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About BMDx 
BMDx is an R-Shiny application created for easy benchmark dose (BMD) analysis on omics data 
across multiple time points and experiments. The tool guides the user through multiple steps 
starting from an analysis of variance, through BMD computing all the way to a functional 
enrichment of the dose-dependent genes. BMDx not only allows the user to compare the results 
between multiple time points, but also multiple experiments at once. Results along the way are 
visualised as several types of plots and the output can be downloaded as Excel files at multiple 
steps of the analysis.  
 
The benchmark dose (BMD) is the dose or concentration of a substance that corresponds to a 
specified level of response above or below that observed in a control or background population. 
The specified level of response within this definition is referred to as the benchmark response 
(BMR), while the statistical lower confidence bound of the BMD (referred to as BMDL) and the 
statistical upper confidence bound on the BMD (BMDU) have been typically used by regulatory 
agencies to set safe levels of exposure. 
 
BMD modelling involves fitting the experimental data, in this case, the gene expression values, to 
a selection of mathematical models, such as linear, second- or third- degree polynomial, an 
exponential model, hill model, asymptotic regression model, and Michaelis-Menten model. The 
best model is selected by using a goodness of fit criteria, such as the Akaike information and the 
goodness-of-fit p-value. A predefined response level of interest, the BMR, is identified and the 
optimal model is used to predict the corresponding dose (BMD) (Abraham et al. 2012). Moreover, 
the European Food Safety Authority (EFSA) suggest reporting both the lower and upper 95% 
confidence limit on the BMD called BMDL and BMDU respectively (EFSA Scientific Committee 
et al. 2017). The selection of models available in BMDx are presented on page 26 of this document 
with model descriptions included. 
 
In this manual, we provide a detailed step-by-step guide to using BMDx and explanation of the 
analysis workflow (see Figure 1). As a result of the analysis, the user will retrieve the results of 
the analysis of variance, lists of dose-dependent genes with BMD, BMDL, BMDU and IC50/EC50 
values, the model fitted for each gene and its corresponding lack-of-fit p-value. Moreover, the 
results of the functional enrichment can be downloaded providing a comprehensive view of the 
dose-dependent genes in the experiment.  
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Figure 1: BMDx workflow. Schematic representation of the BMDx software workflow. The steps 
are represented by rectangular boxes with sharp edges, while the steps parameters are represented 
with rectangular boxes with rounded edges. Analytical steps are numerically coded with circular 
labels from 1 to 5. 

Data Description 
To demonstrate the use and effectiveness of our tool, we analysed gene expression data obtained 
from the Open TG-GATEs database (Igarashi et al. 2015). Out of the 170 compounds available in 
the database, we selected the expression data from the liver of rats exposed to either Omeprazole 
or Pirinixic acid (WY-14643). Omeprazole is a commonly used proton-pump inhibitor used to 
treat gastroesophageal reflux disease, while Pirinixic acid is a peroxisome proliferator linked to 
liver carcinogenesis (Woods et al. 2007). Both datasets include 48 samples as three doses (100, 
300 and 1000 µg for Omeprazole and 10, 30 and 100 µg for Pirinixic acid) and their corresponding 
controls at four time points (4, 8, 15 and 29 days) were included in the experiment as triplicates.  
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Raw data were imported into R v. 3.4 by using the justRMA function from the Bioconductor 
utilities (Irizarry et al. 2003) to annotate the probes to Ensembl genes (rat2302rnensgcdf v. 22.0.0 
annotation file obtained from http://brainarray.mbni.med.umich.edu/) and to quantile normalise 
the data. The experimental batch effect due to technical variables was estimated and removed using 
the ComBat algorithm implemented in the sva package (Leek et al. 2014). Linear models followed 
by eBayes pairwise comparisons (Ritchie et al. 2015) were performed to compute the log fold-
change for each gene in all of the drug–control pairs. Genes with fold change > |1.5| and p-value 
< 0.05 were determined differentially expressed and used in this analysis. Finally, the Ensembl 
gene names were converted to official GeneSymbols. 
 
Data used as an example in this document are available on GitHub (https://github.com/Greco-
Lab/BMDx). 

Installation and execution 
Instructions on how to install BMDx and its dependencies and how to launch the BMDx tool are 
available online at https://github.com/Greco-Lab/BMDx.  

Workflow Interface  
The workflow interface layout has a sidebar with input controls to configure and execute various 
steps (marked with green outline). Below this section, links to the GitHub page of the tool as well 
as the manual and sample data are provided (marked with orange outline). The output of the steps 
is visualized from the main display area (marked with red outline).  
 

