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Abstract
In toxicological bioassays, organ weight is often expressed as a ratio to body weight or another denominator to account for 
natural differences in animal sizes. However, the relationship of treatment-induced organ and body weight change is com-
plicated and relative weights may accordingly confound a toxicological assessment. In addition, the statistical assessment of 
relative weights is challenging. The examples given in this document show that toxicological interpretation of organ weight 
data in relation to body weight can be vastly improved by simple bivariate scatter plotting. Conversely, plots of relative organ 
weight are of limited value and may lead to an incorrect interpretation of toxic effects when used in isolation. Scatter plots 
are useful for qualitative hazard characterization and to generate hypotheses. Bivariate summary statistics indicate effect 
levels and help to explore the actual correlation of organ to body weight.
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Introduction

In toxicological bioassays, organ weight is often expressed 
as a ratio to body weight (Michael et al. 2007) or another 
denominator, to account for natural differences in animal 
sizes. There are, however, several issues with using relative 
organ weight data (Curran-Everett 2013), which have long 
been recognized (Angervall and Carlstrom 1963): the main 
problem is that an unbiased use of relative values is only 
possible if the regression line of nominator and denominator 
goes through the origin, i.e., the relationship of the ratio is 
constant (Bailey et al. 2004). If this is not the case, the use 
of relative values may result in a confounded toxicological 
assessment.

Organs’ weight data often do not scale linearly or do 
not pass through the origin within species, because differ-
ent organs might require a certain size range to function 
normally—independent of body weight. It has been shown 
in rats, which is the common test species used in toxico-
logical assays, that some organs do not correlate well with 
bodyweight and some seem to actually correlate better with 

brain weight (Bailey et al. 2004). Further, Trieb et al. (1976) 
showed that organ weights correlate better in an allometric 
power function with age, a method introduced by Huxley 
(1924). Hence, the required optimal relationship for relative 
values, as used in toxicology, is seldom achieved.

When a substance is tested in animals, it may affect 
a specific organ’s weight, body weight and other aspects 
of the organs. When a substance interferes with feeding 
or/and potentially caloric efficiency, this may also modu-
late organ weight—it has been shown that organ weights 
change due to food restriction (Feron et al. 1973; Oishi 
et al. 1979; Takizawa 1978). Most treatment levels in reg-
ulatory toxicology assays are derived from preliminary 
dose range-finding experiments with body weight reduc-
tion as the primarily observed general toxic effect. While 
the exact mode of action of organ weight modulation does 
not necessarily affect the value of using organ weight as 
a gross hazard characteristic, this results in complicated 
relationships: the treatment may affect parameters at dif-
ferent levels, and the treatment may affect the correla-
tion of organ to body weight, e.g., when organs of lighter 
animals are more affected by the treatment than those of 
heavier animals. Treatment-induced mean effects on organ 
and body weight itself affect mean relative organ weight 
values irrespective of affecting other regression param-
eters, see Table 1. For example, due to the dependence 
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on both variables in the fraction, relative organ weights 
are affected by a specific effect on body weight. Hence, 
relative values can never be assessed in isolation and their 
use may be scrutinized based on this alone (Stevens 1976).

Most internationally accepted test guidelines, which are 
followed in toxicological studies for regulatory purposes, 
require the determination of organ weights relative to body 
and also brain weight, e.g., repeated-dose test guidelines 
from the Organisation for Economic Co-operation and 
Development (OECD). While the calculation of relative 
organ weights is recommended in toxicological studies 
(Sellers et al. 2007), there is no guidance on how to inter-
pret potential differences in such comparisons. There is also 
no guidance for when treatment diametrically affects mul-
tiple organ weights or whether some or all organs should 
be excluded from the body weight value, which has been 
proposed relatively early in the use of relative organ weights 
(Cumming 1929), as terminal body weight is the sum of all 
organ weights, skin, fur, bones and carcass.

