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Abstract

Animal testing for toxicity assessment of chemicals and pharmaceuticals must take the 3R principles into consideration.
During toxicity testing in vivo, clinical signs are used to monitor animal welfare and to inform about potential toxicity.
This study investigated possible associations between clinical signs, body weight change and histopathological findings
observed after necropsy. We hypothesized that clinical signs and body weight loss observed during experiments could
be used as early markers of organ toxicity. This represents a potential for refinement in terms of improved study man-
agement and decreasing of pain and distress experienced during animal experiments. Data from three sequential toxicity
studies of an anti-cancer drug candidate in rats were analyzed using the multivariate partial least squares (PLS) regression
method. Associations with a predictive value over 80% were found between the occurrence of mild to severe clinical signs
and histopathological findings in the thymus, testes, epididymides and bone marrow. Piloerection, eyes half shut and
slightly decreased motor activity were most strongly associated with the pathological findings. A 5% body weight loss
was found to be a strong empirical predictor of pathological findings but could also be predicted accurately by clinical
signs. Thus, we suggest using mild clinical signs and a 5% body weight loss as toxicity markers and as a non-invasive
surveillance tool to monitor research animal welfare in toxicity testing. These clinical signs may also enable reduction
of animal use due to their informative potential to support scientific decisions regarding drug candidate selection, dose

setting, study design, and toxicity assessment.

1 Introduction

Every year, approximately 10 million laboratory animals are used
for scientific purposes in the European Union (EU) only (EC,
2019). In the United States (US), the Animal Welfare Act (USDA,
1966) excludes rats and mice, but the Humane Society of the US
has estimated that 25 million vertebrate animals are used annually
for research purposes. The majority of research animals are mice
and rats. In the EU, most laboratory animals are used for the study
of human and animal diseases, and about 2 million animals are
used annually for regulatory testing required for the marketing of
chemicals and pharmaceutical substances (EC, 2019).

In the EU, risk assessment of chemicals follows the Registra-
tion, Evaluation, Authorisation and Restriction of Chemicals
(REACH) legislation (EC Regulation No 1907/2006, see EC,

2006), which requires animal testing to be performed if no suit-
able alternatives are available. In the pharmaceutical industry, in
vivo safety assessment studies are performed during the non-clin-
ical phase of the pharmaceutical development process (EMA,
2010; ICH, 2009). Most candidate drugs are thus tested in vivo at
doses high enough to identify adverse effects and dose-response
relationships (Hornberg et al., 2014; Sewell et al., 2014; Sparrow
etal., 2011). Assessment of toxicity during animal studies is used
to predict safe exposure levels in humans, balancing the risk-ben-
efit of the chemical exposure to support the decision-making
process. This principle is also applicable to non-pharmaceutical
chemical testing (Olson et al., 2000).

Numerous regulations and guidelines are to be considered for
toxicity testing using animal models, for example the Organi-
sation for Economic Co-operation and Development’s (OECD)
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Guidelines for the Testing of Chemicals, Section 4 and the In-
ternational Council for Harmonisation of Technical Requirements
for Pharmaceuticals for Human Use (ICH) Safety Guidelines.
Most in vivo studies follow strict scientific, ethical and regulatory
requirements, providing valuable information regarding the safety
of the candidate drugs, their potential side effects, and their mech-
anism(s) of action (EMA, 2010; EU, 2010; ICH, 2009; NC3Rs,
2009). The scope of these legislations is to ensure high-quality
data that are reproducible and comparable between studies, as
well as to protect laboratory animals from unnecessary suffering
while not compromising the informative value of the study.

Since 2013, all use of animals for scientific purposes in the
EU has to be performed in accordance with Directive 2010/63/
EU, which emphasizes the 3Rs — replacement, reduction and
refinement (EU, 2010). Indeed, certain animal models used for
toxicity testing have been replaced with cell or computer-based
methods within the area of risk assessment, for example the in
vitro ARE-Nrf2 luciferase test method (OECD, 2018) and the
in chemico direct peptide reactivity assay (DPRA) (OECD,
2019) for skin sensitization evaluation purposes. Work towards
reduction and refinement includes improvement of, e.g., proj-
ect and study design, animal housing, and experimental proce-
dures (Ringblom et al., 2017a; Kalantari et al., 2017; Zidar et
al., 2019). Progress has been made in the area of toxicity testing,
for example, in terms of the refined use of body weight loss as-
sessment for decisions regarding the maximum tolerated dose
(MTD) (Chapman et al., 2013), reduction of animal use by mi-
crosampling of low blood volumes (Jonsson et al., 2012) and by
including fewer recovery animals (Sewell et al., 2014; Sparrow
et al., 2011). Systematic 3R approaches reveal a major reduc-
tion potential for the use of animals in pharmaceutical toxicity
testing (Tornqvist et al., 2014). However, such systematic 3R
developments and implementations are rarely seen in academic
research where animal models are not regulated by guidelines.
Still, efforts to guide academic researchers and laboratory an-
imal facilities are being made in the EU. One example is the
European Commission’s publication of a Severity Assessment
Framework, which includes animal model descriptions and clin-
ical and behavioral monitoring sheets aiming to improve animal
welfare and reduce suffering (EC, 2012).

