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Abstract

This article describes a range of high-dimensional data visualization strategies that

we have explored for their ability to complement machine learning algorithm predic-

tions derived from MultiFlow® assay results. For this exercise, we focused on seven

biomarker responses resulting from the exposure of TK6 cells to each of 126 diverse

chemicals over a range of concentrations. Obviously, challenges associated with visu-

alizing seven biomarker responses were further complicated whenever there was a

desire to represent the entire 126 chemical data set as opposed to results from a

single chemical. Scatter plots, spider plots, parallel coordinate plots, hierarchical clus-

tering, principal component analysis, toxicological prioritization index, multidimen-

sional scaling, t-distributed stochastic neighbor embedding, and uniform manifold

approximation and projection are each considered in turn. Our report provides a

comparative analysis of these techniques. In an era where multiplexed assays and

machine learning algorithms are becoming the norm, stakeholders should find some

of these visualization strategies useful for efficiently and effectively interpreting their

high-dimensional data.

K E YWORD S

dimensionality reduction, hierarchical clustering, multidimensional scaling, parallel coordinate
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1 | INTRODUCTION

The field of toxicology has embraced multiplexed biomarker assays

and the integration of numerous data streams in order to more holisti-

cally study deleterious consequences of chemical exposures. Inter-

ested readers are directed to recent reviews by Krewski et al. (2022)

and Pognan et al. (2023). With the discipline of genetic toxicology

working toward providing more detailed information, for example

about test substances’ predominant genotoxic mode of action or

mechanism, high-information content genotoxicity assays have prolif-

erated (Bryce et al., 2016, 2017, 2018; Chapman et al., 2021; Corton

et al., 2018; Hall et al., 2022; Hendriks et al., 2012; Salk &

Kennedy, 2020; Sun et al., 2022; Wilson et al., 2021).

Challenges associated with the interpretation of increasingly com-

plex data sets have naturally led to the use of machine learning

(ML) models, at times even model ensembles (Bryce et al., 2016; Buick
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et al., 2020, 2021, 2022; Dertinger et al., 2019; Fortin et al., 2023;

Thienpont et al., 2023; Wilson et al., 2021). The generation of

predictive models, especially those that prove highly applicable to pre-

viously untested chemicals, certainly represents an efficient way to

process large volumes of data. Yet to varying degrees, some stake-

holders view ML-based predictions with suspicion. One common

refrain is that the underlying algorithms are challenging to understand,

and this resemblance to a “black box” does not advance their trust.

For this and other reasons, we have been actively exploring data visu-

alization techniques that complement ML model(s) by helping explain

and contextualize underlying data structure.

As noted by Tufte (2001) “…of all methods for analyzing and com-

municating statistical information, well-designed data graphics are usually

the simplest and at the same time the most powerful.” When done well,

graphics enhance interpretability, and thereby the depth and breadth of

our understanding of toxicological response profiles. While the benefits

of informative visualizations are considerable, non-trivial obstacles can

exist, for instance, datasets that exhibit high dimensionality.

This report describes our experiences with a variety of data visu-

alization strategies that were evaluated for their ability to aid in the

interpretation of a modestly high-dimensional dataset. Specifically, we

describe our work with seven biomarker/time point combinations

resulting from a flow cytometry-based assay known as MultiFlow®

(Bryce et al., 2016, 2017, 2018). Each of nine tools were considered in

turn: scatter plots, spider plots, parallel coordinate plots, hierarchical

clustering, principal component analysis (PCA), toxicological prioritiza-

tion index (ToxPi), multidimensional scaling, t-distributed stochastic

neighbor embedding (t-SNE), and uniform manifold approximation

and projection (UMAP). Beyond portraying results for each of seven

biomarker/time point combinations, we increased the complexity of

the visualizations by simultaneously evaluating response profiles for

126 diverse chemicals (scatter and spider plots excepted). By examin-

ing and contrasting these nine tools, we hope to provide researchers

and other stakeholders with a better understanding of the strengths

and limitations of each approach.

While strengths and limitations are discussed, it will become appar-

ent from the analyses that follow that there is no “best” or “worst” visu-
alization tool. Rather, each has merit, depending on the intention. We

anticipate that colleagues who may be unfamiliar with some of these

approaches will gain a better understanding of how and when to apply

these visualization tools to their datasets of interest.

2 | MATERIALS AND METHODS

2.1 | Chemicals, cells, culture conditions

The identity and source of 126 test chemicals can be found in

Table 1. Of these 126 chemicals, 123 were previously tested, and cita-

tions to the original reports are provided. Regardless of the source of

the data, we have created two Supplemental Microsoft Excel files

(no. 1 and 2) that includes all the data used for the analyzes that fol-

low, with biomarker results provided both as fold-change values on an

individual concentration basis, as well as area-under-the-curve (AUC)

values. As described in more detail below, these AUC values do not

include overly-cytotoxic concentrations. Table 1 and Supplemental

Files 1 and 2 also include our a priori classifications regarding predomi-

nant in vitro mammalian cell cytogenetic damage activity: clastogen,

non-genotoxicant, or aneugen. In the case of aneugens, Table 1 also

includes information about presumptive mechanism, i.e., tubulin

binder (TB), or aurora kinase inhibitor phenotype (AKIP).

All experiments were performed with TK6 cells from ATCC (cat.

no. CRL-8015). Details about growth medium and other general cul-

ture conditions can be found within the original reports (Avlasevich

et al., 2021; Bryce et al., 2016, 2017, 2018; Dertinger et al., 2019;

Wheeldon et al., 2020).

2.2 | Cell treatments

Details about exposure of TK6 cells to test chemicals can be found

with the original reports (Avlasevich et al., 2021; Bryce et al., 2016,

2017, 2018; Dertinger et al., 2019; Wheeldon et al., 2020). Briefly,

treatments occurred in 96 well plates, most often using DMSO as the

solvent, delivered from 100x stock solutions (exceptions to DMSO

are indicated in Table 1) Unless limited by solubility or precipitate, the

highest concentration tested was 1 mM, with up to 19 additional/

lower concentrations. In most cases, a square root 2 dilution scheme

was used—that is, each concentration differed from the next higher

by a factor of 70.71%. For the vast majority of these experiments,

each concentration was tested in a single well, whereas solvent was

evaluated in at least four replicate wells. Upon addition of test chemi-

cal, the plates were incubated at 37�C for 4 and 24 h.

2.3 | MultiFlow DNA damage assay: cell
processing and flow cytometric analysis

Details about executing MultiFlow assays can be found with the origi-

nal reports (Avlasevich et al., 2021; Bryce et al., 2016, 2017, 2018;

Dertinger et al., 2019; Wheeldon et al., 2020). Briefly, cells were pre-

pared for analysis using reagents and instructions included in the Mul-

tiFlow® DNA Damage Kit—p53, γH2AX, Phospho-Histone H3 (Litron

Laboratories, Rochester, NY). At 4 and 24 h sampling times, cells were

combined with the MultiFlow reagent solution in wells of 96 well

plates. Flow cytometric analysis was carried out using either a FACS-

Canto™ II flow cytometer equipped with a BD™ High Throughput

Sampler or a Miltenyi Biotec MACSQuant® Analyzer 10 flow cyt-

ometer with integrated 96-well MiniSampler device.

2.4 | MultiFlow DNA damage assay: Data
pre-processing

Data analyses and visualizations described herein were restricted to

those concentrations that did not exceed the MultiFlow assay's
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established cytotoxicity limit, that is, the top concentration of each

chemical had to exhibit ≤80% reduction to relative nuclei count at the

24 h time point. Additionally, only two concentrations within the

cytotoxicity range 70%–80% were acceptable (Dertinger et al., 2019).

Details about measuring biomarker responses at 4 and 24 h

can be found with the original reports (Avlasevich et al., 2021;

Bryce et al., 2016, 2017, 2018; Dertinger et al., 2019; Wheeldon

et al., 2020). Briefly, γH2AX and p53 results were derived from

median fluorescence intensity measurements, whereas p-H3 and

polyploidy results were based on their frequency among all nuclei.

The various biomarker data were normalized by taking individual well

measurements and deriving fold-change values relative to the plate-

specific solvent control mean value. Note that given the large fold-

change polyploidy values induced by some aneugens at the 24 h time

point, polyploidy fold-change values were square root transformed.

For the largest experiments, one that considered 20 concentrations,

4 solvent control wells, and 7 biomarker/time point combinations per

chemical, the resulting data set comprised 168 fold-change values. Thus,

for the majority of the visualization strategies described below, we utilized

a previously described data reduction strategy (Dertinger et al., 2019).

Briefly, one AUC value was calculated for each biomarker/time point

combination, thereby reducing each chemical's response profile to 7 data

points. As explained in greater detail in the original report, the AUC calcu-

lations employed unity-based normalization, that is, each test article's con-

centration range was scaled to 0–1. Also, a baseline adjustment was

made by subtracting 1 from every fold-change value before AUC calcula-

tions were made in order to set the no effect value to zero.

