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ABSTRACT

Objectives: Structured real-world data (RWD), such as those found in cancer registries, provide a rich source of
information regarding the natural history of cancer. Interactive data visualizations of cancer lesions can provide
insights into certain clinical tumor characteristics (CTC). Software that can be integrated into an oncological
data collection effort and generate anatomical data visualizations of CTC are limited.

Materials and Methods: We created BodyMapR: an R package and Shiny application that generates anatomical
visualizations of cancer lesions from structured data.

Results: BodyMapR is a Shiny application that transposes structured data from REDCap® onto an anatomical
map to yield an interactive data visualization.

Conclusions: BodyMapR is freely available under the MIT license and can be obtained from GitHub. BodyMapR
is executed in R and deployed as a Shiny application. It can be integrated into an existing cancer research plat-
form and produces an interactive data visualization of CTC.

Key words: data visualization, cancer, Shiny app, REDCap, Merkel cell carcinoma

LAY SUMMARY

Large-scale data collection efforts in rare cancers are challenging and uncommon. Consequently, we lack a comprehensive
understanding of clinical tumor characteristics (CTC), such as patterns of metastatic spread and biomarkers predictive of
treatment response, for most rare tumors. Data collection efforts that incorporate data captured during real-world practice
(a.k.a real-world data) can improve our understanding of CTC. Depicting RWD, for example, from a cancer registry, onto
graphical representations of anatomical structures can provide a user-friendly technique to process information regarding
CTC. However, displaying large amounts of RWD onto anatomical data visualizations is labor-intensive and time consuming.
Currently, there is a dearth of software that can facilitate this process. Here, we present BodyMapR, a novel software that
generates an interactive visualization of CTC from RWD. The package is freely available and modifiable by end users.
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INTRODUCTION

Large-scale data collection efforts in rare cancers, such as Merkel
cell carcinoma (MCC), are challenging and uncommon.' The dearth
of available data sets have limited our understanding of the natural
history of rare cancers, such as MCC.>™ Consequently, we lack a
comprehensive understanding of clinical tumor characteristics
(CTC), such as patterns of metastatic spread and biomarkers predic-
tive of treatment response, for most rare tumors. Data collection
efforts that incorporate structured data captured during real-world
practice (a.k.a Real-World Data or RWD) can improve our under-
standing of CTC.

Depicting RWD, for example, from a cancer registry, onto
graphical representations of anatomical structures can provide a
user-friendly technique to process information regarding CTC. An
improved understanding of the geographical lesion profile (GLP) of
a cancer type may provide important insights. For example, al-
though cancer types have been historically grouped based on the tis-
sue of origin (eg, “lung cancer” or “pancreatic cancer”), neoplasms
originating from the same tissue can have clinically relevant distinc-
tions in pathogenesis. For example, in MCC, at least 2 distinct trans-
forming mechanisms (eg, the Merkel cell polyoma virus and
ultraviolet radiation), with distinct underlying mutational land-
scapes, have been described.” Data demonstrating geographical dif-
ferences in virus-positive versus virus-negative MCC has emerged.’
Thus, further definition of the relationship between topography and
mutational landscape may lead to insights in pathogenesis across
cancer types.

However, displaying large amounts of RWD onto anatomical
data visualizations is labor-intensive and time consuming. While
informatic packages that generate modular visualizations of anato-
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grams and tissues are available,® software that fully integrates data
collection instruments for real-time anatomical data visualizations
of cancer registry data are lacking.

We previously published an overview of a methodology and de-
sign of a Research Electronic Data Capture (REDCap®)’-based sys-
tem to facilitate capture of RWD.® That platform incorporates a
form entitled the Lesion Information instrument, which provides a
structured format for the collection of CTC.” This instrument is
freely available and can be incorporated into any existing REDCap®
project. It is currently being used by the Project Data Sphere led
MCC Patient Registry."

Here, we present BodyMapR, an R package with a Shiny appli-
cation front-end, which generates an interactive data visualization
of CTC. Its software wrangles and transforms structured data from
a REDCap® project and provides graphing functions (Figure 1).
BodyMapR is executed in R but is deployed as a Shiny application
to enhance the user interface for users with limited programming ca-
pabilities. In this article, we provide (1) instructions on how to ob-
tain and execute BodyMapR, (2) the R code for the server-side
functions to allow for project-specific adaptations, (3) a Biorender-
generated png file in which data is overlayed and displayed, and (4)
a sample dataset for demonstration purposes.