According to international guidelines and Good Laboratory
Practice (GLP) for safe drug development, clinical signs should
be thoroughly monitored, registered and reported in animal ex-
periments (OECD, 2008; WHO, 2009). Clinical signs are used
for the assessment of the animals’ general condition and for
implementing humane endpoints, defined as the point at which
a research animal is pre-terminally sacrificed to avoid further
suffering that is not justified by scientific benefit (Morton, 1997,
OECD, 2000). In the pharmaceutical industry, clinical signs are
also used for dose-setting and study design purposes (NC3Rs,
2009; Sewell et al., 2015). Although clinical signs are registered,
they are rarely used as informative endpoints of toxicity for risk
assessment purposes. For example, neither the operating proce-
dures for setting acute exposure guideline levels nor subsequent
reference doses mention clinical signs (NAC, 2001). The WHO
states in the criteria document for risk assessment of chemicals in

ALTEX 38(2), 2021

food that “other findings”, such as clinical signs and changes in
body weight, may suggest a need to establish an acute reference
dose (WHO, 2009). An example of this is that the Joint FAO/
WHO Expert Committee on Food Additives (JECFA) reported
“clinical signs of toxicity [and], reduction in body weight’ as
a basis to establish a NOAEL for a study with flavoring agents
(JECFA, 2016). To the best of our knowledge, clinical signs are
very rarely discussed or used as a critical endpoint to establish
reference doses.

In the present study, we hypothesized that mild clinical signs
and body weight loss observed in animal studies can be used as
early markers of toxicity, i.e., pathological findings detected after
necropsy. These associations do not reflect the underlying biolog-
ical mechanisms, as clinical signs are not necessarily associated
with a specific organ. However, it is possible to use clinical signs
as a marker or potential key event in an adverse outcome path-
way network, where the adverse outcome, in this case, would be
organ pathology. To facilitate the future use of clinical signs as
early markers of toxicity in areas other than pharmaceutical safe-
ty assessment, we created a shortlist of clinical signs and tested
whether these would be similarly accurate in predicting patho-
logical findings compared to using all registered clinical signs.
Partial least squares regression (PLS), a multivariate data analysis
method, was employed to analyze pre-existing data from three
non-clinical and sequential in vivo toxicity studies in rats testing
an anti-cancer candidate drug.

2 Animals, materials and methods

Animal studies

Data from animal studies are presented according to the ARRIVE
(Animal Research: Reporting of In Vivo Experiments) guidelines
(Kilkenny et al., 2010; NC3Rs, 2010). The analyzed data were
reused from previously performed studies, thus avoiding any
new animal experiments for the present investigation. Data were
collected from three in vivo safety assessment studies performed
at the Swedish Toxicology Sciences Research Center (Swetox),
which were conducted following the Guideline on repeated dose
toxicity (EMA, 2010) and the Guidance for Industry — M3(R2)
Nonclinical Safety Studies for the Conduct of Human Clinical
Trials and Marketing Authorization for Pharmaceuticals (US
FDA, 2010). All studies had been approved by the Southern Stock-
holm Ethical Committee for Research Animals (ethical permit
number S7-15) and were performed according to Swedish animal
welfare legislation L1 (SFS, 1988) and L150 (SJVFS, 2012 for
study I; SJIVFS, 2015 for study II and III) in the Swetox facilities.
The tested compound was a proprietary anti-cancer candidate drug
intended for human therapy through oral administration.

Two dose-range finding studies (study I and II) were performed
in order to decide acceptable oral doses for a 28-day repeated
dose toxicity study (study III). Study I consisted of a 7-day oral
toxicity study, study Il was a 13-day oral toxicity study, and study
IIT was a 28-day oral toxicity study (Tab. 1). These studies were
performed in rats in accordance with the regulatory guidelines
(EU, 2001) to set doses for the first human trials.
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Tab. 1: Dose groups, animal distribution, daily dose levels
and dosing scheme

Group Animal number Daily dose
levels?
Study | 1 (Vehicle®) 5 males + 5 females 0 mg/kg
2 5 males + 5 females 60 mg/kg
3 5 males + 5 females 180 mg/kg
4 5 males + 5 females 360 mg/kg
Study I 1 (Vehicle®) 2 males + 2 females 0 mg/kg
2M 3 males 30 mg/kg
2F 3 females 20 mg/kg
3M 3 males 90 mg/kg
3F 3 females 60 mg/kg
Study I 1 (Vehicle®) 10 males + 10 females | 0 mg/kg
2M 10 males 8.3 mg/kg
2F 10 females 3.3 mg/kg
3M 10 males 25 mg/kg
3F 10 females 10 mg/kg
4M 10 males 75 mg/kg
4F 10 females 30 mg/kg

aAll doses and concentrations are expressed in terms of the
tested substance. All doses were administered at dose volumes of
10 mL/kg according to the dosing scheme.

bThe vehicle formulation used in Group 1 was the same %w/v as
the vehicle used for group 4.

The rats were ordered based on strain (Wistar Hannover Ga-
las, Charles River Laboratories, Denmark for study I; RccHan:
Wistar, Harlan Laboratories, The Netherlands for studies II and
III), weight and age. Upon arrival, the rats were approximate-
ly 10 weeks old, and 240-280 g and 170-200 g for males and
females, respectively. All animals were thoroughly examined to
ensure good condition and subsequently randomized into cages
and dose groups. The used BK Rat Cage dimensions were 30 cm
width x 42 cm length x 21 cm height. Water from the site drink-
ing water supply and RM1 (P) SQC pelleted diet supplied by
Special Diets Services Ltd., England were provided ad libitum.
All cages were enriched with wood chip bedding, nesting mate-
rial, a plastic tube (tunnel), a carton toilet paper roll and wooden
sticks for gnawing.