An appropriate statistical analysis of relative values and 
its interpretation is surprisingly challenging (Curran-Everett 
2013). In practice, relative organ weights are often analysed 
by the same methods applied to the absolute values, e.g., by 
ANOVA/Dunnett’s testing of the relative values themselves, 
which ignores any potential relationship of organ and body 
weight. A covariance approach may be more appropriate 
(Takizawa 1978), but may be hard to interpret (Hothorn 
2016).

While the statistical interpretation of relative body 
weights can be difficult and misleading, a simple graphical 
bivariate scatter plotting may reveal an interpretable rela-
tionship that allows a toxicological assessment of organ to 
body weight or other ratio data by applying the principles of 
exploratory data analysis (Tukey 1977).

The current document describes the simple use of bivari-
ate scatter plotting to analyse organ weight data in relation 
to body weight by examples and aims to make the method 
popular in the toxicological community. Scatter plotting 
can be performed by all software packages available to the 
researcher; here, the statistical software R (R Core Team 
2017) and the ggplot2 package extension (Wickham 2016) 
were used. No animal studies were conducted for the current 
manuscript; all presented data come either from publically 
available sources (as referenced) or toxicological assays con-
ducted for regulatory purposes (for the latter, not all tested 
groups are presented).

Using bivariate scatter plotting to analyse 
relative organ weights

The approach taken in this document is to assess organ 
weight relative to body weight by bivariate scatter plotting. 
This is an application of exploratory data analysis, which 
aims to present data in a way that creates insight and uncov-
ers patterns—it does not concern formal inferential claims 
(Tukey 1977). It can be applied and understood with mini-
mal statistical training.

Relative organ weights or other ratios or rates reduce two 
variables to a single one, which means that any information 
about their relationship is lost. By plotting the individual 
variables against each other—by bivariate scatter plots—and 
considering grouping information such as treatment levels 
by graphical methods, no information is lost and an informed 
toxicological qualitative hazard assessment is performed. 
There are several methods available to display grouping 
information in scatter plots: one can use different colours 
and shapes within the same plot or the dataset is spread over 
a plot array, called multi- or trellis plots (Cleveland 1985) or 
small multiples (Tufte 1990), which prevents overplotting.

Motivating example

Figure 1 depicts adrenal and body weight data presented and 
analysed in Angervall and Carlstrom (1963). The adrenal 
weight of two groups (A and B) is compared. Group B has 
an increased adrenal weight as compared to group A but 
also a higher body weight. While the absolute values are 
statistically significantly different, the organ weight ratios 
are not. The graphical presentation clearly shows that there 
are differences in adrenal weight (Fig. 1a) and body weight 
(Fig. 1c), but there is no difference in the relative organ 
weights (Fig. 1b). Based on only this information, one could 
conclude that the adrenal weights of group B are only higher, 
because the body weights of group B are higher than group 
A. However, Angervall and Calstrom’s comparative statisti-
cal analysis of “adjusted means” showed that “irrespective 

Table 1   Type of effects on relative organ weight by treatment effects 
on organ and/or body weight

Arrows indicate an increase, decrease or no discernible effect. The 
effects ignore a potential change in correlation between the variables 
by treatment
a A body weight increase is uncommon in preclinical toxicological 
bioassays

Effect on organ 
weight

Effect on body 
weight

Resulting relative 
organ weight

Example data

↑ ↓ ↑/↑↑ Figure 3
↑ ↔ ↑ Figure 5
↑ ↑ ↑/↔ Figure 1
↔ ↓ ↑ Figure 6
↔ ↑ ↓ –a

↓ ↑ ↓/↓↓ –a

↓ ↓ ↓/↔ Figure 4
↓ ↔ ↓ –
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of differences in body weight, the adrenal weights are sig-
nificantly unequal”.

Scatter plotting leads to the same conclusion: Fig. 1d 
clearly shows, that group B animals have higher adrenal 
weights while accounting for differences in body weight. 
While animals with a higher body weight also have higher 
adrenal weights (the regression lines have a similar slope), 
the individual values are shifted towards the direction of 
higher adrenal weights, i.e., their regression line y-intercepts 
are different. If group B animals would have a higher adrenal 
weight only because of higher body weight, the regression 

coefficients would be similar (group B regression line would 
be an extension of group A regression line).