MATERIALS AND MIETHODS

Software dependencies

BodyMapR is written in R (version 4.0.0), organized using roxy-
gen2,'® and utilizes the following packages dplyr,'! tidyr,'? readr,'
shinydashboard,'® and
Shiny."? For full details, instructions and examples refer to the video
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Figure 1. Schema of BodyMapR. BodyMapR takes data from a REDCap® project that incorporates the Lesion Information and Genomics instruments. This csv file
is loaded into the Shiny application and end users engage BodyMapR via a browser-based interface. Server-side R code executes the functions of BodyMapR to
generate an interactive Plotly visualization of clinical tumor characteristic data displayed onto an anatomical body map. Anatomical images created with BioRen-

der.com.
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demonstration (https://github.com/TheMillerLab/BodyMapR/blob/
main/Video_Demo.md), or README file (https://github.com/The-
MillerLab/BodyMapR/blob/main/README.md), both of which can
be viewed on the package GitHub page.

Clinical informatics dependencies

BodyMapR facilitates data visualizations from structured data con-
tained in the Lesion Information instrument stored within REDCap®
project. The data dictionary for this form has been previously pub-
lished.?® BodyMapR also integrates clinico-genomic data from the
Genomics data capture instrument, which has been previously de-
scribed®?! and is freely available on GitHub (https:/github.com/
TheMillerLab/genetex/blob/main/data-raw/genomics_data_dictio-
nary.csv).

RESULTS

BodyMapR inputs

As depicted in Figure 1, BodyMapR takes data from a REDCap®
project that has incorporated the Lesion Information and Genomics
instruments as the input. The BodyMapR Shiny application is
launched via the function launch_BodyMapR(). This function takes
one argument, “Data,” a raw csv file exported from REDCap®.
launch_BodyMapR() is the only function an end user needs to call to
execute and utilize BodyMapR. Once launched, clinical researchers
interface with BodyMapR in a web browser. The application’s
browser-based user interface (UI) facilitates its use by investigators
with limited programming skills. launch_BodyMapR() has a built-in
default data set “BodyMapR_mock_dataset.” If the argument
“Data” is not specified by an end user, the default data set will be in-
corporated into the application for demonstration purposes.

BodyMapR

B Filter on Record ID

& Filter on Gene Mutation

Osseous Lesions

“BodyMapR_mock_dataset” is a synthetic data set and contains no
protected health information.

BodyMapR Ul

The centerpiece of the BodyMapR UI is an anatomical landscape,
henceforth referred to as the “Body Map” (Figure 2). The Body
Map includes a skeleton, the anterior and posterior likeness of an
androgynous adult, and representations of visceral and lymphatic
structures. We designed the Body Map using images from BioRen-
der.com.?? Users control what information is displayed onto the
Body Map via the application’s Ul sidebar. Given that an improved
understanding of the GLP of a cancer type may provide insight into
patterns of spread, the default settings of BodyMapR display the
GLP of the entire cohort, color-coded by tumor morphology (eg, pri-
mary vs metastasis vs recurrence). In contrast, a personalized Body
Map at the single-subject level can be obtained by selecting a Record
ID from the selectizelnput() selector “Filter on Record ID” in the
application’s sidebar (Supplementary Figure S1).

As stated above, further definition of the relationship between
topography and mutational landscape may lead to insights in patho-
genesis across cancer types. Thus, BodyMapR incorporates the Ge-
nomics Instruments in order to display over 900 genes found in
common clinico-genomics platforms.® Users can select which genes
to be visualized on the Body Map using the “Filter on Gene Muta-
tion” selector (Figure 2).

BodyMapR server-side functions

The server side of the Shiny application contains the executable
code of BodyMapR. The package contains a set of functions that
wrangles, transforms, and graphs CTC data from a REDCap® proj-
ect (Figure 1). Table 1 summarizes the package’s functions and their
respective action.