The rats were habituated to handling and experimental proce-
dures during the acclimatization period, which has been shown
to greatly reduce stress during the experiment. Each rat was in-
dividually handled for 1-2 min daily on 5 days per week for 2-3
weeks before the study start and trained for dosing by admin-
istering sham doses of tap water by oral gavage during the last
two weeks. During all 3 studies, the animals were group-housed,
separated by gender and dose group, keeping the environment
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they were introduced to during the acclimatization period. The
dosing vehicle solution for the test compound was 2-hydroxy-
propyl-B-cyclodextrin in acetate buffer (pH 4.5-4.8), a non-toxic
and common vehicle solution for lipophilic drugs (Gould and
Scott, 2005).

In study I, the rats were dosed for a total of 7 d (Tab. 1). Due
to the declining general condition of some animals, reaching the
predetermined humane endpoint (impaired food and feed intake,
as well as poor general condition, all animals in dose groups 3
and 4 were pre-terminally sacrificed. The remaining animals were
sacrificed, as planned, 24 h after the last dose. Animals scheduled
for sacrifice were terminated by exsanguination through the ca-
rotid artery/vein under isoflurane and oxygen anesthesia.

In study II, the doses were adjusted based on toxicokinetic data
from study I (Tab. 1). The animals were dosed for a total of 13 d.
All animals were sacrificed 24 h after receiving the last dose.

In study III, the doses were adjusted based on toxicokinetic da-
ta from studies I and II (Tab. 1). The rats were dosed for a total of
28 d. All animals were sacrificed 24 h after receiving the last dose.

Independent variables

As independent variables, all available registered clinical obser-
vations, the toxicokinetic parameter Cpax, body weight change
and gender were used. Gender was included to detect any signif-
icant differences between the two sexes. The clinical signs were
used as indicators of potential toxicity during the animal studies
and to monitor animal welfare in general. Clinical signs were
registered by trained animal technicians during all 3 animal stud-
ies. The technicians performing the dosing procedure were not
blinded. The signs to be registered were decided before the study
start, based on an in-house reference list with general and organ/
physiology-related clinical signs of adverse outcomes (Tab. 2).
Observations were registered daily, either immediately after the
dosing procedure or in the morning of dose-free days. In addi-
tion, scheduled repeated observations, in which all animals were
observed at five different timepoints during a 24-h period, were
performed twice during all 3 studies.

For clinical signs and body weight variables, a binary scor-
ing system was employed. The presence of clinical signs was
scored with 1, absence with 0. Body weight measurements were
performed regularly during all studies (Tab. 3). For detection of
body weight changes, the arithmetic mean of the control group
was determined for each weighing. Each individual rat’s weight
was then compared to the average of the latest weighing of the
control group, for the respective gender. If the difference was
greater than 5%, i.e., if the animal did not display a body weight
> 95% of the control group’s average, a value of 1 was set. This
value indicates an abnormal body weight loss compared to the
control group, regardless of when it occurred. Animals with
a body weight > 95% of the average of the control group were
scored with a 0. A body weight loss of 5% was chosen as an end-
point after testing 3, 5 and 10%, and was tested both as an inde-
pendent as well as a dependent variable.

Chax 18 a toxicokinetic parameter that denotes the individual’s
highest measured substance concentration in a specific compart-
ment, in this case rat serum. Blood samples (75 pL) were drawn
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Tab. 2: Description of codes used for reporting of clinical observations
Clinical observations scored in binary format, i.e., either 0 (no finding) or 1 (finding).

Variable

Definition

Blood on the gavage probe

The probe has blood on the tip directly after the gavage dosing procedure.

Difficulty dosing

Rat resists during gavage dosing procedure.

Eye(s) half shut/shut

Rat has one or both eyes partially shut/shut. This is usually linked to poor condition or opacities.

Gender

Categorization into male or female animal.

Hairless patches

Rat displays hairless patches on the limbs.

Hair loss general

Rat displays a general hair loss body condition.

Hunched posture

Rat’s back is abnormally arched in a concave manner.

Loose feces

Rat displays altered feces consistency, i.e., softer than normal.

Slightly decreased motor activity

Rat shows slightly decreased motor activity, compared to normal activity.

Pale Rat has pale extremities, skin or mucosa. This observation excludes pale eyes and gums.

Pale eyes Rat has pale eyes or paler than normal.

Piloerection Rat has erected fur. Can be observed in connection with dosage (related to substance’s flavor).

Ploughing Rat ploughs its nose in the cage bedding. Can be observed in connection with dosage (related to
substance’s flavor), but also in undosed animals.

Reflux Rat has gastroesophageal reflux.

Salivation increased

Rat has an increased rate of salivation observed after administration of the dose. Usually observed
in connection with dosage.

Salivation reflex

Rat has an increased rate of salivation, usually before or during dosing procedure.

Stained eyes

Rat has porphyria around the eyes.

Stained nostrils

Rat has porphyria in the nostrils. Often stress- or iliness-related, can spread to other fur areas.

Stiff body

Rat body is stiff during handling.

Struggling during handling

Rat struggles excessively during handling and/or dosing procedure.

Tiptoe gait

Rat walks on tiptoes. Usually associated with poor condition.

Trembling

Rat is trembling.

Vocalization during handling

Rat vocalizes when handled. This is usually observed in connection with oral dosing, but can be
observed in unhandled animals.

Tab. 3: Body weight measurement days, per study

Study number

Weighing days

Study |

All animals were weighed on study day -1 (before the first dose) and day 3. Additionally, group 1
and group 2 males were weighed on study days 6 and 8 (before sacrifice), and group 1 and
group 2 females were weighed on study days 4, 7 and 8 (before sacrifice). Group 3 males were
weighed on days 6 and 7, and group 3 females were weighed on days 4 and 5. Group 4 males
and females were weighed on day 4.