2.5 | Scatter plots

Scatter plots were created in JMP® Pro for Mac (v17.2.0). These

graphs plot biomarker responses against test article concentration for

each of three exemplar genotoxicants. Each test article generated a

series of seven plots, one for each biomarker/time point combination.

The X axes show μM test article concentrations that have been log10

transformed. The Y axes corresponds to biomarker fold-change values

relative to concurrent mean solvent control. Average values for each

concentration are represented by individual points, and a smooth line

was fit to these points using the settings: Method = spline; Lambda =

default.

2.6 | Spider plots

Spider plots were created in Excel for Mac (v16.77.1). These graphs

plot biomarker responses against test article concentration for each of

three exemplar genotoxicants. Each spider plot portrays the responses

of 7 biomarker/time point combinations as fold-change values. For

these graphs, each test article concentration is illustrated by a distinct

continuous line that encircles the plot. Each spoke of the spider plot

corresponds to a specific biomarker, and the degree to which the lines

project away from the origin signifies the magnitude of the response.

As noted by the figure legends, each colored line represents a differ-

ent test article concentration.

2.7 | Parallel coordinate plots

Parallel coordinates plots are used to represent multidimensional

data on a two-dimensional plane. Parallel plots were originally

described by Inselberg (1985), and later by Wegman (1990). Parallel

plots draw connected line segments that represent each row in a

data table. We generated parallel plots in JMP for Mac (v17.2.0) to

visualize AUC values for seven biomarker responses and each of

126 test articles. The test articles were grouped according to a

priori predominant modes of action as described in Table 1. In this

manner, parallel plots were used to provide a concise representa-

tion of the biomarker response profiles for each of the predefined

categorical groups.

2.8 | Hierarchical clustering

Hierarchical clustering is a method used to group similar data points

into nested clusters based on their pairwise similarities (Everitt, 1974;

Hartigan, 1975). The process begins by treating each data point as a

separate cluster and iteratively merging clusters (using a linkage

method) to form a hierarchical tree-like structure, known as a dendro-

gram. The resulting dendrogram visually represents the relationships

and hierarchy among clusters, allowing for the identification of both

fine-grained and coarse-grained structures within the data. For the

current exercise, JMP Pro for Mac (v17.2.0) hierarchical clustering

platform was used to visualize AUC values of seven biomarker

responses for each of 126 test articles. The dendrograms presented

herein position AUC data horizontally, chemical names vertically. Soft-

ware clustering settings were as follows: Clustering Method = hierar-

chical; Method for Calculating Distances Between Clusters =

complete (linkage method); Data as Usual = standardize data; Data

Visualization = dendrogram, with two-way clustering. The two-way

clustering option was chosen in order to supplement the dendrogram

with a color-coded heat map. Note that we color-coded the three a

priori MoA categories as follows: clastogens = red; non-genotoxicants

= green; aneugens = blue.

2.9 | PCA

Principal Component Analysis (PCA), originally described by Pearson

at the turn of the 20th century, is a linear dimensionality reduction

method employed to transform high-dimensional data into a lower-

dimensional representation (Pearson, 1901). The primary objective is

to capture the most significant variations in the data by generating

new variables, known as "principal components" (PCs), through

weighted combinations of the original features. PCA utilizes orthogo-

nal axes, representing the directions of maximum variance in the
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original data. The first PC captures the most variance, followed by

subsequent components arranged in descending order.

PCA was executed with JMP Pro for Mac (v17.2.0), and was

based on 126 test articles that each provided 7 AUC values, one per

biomarker. Default JMP PCA settings were used: Standardized =

standardized; Method Family = default; Eigenvalues = shown. The

PCs were graphed in 2D space, both PC1 vs. PC2 and PC1 vs. PC3.

Thus, each point on a plot represents an individual chemical's PCs

scores, and the distance between points indicates the degree of simi-

larity, in this case, between biomarker responses. Note that we color-

coded the three a priori MoA categories as follows: clastogens = red;

non-genotoxicants = green; aneugens = blue.

2.10 | ToxPi analyses

The Toxicological Prioritization Index (ToxPi™) has been described in

detail by Marvel et al. (2018). ToxPi analyses presented herein were

conducted with a JavaScript available at www.ToxPi.org. For this

exercise, we formatted each ToxPi profile to represent a unique

chemical, where each profile consists of 7 slices—one per biomarker.

The projection length of each slice represents a particular biomarker's

AUC value, thereby conveying the responsiveness of the biomarker to

the chemical treatment. (Note that as described above, all AUC values

were baseline adjusted, �1. Since ToxPi does not allow for negative

values, +1 was added back.) Besides presenting ToxPi profiles for

each of three exemplar genotoxicants, we also utilized a ToxPi hierar-

chical clustering algorithm to generate a circular dendrogram that

includes all 126 test chemicals. This was accomplished with the fol-

lowing settings: Clustering Method = ward.D2; Layout Options = cir-

cle; Background Color = white; Number of Clusters = 1. Also note

that each of the seven ToxPi slices used the default arc width setting,

that is, equal width, meaning no adjustments were made to biomarker

weightings.

2.11 | Multidimensional scaling

Multidimensional scaling (MDS) is a widely used technique that trans-

forms high-dimensional data into a lower-dimensional representation

(Borg & Groenen, 2005). Through MDS algorithms, each chemical is

positioned within this lower-dimensional representation, with the

objective to preserve inter-chemical distances to the greatest extent

possible. When considering classical scaling and Euclidean distances,

MDS and PCA are equivalent. MDS's popularity is driven in part by

high-dimensionality biomedical applications such analysis of single-cell

RNA sequencing data (Chen et al., 2019). For our exercise, MDS was

conducted with a data set comprised of 126 chemicals, with 7 bio-

marker response values (AUC) each. Each resulting point in the MDS

plot represents a unique chemical, and the proximity of points indi-

cates the similarity of their biomarker response profiles. We per-

formed these analyses with JMP Pro for Mac (v17.2.0), with default

MDS settings: Data Format = auto; Transformation = none; Set

Dimensions = 2. The MDS plot is accompanied by a Shepard diagram.

The Shepard diagram plots actual proximities versus the predicted

proximities. The plot indicates how well the MDS plot reflects the

actual proximities. Ideally, the points fall on the Y = X line, which is

shown in red. Note that for these analyses we color-coded the three a

priori MoA categories as follows: clastogens = red; non-genotoxicants

= green; aneugens = blue.

2.12 | t-SNE

t-SNE is a non-linear dimensionality reduction method used to trans-

form high-dimensional data into a two-dimensional map. It focuses on

local pairwise similarities between data points, making it easier to

optimize compared to its predecessor, Stochastic Neighbor Embed-

ding (van der Maaten & Hinton, 2008). t-SNE generates superior visu-

alizations by reducing the clustering of points in the center of the

map. It excels in revealing structures at various scales, making it espe-

cially valuable for high-dimensional data with multiple related low-

dimensional representations. Although computationally intensive,

t-SNE is widely used for visualizing complex datasets, making it valu-

able in applications where preserving local relationships is important.

For this exercise, t-SNE was performed with 126 chemicals that each

contributed 7 biomarker response (AUC) values. Each resulting point

in the t-SNE plot represents a unique chemical, and the proximity of

points indicates the similarity of their biomarker response profiles.

The following JMP Pro for Mac (v17.2.0) t-SNE settings were used:

Output Dimensions = 2; Random Seed = 123 (Standardize; Missing

Value Imputation); Perplexity = 30; Maximum Iterations = 1000, Ini-

tial Scale = 0.0001; Convergence Criterion = 0.0001; Eta = 200;

Inflate Iterations = 250; Initial Principal Component Dimensions = 50

(Sparse). Note that for these analyses we color-coded the three a

priori MoA categories as follows: clastogens = red; non-genotoxicants

= green; aneugens = blue.

2.13 | Uniform manifold approximation and
projection

Uniform Manifold Approximation and Projection (UMAP) is a non-

linear dimensionality reduction technique that efficiently captures

both local and global structures in high-dimensional data (McInnes &

Healy, 2018). UMAP aims to create a low-dimensional representation

where similar points are modeled as nearby and others are pushed

apart. UMAP's ability to preserve both local and global relationships

contributes to its popularity in tasks such as clustering, visualization,

and exploration of complex data sets while maintaining computational

efficiency. For this exercise, UMAP was conducted with 126 chemicals

that each contributed 7 AUC values, one for each biomarker. Each

resulting point in the UMAP plot represents a unique chemical, and

the proximity of points indicates the similarity of their biomarker

response profiles. We performed these analyses with JMP Pro for

Mac (v17.2.0), using the following settings: Output Dimensions = 2;
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Random Seed = 123 (Standardize; Missing Value Imputation); Num-

ber of Neighbors = 15; Number of Epochs = 500; Learning Rate = 1;

Minimum Distance = 0.01; Local Connectivity = 1; a, b = 0, 0; Nega-

tive Sample Rate = 5; Batch Mode if N Greater Than = 4096; Nearest

Neighbor Method = Default; Distance Matrix = Euclidean; Gradient

Descent Method = SGD. Note that for these analyses we color-coded

the three a priori MoA categories as follows: clastogens = red; non-

genotoxicants = green; aneugens = blue.