The data from Angervall and Carlstrom (1963) are illus-
trative but seem less variable than usually observed in toxi-
cological bioassays. Thus, further case studies, which exhibit 
more bivariate variation, are needed.

Visual guides and graphical summaries

While biological and toxicological graphs should include 
individual values for an unbiased assessment (Fosang and 
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Fig. 1   Motivating example of a joint effect on organ and body weight. 
The adrenal and body weight data analysed by Angervall and Carl-
strom (1963) are depicted. a Absolute adrenal weight, b relative adre-
nal weight, c body weight, and d organ to body weight overplotted by 
linear regression lines (dashed), coloured by group association. This 

plot clearly shows that Group B (downward triangles) animals have 
higher adrenal weights by accounting for differences in body weight. 
The extreme values are depicted as an multiplication sign (×) next to 
the individual value in the boxplot for that group, because it exceeds 
1.5 times the interquartile distance/the box (Tukey 1977)
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Colbran 2015; Nature Methods Editorial 2014; Pallmann 
and Hothorn 2016; Weissgerber et al. 2015), graphical sum-
maries or guides help the viewer to detect patterns in scatter 
plots (Cleveland 1993). Various types of graphical guides 
are presented in Fig. 2 for the results of two treatment groups 
on liver and body weight. Common graphical guides are 
linear regression lines, but other methods are less common 
in toxicology such as robust regression (Marazzi and Joss 
1993, both in Fig. 2a), scatter plot smoothers, i.e., locally 
weighted regression (also called locally estimated scatterplot 
smoothing, LOESS, Cleveland 1979), or smoothing splines 

(Reinsch 1967, both in Fig. 2b). While those give a very 
good estimate of the dependence of “y” on “x”, they do not 
graphically summarize the bivariate distribution.

Individual responses in organ to body weight graphs can 
be summarized and their distribution visualized by data 
ellipses (Monette 1990, Fig. 2c), which have several useful 
properties (Friendly et al. 2013). They give a visual aid for 
grouping and variance and their slope is similar to the lin-
ear regression slope. Data ellipses are, however, biased by 
extreme values and assume bivariate normal distribution, 
hence robust alternatives could be developed. Friendly et al. 
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Fig. 2   Various summary methods for the individual values also 
depicted in Fig.  3 are shown. a Linear regression (solid lines) and 
robust linear regression (two dashed lines). b LOESS smoothing, i.e., 
locally weighted regression (solid lines) and natural cubic splines 
(two dashed lines—here very similar to loess). c Data ellipses. d Bag-
plot, which is constructed based on “Tukey depth” and is the bivariate 

approximation of the univariate boxplot and may be similarly inter-
preted. The central “plus” indicates the point of the highest Tukey 
depth, the inner polygon, the bag, consists of up to half of the data 
points. The outer polygon covers values that can be regarded as part 
of the distribution and values outside could be regarded as “outliers”
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(2013) indicated methods using robust covariance estimates 
(Gnanadesikan and Kettenring 1972; Rousseeuw and Dries-
sen 1999; Rousseeuw and Leroy 1987) in an early draft of 
the manuscript1 that could be used to enhance ellipsoids. 
Another method was introduced by Rousseeuw et al. (1999), 
namely the “bagplot” (Fig. 2d), which is a bivariate gen-
eralization of the common boxplot. However, the practical 
application of such robust methods is currently restricted by 
limitations of the available software.2 Data ellipses can be 
generated by multiple software packages and the approach 
may even be modified to allow inferential claims based on 
the assumed bivariate distribution (Guilbaud and Karlsson 
2011; Thöni 1988; Wan et al. 2019). However, bagplots may 
be preferred for a more unbiased analysis—both ellipsoids 
(not adjusted for multiple comparisons) and bagplots are 
used as visual summaries in the manuscript. Univariate 
responses of absolute and relative organ weights and body 
weights in the examples are shown as individual values and 
superimposed boxplots (Tukey 1977), to allow an unbiased 
assessment of the results and not as mean and standard devi-
ation as commonly used for toxicological bioassays.