Study Il

All animals were weighed on study day -1 (before the first dose), day 5, 9 and 13. Group 3 animals
were additionally weighed on study day 10.

Study Il

All animals were weighed on study day -1 (before the first dose), day 4, 22 and 29.
Additionally, all males were weighed on study days 10 and 16, and all females on study days 8,
14 and 18.
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from the tail vein using capillary tubes, followed by centrifuga-
tion and separation into aliquots. A total of 5, 6 and 9 blood sam-
ples were drawn at different timepoints on the first and last day
of dosing for studies I, I and III, respectively. Cpnax Was quanti-
fied at the end of each study, using an in-house developed liquid
chromatography and tandem mass spectrometry (LC-MS/MS)
method. The toxicokinetic profiling and calculations were done
by PKxpert AB (Stockholm, Sweden). The Cax estimate, i.e., no
conversion, was used for the PLS modelling.

Dependent variables

All animals were sacrificed the day after being given the last

dose of the candidate drug, except for study I where necropsy

was performed after the pre-terminal sacrifice of animals in dose

groups 3 and 4. Organs were collected, fixed and processed to

wax blocks, sectioned and stained according to standard operat-

ing procedures. The slides were given an ID and then analyzed

for microscopic pathology by a qualified veterinary pathologist

in a blinded manner. A pathological finding of any kind and se-

verity was scored as 1 for that organ and individual, and a 0 was

scored if no pathological finding was observed. The following

organs and injuries were recorded and included in the analysis,

regardless of the severity of the pathological findings:

— Epididymides: cellular debris (males only)

— Liver: diverse findings merged (glycogen depletion, increased
hepatocellular mitosis and single hepatocellular necrosis)

— Lymph node: lymphoid depletion

— Large intestines (caecum, colon and rectum): mucosal gland
necrosis, atrophy or dilatation

— Bone marrow in the sternum: decreased cellularity

— Testes: tubular atrophy (males only)

— Thymus: lymphoid depletion

Body weight loss of 5% was also tested as a dependent variable.

Multivariate analysis

The partial least squares (PLS) regression is a multivariate data
analysis method (Wold, 1975). PLS regression tests possible re-
lationships between a set of independent and dependent variables
and is used to predict the outcome of the dependent variables on
a new sample (Eriksson et al., 2005; Hubert and Branden, 2003).
This method performs well with missing data points in both in-
dependent and dependent variables (Eriksson et al., 2013). The
data analysis and randomization were performed using Simca
software (version 15, Sartorius Stedim Data Analytics AB, Umea,
Sweden). All data were mean-centered and auto-scaled prior to
analysis. A default 7-fold cross-validation was used for model
development in order to determine the significant number of com-
ponents (latent variables).

In this study, two types of training and independent test sets
were tested in order to investigate the predictive ability of mod-
els based on the entire set of data (all three studies) as well as fu-
ture forecasting capacity on new data (study III based on models
trained on studies I and II data):

— Setup 1: Data from all three studies were merged and then
randomly divided into a training set (two-thirds of the data)
and an independent test set (one-third of the data);,
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— Setup 2: Data from studies I and II were employed as the
training set; study III was used as the independent test set.
Two sets of clinical signs were used in the present study; all reg-
istered clinical signs (“full list”) and a subset of signs (“short-
list”) (Tab. 6). The shortlist was compiled a priori based on the
authors’ previous experience of pharmaceutical toxicity testing
in rodents and inspired by the LASA guidance on dose level se-
lection (NC3Rs, 2009). The shortlist of clinical observations, i.e.,
piloerection, decreased motor activity, stained eyes and nostrils,
hunched posture, trembling, vocalization during handling, and
5% body weight loss, comprises general signs of toxicity com-
monly observed in toxicity testing. These particular clinical signs
are also used for severity assessment and for setting humane end-
points in rodents used in other research areas. The aim was to
create and test a shortlist of signs that would be easy to observe
and use in toxicity studies as well as in other research areas to
facilitate early detection of toxicity. In addition, gender and Cpax

were included in the shortlist used in this study.

The employed binary scoring system (0 or 1) scored a 1 for
each finding in a given variable, regardless whether it was a de-
pendent or independent variable. Conversely, for each individual
with no finding in a given variable, a 0 was scored. The arithmetic
mean value is thus 0.5, the standard cut-off value of the dependent
variable for model performance classification. This cut-off value
can change depending on the model’s imbalance with respect to
the classes (0 or 1) of the input data. The training set cross-valida-
tion procedure was used to determine the cut-off value for assign-
ing the prediction as pathological (> cut-off) or no pathological
finding (< cut-off). This was done by setting a cut-off value that
maximized balanced accuracy given by the function:

Balanced accuracy = 0.5 = (specificity + sensitivity)
Balanced accuracy =

055 ( number of true negatives ) ( number of true positives )
= *Weotal number of negative events) \ total number of positive events

A cut-off level of 0.8 was employed for model performance clas-
sification, i.e., the ability to accurately predict > 80% of the de-
pendent variable findings in the test set. This threshold level is
a commonly used value and was found by Ekins and colleagues
(2018) to be the ideal value. Poor model performance thus is de-
fined as a lack of the ability to predict at least 80% of the events.
The balanced accuracy is composed of two terms, specificity
and sensitivity. Specificity is defined as the rate of true negatives
predicted, i.e., the proportion of events correctly predicted as neg-
ative when the true result was negative (class 0). Sensitivity is the
rate of true positive results predicted, i.e., the proportion of cor-
rectly predicted positive events when the true result was positive
(class 1). The same cut-off level of 0.8 was used for classification
of the model performance regarding specificity and sensitivity.
The importance ranking of the different independent variables
is given in terms of variable importance in projection (VIP) score.
The VIP score describes the contribution of an independent vari-
able to the outcome (dependent variable) of the derived PLS mod-
el. It is obtained by estimating the weighted sum of the squared
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correlations between the independent and the dependent vari-
ables. The greater a VIP score is, the more information-bearing
and predictive power it possesses. The VIP method is implement-
ed in the SIMCA-P computer package; VIP scores with values >
1 are classified as important variables in the model (Lazraq et al.,
2003).