Cancer Lesion Body Map

Cutaneous Lesions Visceral and Lymphatic

Lesions

Figure 2. Browser-based user interface. Users control what input is displayed onto the BodyMapR anatomical graphic using the sidebar selectors. Anatomical

images created with BioRender.com.
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Table 1. BodyMapR functions

Functions Function

bodymapr_df() Creates a data frame of clinical tumor charac-
teristics from a structured electronic data col-
lection instrument (eg, the Lesion
Information instrument) and maps them to
lookup tables that contain a coordinate sys-
tem for the Body Map

bodymapr_plot() Creates an interactive data visualization of clini-
cal tumor characteristics from a structured
EDC lesion instrument that has been proc-
essed by bodymapr_df()

Wrangles and processes genomics data from a
REDCap project that has incorporated the

Genomics Instrument. Genetic alterations are

genomics.df.unite()

listed in wide format with a concatenation of
genomic alterations in 1 cell. This function is
called within BodyMapR’s bodymapr_df()
function

Wrangles and processes genomics data from a
REDCap project that has incorporated the

genomics.df.long()

Genomics Instrument. This allows for expe-
dited analysis of patient-level data from
REDCap. Genetic alterations are listed in
long format. This function is called within
BodyMapR’s genomics.df.unite() function
shiny_server() Contains the server side of the Shiny applica-
tion. It incorporates both bodymapr_df() and
bodymapr_plot(). Therefore, the data are
wrangled, processed, and graphed with this
function
Creates the user interface of BodyMapR
Launches the BodyMapR Shiny application

shiny_ui()
launch_BodyMapR()

Note: Key functions unique to BodyMapR with a brief description of their
action are shown.

BodyMapR outputs
Topographical mapping
As described previously,?® the Lesion Information instrument was
designed to capture 651 distinct anatomical structures, including
skeletal, cutaneous, lymphatic, mucosal, and visceral locations (Sup-
plementary Table S1). To construct a data visualization of these ana-
tomical structures, individual structures were mapped to the Body
Map using an X-Y grid-based coordinate system. To assist in topo-
graphical mapping, an interactive coordinate system was generated
via plotly!” (code below).
body_map.png <- BodyMapR::BodyMapR _biorender.png
grid.2 <- data.frame(x = rep((seq(from =1 to =100, by =0.5)),
each=200),
y = rep((seq(from =1, to =100, by = 1)),
len=100))
df.grid <- data.frame()
grid.plotly <- ggplot(df.grid) +
xlim(0, 100) +
ylim(0, 100) +
theme_bw() +
theme(panel.border = element_blank(),
panel.grid.major = element_blank(),
panel.grid.minor = element_blank(),
axis.line = element_blank()) +
theme(axis.text.x = element_blank(),
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Figure 3. X-Y coordinate system for mapping topographical elements. Using
plotly, individual X-Y coordinates are easily visualized and mapped to X-Y
coordinates on the Body Map topographical image. Anatomical images cre-
ated with BioRender.com.

axis.text.y = element_blank(),
axis.ticks = element_blank(),
axis.title = element_blank()) +
annotation_raster(body_map.png,
ymin =0,
xmin =0,
xmax = 100,
ymax = 100) +
geom_point(data = grid.2,
aes(x =X,
y=Y)

ggplotly(grid.plotly)

As seen in Figure 3, individual X-Y coordinates are visualized by
utilizing the hover text functionality of plotly. For example, using
this method the left zygomatic bone is mapped to x=12.0 and
y=92.0 (Figure 3). This approach was used to map every anatomi-
cal structure in the Lesion Information instrument.

The derived X-Y coordinates were then incorporated into lookup
tables for each topographical region. For example, Supplementary
Table S2 displays the osseous lookup table, in which each of the 282
skeletal structures in the Lesion Information instrument are mapped
to a unique X and Y combination. Lookup tables for each portion of
the topographical map are embedded in the BodyMapR function
body_map.df().

The data-processing function body_map.df() takes one argument
(“data”). It returns a data frame that is then used for the BodyMapR
graphing functions embedded in the server side of the Shiny applica-
tion. The “data” argument taken by bodymapr_df() is a raw csv file
exported from a REDCap® project for which the Lesion Information
and Genomics instruments have been incorporated. bodymapr_df()
wrangles the raw csv file and uses the dplyr function left_join() to
combine the various anatomical lookup tables to the REDCap®
project data to map each lesion to its corresponding topographical
location (Supplementary Figure S2). An example of the output of
bodymapr_df() is seen in Supplementary Table S3.