Joint effects

Similarly to the data in Fig. 1, Figs. 3 and 4 also show joint 
effects on both organ and body weight that are commonly 
observed in toxicology. 

Figure 3 shows the results of 18 months of treatment of 
male mice with a pesticide on body and liver weight. Both 
liver weight (Fig. 3a) and relative liver weight (Fig. 3b) are 
increased by treatment, while body weight is decreased 
(Fig. 3c). Figure 3d indicates a large bivariate variation 
in the responses and body weight retardation by the treat-
ment, three values show an extreme response—two from 
the control and one in the treatment group, which are prone 
to confound common statistical analyses. While alternative 
robust statistical methods are available that are better suited 
to analyse data containing extreme values (Hothorn and 
Kluxen 2019), these are seldom used in the toxicological 
community. Figure 2a–d shows different summary methods 
for the individual values shown in Fig. 3d.

A correlation of body and organ weight is indicated only 
for the control group and only for robust linear regression 
(see Fig. 2b—two black dashed lines), which is less affected 
by extreme values than the linear regression. Organ and body 
weight seem inversely correlated in the treatment group. The 
graphical assessment in Figs. 2c, d and 3d highlights that the 

treatment increases liver weight in addition to decreasing 
body weight.

Figure 4 shows the results of 13 weeks of gavage appli-
cation of sodium dichromate dihydrate to female rats from 
the National Toxicology Program (NTP n.d.) as discussed 
in Hothorn (2016). Organ weight (Fig. 4a), relative organ 
weight (Fig. 4b) and body weight (Fig. 4c) are all decreased 
by the treatment. Accordingly, this is also seen in the organ 
vs body weight plot (Fig. 4d). The plot also shows a good 
correlation of organ and body weight within groups with 
similar slopes.

The pattern, i.e., ellipse shift towards the origin, indicates 
a general growth retardation induced by treatment. Further, 
the two high-dose ellipses have clearly lower liver weights, 
considering also lower body weights, and the highest dose 
is at the lower end of the body weight distribution, consider-
ing liver weight and one can accordingly formulate inferen-
tial hypotheses. The observation that ellipse sizes decrease 
with increasing dose helps to formulate a hypothesis about 
general growth retardation. Animals that presumably grow 
more than others in untreated conditions may be relatively 
more affected by treatment (refer to “Effect levels” for fur-
ther assessment).

Isolated effects

The following cases describe isolated effect on either only 
organ weight (Fig. 5) or body weight (Fig. 6).

Figure 5 depicts the results of an uterotrophic assay 
according to OECD TG no. 440 (OECD 2007) with ethi-
nyl estradiol by gavage application to female rats. Rats with 
removed ovaries (ovariectomized) are oestrogen depleted 
and have no functioning estrous cycle. As uterus size 
depends on oestrogen (and the cycle stage), depletion results 
in atrophy and an external treatment with an estrogenic agent 
results in increased uterus weight. This assay is used to iden-
tify estrogenic properties of chemicals.

There is a convincing induction of uterus weight upon 
oestrogen treatment (Fig. 5a), which is mirrored by the rela-
tive weight (Fig. 5b) but with no or only a weak effect on 
body weight (Fig. 5c). Absolute and relative uterus weight 
clearly show the same pattern and there is no gain of using 
relative weights, while there are issues with interpretation 
as outlined in the introduction. Conversely, the bivariate plot 
(Fig. 5d) is more informative than the relative uterus weight 
plot, because it shows the curious lack of correlation of 
organ and body weight, and does not obfuscate the effect on 
the absolute weights. An issue with the use of (normal) data 
ellipses becomes, however, apparent, as they are affected by 
extreme values.