3 Results

3.1 Pathology predictions based on Setup 1

Using the full list of registered clinical signs to predict pathology
in any organ at necropsy (Tab. 2) when using Setup 1, the predic-
tive models showed a balanced accuracy > 0.8 for four (thymus,
bone marrow, testes and epididymides) out of seven organs with
pathological findings and for 5% body weight loss (Tab. 4). The
predictions were made with an accuracy between 81% and 98%
when using all clinical signs, including registered body weight
loss. Similar levels of accuracy were observed when using the
shortlist of clinical signs (80% to 96%) (Tab. 4) for the same four
organs as well as for the large intestine.

The models resulted in a borderline acceptable performance
for prediction of the pathological findings in the large intestines
using the full list of clinical signs (balanced accuracy = 0.8) and
poor performance for prediction of the pathological findings in
the liver and lymph node using either the full list or the shortlist
(balanced accuracy < 0.8) (Tab. 4). For the liver and lymph node
organ predictions, poor model performance in the test sets was
anticipated due to the low balanced accuracies observed in the
training sets (Tab. 4). Expectably, a similar model performance
was observed when using the shortlist in comparison to the in-
clusion of all clinical signs for the liver, lymph node and large
intestines, i.e., it did not improve (Tab. 4).

The predictive power of the individual clinical signs (used
as independent variables) to describe the pathological findings
(dependent variables) varied. For example, when describing
pathological findings of the bone marrow, piloerection and body
weight loss were rated as the most information-bearing predic-
tors, both when using the full list (Fig. 1a) as well as the shortlist
of clinical signs (Fig. 1b). Eyes half shut was also among the top-
ranked signs when using the full list of clinical signs (Fig. 1a).
However, this endpoint was not included in the shortlist.

Bone marrow
A setup 1 + full list

Piloerection

Eyes half shut

5% body weight loss
Cmax

Ploughing

Motor activity slightly decreased
Stained nostrils

Hunched posture

Stained eyes

Struggling during handling
Difficulty dosing

Pale

Vocalisation during handling
Salivation reflux

Pale eyes

Salivation increased

Stiff during handling
Trembling

Loose faeces

Gender

Reflux of dose

Blood on the gavage probe
Hairless patches

Hairloss general
Ungroomed

Tiptoe gait

Bone marrow
B setup 1 + short list

o
TN

Piloerection

5% body weight loss

Motor activity slightly decreased

Cmax

Staining nostrils

Hunched posture

Stained eyes

Trembling

Vocalisation during handling

Gender

Fig. 1: Model prediction for bone marrow pathology described using VIP scores using Setup 1 and the full list (left) or the

shortlist (right) of clinical signs

Error bars represent standard deviations (SDs). Balanced accuracies were 0.985 and 0.955, respectively.
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Tab. 4: Prediction results using Setup 1 for the full list or shortlist of clinical signs

&

Dependent variable Sensitivity Specificity Balanced accuracy ROC AUC? Dataset
Full list
5% body weight loss 0.800 0.827 0.813 0.964 Training
0.933 0.694 0.814 0.952 Test
Bone marrow 0.846 0.875 0.861 0.942 Training
1.000 0.970 0.985 0.996 Test
Epididymides 0.929 0.905 0.917 0.976 Training
0.846 0.933 0.890 0.979 Test
Large intestines 0.882 0.882 0.882 0.825 Training
0.769 0.786 0.777 0.870 Test
Liver 0.659 0.659 0.659 0.728 Training
0.556 0.643 0.599 0.681 Test
Lymph node 0.722 0.717 0.719 0.788 Training
0.500 0.719 0.609 0.666 Test
Testes 0.889 0.923 0.906 0.979 Training
0.857 0.905 0.881 0.973 Test
Thymus 0.929 0.930 0.929 0.957 Training
0.955 0.778 0.866 0.932 Test
Shortlist
5% body weight loss 0.800 0.800 0.800 0.925 Training
0.933 0.750 0.842 0.933 Test
Bone marrow 0.846 0.847 0.847 0.937 Training
1.000 0.909 0.955 1.000 Test
Epididymides 0.857 0.857 0.857 0.942 Training
0.769 1.000 0.885 0.897 Test
Large intestines 0.697 0.846 0.772 0.868 Training
0.857 0.815 0.836 0.744 Test
Liver 0.591 0.585 0.588 0.695 Training
0.407 0.429 0.418 0.504 Test
Lymph node 0.722 0.617 0.669 0.762 Training
0.313 0.625 0.469 0.566 Test
Testes 0.889 0.846 0.868 0.974 Training
0.714 0.905 0.810 0.932 Test
Thymus 0.762 0.884 0.823 0.808 Training
0.773 1.000 0.886 0.851 Test

a8ROC AUC (receiver operating characteristic area under the curve, also known as the concordance statistic) was used as a secondary
assessment measure for model comparison purposes.
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A VIP scores for 5% body weight loss
setup 1
vIP
-1 0 1 2 3 4
1 1 1 1 1
Bone marrow (sternum) - decreased celullarity
Testes - tubular atrophy
Lymph Node - lymphoid depletion
Liver - diverse findings
Epididymides - Cellular Debris
Large intestines - Caecum/Colon/Rectum
Thymus - lymphoid depletion
C VIP scores for piloerection
setup 1
VIP