3 | RESULTS AND DISCUSSION

3.1 | Scatter plots

Scatter plots for mitomycin C, vinblastine, and VX-680 (i.e., clastogen,

TB-type aneugen, and AKIP-type aneugen, respectively) are provided

in Figure 1. This widely encountered graph format excels at displaying

biomarker response data against test article concentration. Given

F IGURE 1 Scatter plots of TK6 cell-based MultiFlow biomarker data for each of 7 biomarker/time point combinations. The Y-axis shows
biomarker responses as fold-change values versus solvent control, and the X-axis represents test article concentration (μM). The left panels
correspond to mitomycin C treatment, and show a prototypical clastogenic response pattern whereby γH2AX and p53 are elevated at both time
points, phopho-histone-H3 (p-H3) positive cells are reduced, and there is little to no polyploidization (Poly). The middle panels correspond to
vinblastine treatment, and show a prototypical tubulin binder-type aneugenic response pattern whereby γH2AX shows little to no effect, p-H3 is
elevated at both time points, and p53 and polyploidy are elevated at the later time point only. The right panels correspond to VX-680 treatment,
and show a prototypical aneugenic response pattern associated with the aurora kinase inhibitor phenotype whereby γH2AX shows little to no
effect, p-H3 is strongly reduced, and p53 and polyploidy are elevated at the later time point only. Concentrations have been log10 transformed,
and Poly fold-change values have been square root 2 transformed.
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people's familiarity with scatter plots, the data points and fitted lines

are readily interpretable to a wide range of audiences. Since test arti-

cle concentration appears on these X-axes, at least to a certain extent,

the graphs convey information regarding genotoxic potency. Also, the

side-by-side presentation used here helps highlight some important

biomarker response differences observed for these chemicals. That

being said, this depiction does not, in and of itself, convey the degree

to which these biomarker data represent prototypical clastogen, TB-

type aneugen, and AKIP-type responses, or whether they are excep-

tional in some respect(s). Thus, scatter plots as utilized here are quite

effective at providing a granular view of one or even several particular

chemicals’ dose response profiles, but they do not represent an eco-

nomical approach for contextualizing results across greater chemical

space. The inefficiencies of this graphing choice are obvious when

one considers the volume of space needed to show 7 biomarker

responses for a mere three chemicals.

3.2 | Spider plots

Figure 2 shows MultiFlow fold-change data associated for the same

three genotoxicants that were presented in Figure 1, this time as spi-

der plots. These depictions are more efficient than scatter plots, in the

sense that a collection of 21 plots have been condensed to 3. By plot-

ting several colored lines that each correspond to a different test arti-

cle concentration, dose response relationships are conveyed. That

being said, the dose-response relationships are less intuitively pre-

sented relative to scatter plots. Arguably the greatest strength of

F IGURE 2 Spider plots show seven biomarker response profiles for three genotoxicants, the clastogen mitomycin C, the tubulin binder-type
aneugen vinblastine, and aurora kinase inhibitor phenotype-type aneugen VX-680. The biomarker response data are fold-increase values, and as
specified at the right of these plots, each chemical concentration appears as a different colored line. Regarding the position of individual
biomarkers around the perimeter of the plot: 24 h p53, a pan-genotoxic biomarker, is positioned at 12 o'clock, whereas the biomarkers arranged
on the right side of the graph are responsive to clastogens and those arranged on the left are responsive to aneugens.
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these spider plots is the ease by which comparative analyses can be

performed across graphs that have been positioned side-by-side.

Indeed, we reinforced this feature through the careful attention given

to the placement of biomarkers around the graphs' perimeters. More

specifically, the pan-genotoxicant biomarker 24 h p53 is positioned at

12 o'clock, clastogen-responsive biomarkers appear on the right-hand

side, and aneugen-responsive biomarkers are positioned on the left. In

this way, the mitomycin C spider plot is observed to be right leaning,

whereas the aneugens' spider plots lean left.

Thus, for this use case, we find that spider plots are more efficient

and effective at conveying MultiFlow's MoA information relative to

analogous scatter plots. However, even given a 7-fold reduction to the

number of graphs, whenever there is a desire to efficiently compare

and contrast very large numbers of chemical response profiles, spider

plots will usually not be the most practical visualization approach.

3.3 | Parallel coordinate plots

Parallel coordinate plots (Figure 3) display seven biomarker responses

for all the chemicals listed in Table 1. In this depiction, each line

represents a unique chemical's response profile, with the four panels

grouping chemicals into a priori genotoxic MoA categories: clastogens,

TB-type aneugens, AKIP-type aneugens, and non-genotoxicants. The

economy by which the information is conveyed stems in part from

the data reduction step whereby each of the seven biomarker

responses were converted to an AUC value. This transformation sim-

plified the dose response relationships, with a consequential loss of

information. For instance, since these are concentration-normalized

AUC values, the profiles really only convey information about bio-

marker responsiveness. A desire for insights regarding genotoxic

potency would require different analyses that have not eliminated

chemical concentration information. Perhaps the chief positive attri-

bute of normalized AUC values in conjunction with parallel plots is

that they represent a highly efficient approach for conveying overall

biomarker response patterns across different groups. In this particular

case, the plots effectively highlight biomarker signature differences

for four modes of action, and the number of chemicals in each group

provide insights as to the degree to which generalities can be made.

Parallel plots therefore represent another useful aid to those faced

with ML model predictions and/or other data analysis outputs that

may be challenging to understand without visual cues.

3.4 | Hierarchical clustering

A two-way hierarchical clustering map (with heatmap) is presented in

Figure 4. As with parallel plots, this representation considers seven

biomarker responses for all 126 chemicals. The economy by which

this many results are provided also benefitted from the data reduction

step whereby individual biomarker dose responses were converted

into AUC values. With this simple transformation, colors and their

intensities intuitively convey information about biomarker responsive-

ness. Of course, details around the shape of dose response relation-

ships are lost, as well as information regarding genotoxic potency. On

the other hand, important benefits are realized, perhaps most impor-

tantly, clusters corresponding to genotoxic MoA become evident. This

is apparent from the dendrogram, the hierarchical tree-like structure

shown to the right side of Figure 4. Among the interesting findings is

that in addition to distinguishing between clastogenic and aneugenic

chemicals, the dendrogram also makes it clear that two subclasses of

aneugens are discernable—TB versus AKPI. Thus, as with parallel

F IGURE 3 Parallel coordinates plots display seven biomarker
responses for 126 chemicals. Each line represents a unique chemical's
response profile in the form of an AUC value. Notice that the
chemicals were subdivided into four panels that correspond to
presumed mode of action categories: clastogens (red), tubulin
(TB) type aneugens (blue), aurora kinase inhibitor phenotype (AKIP)
aneugens (blue), and non-genotoxicants (green).

168 DERTINGER ET AL.

 10982280, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/em

.22604 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [10/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



F IGURE 4 Hierarchical clustering results are shown for 7 biomarker responses and 126 chemicals. Note that these analyses are based on
biomarker AUC values. Whereas chemicals are arranged along the vertical axis, the horizontal dendrogram illustrates the hierarchical clustering of
chemicals based on similarities in their biomarker response profiles. Warm colors indicate higher AUC values, while cooler colors indicate lower
AUC values. The bottom-most graph shows the horizontal distance between joint points. Note that the chemicals were color-coded according to
their a priori mode of action category: clastogens (red), aneugens (blue), and non-genotoxicants (green).
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F IGURE 5 Principal components analysis plots are shown for 7 biomarker responses and 126 chemicals. The second principal component is
graphed against the first principal component, and the third principal component is graphed against the first principal component. The percentage
of the variance captured by each component are displayed in brackets on the x and y axis. The scatter plots are also accompanied by the biplots
to visualize the coefficients or loadings of the eigenvectors for each of the biomarkers. The eigenvalues for the seven eigenvectors are displayed
with the associated percentage of variance at the bottom of the figure. Note that the chemicals were color-coded according to their a priori mode
of action category: clastogens (red), aneugens (blue), and non-genotoxicants (green).
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plots, hierarchical clustering represents a useful tool for contextualiz-

ing high-dimensionality genotoxicity data. That is, for any one chemi-

cal, they efficiently convey how multiple biomarkers responded, and

furthermore how closely the overall signature resembles other tested

chemicals (reference or otherwise).

3.5 | PCA

Figure 5 shows results from PCA and includes two PCs plots: PC2 versus

PC1, and PC3 versus PC1. By definition, these are the two most impor-

tant plots, since the first PC captures the most variance, followed by sub-

sequent components arranged in descending order. Eigenvalues

associated with each PC are provided at the bottom left of Figure 5.

Eigenvalues indicate the amount of variability explained by each PC,

where higher values correspond to more important components. Vari-

ance (%) is also provided as a small horizontal bar chart to the right of

the eigenvalues, and conveys how much of the total variability in the

dataset is explained by each PC. Cumulative variation is also shown.