 

Input Description 
BMDx takes as an input a phenotype file and an expression matrix, both provided as an Excel 
spreadsheet (xlsx). If multiple experiments are included, both files must contain separate 
sheets for each experiment in corresponding orders. Specific instructions for the file structures 
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are provided below and example files are available on GitHub (https://github.com/Greco-
Lab/BMDx. 

Phenotype Specification  
The phenotype file is an Excel file containing separate sheets for each experiment. Each sheet 
contains information about the samples used in the specific experiment. In particular, the BMDx 
tool requires the spreadsheets to have at least three columns that specify the following 
characteristics: 1) Unique sample IDs (here BARCODE) corresponding to the column names in 
the expression matrix, 2) the dose and 3) the time points (here SACRIFICE_PERIOD) included in 
the experiment. Each sheet must have the columns (sample ID, dose and time point) in the 
same positions. 

 

Load Phenotype 
A popup window containing controls to configure the phenotype file import is launched by 
clicking Import Phenotype Data on the sidebar. 

Select Phenotype File  

The file containing the phenotype information is selected by browsing the file directories.  
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Phenotype Preview  
Preview of the phenotype file displays the columns from the first sheet in the phenotype file as 
variables. Each variable has an associated R class character, numeric, or integer and data 
representation type as factor or vector. Number of samples and variables are reported as text labels 
above the preview.  

Configure Variable R Format  
The user can change the default data representation type by double-clicking on the representative 
cell and selecting the alternative option (factor or vector).  

Specify Sample ID, Dose and Time Point Variables 
These variables are specified by the corresponding variable index from the phenotype preview.  
 

 

Import Phenotype  
Finally, click on Import on the right bottom corner of the graphical window to import the 
configured phenotype file.  

Phenotype View  
The first sheet of the imported phenotype file is displayed in the main display area in the main 
Phenotype Data tab.  

Double-click to change type 

Select the correct variable 
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Expression matrix 
The expression matrix is an Excel file with a separate sheet for each experiment. Sample columns 
are named with unique sample IDs (green outline) that match the sample IDs provided in the 
phenotype file. Gene names (orange outline) must be provided in the first column of each 
spreadsheet, and each following column specifies the expression values for those genes in each 
individual sample. The order of the sheets must match the order of the sheets in the phenotype file. 
Sample data can be found at https://github.com/Greco-Lab/BMDx (link also provided in the 
graphical interface). 

 
 

Load Expression Matrix 
The expression matrix file is imported similarly by clicking on Import Expression Matrix on the 
left side panel of the graphical interface. Expression matrix is viewed in the Gene Expression 
Matrix tab. 
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Gene Filtering 
As the first step of the analysis, the genes can be filtered according to two different criteria that 
the user can select:  
 

1. ANOVA: the genes that do not show variability across different doses are identified by 
performing an ANOVA test for each gene and removed from the analysis.  

 
2. Trend Test: the genes that do not show a monotonical trend with respect to doses are 

identified by trend test for each gene and removed from the analysis.  
 
Filtering is performed by click on the preferred method on the side bar. To run the filtering, time 
points included in the analysis are specified (“All” set as default). When multiple experiments are 
included in the analysis, all time points are included automatically and no less can be selected. P-
value for the analysis can be specified between nominal and FDR corrected, and the p-value 
threshold can be set from the drop menu. Furthermore, the number of cores used for the analysis 
can be selected. 
 

 

 

 
 

Once the gene filtering step has been run, the results are displayed in the Filtering tab. In particular, 
a table with the ANOVA/Trend Test p-value for every gene will be displayed for every time point 
in each experiment separately. The experiment under inspection can be changed from Experiment 
drop menu and the specific time point for which data is shown can be changed from the drop menu 
Time Points. Furthermore, a pie chart will show the percentage of genes surviving the filtering test 
for each time point. The results of the filtering test can be downloaded as one Excel file with 
multiple sheets, one for every time point at each experiment by clicking Download. 
 



 9 

 

Model fitting and BMD computation 

Parameter Selection 
Clicking on Compute BMD on the side panel launches a graphical window for the selection of 
parameters and models for BMD analysis. The user selects the models to be fitted, the response 
level, the lack-of-fit p-value threshold and an upper and lower limit for the estimation of the 
minimum and maximum BMD allowed with respect to minimum and maximum doses. Moreover, 
an assumption of constant variance must be specified (see below).  

BMD value filtering based on the doses 
The two parameters lowest/highest dose filter are used to discard models where the predicted BMD 
value is x% lower than the lowest dose (lowest dose filter) or x% higher than the highest dose 
(highest dose filter). If 0 is selected, the exact minimum and maximum doses are used as limits. 
The value of x is selected from the drop menu for each parameter. 