{90 12 3 ¢
Bone marrow (sternum) - decreased celullarity
Liver - diverse findings
Testes - tubular atrophy
Epididymides - Cellular Debris
Lymph Node - lymphoid depletion
Large intestines - Caecum/Colon/Rectum
Thymus - lymphoid depletion

setup 1
VIP

B VIP scores for eyes half-shut

10 123 4
Bone marrow (sternum) - decreased celullarity
Liver - diverse findings
Lymph Node - lymphoid depletion
Testes - tubular atrophy
Epididymides - Cellular Debris
Large intestines - Caecum/Colon/Rectum
Thymus - lymphoid depletion

VIP scores for slightly decreased

D motor activity
setup 1

vIP

10 12 3 4
Lymph Node - lymphoid depletion
Testes - tubular atrophy
Bone marrow (sternum) - decreased celullarity
Liver - diverse findings
Epididymides - Cellular Debris
Large intestines - Caecum/Colon/Rectum
Thymus - lymphoid depletion

Fig. 2: Extracted mean VIP scores using a 5% body weight loss (2A), piloerection (2B), eyes half shut (2C) and decreased motor

activity (2D) as a predictor for pathology findings using Setup 1

Error bars represent SDs.

A 5% body weight loss, piloerection, and eyes half shut
were among the most information-bearing variables predicting
pathological findings in all seven organs (Fig. 2a,b,c). Slightly
decreased motor activity also showed high VIP scores for all or-
gans, however with higher standard deviations (Fig. 2d).

Body weight loss was shown to be not only useful as an inde-
pendent variable to predict organ pathology (Fig. 2a) but also to
be accurately predicted by other clinical signs, both when using
the full list and the shortlist (Fig. 3a,b).
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3.2 Pathology predictions based on Setup 2

When studies T and IT were used as the training set to predict study
I (Setup 2), the results indicated an overall good model perfor-
mance (balanced accuracy > 0.8) for most of the investigated organs
(Tab. 5). Using the full list of clinical signs, acceptable predictions
between 83 to 100% were seen in the thymus, testes, bone marrow,
and epididymides (Tab. 5). The prediction of a 5% body weight
loss also showed a high balanced accuracy of 85 to 92%. The large
intestines had acceptable model performances for the training sets
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5% body weight loss

A setup 1 + full list
VIP
2991234
Piloerection
Eyes half shut
Staining nostrils H
Cmax

Motor activity slightly decreased —
Hunched posture

Stained eyes  }
Ploughing

Loose faeces H

g

Trembling
Gender H

Reflux of dose H

Sallivation increased H

Pale H

Stiff during handling [
Vocalisation during handling —
Difficulty dosing (o

Pale eyes H

Salivation reflux H

Blood on the gavage probe
Struggling during handling —

L*LLLLLLTTT%TL}‘L

Hairless patches
Hairloss general
Ungroomed
Tiptoe gait

5% body weight loss

B setup 1 + short list
VIP

2 1 1 2 3 4
1 I T S|

Piloerection |—~‘

Staining nostrils

Cmax

Hunched posture

Motor activity slightly decreased
Stained eyes

Gender

Trembling

Vocalisation during handling

-
-
H o
H

i

|

|

Fig. 3: Model prediction for a 5% body weight loss described using VIP scores using Setup 1 and the full list (left) or shortlist

(right) of clinical signs

Error bars represent SDs. Balanced accuracies were 0.814 and 0.842, respectively.

but not for the test sets (93 and 66% prediction, respectively). Low
balanced accuracies were obtained from modelling attempts for the
pathology registered in the liver and lymph node (Tab. 5).

Overall, the model performances were better when using the
full list as compared to models based on the shortlist of clinical
signs. The shortlist resulted in low balanced accuracies for all end-
points except body weight loss (Tab. 5).

Piloerection, body weight loss, slightly decreased motor activity
and, in the full list, eyes half shut showed the highest VIP scores
also when using Setup 2, e.g., when predicting pathology in the
bone marrow (Fig. 4a,b).

Comparing Setup 1 and 2, overall a higher balanced accuracy
was obtained in Setup 1 (Fig. 5), both for the full list and for the
shortlist of clinical observations (Fig. 5). The same pattern was
observed for model sensitivity (Fig. 6) but not for specificity (Fig.
7), when comparing the use of the shortlist of clinical signs to the
full list, and Setup 1 vs 2.

3.3 Importance of clinical observations

in the derived models

The VIP score method was used to identify the most informative
predictors of toxicity. The rank order of importance of the inde-
pendent variables was identified by the PLS models.
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The most important across Setups 1 and 2 were piloerection,
5% body weight loss, decreased motor activity, and, in case of the
full list, eyes half shut and ploughing (Tab. 6). Additionally, the
Cmax predictive power was highly ranked by the PLS models, as
expected, as higher exposure usually correlates well with organ
toxicity.