The position of the points on these PCs plots reflects their degree

of similarity in AUC-based biomarker responses. Recall that for this

analysis, chemicals were color-coded, corresponding to an a priori pre-

dominant MoA. Thus, it is encouraging that the PC2 versus PC1 plot

shows three major groupings—non-genotoxicants near the origin, clas-

togens stretching toward the 10 o'clock position, and aneugens

extending toward 2 o'clock. Interestingly, although the two aneugen

subtypes are not clearly differentiated in this first plot, they are when

PC3 is graphed versus PC1. In this case, the 9 AKPIs are observed to

form a cluster that extends toward 6 o'clock. The reason for this repo-

sitioning/differentiation provides an opportunity to discuss some

important aspects of PCA, below.

In addition to PCs plots, it can be extremely useful to study the

information provided by PCA's loading plots. In Figure 5, two loading

plots are shown to the right of corresponding PC plots. Loading plots

can be interpreted as follows: (i) vectors represent the original vari-

ables in the dataset, (ii) the direction of an arrow indicates the direc-

tion in which the corresponding variable changes the most, (iii) the

length of the arrow represents the importance of the variable in that

direction, and (iv) angles between vectors reflect correlations between

variables, where small angles indicate a high positive correlation, and

large angles indicate a low or negative correlation.

Thus, from the loading plots, we can see that three correlated bio-

markers are responsive to clastogenicity (4 and 24 h γH2AX, and 4 h

p53), three correlated biomarkers are responsive to aneugenicity (4 and

24 h p-H3, and 24 h polyploidy), and one is responsive to both modes of

action (24 h p53). Also, regarding the differentiation of aneugen sub-

types, it is not until a PC that is heavily weighted on polyploidy is plotted

against a PC that is heavily weighted on the p-H3 biomarker that TB and

AKPI are clearly differentiated. This clarifies why PC3 versus PC1, rather

than PC2 versus PC1, differentiates these subtypes. Additionally, regard-

ing weighting, besides using the length of the PCs plots' arrows to assess

weighting of factors, one can also see this from a contribution of vari-

ables plot, bottom right of Figure 5. One final comment about the PC3

versus PC1 plot: one somewhat intermediate blue square can be found

midway between the group of TB and AKPI agents (at approximately the

6,- 3 position). This is carbendazim, a TB whose response profile is domi-

nated by robust polyploidization, a result that is shared by the AKPIs

more so than other TBs. This is an example of PCA analysis representing

a useful device for helping highlight a somewhat unusual/outlier bio-

marker response profile.

PCA is a mature, widely used, highly informative tool for evaluat-

ing high-dimensional datasets. It assumes linear relationships among

factors, and tends to emphasize local data structure at the expense of

global structure. While PCA is a computationally efficient method, its

scalability is limited relative to certain alternative approaches such as

MDS, t-SNE, and UMAP, which are described below.

3.6 | ToxPi

Figure 6 displays three ToxPi profiles, mitomycin C, vinblastine, and

VX-680. As seen in the associated key, clastogen responsive

F IGURE 6 ToxPi profiles are shown for a representative
clastogen (mitomycin C), tubulin binder-type aneugen (vinblastine),
and aurora kinase inhibitor-type aneugen (VX-680). For each slice, the
distance from the origin represents a particular biomarker's AUC value

(larger values = longer protrusions). As shown in the Key, the
clastogen-responsive biomarkers have been colored red and are
arranged near the top; the aneugen-responsive biomarkers have been
colored blue and are arranged near the bottom; and the pan-
genotoxic biomarker 24 h p53 has been colored purple. Given this
arrangement, clastogens tend to exhibit top-heavy profiles, whereas
aneugens are bottom-heavy.
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biomarkers (4 h p53, 4 h γH2AX, and 24 γH2AX) are shaded red,

aneugen responsive biomarkers (4 h p-H3, 24 h p-H3, and 24 h poly-

ploidy) are shaded blue, and the pan-genotoxic biomarker (24 h p53)

is purple. These ToxPi depictions were generated as part of the

126 compound ToxPi analysis, utilizing AUC for each biomarker

response. ToxPi slice projections illustrate biomarker responses rela-

tive to responses in the entire (n = 126) compound set, facilitating

comparative analysis. As seen in Figure 6, mitomycin C's ToxPi profile

shows a clear clastogenic biomarker signature with notable projec-

tions in p-53 and γH2AX. The vinblastine ToxPi profile demonstrates

an aneugenic biomarker profile reflective of TBs (increased p-H3 and

polyploidy). VX-680 also depicts an aneugenic response, but in this

case, one that is reflective of an AKIP profile (decreased p-H3 and

increased polyploidy). These clear depictions provide a

F IGURE 7 ToxPi profiles are shown for 7 biomarker responses and 126 chemicals. The same biomarker arrangement described in Figure 6 is
used here. This image is the result of ToxPi software's hierarchical clustering algorithm, which places like-responding chemicals near each other.
The clustering function shows good overall discrimination of clastogens, two sub-types of aneugens, and non-genotoxicants. Note that the outer
perimeter of image color-codes the chemicals according to their a priori mode of action: clastogens (red circles), aneugens (blue squares), and non-
genotoxicants (green triangles).
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straightforward representation of multiplexed biomarker responses,

while providing visual insight into genotoxic MoA. While biomarker

responses can easily be compared using ToxPi, the use of AUC

removes insights into dose response relationship and therefore geno-

toxic potency.

One advantageous feature of ToxPi software is that it provides

algorithms for hierarchical clustering. In Figure 7, a circular hierarchical

clustering map was generated using ToxPi's ward.D2 algorithm

(n = 126 chemicals). This analysis shows clusters that reflect several

different genotoxic modes of action—clastogens, TB-type aneugens,

AKIP-type aneugens, and non-genotoxicants. Altogether, ToxPi pro-

vides insightful visuals and clustering analysis that can help contextu-

alize multidimensional data sets comprised of large numbers of

chemicals.

3.7 | MDS

Figure 8 provides results from JMP software's MDS platform. For asses-

sing the goodness of fit of the MDS analysis, the stress and R-square

value were calculated and a Shepard plot was generated. Stress quan-

tifies the discrepancy between the original distances or dissimilarities

and those derived from the MDS solution. Lower stress values indicate

better fit. Generally, stress values below 0.1 are excellent, indicating a

strong fit between the observed dissimilarities and the distances in the

MDS solution. Stress values between 0.1 and 0.2 are considered good,

suggesting a reasonable fit but with some discrepancies. Stress values

exceeding 0.2 may indicate a poor fit, suggesting that the MDS solution

does not adequately capture the original dissimilarities (Dexter

et al., 2018; Kruskal, 1964). R-square measures the proportion of vari-

ance explained by the MDS solution and is visually represented using a

Shepard plot. Taken together, the low stress (0.10009) and high R^2

values (0.98009) observed here are indicative of a good fit.

The image on the left is the actual MDS plot, with Dimension

2 graphed against Dimension 1. As with the PCA plots, each dot is a

F IGURE 8 Multidimensional scaling plot displays the two-dimensional representation of the MultiFlow biomarker data for 7 biomarker
responses and 126 chemicals. The horizontal and vertical red lines through the origin helps to identify contrasts with the intension to aid in the
interpretation of each component. The scatterplot is accompanied with the Shepard plot to visualize the goodness of fit of the MDS solution.
Note that the chemicals were color-coded according to their a priori mode of action category: clastogens (red), aneugens (blue), and
non-genotoxicants (green).

F IGURE 9 Scatter plot of the t-SNE solution for 7 biomarker
responses and 126 chemicals. Four clusters are evident, and
correspond to chemicals’ a priori mode of action: clastogens (red), two
aneugen sub-types (blue), and non-genotoxicants (green).
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different chemical, with red, green and blue corresponding to an

a priori mode of action. Whereas non-genotoxicants form a fairly tight

cluster near the origin (0,0), clastogens are observed to fall somewhat

above the non-genotoxicants and extend toward 11 o'clock. Since the

majority of the aneugens appear furthest away relative to the other

MoA groups, one can say that these MDS results suggest that aneu-

gens’ data structure (i.e., biomarker response profiles) exhibit the

greatest dissimilarities. As was observed with PCA, it is apparent that

MDS is also able to resolve differences between aneugen subtypes, as

the AKIP-type agents are the group that extents toward 7 o'clock

while TBs appear to the right.

In summary, MDS is a useful method that constructs a

low-dimensional representation of data by preserving the pairwise

distance between data points as much as possible. While MDS can

be computationally expensive when data sets are large, it is useful

to consider this approach whenever one is interested in striking a

balance between the preservation of local and global data

structure.

3.8 | t-SNE

Unlike PCA, which yields a deterministic final solution, t-SNE exhibits

stochastic behavior when multiple minima exist, potentially leading to

divergent solutions. Consequently, multiple runs may be needed

to investigate the reproducibility of the final result. While t-SNE

adeptly captures local or neighboring observations, its ability to repre-

sent global trends accurately can be limited. Figure 9 displays the

2-dimensional representation generated by t-SNE. From this analysis,

four main clusters emerge: two in the upper left and upper right of

the plot, corresponding to aneugens, one in the lower left,

representing clastogens, and a fourth cluster in the center of the plot

representing non-genotoxicants.