Figure 6 shows the results of a 90-day rat study with 
dietary exposure to a pesticide. There is no effect on liver 
weight (Fig. 6a) and a pronounced effect on relative liver 

1  Friendly et al. (2013), http://datav​is.ca/paper​s/ellip​ses.pdf.
2  Bagplots can be generated using, e.g. R software and the aplpack 
package by H. P. Wolf or ggplot2 together with some functions that 
are hosted on Ben Marwick’s GitHub repository.

http://datavis.ca/papers/ellipses.pdf
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weight (Fig. 6b), which seems to be a calculation artefact 
due to the effect on body weight (Fig. 6c). The bivariate 
plot confirms this (Fig. 6d) and indicates a decreased vari-
ance of the bivariate distribution, i.e., indications of growth 
retardation—a smaller ellipse for the high concentration as 
compared to the others.

Effect levels

Bivariate plotting can be used to estimate effect levels 
instead of using univariate relative organ weight data with 

the associated issues (Curran-Everett 2013). Figure 7 shows 
the data already presented in Fig. 4, namely, liver weight 
data from a 13-week gavage application of sodium dichro-
mate dihydrate to female rats from the National Toxicology 
Program. The dose levels progress over the plots from left 
to right and control and treatment levels are superimposed 
to allow a direct comparison.

The plot shows that the highest treatment groups behave 
clearly differently from the control. Hothorn (2016) presented 
multiplicity-adjusted p values for a bivariate Dunnett test for 
this dataset, which indicate a statistically significant effect 
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Fig. 3   Example of a joint effect on organ and body weight. The 
results of 18-month treatment of male mice with a pesticide on body 
and liver weight are shown. a Organ weight and b relative organ 
weight increased by treatment while c body weight decreased. Hence, 
the relative value might exacerbate the effect. d The liver weight 

against body weight scatter plot allows a refined assessment, i.e., 
that treatment increases liver weight in addition to decreasing body 
weight. Several summary/visualization guide methods are shown in 
Fig. 2
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on liver weight (at p << 5% alpha) for the 500 mg/kg bw/
day group and a statistically significant effect for both liver 
and body weight at 1000 mg/kg bw/day. The graphical analy-
sis supports the statistical assessment: the separation of the 
black treatment bagplot is more in the downward direction 
(liver weight) at 500 mg/kg bw/day but towards the origin at 
1000 mg/kg bw/day.

Discussion

When the treatment affects both organ and body weight, a 
toxicological assessment based on relative values is prone 
to bias: relative values may obscure the actual relation-
ship. This has been repeatedly discussed in literature (e.g., 
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Fig. 4   Example of a joint effect on organ and body weight. the liver 
weight data from a 13-week gavage application of sodium dichromate 
dihydrate to female rats from the National Toxicology Program (NTP, 
n.d.) as discussed in Hothorn (2016) is depicted. a Organ weight, b 

relative weight and c body weight all decrease with increasing dose. 
Hence, the relative value does not obscure the effect. d A good cor-
relation of liver to body weight with similar linear regression coef-
ficients, which is indicated by the ellipses is shown
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as reviewed in Bailey et al. 2004). Similarly, a statistical 
assessment of such values is problematic (Curran-Everett 
2013; Hothorn 2016). Relative organ weights are used to 
account for different animal sizes and they may be pre-
ferred to decrease variation. Unfortunately, they do not 
(Stevens 1976)—and always have to be assessed together 
with the absolute organ and body weights.

The examples given in this manuscript demonstrate the 
use of scatter plotting to analyse organ weight depending on 

body weight. It is an accessible tool that allows qualitative 
hazard characterization and the generation of hypotheses. It 
is thus of more value than plotting relative values and should 
be preferred when graphically presenting such data.

Scatter plots have long been used in science (Friendly 
and Denis 2005; Wainer 2013) and are very common in bio-
logical sciences. Their application for relative weight data 
is therefore expected to be understood by all peers. While 
their use in relation to body weight is common in the field of 
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Fig. 5   Example of an organ weight-specific effect. The results of an 
uterotrophic assay, i.e., the gavage application of control or the oes-
trogen ethinyl estradiol (0.05  mg/kg bw/day) to female, oestrogen-
depleted (ovariectomized) rats are depicted. a A convincing induc-
tion of uterus weight upon oestrogen treatment which is mirrored 
by the relative weight is shown (b) and no or only a weak effect on 
body weight (c). d The scatter plot shows a clear induction of uterus 
weight independent of body weight  and that organ weight does not 

correlate with body weight. The ellipses are not very useful here (and 
are accordingly depicted only with a dotted linetype), because they 
are sensitive to extreme values as seen for the ethinyl estradiol group. 
The extreme value is highlighted with a multiplication sign (×) next 
to the individual value triangle in the box plot for that group, because 
it exceeds 1.5 times the interquartile distance (box length) (Tukey 
1977)