BMRF selection 
As a default, the BMRF is set to 1.349. As described in Thomas et al. (2007), a BMR factor of 
1.349 is the amount required to shift the mean transcriptional response of the control distribution 
such that the treated distribution contains 11% in a single tail, i.e., a 10% increase over the assume 
background rate of response. The 10% value for the shift in the tail area of the distribution is 
standard for BMD analysis. 
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Assumption of constant variance model 
 
If the tool is ran under the assumption of constant variance model, the BMRF is multiplied by the 
standard deviation of all the dose groups. Otherwise, the BMRF is multiplied by the standard 
deviation of the controls. (NTP, 2018) 

Model selection 
For each gene, a list of models is computed and, for each fitting, a lack-of-fit p-value is provided. 
Models with non-statistically relevant fitting (lack-of-fit p-value < 0.1) and predicted BMD value 
outside the selected range are removed from the analyses. The optimal model is identified as the 
one with the minimum Akaike Information Criterion (AIC) value. 
 
Select the BMD analysis setting section allows for the selection of models to be used for the 
analysis. The models can be selected from predefined sets (All, Regulatory, Degree of Freedom, 
Custom) or selected manually. Regulatory contains models used by the regulatory agencies, 
Degree of Freedom includes models with a degree of freedom smaller than 𝑛" − 1, where 𝑛" is 
the number of doses, while Custom allows for manual selection by clicking the models one at a 
time. Moreover, in the lower part of the compute BMD Value window, the user will find a 
description of the models available in the tool. Model descriptions can also be found on page 26 
of this file.  
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Descriptions of the models are viewed by clicking the name of the model.  

Click on the box to 
select and deselect a 
model 
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Results investigation 
The results of the BMD analysis for each experiment can be explored on the BMD tab one time 
point at a time or different aspects of the results between time points can be visualised under 
Compare TP tab. Additionally, an UpSet plot representing the intersections between different 
doses and experiment can be visualised under Compare Experiments tab. The experiment under 
inspection can be changed from the Experiment drop menu.  
 
On a gene level, BMD, BMDL and BMDU are calculated, as well as the IC50/EC50 value. The 
table also shows whether the expression of the gene is increasing or decreasing with dose, the 
optimal model and the lack-of-fit p-value of that model. Results can be downloaded as a single 
excel file with one sheet for each time point at each experiment by clicking Download.  
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Fit of the model  
The fitting of the model can be visualised below the table by clicking on the row of the gene. 
Calculated values are shown in the figure with specific colours: red indicates the value for the 
BMDL, blue for BMD while black marks the BMDU value. IC50/EC50 is marked with black. 
 

 

Comparing results between time points 
When multiple time points are included in the analysis, the results between them can be visualised 
on the Compare TP tab. BMDx allows for the visualisation of the density of the BMD values (A) 
as well the lack-of-fit p-values (B). The BMD values obtained at each time point with each of the 
optimal models are plotted (C), the proportion of the models at each time point are visualised (D). 
The number of dose-dependent genes at each time point are shown as bar plots for easy comparison 
(E), and finally, a Venn diagram of the responsive genes is shown and the gene lists at all of the 
intersections can be explored (F). Plots C, D, and F are interactive, and the plotted features can be 
deselected and selected by clicking the feature (e.g. the gene names in the lower part of the plot 
F). 
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Compare Experiments 
An UpSet plot can be viewed to represent the intersecting genes between time points and 
experiments. 
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Functional Enrichment 
Finally, the results of the BMD analysis can be explored in the form of a pathway enrichment 
analysis by launching a graphical window by clicking on Enrichment on the side panel. For 
detailed information on the enrichment tool, please refer to Scala et al. (2019). 
 

 

Enrichment parameters 
The enrichment analysis supports human, mouse and rat genes expressed in official gene symbols 
or Ensemble or Entrez gene IDs. The right parameters are selected from the options provided in 
the first part of the graphical window (1. Input gene lists).  
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Functional annotation can be selected between KEGG and Reactome Pathways or GO terms. For 
GO terms, specify BP for Biological Pathways, CC for Cellular Components or MF Molecular 
Functions. P-value threshold for the enrichment is selected from the drop menu and the correction 
method for the p-value can be selected from several methods (gSCS, FDR, Bonferroni).  

 
 
In the bottom of the window, the user can specify the display parameters used for the plotting of 
the enrichment map. Aggregation function (min, max, mean, median) specifies the function to be 
used when all the genes annotated to the same pathway are aggregated, while Plot modification 
specifies whether the enrichment map is plotted in chromatic scale or in one colour. Choose values 
type determines if the values plotted in the map are the p-values of the enrichment, the genes 
modifications (i.e. the BMD value) or a combination of the two.  
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To run the enrichment with selected parameters, Run Enrichment is clicked. If the user wants to 
change the parameters or enrichment type later, the window is launched again from the side panel. 