When employing t-SNE, the embedding is directly learned

from the data, lacking an eigenvector or analogous construct

for accommodating new data. In contrast, PCA's eigenvectors

offer a straightforward means of projecting new data. Like MDS,

t-SNE is also computationally expensive when data set are large

and the original implementation of t-SNE had quadratic memory

and runtime O(N^2) thus suffering from the curse of dimensional-

ity. Using the Barnes-Hut t-SNE algorithm improves O(N log N).

Using the R environment, the original or exact t-SNE can be

conducted by setting theta to 0 (speed/accuracy trade-off,

default = 0.5).

3.9 | UMAP

The UMAP algorithm is competitive with t-SNE for visualization qual-

ity, and arguably preserves more of the global structure with superior

run time performance. It is viable as a general-purpose dimension

reduction technique for machine learning as it has no computational

restrictions on embedding dimension. UMAP is not designed for very

small datasets as the optimization choices that are made assumes rea-

sonable dataset size. In practice it is probably best not to use UMAP

on small data sets.

Figure 10 shows the UMAP representation of these data. There

appears to be a continuum of points with a slight slope with clasto-

gens with negative component 2 values on the right moving towards

non-genotoxicants with positive component 1 values. Aneugens

appear in two locations in this plot: one as a cluster of chemicals at

the far-left side of the plot, and a second group adjacent to the non-

genotoxicants with lower component 1 and 2 values. In the literature,

UMAP has shown significant advantages in data reduction and visuali-

zation. For these data the linear approaches such as PCA and MDS

are performing equally as well and that may be due to the relatively

small sample size. Arguably the sample size of these data is on the

lower end of what is recommended in the literature for the application

of this method.

4 | CONCLUSIONS

For the use case considered here—describing the MultiFlow assay's

biomarker response profiles for reference clastogens, aneugens, and

non-genotoxicants—each of the nine visualization techniques had

merit. Some appeared most suited for describing the biomarker signa-

ture of one to several chemicals, especially scatter and spider plots.

On the other hand, the dimensionality reduction techniques (parallel

coordinate plots, hierarchical clustering, PCA, ToxPi, MDS, t-SNE,

UMAP) excelled at highlighting generalizable response patterns for

many test chemicals. For the current data set, rather similar clustering

was observed across these methods for non-genotoxicants, clasto-

gens, and the two aneugen subtypes. These similarities imply that the

F IGURE 10 Scatter plot of the UMAP embeddings for
7 biomarker responses and 126 chemicals. The embeddings are color-
coded, and correspond to chemicals’ a priori mode of action:
clastogens (red), two aneugen sub-types (blue), and non-
genotoxicants (green).
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various reduced dimensionality representations adequately summa-

rized genuine features of the data, and were not artifacts of the spe-

cific techniques used.

Given the increased use of ML approaches in (geno)toxicology

data analysis pipelines (Bryce et al., 2016; Buick et al., 2020, 2021,

2022; Dertinger et al., 2019; Fortin et al., 2023; Thienpont

et al., 2023; Wilson et al., 2021), visualization techniques such as

those described herein will often represent an important compliment

that helps stakeholders interpret and better understand the algo-

rithms’ output. Thus, in the case of MultiFlow assay results, the

visuals help explain why a particular genotoxic MoA classification has

been made.

While we have focused on visualization techniques that help

explain ML model predictions, it is important to recognize that they

offer additional benefits. For instance, they can also help facilitate the

construction and/or optimization of ML models (see Supplemental

File 3). That is, by analyzing the distribution of biomarker responses in

reduced dimensionality space, one can prioritize certain biomarkers

for further investigation or feature selection. Clustering can be useful

for ML model evaluation by comparing clustering of data points in the

reduced space with the ML classifications to assess how well

the model captures the inherent structure of the data. Also, by visual-

izing data points that are far from the main clusters, these techniques

may also be useful for detecting outliers/anomalies. Thus, in the con-

text of a chemical's biomarker response pattern, these dimensionality

reduction techniques can be useful for qualifying a ML model's predic-

tion, even when that prediction has been represented as a high proba-

bility value.

In summary, in an era where multiplexed assays and ML algo-

rithms are becoming the norm, stakeholders should find the visualiza-

tion strategies described here useful for efficiently and effectively

interpreting their high-dimensional data. Furthermore, dimensionality

reduction techniques can offer valuable insights beyond visualization,

as they can be leveraged at various stages of the ML pipeline to

improve the interpretability, performance, and reliability of a classifi-

cation task based on biomarker response profiles.

AUTHOR CONTRIBUTIONS

All authors contributed to the outlining of the manuscript. Statistical

analyses were conducted by EB, YH, SB, AW and SD. SD, AW, EB and

YH provided an initial draft, and all authors contributed to the exten-

sive editing of the manuscript.

ACKNOWLEDGMENTS

This work was funded by a grant from the National Institute of Health/

National Institute of Environmental Health Sciences (NIEHS; grant

no. R44 ES033138). The contents are solely the responsibility of the

authors, and do not necessarily represent the official views of the NIEHS.

CONFLICT OF INTEREST STATEMENT

Several authors are employed by Litron Laboratories. Litron holds pat-

ents for flow cytometry-based analyses describe herein and sells the

MultiFlow DNA Damage Kit—p53, gamma-H2AX, Phospho-Histone

H3 that was used to generate the data described herein. Health

Canada does not endorse or recommend the products or services of

any commercial entity, including Litron Laboratories.

DATA AVAILABILITY STATEMENT

The data that supports the findings of this study are available in the

supplementary material of this article.

ORCID

George E. Johnson https://orcid.org/0000-0001-5643-9942

REFERENCES

Attia, S.M., Aleisa, A.M., Bakheet, S.A., Al-Yahya, A.A., Al-Rejaie, S.S.,

Ashour, A.E. et al. (2009) Molecular cytogenetic evaluation of the

mechanism of micronucleus formation induced by camptothecin, topo-

tecan, and irinotecan. Environmental and Molecular Mutagenesis, 50,

145–151.
Avlasevich, S., Pellegrin, T., Godse, M., Bryce, S., Bemis, J., Bajorski, P.

et al. (2021) Biomarkers of DNA damage response improve in vitro

micronucleus assays by revealing genotoxic mode of action and reduc-

ing the occurrence of irrelevant positive results. Mutagenesis, 36,

407–418.
Aydemir, N. & Bilalo�glu, R. (2003) Genotoxicity of two anticancer drugs,

gemcitabine and topotecan, in mouse bone marrow in vivo. Mutation

Research, 537, 43–51.
Baker, S.J., Cosenza, S.C., Athuluri-Divakar, S., Reddy, M.V.R., Vasquez-Del

Carpio, R., Jain, R. et al. (2020) A contaminant impurity, not rigosertib,

is a tubulin binding agent. Molecular Cell, 79, 180–190.
Basso, E., Fiore, M., Leone, S., Degrassi, F. & Cozzi, R. (2013) Effects of res-

veratrol on topoisomerase II-a activity: induction of micronuclei and

inhibition of chromosome segregation in CHO-K1 cells. Mutagenesis,

28, 243–248.
Bernacki, D.T., Bryce, S.M., Bemis, J.C. & Dertinger, S.D. (2019) Aneugen

molecular mechanism assay: proof-of-concept with 27 reference che-

micals. Toxicological Sciences, 170, 382–393.
Bollag, D.M., McQueney, P.A., Zhu, J., Hensens, O., Koupal, L., Liesch, J.

et al. (1995) Epothilones, a new class of microtubule-stabilizing agents

with a taxol-like mechanisms of action. Cancer Research, 55, 2325–
2333.

Borg, I. & Groenen, P. (2005) Modern multidimensionality scaling: theory and

applications. New York: Springer.

Bryce, S.M., Bernacki, D.T., Bemis, J.C. & Dertinger, S.D. (2016) Genotoxic

mode of action predictions from a multiplexed flow cytometric assay

and a machine learning approach. Environmental and Molecular Muta-

genesis, 57, 171–189.
Bryce, S.M., Bernacki, D.T., Bemis, J.C., Spellman, R.A., Engel, M.E.,

Schuler, M. et al. (2017) Interlaboratory evaluation of a multiplexed

high information content in vitro genotoxicity assay. Environmental

and Molecular Mutagenesis, 58, 146–161.
Bryce, S.M., Bernacki, D.T., Smith-Roe, S.L., Witt, K.L., Bemis, J.C. &

Dertinger, S.D. (2018) Investigating the generalizability of the MultiFlow®

DNA damage assay and several machine learning models with a set of

103 diverse test chemicals. Toxicological Sciences, 162, 146–166.
Buick, J.K., Rowan-Carroll, A., Gagné, R., Williams, A., Chen, R., Li, H.H.

et al. (2022) Integrated genotoxicity testing of three anti-infective

drugs using the TGx-DDI transcriptomic biomarker and high-

throughput CometChip® assay in TK6 cells. Frontiers in Toxicology, 4,

991590.