Although ploughing, observed in connection with the dosing
procedure, was highly ranked, it was noted that this is often related
to a substance’s flavor and was mostly observed in the high dose
groups, where the concentrations of the test substance, and there-
fore the flavor intensity, were highest. Therefore, this sign was
regarded as related to the concentration of the test substance and
its flavor rather than connected to the pathogenesis. For this rea-
son, ploughing and eyes half shut were purposely excluded from
the short list although they were well associated with pathological
findings when using the full list of clinical signs (Tab. 6).

In sum, the clinical signs piloerection, 5% body weight loss,
decreased motor activity and eyes half shut were the most import-
ant predictors of pathology. Ploughing and eyes half shut were
excluded from the shortlist but were considered informative by
the PLS models when using the full list of clinical signs (Tab. 4).
Finally, the rank order of the variables was similar regardless of
the setup tested (Tab. 4).
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Tab. 5: Prediction results using Setup 2 for the full list or shortlist of clinical signs

Dependent variable Sensitivity Specificity Balanced accuracy ROC AUC? Dataset
Full list
5% body weight loss 0.933 0.903 0.918 0.963 Training
1.000 0.700 0.850 0.970 Test
Bone marrow 0.875 0.900 0.888 0.969 Training
1.000 0.813 0.907 0.896 Test
Epididymides 0.857 0.889 0.873 0.976 Training
1.000 0.815 0.907 0.989 Test
Large intestines 0.900 0.962 0.931 0.972 Training
0.370 0.943 0.657 0.686 Test
Liver 0.760 0.762 0.761 0.820 Training
0.413 0.765 0.589 0.616 Test
Lymph node 0.923 0.879 0.901 0.937 Training
0.429 0.695 0.562 0.582 Test
Testes 1.000 1.000 1.000 1.000 Training
1.000 0.719 0.859 0.926 Test
Thymus 1.000 1.000 1.000 1.000 Training
0.788 0.870 0.829 0.914 Test
Shortlist
5% body weight loss 0.867 0.871 0.869 0.856 Training
0.900 0.925 0.913 0.935 Test
Bone marrow 0.875 0.900 0.888 0.935 Training
0.000 0.987 0.493 0.893 Test
Epididymides 0.857 0.889 0.873 0.857 Training
0.538 0.963 0.751 0.862 Test
Large intestines 0.850 0.846 0.848 0.940 Training
0.222 1.000 0.611 0.675 Test
Liver 0.720 0.619 0.670 0.783 Training
0.239 0.794 0.517 0.496 Test
Lymph node 0.769 0.788 0.779 0.816 Training
0.048 0.983 0.515 0.450 Test
Testes 1.000 1.000 1.000 1.000 Training
0.375 0.969 0.672 0.863 Test
Thymus 0.742 1.000 0.871 0.772 Training
0.303 0.978 0.641 0.635 Test

2ROC AUC (receiver operating characteristic area under the curve) was used as a secondary assessment measure for model comparison

purposes.
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-2
Eyes half shut
Piloerection
5% body weight loss
Motor activity slightly decreased
Cmax
Ploughing
Stained nostrils
Salivation increased
Hunched posture
Salivation reflux
Stained eyes
Gender
Reflux of dose
Loose faeces
Stiff during handling
Vocalisation during handling
Trembling
Pale
Difficulty dosing
Pale eyes
Blood on the gavage probe
Struggling during handling
Tiptoe gait

Bone marrow
setup 2 + full list
vIP

4 0 1 2 3

B

4

Piloerection

5% body weight loss

Motor activity slightly decreased
Cmax

Stained nostrils

Hunched posture

Stained eyes

Gender

Vocalisation during handling

Trembling

-2
L

Bone marrow
setup 2 + short list
vIP

4 0 1 2 3 4
[ T N SN S

Fig. 4: Model prediction for bone marrow pathology described as VIP scores using Setup 2 and the full list (left) or shortlist

(right) of clinical signs

Error bars represent SDs. Balanced accuracies were 0.907 and 0.493, respectively.
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Fig. 5: Comparison of the mean balanced accuracy across all pathological endpoints using Setup 1 versus Setup 2

Error bars represent SDs; the dotted line represents the cut-off value (0.8) for performance evaluation.
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Fig. 6: Comparison of the mean sensitivity (i.e., correct positive predictions) across all pathological endpoints using Setup 1
versus Setup 2

Error bars represent SDs; the dotted line represents the cut-off value (0.8) for performance evaluation.
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Fig. 7: Comparison of the mean specificity (i.e., correct negative predictions) across all pathological endpoints using Setup 1
versus Setup 2

Error bars represent SDs; the dotted line represents the cut-off value (0.8) for performance evaluation.
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Tab. 6: Overall importance of clinical observations ranked in order of information-bearing rank for each tested setup, using
merged data from all dependent variables in the derived PLS models?

Setup 1, full list

Setup 1, shortlist

Setup 2, full list

Setup 2, shortlist

Piloerection

Piloerection

Piloerection

Piloerection

Eyes half shut

5% body weight loss

Eyes half shut

5% body weight loss

Ploughing

cmax

5% body weight loss

Slightly decreased motor
activity

5% body weight loss

Slightly decreased motor
activity

Slightly decreased motor
activity

Cmax

Cmax

Stained nostrils

Ploughing

Stained nostrils

Slightly decreased motor
activity

Hunched posture

cmax

Hunched posture

Stained nostrils

Stained eyes

Stained nostrils

Stained eyes

Hunched posture

Gender

Hunched posture

Gender

Salivation reflux

Trembling

Stained eyes

Trembling

Pale

Vocalization during handling

Salivation increased

Vocalization during handling

Salivation increased

Gender

Stained eyes

Loose feces

Pale eyes

Salivation reflux

Difficulty dosing

Reflux of dose

Loose feces

Blood on the gavage probe

Struggling during handling

Difficulty dosing

Gender

Hairless patches

Stiff during handling

Hair loss general

Trembling

Pale eyes

Vocalization during handling

Pale

Reflux of dose

Stiff during handling

Tiptoe gait Struggling during handling
Blood on the gavage probe Tiptoe gait
Hairless patches Trembling

Hair loss general

Vocalization during handling

aBold text indicates that the descriptor is part of the shortlist of descriptors. Grey background indicates that the endpoints were of equal

unimportance in the tested setup.