2417Archives of Toxicology (2019) 93:2409–2420	

1 3

allometry (Shingleton 2010), i.e., to compare animal strains 
(Anzai et al. 2017) or sexes (Heymsfield et al. 2007), it is 
uncommon in toxicology. While organ to body weight scat-
ter plots were used to investigate correlation (Bailey et al. 
2004) or to compare control populations in different labo-
ratories (Weichenthal et al. 2010), they are not common 
while investigating the treatment effect. It is unclear why 
this is the case. Others observed the continuous use of unin-
formative bar plot means and standard deviation or error of 
the mean (Pallmann and Hothorn 2016; Weissgerber et al. 
2015), while other summary methods such as the boxplot 
(Tukey 1977) have been available for decades and individual 
data points can be added to plots with all available graphing 

software today. Hence, there seems to be a need to educate 
about graphical methods and the use of exploratory data 
analysis.

The statistical assessment and interpretation of relative 
weights are unfortunately not trivial. Angervall and Carl-
strom (1963) described a method to compare differences in 
organ weight depending on body weight. Their comparative 
method of using adjusted means is, however, only applica-
ble for two groups. Shirley (1977) describes the analysis 
of covariance for relative weights. While covariate analy-
sis seems to be more appropriate than the use of the rela-
tive weights (Takizawa 1978), both methods can result in 
incorrect assessments, i.e., when body weight is affected 
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Fig. 6   Example of a body weight-specific effect. The results of die-
tary application of a pesticide to male rats for 90 days are depicted. a 
There is no effect on organ weight, b a strong effect on relative organ 

weight and c a strong effect on body weight. d There is a good cor-
relation between the weights and it is evident that only body weight is 
affected by the treatment, which drives the relative weight effect
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by treatment (Miller and Chapman 2001). Hothorn (2016) 
illustrates the issues of covariance analysis for the three most 
common organ to body weight relationships and proposes 
the application of a multivariate analysis (Andersen et al. 
1999). This maintains alpha and allows the assessment of 
whether a weight effect occurs, at which dose on either 
organ or body weight. Overall, there seems to be no statisti-
cal ‘gold standard’ available. Further, there are no methods 
to derive benchmark doses for relative organ weights and 
Bayesian models are only in development.

Scatter plotting can be used to investigate the relationship 
of organ and body weight, however, it might be perceived to 
be inefficient to graphically investigate all collected organs 
weights in a toxicological bioassay. A research strategy 
might have to be developed on a case-by-cases basis.

If there is a change only in organ or body weight, one 
could make the case that the responses could be statistically 
compared in isolation. If there is a joint effect, a statisti-
cal bivariate analysis (Andersen et al. 1999; Hothorn 2016) 
can be applied. The statistical software R readily allows 
the application of multiple marginal models (Hothorn et al. 
2008) in the multcomp package as described in Hothorn 
(2016) or Hothorn and Kluxen (2019).

Scatter plotting may be used to determine the strategy, 
help with the interpretation of the statistical result and can 
generate toxicological hypotheses. It may be extended by 
including multiplicity-adjusted summary statistics to make 
inferential claims and by plotting standardized values to 
compare the relative magnitude of observed effects (Fest-
ing 2014; Wan et al. 2019).

Conclusion

The toxicological interpretation of organ weight data in 
relation to body weight can be vastly improved by bivariate 
scatter plotting. Plots of relative organ weight are of limited 
value and may conversely lead to an incorrect interpretation 
of toxic effects when used in isolation. Scatter plots are use-
ful for qualitative hazard characterization and help to gener-
ate hypotheses. Bivariate summary statistics indicate effect 
levels and help to explore the actual correlation of organ to 
body weight.
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