Buick, J.K., Williams, A., Gagné, R., Swartz, C.D., Recio, L., Ferguson, S.S.

et al. (2020) Flow cytometric micronucleus assay and TGx-DDI tran-

scriptomic biomarker analysis of ten genotoxic and non-genotoxic

chemicals in human HepaRG™ cells. Genes and Environment, 42, 5.

DERTINGER ET AL. 175

 10982280, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/em

.22604 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [10/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0001-5643-9942
https://orcid.org/0000-0001-5643-9942


Buick, J.K., Williams, A., Meier, M.J., Swartz, C.D., Recio, L., Gagné, R. et al.

(2021) A modern genotoxicity testing paradigm: integration of the

high-throughput CometChip® and the TGx-DDI transcriptomic bio-

marker in human HepaRG™ cell cultures. Frontiers in Public Health, 9,

694834.

Camptosar® (Irinotecan) package insert (2014) Pfizer Inc, NY, NY.

Available from: https://www.accessdata.fda.gov/drugsatfda_docs/

label/2014/020571s048lbl.pdf Accessed February 22, 2024.

Carpinelli, P., Ceruti, R., Giorgini, M.L., Cappella, P., Gianellini, L., Croci, V.

et al. (2007) PHA-739358, a potent inhibitor of aurora kinases with a

selective target inhibition profile relevant to cancer. Molecular Cancer

Therapeutics, 6, 3158–3168.
Chapman, K.E., Wile, E.C., Chapman, F.M., Verma, J.R., Shah, U.-K.,

Stannard, L.M. et al. (2021) Multiple-endpoint in vitro carcinogenicity

test in human cell line TK6 distinguishes carcinogens from non-

carcinogens and highlights mechanisms of action. Archives of Toxicol-

ogy, 95, 321–336.
Chen, G., Ning, B. & Shi, T. (2019) Single-cell RNA-seq technologies and

related computational data analysis. Frontiers in Genetics, 10, 317.

Chinnasamy, N., Rafferty, J.A., Hickson, I., Ashby, J., Tinwell, H.,

Margison, G.P. et al. (1997) O6-benzylguanine potentiates the in vivo

toxicity and clastogenicity of temozolomide and BCNU in mouse bone

marrow. Blood, 89, 1566–1573.
Clofibrate, IARC monograph (1996) Available from: http://monographs.

iarc.fr/ENG/Monographs/vol66/mono66-17.pdf [Accessed 22th

February 2024].

Cojocel, C., Novotny, L. & Vachalkova, A. (2006) Mutagenic and carcino-

genic potential of menadione. Neoplasma, 53, 316–323.
Corton, J.C., Williams, A. & Yauk, C.L. (2018) Using a gene expression bio-

marker to identify DNA damage-inducing agents in microarray profiles.

Environmental and Molecular Mutagenesis, 59, 772–784.
de Graaf, A.O., van den Heuvel, L.P., Dijkman, H.B., de Abreu, R.A.,

Birkenkamp, K.U., de White, T. et al. (2004) Bcl-2 prevents loss of

mitochondria in CCCP-induced apoptosis. Experimental Cell Research,

299, 533–540.
Degrassi, F., De Salvia, R. & Berghella, L. (1993) The production of chromo-

somal alterations by β-lapachone, an activator of topoisomerase I.

Mutation Research, 288, 263–267.
DeMarini, D.M., Brock, K.H., Doerr, C.L. & Moore, M.M. (1987) Mutage-

nicity and clastogenicity of teniposide (VM-26) in L5178Y/TK +/-

3.7.2C mouse lymphoma cells. Mutation Research, 187, 141–149.
Dertinger, S.D., Kraynak, A.R., Wheeldon, R.P., Bernacki, D.T., Bryce, S.M.,

Hall, N. et al. (2019) Predictions of genotoxic potential, mode of

action, molecular targets, and potency via a tiered MultiFlow® assay

data analysis strategy. Environmental and Molecular Mutagenesis, 60,

513–533.
Dertinger, S.D., Phonethepswath, S., Avlasevich, S.L., Torous, D.K.,

Mereness, J., Bryce, S.M. et al. (2012) Efficient monitoring of in vivo

Pig-a gene mutation and chromosomal damage: Summary of 7 pub-

lished studies and results from 11 new reference compounds. Toxico-

logical Sciences, 130, 328–348.
Dertinger, S.D., Phonethepswath, S., Weller, P., Avlasevich, S.,

Torous, D.K., Mereness, J.A. et al. (2011) Interlaboratory Pig-a gene

mutation assay trial: studies of 1,3-propane sultone with immunomag-

netic enrichment of mutant erythrocytes. Environmental and Molecular

Mutagenesis, 52, 748–755.
Dexter, E., Rollwagen-Bollens, G. & Bollens, S.M. (2018) The trouble with

stress: a flexible method for the evaluation of nonmetric multidimen-

sional scaling. Limnology and Oceanography: Methods, 16, 434–443.
Diaz, D., Scott, A., Carmichael, P., Shi, W. & Costales, C. (2007) Evaluation

of an automated in vitro micronucleus assay in CHO-K1 cells.Mutation

Research, 630, 1–13.
Everitt, B. (1974) Cluster Analysis. London: Heinemann Educational

Books Ltd.

Floxin® (Ofloxacin) package insert. (2008) Ortho-McNeil, Raritan, NJ.

Available from: http://www.accessdata.fda.gov/drugsatfda_docs/

label/2008/019735s059lbl.pdf [Accessed 22th February 2024].

Fortin, A.V., Long, A.S., Williams, A., Meier, M.J., Cox, J., Pinsonnault, C.

et al. (2023) Application of a new approach methodology (NAM)-based

strategy for genotoxicity assessment of data-poor compounds. Fron-

tiers in Toxicology, 5, 1098432.

Futami, T., Miyagishi, M. & Taira, K. (2005) Identification of a network

involved in thapsigargin-induced apoptosis using a library of small

interfering RNA expression vectors. The Journal of Biological Chemistry,

280, 826–831.
Gewirtz, D.A. (1999) A critical evaluation of the mechanisms of action pro-

posed for the antitumor effects of the anthracycline antibiotics adria-

mycin and daunorubicin. Biochemical Pharmacology, 57, 727–741.
Gleevec (Imatinib mesylate) package insert (2001) Novartis, East Hanover,

NJ. Available from: http://www.accessdata.fda.gov/drugsatfda_docs/

label/2008/021588s024lbl.pdf [Accessed 22th February 2024].

Glover, T.W., Berger, C., Coyle, J. & Echo, B. (1984) DNA polymerase alpha

inhibition by aphidicolin induces gaps and breaks at common fragile

sites in human chromosomes. Human Genetics, 67, 136–142.
Gocke, E., Bürgin, H., Müller, L. & Pfister, T. (2009) Literature review on

the genotoxicity, reproductive toxicity, and carcinogenicity of ethyl

methanesulfonate. Toxicology Letters, 190, 254–265.
Gollapudi, P., Hasegawa, L.S. & Eastmond, D.A. (2014) A comparative

study of the aneugenic and polyploidy-inducing effects of fisetin and

two model Aurora kinase inhibitors. Mutation Research, 767, 37–43.
Gulati, D.K., Witt, K., Anderson, B., Zeiger, E. & Shelby, M.D. (1989) Chro-

mosome aberration and sister chromatid exchange tests in Chinese

hamster ovary cells in vitro III: results with 27 chemicals. Environmental

and Molecular Mutagenesis, 13, 133–193.
Hall, N.E., Tichenor, K., Bryce, S.M., Bemis, J.C. & Dertinger, S.D. (2022) In

vitro human cell-based aneugen molecular mechanism assay. Environ-

mental and Molecular Mutagenesis, 63, 151–161.
Han, C., Nam, M.K., Park, H.J., Seong, Y.M., Kang, S. & Rhim, H. (2008)

Tunicamycin-induced ER stress upregulates the expression of mito-

chondrial HtrA2 and promotes apoptosis through the cytosolic release

of HtrA2. Journal of Microbiology and Biotechnology, 18, 1197–1202.
Hartigan, J.A. (1975) Clustering Algorithms. New York: Wiley.

Hauf, S., Cole, R.W., LaTerra, S., Zimmer, C., Schnapp, G., Walter, R. et al.

(2003) The small molecule Hesperadin reveals a role for Aurora B in cor-

recting kinetochore-microtubule attachment and in maintaining the spin-

dle assembly checkpoint. The Journal of Cell Biology, 161, 281–294.
Henderson, L., Fedyk, J., Windebank, S. & Smith, M. (1993) Induction of

micronuclei in rat bone marrow and peripheral blood following acute

and subchronic administrate of azathioprine. Mutation Research, 291,

79–85.
Hendriks, G., Atallah, M., Morolli, B., Calleja, F., Ras-Verloop, N.,

Huijskens, I. et al. (2012) The ToxTracker assay: novel GFP reporter

systems that provide mechanistic insight into the genotoxic properties

of chemicals. Toxicological Sciences, 125, 285–298.
Hernández, L.G., van Benthem, J. & Johnson, G.E. (2013) A mode-of action

approach for the identification of genotoxic carcinogens. PLoS One, 8,

e64532.