Interactive topography

The output of bodymapr_df() is then used as the argument for the
BodyMapR graphing function bodymapr_plot() (Supplementary
Figure S3). In addition to providing a static GLP of the cohort,
BodyMapR was designed to display an interactive graphic to in-
crease the amount of information presented by the package without
compromising the user experience with data overload. Utilizing
hover text functionality via plotly, bodymapr_df() provides detailed
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and clinically relevant CTC information (Supplementary Figure S1).
Given that therapeutic strategies in oncology are increasingly deter-
mined by genomic alterations in tumor specimens, the default
parameters of bodymapr_df() display individual genomic alterations
and tumor mutational burden in the hover text. In addition, since tu-
mor size is an important CTC, often with staging implications, indi-
vidual lesions are sized proportional to the longest axis of their
clinical measurement.

BodyMapR customizations

The BodyMapR source code has been made freely available to pro-
vide end users with the ability to customize the user interface and
server-side functions to best suit their clinical research needs. As an
example, BodyMapR is currently being used by the Project Data
Sphere-supported MCC patient registry.®> Therefore, modifications
have been made to incorporate specific CTC salient to MCC. For
example, the MCC BodyMapR application has incorporated sidebar
selectors with disease-specific information such as Merkel Cell poly-
oma virus-related data (Supplementary Figure S4). Analogous adap-
tations can be made on a project-specific basis by end users to meet
their clinical research needs.

Furthermore, because BodyMapR can function as a stand-alone R
package (ie, outside of a Shiny application), users are able to custom-
ize which data are mapped onto the Body Map inside an integrated
development environment (IDE), such as such as RStudio®.?® For ex-
ample, if an investigator intends to visualize a subset of the cohort
that contained liver lesions, the following code could be used:

# Create a data frame containing only those observations with liver
or hepatic metastases
liver_lesions<- BodyMapR::BodyMapR_mock_dataset % >%
filter(str_detect(string = BodyMapR::BodyMapR_mock_dataset$
lesion_tag,
pattern = regex(“liver|hepatic”, ignore_case = TRUE)))
# Filter the mock dataset with liver lesions to map only those sub-
jects that have liver lesions
BodyMapR::BodyMapR_mock_dataset %> %
filter(record_id %in% liver_lesions$record_id) % >%
BodyMapR::bodymapr_df() %> %
BodyMapR::bodymapr_plot()

The above code will generate an interactive Body Map data visu-
alization within an IDE (Supplementary Figure S5). Of note, as seen
above, the functions of BodyMapR are compatible with tidyverse
syntax and use of the magrittr pipe operator.'

LIMITATIONS AND SOLUTIONS

BodyMapR is to be used in conjunction with the Lesion Information
and Genomics Information instrument; therefore, it functions opti-
mally when those forms are installed into a REDCap® project. Thus,
we have made the data dictionaries freely available so that others
may incorporate them into their individual projects. However, if an
investigator has incorporated a lesion field that uses other common
anatomical coding systems, such as the International Classification
of Diseases for Oncology, 3rd edition (ICD-O-3) or the Systematized
Nomenclature of Medicine (SNOMED), we have incorporated a
lookup table that converts these fields into coordinates on the Body-
MapR Body Map (Supplementary Table S4).

In addition, although BodyMapR is designed to be used with a
specific anatomical image, which is incorporated into the package,
the bespoke X-Y coordinate system we described above can be used
to create lookup tables for any graphic. Therefore, an end user can
utilize alternate images when appropriate.

CONCLUSIONS

Data visualizations of CTC can improve our understanding of the
natural history of malignancies. Tools that streamline topographical
profiling of cancer lesions from structured data collection systems
are time consuming to design and require knowledge of software en-
gineering and application development. These resources may be lim-
ited on clinical research teams and thus, customizable and freely
available, web-based tools are an unmet need. BodyMapR is an
open-sourced R package that is deployed as a Shiny application that
can integrate into an existing cancer research platform and produces
an interactive data visualization of CTC.
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