 
 
 
The input for the enrichment tool can be downloaded by clicking the download button on the 
bottom of the graphical window. The file contains multiple sheets, each representing the genes 
and their BMD values at each time point of the included experiments.  

 
 

Enrichment results 
After running the enrichment, the results can be explored on the Enrichment tab. Before visualizing 
the map, the user must specify the hierarchy level on which the results are shown and click on Plot 
Map to open the following view.  
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Heatmap 
The enrichment heatmap shows each time point in each experiment as a separate column. Pathways 
are shown in the rows, and coloured boxes indicate enrichment of the pathway at the specific 
condition. When plotted values are shown in chromatic scale, the colour of the box changes 
according to the value. For example, in the figure below, the colour indicates the mean BMD value 
of the genes contributing to the enrichment of the pathway, showing the difference in the BMD 
values between the two experiments. 
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Cluster Bubble Plot 
The functional enrichment can be visualised in the form of a bubble plot. Slots consisting of each 
time point in each experiment show bubbles characterising the size of the enrichment. The bigger 
the bubble, the more terms are included in that category. 

 

Mean BMD for Time Point 
The mean BMD values for each time point are shown as stacked bar plots for each experiment 
separately. 

 

 
  



 24 

Gene BMD in Pathway 
Gene BMD in a Pathway tab shows all pathways with their enrichment p-values. Selecting a row 
of the table plots a graph under the table with all the genes in the pathway, their BMD values as 
well as the lower and upper confidence bound BMD. Note! Deselect the row before selecting the 
next row to only include the genes in the desired pathway. 
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Pathways Table 
The genes mapped to each term are shown as a table in Pathways table tab. Time point for which 
data is shown can be changed from the time point drop menu. The tables can be downloaded as a 
single Excel file by clicking download.  
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Heatmap Genes 
Finally, the genes in different pathways can be explored in the form of a heatmap. The drop menus 
allow for the specification of the hierarchy level, the terms belonging to that level and specification 
of values shown on the heatmap. The heatmap then shows the genes mapped to the selected term 
on rows with the experiments and time points as columns, and coloured boxes indicating the value 
specified in the Show values drop menu. 
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Model descriptions 
The models available for the evaluation of the BMD are: 
 
Linear Model:  

𝑓(𝑑𝑜𝑠𝑒) 	= 	𝛽/ +	𝛽1	𝑑𝑜𝑠𝑒 
 
Polynomial model:  

𝑓(𝑑𝑜𝑠𝑒) 	= 	𝛽/ 	+	𝛽1𝑑𝑜𝑠𝑒	 +	𝛽2𝑑𝑜𝑠𝑒2 	+	…	+	𝛽4𝑑𝑜𝑠𝑒4 
Here n is the degree of the polynomial. The user can choose between 𝑛	 = 2, 3 

 
Power model:  

𝑓(𝑑𝑜𝑠𝑒) 	= 	𝛽/	 +	(𝑑𝑜𝑠𝑒)8                                                                 
The user can choose between 𝛿 = 	2,3,4 

 
Exponential model:  
 𝑓(𝑑𝑜𝑠𝑒) 	= 	𝛽/ + 𝑒𝑥𝑝𝑟(𝑑𝑜𝑠𝑒) 
 
Hill model: 
 𝑓(𝑑𝑜𝑠𝑒) 	= 	𝛽/ +

">?@A

B"	C	">?@A
 

            The user can choose between 𝑛	 = 	0.5, 1,2,3,4,5, while 𝐾𝑑 = 10 
 
Asymptotic regression model:  
 𝑓(𝑑𝑜𝑠𝑒) 	= 	𝑐	 +	(𝑑 − 𝑐) 	× (1 − 𝑒𝑥𝑝𝑟(−𝑑𝑜𝑠𝑒/𝑒)) 

The parameter c is the lower limit (at x=0), the parameter d is the upper limit and the 
parameter e>0 is determining the steepness of the increase of dose.  
The AR.3 model is the one depending from c, d and e parameters. The AR.2 model 
depends only on d and e parameters, while c is set to zero 

 
Michaelis-Menten Model:  

The model is defined by the three-parameter model (MM.3) function 
𝑓(𝑑𝑜𝑠𝑒, (𝑐, 𝑑, 𝑒)) 	= 	𝑐	 +	 "KL

1C(@/">?@)
 

It is increasing as a function of the dose, attaining the lower limit at dose 0 (x=0) and the 
upper limit d for infinitely large doses.  The parameter e corresponds to the dose yielding 
a response halfway between c and d.  
The common two-parameter Michaelis-Menten model (MM.2) is obtained by setting c 
equal to 0. 
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