Inselberg, A. (1985) The plane with parallel coordinates. Visual Computing,

1, 69–91.
Irressa® (Gefitinib) package insert (2003) AstraZeneca Pharmaceuticals LP,

Wilmington, DE. Available from: https://www.accessdata.fda.gov/

drugsatfda_docs/label/2003/021399lbl.pdf [Accessed 22th February

2024].

Islam, M.M. & Mirza, S.P. (2022) Versatile use of carmofur: a comprehen-

sive review of its chemistry and pharmacology. Drug Development

Research, 83, 1505–1518.
Jani, J.P., Arcari, J., Bernardo, V., Bhattacharya, S.K., Briere, D., Cohen, B.D.

et al. (2010) PF-03814735, an orally bioavailable small molecule

176 DERTINGER ET AL.

 10982280, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/em

.22604 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [10/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/020571s048lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/020571s048lbl.pdf
http://monographs.iarc.fr/ENG/Monographs/vol66/mono66-17.pdf
http://monographs.iarc.fr/ENG/Monographs/vol66/mono66-17.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2008/019735s059lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2008/019735s059lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2008/021588s024lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2008/021588s024lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2003/021399lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2003/021399lbl.pdf


aurora kinase inhibitor for cancer therapy. Molecular Cancer Therapeu-

tics, 9, 883–894.
Kashida, Y., Sasaki, Y.F., Ohsawa, K., Yokohama, N., Takahashi, A.,

Watanabe, T. et al. (2002) Mechanistic study on flumequine hepato-

carcinogenicity focusing on DNA damage in mice. Toxicological Sci-

ences, 69, 317–321.
Keshava, C., Keshava, N., Whong, W.Z., Nath, J. & Ong, T.M. (1998) Inhibi-

tion of methotrexate-induced chromosomal damage by folinic acid in

V79 cells. Mutation Research, 397, 221–228.
Kimura, A., Miyata, A. & Honma, M. (2013) A combination of in vitro

comet assay and micronucleus test using human lymphoblastoid TK6

cells. Mutagenesis, 28, 583–590.
Kirkland, D., Kasper, P., Martus, H.-J., Müller, L., van Benthem, J., Madia, F.

et al. (2016) Updated recommended lists of genotoxic and non-

genotoxic chemicals for assessment of the performance of new or

improved genotoxicity tests. Mutation Research, 795, 7–30.
Kirkland, D., Kasper, P., Müller, L., Corvi, R. & Speit, G. (2008) Recom-

mended lists of genotoxic and non-genotoxic chemicals for assess-

ment of the performance of new or improved genotoxicity tests: a

follow-up to an ECVAM workshop. Mutation Research, 653, 99–108.
Klein, C.B. & King, A.A. (2007) Genistein genotoxicity: critical consider-

ations of in vitro exposure dose. Toxicology and Applied Pharmacology,

224, 1–11.
Kondo, Y., Honda, S., Nakajima, M., Miyahana, K., Hayashi, M.,

Shinagawa, Y. et al. (1992) Micronucleus test with vincristine sulfate

and colchicine in peripheral blood reticulocytes of mice using acridine

orange supravital staining. Mutation Research, 278, 187–191.
Kong, Y., Bender, A. & Yan, A. (2018) Identification of novel aurora kinase

A (AURKA) inhibitors via hierarchical ligand-based virtual screening.

Journal of Chemical Information and Modeling, 58, 36–47.
Krewski, D., Saunders-Hastings, P., Baan, R.A., Barton-Maclaren, T.S.,

Browne, P., Chiu, W.A. et al. (2022) Development of an evidence-

based risk assessment framework. ALTEX, 39, 667–693.
Krishna, G., Urda, G., Tefera, W., Lalwani, N.D. & Theiss, J. (1995) Simulta-

neous evaluation of dexamethasone-induced apoptosis and micronu-

clei in rat primary spleen cell cultures. Mutation Research, 332, 1–8.
Kruskal, J.B. (1964) Multidimensional scaling by optimizing goodness of fit

to a nonmetric hypothesis. Psychometrika, 29, 1–27.
Kurihara, D., Matsunaga, S., Kawabe, A., Fujimoto, S., Noda, M.,

Uchiyama, S. et al. (2006) Aurora kinase is required for chromosome

segregation in tobacco BY-2 cells. The Plant Journal, 48, 572–580.
Lee, F.Y.F., Borzilleri, R., Fairchild, C.R., Kim, S.H., Long, B.H., Reventos-

Suarez, C. et al. (2001) BMS-247550: a novel epothilone analog with a

mode of action similar to paclitaxel but possessing superior antitumor

efficacy. Clinical Cancer Research, 7, 1429–1437.
Li, Y., Luan, Y., Qi, X., Li, M., Gong, L., Xue, X. et al. (2010) Emodin triggers

DNA double-strand breaks by stabilizing topoisomerase II-DNA cleav-

age complexes and by inhibiting ATP hydrolysis of topoisomerase II.

Toxicological Sciences, 118, 435–443.
Lidoderm® (Lidocaine patch) package insert (2004) Endo Pharmaceuticals,

Chad's Ford, PA. Available from: https://www.accessdata.fda.gov/

drugsatfda_docs/label/2005/020612s007lbl.pdf [Accessed 22th

February 2024].

Lotz, A.S., Havla, J.B., Richter, E., Frölich, K., Staudenmaier, R., Hagen, R.

et al. (2009) Cytotoxic and genotoxic effects of matrices for cartilage

tissue engineering. Toxicology Letters, 190, 128–133.
Lu, P.-Z., Lai, C.-Y. & Chan, W.-H. (2008) Caffeine induces cell death via

activation of apoptotic signal and inactivation of survival signal in

human osteoblasts. International Journal of Molecular Sciences, 9,

698–718.
Lynparza™ (Olaparib) package insert (2014) AstraZeneca Pharmaceuticals

LP, Wilmington, DE; Available from http://www.accessdata.fda.gov/

drugsatfda_docs/label/2014/206162lbl.pdf [Accessed 22th February

2024].

Martelli, A., Allavena, A., Campart, G.B., Canonero, R., Ghia, M., Mattioli, F.

et al. (1995) In vitro and in vivo testing of hydralazine genotoxicity.

The Journal of Pharmacology and Experimental Therapeutics, 273,

113–120.
Marvel, S.W., To, K., Grimm, F.A., Wright, F.A., Rusyn, I. & Reif, D.M. (2018)

ToxPi graphical user interface 2.0: dynamic exploration, visualization, and

sharing of integrated data models. BMC Bioinformatics, 19, 80.

Matsushima, T., Hayashi, M., Matsuoka, A., Ishidate, M., Jr., Miura, K.F.,

Shimizu, H. et al. (1999) Validation study of the in vitro micronucleus

test in a Chinese hamster lung cell line (CHL/IU). Mutagenesis, 14,

569–580.
McInnes, L. & Healy, J. (2018) UMAP: uniform manifold approximation

and projection for dimension reduction. ArXiv abs/1802.03426.

Mevacor® (Lovastatin) package insert. (2012) Merck Sharp & Dohme Corp.

NJ, USA: Whitehouse Station. Available from: https://www.

accessdata.fda.gov/drugsatfda_docs/label/2012/019643s085lbl.pdf

[Accessed 22th February 2024].

Moon, J.L., Kim, S.Y., Shin, S.W. & Park, J.W. (2012) Regulation of brefeldin

A-induced ER stress and apoptosis by mitochondrial NADP+-

dependent isocitrate dehydrogenase. Biochemical and Biophysical

Research Communications, 417, 760–764.
Nikolova, T., Dvorak, M., Jung, F., Adam, I., Krämer, E., Gerhold-Ay, A.

et al. (2014) γH2AX assay for genotoxic and nongenotoxic agents:

comparison of H2AX phosphorylation with cell death response. Toxi-

cological Sciences, 140, 103–117.
Oliver, J., Meunier, J.R., Awogi, T., Elhajouji, A., Ouldelhkim, M.C.,

Bichet, N. et al. (2006) SFTG international collaborative study on

in vitro micronucleus test V. Using L5178Y cells. Mutation Research,

607, 125–152.
Parry, E.M., Parry, J.M., Corso, C., Doherty, A., Haddad, F., Hermine, T.F.

et al. (2002) Detection and characterization of mechanism of action of

aneugenic chemicals. Mutagenesis, 17, 509–521.
Paulsson, B., Kotova, N., Grawé, J., Henderson, A., Granath, F., Golding, B.

et al. (2003) Induction of micronuclei in mouse and rat by glycidamide,

genotoxic metabolite of acrylamide. Mutation Research, 535, 15–24.
Paxil® (Paroxetine) package insert (2011) GlaxoSmithKline, Research Tri-

angle Park, NC. Available from: http://www.accessdata.fda.gov/

drugsatfda_docs/label/2011/020031s058s066,020710s022s030lbl.

pdf [Accessed 22th February 2024].

Payton, M., Bush, T.L., Chung, G., Ziegler, B., Eden, P., McElroy, P. et al.

