation
from normality (threshold for p < 0.05), the user is notified and
advised to use the median as a summary statistic.

Biological replicates. The statistics for each condition are pre-
sented in a second table that is available under the Data Summary
tab. The number of (biological) replicates, the mean, standard de-
viation, and standard error of the mean and 95% Cl are displayed.

Comparing conditions. The aim of an experiment with different
conditions is often to detect a difference between those conditions.
One way to do this is in a plot is by comparing the 95% CI. Super-
PlotsOfData has an option to display the mean and 95% Cl to en-
able inference by eye (Cumming and Finch, 2005; Cumming, 2009).
Alternatively, the mean can be displayed together with the SD to
summarize the spread in the data that is measured for a condition.
The predominant statistical methods for the quantitative com-
parison of data are a null-hypothesis significance test (NHST). A low
p value provides evidence for a statistical difference between condi-
tions. SuperPlotsOfData offers an ordinary t test for a difference be-
tween the means of the of the individual replicates. Depending on
the experimental design, the data can be paired or connected. To
highlight a paired relation, lines can be added to connect the mean
or median values of the replicates. This will affect the result of the
statistical analysis and a notification is displayed by the app. A
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FIGURE 2: A screenshot of statistics from the example data that are calculated by
SuperPlotsOfData. The statistics are available under the Data Summary tab. Each of the tables

telling may aid the construction of graphs that
are easier to understand. SuperPlotsOfData
has several features that improve the plot by
making the communication and interpreta-
tion of the data more effective, including 1)
the option to sort data according to the mea-
sured variable, 2) the choice to rotate the
graph by 90 degrees to improve the readability of the conditions, 3)
effective use of colorblind friendly colors, and 4) the option to switch
off the gridlines. Finally, a dark theme is available to generate plots
for presentation or websites that use a dark background.

Output

The graphs can be downloaded in PDF, SVG, or PNG format. The
PDF format enables editing of figures in software applications that
accept vector-based graphics. The statistics can be downloaded in
CSV or Excel file format.

A snapshot of the current setting can be made by the “Clone
current setting” button, which returns a URL with that encodes the
user-defined settings of the current session. When the data are im-
ported from a web address, the graph can be stored and exchanged.
This option enables a reproducible user interface.

In addition, the option to retrieve a hyperlink of the current set-
ting facilitates data sharing and reuse. For details, the reader is
referred to the papers that report our other apps in which this fea-
ture is implemented (Postma and Goedhart, 2019; Goedhart and
Luijsterburg, 2020). The hyperlink (URL) that corresponds to the
setting used in the plots shown in Figures 1 and 3 are listed in
Table 3.

Limitations

A limitation of the app is the absence of a dedicated statistical analy-
sis, which has several reasons. First, the main purpose of the app is to
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Figure URL

1A https://huygens.science.uva.nl:/SuperPlotsOfData/?data=2

1B https://huygens.science.uva.nl/SuperPlotsOfData/?data=2&vis=;;0.7;;;;TRUE; 1;none&layout=No;;;;;:;1

3A https://huygens.science.uva.nl:/SuperPlotsOfData/?data=1;; Treatment;Speed;Replicate&vis=quasirandom;;0.7;mean;solid;;
;1;none&layout=No;;;;;;;6;;480;480&color=none&label=;;;;;;24,24;18;,&

3B https://huygens.science.uva.nl:/SuperPlotsOfData/?data=1;; Treatment;Speed;Replicate&vis=quasirandom;;0.7;mean;solid;;
;1;none&layout=Horizontal;;; TRUE;;0,60;;6;,480;480&color=none&label=;;;;;;24,24;18;,&

3C https://huygens.science.uva.nl:/SuperPlotsOfData/?data=1;;Treatment;Speed;Replicate&vis=random; TRUE;0.7;mean;solid;;

;1;none&layout=No; TRUE; TRUE;TRUE;;0,60;;6;;480,480&color=none&label=;;;;;;24,24;18;,&

Launching the webtool by using the hyperlink will reproduce the corresponding figure (make sure to copy-paste the entire URL. Clicking the hyperlink in the pdf may

result in a broken link).

TABLE 3: Hyperlinks that define the plots in Figures 1 and 3.

visualize the data. Second, it is hard to implement an appropriate
and fail-safe statistical analysis, since it is unpredictable what data will
be supplied and analyzed (in terms of experimental design, but also
the number of technical and biological replicates and the data distri-
bution). By not implementing different analyses, a mindless, click-a-
button, statistical analysis or “shopping” for the test that provides
significance will be prevented. The statistical significance test should
be carefully chosen to match the experimental design and data. For
an overview of statistical tests and a decision tree to select the cor-
rect statistical test, the reader is referred to Pollard et al. (Pollard
etal., 2019). Finally, | believe that estimation statistics, that is, quanti-
fying the actual difference between conditions, should be promoted
and therefore an emphasis on significance testing is not desirable.
Experimental data that comprise both technical and biological
replicates have a nested design. Each type of replicate contributes
in a different way to the overall variance. A statistically correct com-
parison for these types of data uses a multilevel model (Galbraith
etal., 2010; Aarts et al., 2014). However, this is a relatively compli-
cated analysis. As a practical and intuitive alternative, the average
of each technical replicate can be used as input for a standard
(paired) t test. This approach is statistically valid (Galbraith et al.,
2010; Aarts et al., 2014), but it is recommended to keep the num-
ber of measurements for technical each replicate similar (Lazic,
2010). Although averaging the technical replicates is not the best
approach (Galbraith et al., 2010), it is preferred over aggregating
all technical replicates and ignoring the existence of biological rep-
licates. For a detailed discussion about the superplot, the reader is

50
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O

Control Drug Control  Drug
Treatment

Control
Treatment Speed

referred to the original paper that proposed superplots (Lord et al.,
2020).

The web app enables the simultaneous visualization of multiple
conditions. However, when multiple conditions are presented, their
comparison may require a different test for statistical significance.
For instance, testing multiple conditions may require correction for
multiple testing to reduce the number of false positives. Since the
primary goal of the web app is to visualize data, these analyses are
currently not implemented. Even when more sophisticated statistics
are used to calculate p values (e.g., hierarchical or nested tests), one
can still use SuperPlotsOfData graphs to convey the distribution of
the data.

DISCUSSION

The SuperPlotsOfData app implements some of the recent innova-
tions in data visualization and analysis. | hope that the webtool will
encourage users to adopt best practices in data presentation and
analysis. These best practices include the display of individual ob-
servations, distinguishing between technical and biological repli-
cates, and the use of estimation statistics for the quantitative com-
parison of conditions.

The tool democratizes modern data visualization as 1) the app is
freely accessible online or it can run locally with free software, 2) it
does not require any coding skills, and 3) it has a minimal learning
curve. Finally, the code of the app is available which makes the anal-
ysis procedure transparent and open to modification to accommo-
date any future developments in analysis and visualization.

C

Drug

Treatment

Gontrol

Drug Control  Drug 0 20 40 60

FIGURE 3: An example of the flexibility in plotting the data that is offered by SuperPlotsOfData. All plots are based on
the example data and the biological replicates are paired, as indicated with the solid line. (A) Classic presentation,
(B) separate presentation of each replicate, and (C) rotated plot with the data distributions on top, also known as a rain

cloud plot. The URLs to recreate these figures are listed in Table 3.
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