(2010) Preclinical evaluation of AMG 900, a novel potent and highly

selective pan-aurora kinase inhibitor with activity in taxane-resistant

tumor cell lines. Cancer Research, 70, 9846–9854.
Pearson, K. (1901) On lines and planes of closest fit to systems of points

in space. Philosophical Magazine, 2, 559–572.
Pepcid® (Famotidine) package insert (2011) Merck Sharp & Dohme Corp.,

Whitehouse Station, NJ, USA: Available from: http://www.accessdata.

fda.gov/drugsatfda_docs/label/2011/019462s037lbl.pdf [Accessed

22th February 2024].

Pognan, F., Beilmann, M., Boonen, H.C.M., Czich, A., Dear, G., Hewitt, P.

et al. (2023) The evolving role of investigative toxicology in the phar-

maceutical industry. Nature Reviews Drug Discovery, 22, 317–335.
Rosefort, C., Fauth, E. & Zanki, H. (2004) Micronuclei induced by aneugens

and clastogens in mononucleate and binucleate cells using the cytoki-

nesis block assay. Mutagenesis, 19, 277–284.
Salk, J.J. & Kennedy, S.R. (2020) Next-generation genotoxicology: using

modern sequencing technologies to assess somatic mutagenesis and

cancer risk. Environmental and Molecular Mutagenesis, 61, 135–151.
Schuler, M., Muehlbauer, P., Guzzie, P. & Eastmond, D.A. (1999) Noscapine

hydrochloride disrupts themitotic spindle inmammalian cells and

induces aneuploidy as well as polyploidy in cultured human lympho-

cytes. Mutagenesis, 14, 51–56.
Sehdev, V., Peng, D., Soutto, M., Washington, M.K., Revetta, F., Ecsedy, J.

et al. (2012) The aurora kinase A inhibitor MLN8237 enhances

DERTINGER ET AL. 177

 10982280, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/em

.22604 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [10/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.accessdata.fda.gov/drugsatfda_docs/label/2005/020612s007lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2005/020612s007lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2014/206162lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2014/206162lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2012/019643s085lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2012/019643s085lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2011/020031s058s066,020710s022s030lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2011/020031s058s066,020710s022s030lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2011/020031s058s066,020710s022s030lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2011/019462s037lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2011/019462s037lbl.pdf


cisplatin-induced cell death in esophageal adenocarcinoma cells.

Molecular Cancer Therapeutics, 11, 763–774.
Smart, D.J., Halicka, H.D., Schmuck, G., Traganos, F., Darzynkiewicz, Z. &

Williams, G.M. (2008) Assessment of DNA double-strand breaks and

gammaH2AX induced by the topoisomerase II poisons etoposide

and mitoxantrone. Mutation Research, 641, 43–47.
Sprycel®. (2010) Sprycel® (Dasatinib) package insert. Princeton, NJ: Bristol-

Myers Squibb Co. Available from: https://www.accessdata.fda.gov/

drugsatfda_docs/label/2010/021986s7s8lbl.pdf [Accessed 22th

February 2024].

Sun, X., Rubitski, E., Spellman, R.A., Engel, M. & Schuler, M. (2022) A new

imagine plaform (iScreen) allows for the concurrent assessment of

micronucleus induction and genotoxic mode of action in human A375

cells. Environmental and Molecular Mutagenesis, 63, 230–245.
Tagrisso™ (Osimertinib) package insert (2012) AstraZeneca Pharma-

ceuticals LP, Wilmington, DE. 2012. Available from: https://www.

accessdata.fda.gov/drugsatfda_docs/label/2015/208065s000lbl.pdf

[Accessed 22th February 2024].

Tayama, S. & Nakagawa, Y. (2001) Cytogenetic effects of propyl gallate in

CHO-K1 cells. Mutation Research, 498, 117–127.
Thienpont, A., Verhulst, S., van Grunsven, L.A., Rogiers, V.,

Vanhaecke, T. & Mertens, B. (2023) Novel prediction models for geno-

toxicity based on biomarker genes in human HepaRG™ cells. ALTEX,

40, 271–286.
Tufte, E. (2001) The visual display of quantitative information, 2nd edition.

Cheshire, CT: Graphics Press.

Tweats, D.J., Johnson, G.E., Scandale, I., Whitwell, J. & Evans, D.B. (2016)

Genotoxicity of flubendazole and its metabolites in vitro and the

impact of a new formulation on in vivo aneugenicity. Mutagenesis, 31,

309–321.
van der Maaten, L. & Hinton, J. (2008) Visualizing data using t-SNE. Journal

of Machine Learning Research, 9, 2579–2605.
Van Hummelen, P., Elhajouji, A. & Kirsch-Volders, M. (1995) Clastogenic

and aneugenic effects of three benzimidazole derivatives in the in vitro

micronucleus test using human lymphocytes.Mutagenesis, 10, 23–29.
Verdoodt, B., Decordier, I., Geleyns, K., Cunha, M., Cundari, E. &

Kirsch-Volders, M. (1999) Induction of polyploidy and apoptosis after

exposure to high concentrations of the spindle poison nocodazole.

Mutagenesis, 14, 513–520.
Voigt, W., Matsui, S., Yin, M.B., Burhans, W.C., Minderman, H. &

Rustum, Y.M. (1998) Topoisomerase-I inhibitor SN-38 can induce

DNA damage and chromosomal aberrations independent from DNA

synthesis. Anticancer Research, 18, 3499–3505.

Wegman, E.J. (1990) Hyperdimensional data analysis using parallel coordi-

nates. Journal of the American Statistical Association, 85, 664–675.
Wheeldon, R.P., Bernacki, D.T., Dertinger, S.D., Bryce, S.M., Bemis, J.C. &

Johnson, G.E. (2020) Benchmark dose analysis of DNA damage bio-

marker responses provides compound potency and adverse outcome

pathway information for the Topoisomerase II inhibitor class of com-

pounds. Environmental and Molecular Mutagenesis, 61, 396–407.
Wilson, A., Grabowski, P., Elloway, J., Ling, S., Stott, J. & Doherty, A.

(2021) Transforming early pharmaceutical assessment of genotoxicity:

applying statistical learning to a high throughput, multi end point

in vitro micronucleus assay. Scientific Reports, 11, 2535.

Yang, J., Ikezoe, T., Nishioka, C., Tasaka, T., Taniguchi, A., Kuwayama, Y.

et al. (2007) AZD1152, a novel and selective aurora B kinase inhibitor,

induces growth arrest, apoptosis, and sensitization for tubulin depoly-

merizing agent or topoisomerase II inhibitor in human acute leukemia

cells in vitro and in vivo. Blood, 110, 2034–2040.
Youngblom, J.H., Wiencke, J.K. & Wolff, S. (1989) Inhibition of the adap-

tive response of human lymphocytes to very low doses of ionizing

radiation by the protein synthesis inhibitor cycloheximide. Mutation

Research, 227, 257–261.
Zerit® (Stavudine) packet insert (2002) Bristol-Myers Squibb Virology, Prince-

ton, NJ. Available from: http://www.accessdata.fda.gov/drugsatfda_

docs/label/2002/20412S017.pdf [Accessed 22th February 2024].

Zou, H.Y., Li, Q., Lee, J.H., Arango, M.E., McDonnell, S.R., Yamazaki, S. et al.

(2007) An orally available small-molecule inhibitor of c-Met, PF-2341066,

exhibits cytoreductive antitumor efficacy through antiproliferative and

antiangiogenic mechanisms. Cancer Research, 67, 4408–4417.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Dertinger, S.D., Briggs, E., Hussien, Y.,

Bryce, S.M., Avlasevich, S.L., Conrad, A. et al. (2024)

Visualization strategies to aid interpretation of

high-dimensional genotoxicity data. Environmental and

Molecular Mutagenesis, 65(5), 156–178. Available from:

https://doi.org/10.1002/em.22604

178 DERTINGER ET AL.

 10982280, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/em

.22604 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [10/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.accessdata.fda.gov/drugsatfda_docs/label/2010/021986s7s8lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2010/021986s7s8lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2015/208065s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2015/208065s000lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2002/20412S017.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2002/20412S017.pdf
https://doi.org/10.1002/em.22604

	Visualization strategies to aid interpretation of high-dimensional genotoxicity data
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Chemicals, cells, culture conditions
	2.2  Cell treatments
	2.3  MultiFlow DNA damage assay: cell processing and flow cytometric analysis
	2.4  MultiFlow DNA damage assay: Data pre-processing
	2.5  Scatter plots
	2.6  Spider plots
	2.7  Parallel coordinate plots
	2.8  Hierarchical clustering
	2.9  PCA
	2.10  ToxPi analyses
	2.11  Multidimensional scaling
	2.12  t-SNE
	2.13  Uniform manifold approximation and projection

	3  RESULTS AND DISCUSSION
	3.1  Scatter plots
	3.2  Spider plots
	3.3  Parallel coordinate plots
	3.4  Hierarchical clustering
	3.5  PCA
	3.6  ToxPi
	3.7  MDS
	3.8  t-SNE
	3.9  UMAP

	4  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