Some of the clinical observations, i.e., vocalization during han-
dling and trembling, which were part of the shortlist, were not
particularly important in either of the tested setups, which is most
likely related to the very few registered occurrences.

4 Discussion
4.1 Comparison of Setups 1 and 2

In the present study, we investigated whether clinical observa-
tions could predict pathological findings, which suggests that
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clinical signs can be used as early predictors for adverse out-
comes observed after necropsy. Piloerection, eyes half-shut and
slightly decreased motor activity showed the strongest associ-
ation with the pathological findings in the thymus, testes, bone
marrow and epididymides. Body weight loss also showed a high
empirical association with pathological findings. Setup 1 split
data from all three studies into a training (2/3 of the data) and
a test set (1/3 of the data), aiming to obtain the best associations
possible between clinical signs and pathology. Setup 2 used data
from the two shorter dose-finding studies to predict the results of
the third study, which had a longer duration and used lower doses.
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Accordingly, there was a greater likelihood of more severe effects
in study I and II, given the higher dosages, compared to study III.

For both tested setups, good model performances were found
when associating the full list of clinical signs including 5% body
weight loss with pathological findings in the thymus, testes, bone
marrow and epididymides. The shortlist of clinical signs was
shown to be useful in Setup 1, although a slightly better model
performance was achieved when using the full list. The results
show that PLS models can describe and empirically predict as-
sociations between clinical signs and pathological findings, even
with limited amounts of data, such as the case of study I where
two dose groups were pre-terminally sacrificed.

Piloerection, stained nostrils, and decreased motor activity pre-
viously have been identified as markers of general toxicity, often
used to assess the severity of toxicity-induced distress (NC3Rs,
2009) as well as to support decisions for pre-terminal sacrifice
due to general poor animal condition (Morton and Griffiths,
1985). Members of Swedish animal ethics committees also top-
ranked these endpoints in relation to animal distress (75t percen-
tile weights) (Ringblom et al., 2017b). Piloerection is a general
symptom often associated with toxicity but can also be related to
the substance’s taste or animal’s discomfort independently of dose
administration. It is thus dependent on the time of occurrence and
may be plausibly discarded if observed immediately after dose
administration. Stained nostrils are a typical sign of toxicity and
decreased animal wellbeing, especially when observed recurrent-
ly. Decreased motor activity is related to poor animal condition
and often linked to more severe suffering (Sewell et al., 2015). In
the present study, slightly decreased motor activity was observed
only in some animals in study I and II, but was important despite
its low frequency. Eyes half shut was also a strong predictor for
pathological findings, although it is traditionally regarded as a
clinical sign that indicates pain (Langford et al., 2010). Eyes half
shut is included in animal welfare assessment guidelines (e.g.,
Morton and Griffiths, 1985; EC, 2012) but not in the LASA guid-
ance on dose level selection (NC3Rs, 2009). Our results strongly
support that these three descriptors (piloerection, eyes half shut
and decreased motor activity), even when observed as mild symp-
toms or with low frequency, could be predictors of general tox-
icity. They carry, thus, a refinement potential, in terms of study
management and animal welfare monitoring. To our knowledge,
there are no publications that describe the use of clinical signs in
research animals to predict side effects caused by the test drug or
for other purposes than as additive information in the risk assess-
ment and for animal welfare reasons.

Body weight loss is a useful tool to determine the MTD in
different species used in toxicity testing, and for rodents a 20%
body weight loss has been used to identify an appropriate MTD
(NC3Rs, 2009). The use of this substantial body weight loss for
deciding the MTD has though been challenged (Chapman et al.,
2013). For rats, a body weight loss of 10% has been suggested as
a better threshold in up to 7-day MTD studies for pharmaceutical
development purposes (Chapman et al., 2013) and has also been
shown to be a sign of evident toxicity in acute inhalation studies
(Sewell et a. 2015). In the present study, we wanted to investi-
gate whether a less pronounced body weight loss could be pre-

ALTEX 38(2), 2021

dictive of toxicity. We showed that a less severe body weight loss
of 5% in rats was predictive of pathology findings in the 7 up to
28-day studies analyzed. Based on the observed predictive value
of body weight loss, we suggest a 5% body weight decrease to
be an important predictor to consider when investigating toxicity
in future animal studies. Further studies are required to support
this suggested threshold for toxicity, which can be useful for deci-
sion-making on, for example, administering the next dose or as a
point of departure for reference dose setting. In the present study,
body weight loss was also shown to be predicted by clinical signs.

As expected, higher Cpax concentrations, i.e., higher exposure,
were predictive of pathological findings in all modelled organs.
However, Cax does not represent a quick assessment of animal
wellbeing, as it requires a resource-consuming toxicokinetic
study and repeated blood sampling.

Overall accurate predictions (81 to 98% in terms of balanced
accuracy) were seen in four of the seven investigated organs:
thymus, bone marrow, testes and epididymides. Bone marrow,
testes and epididymides could be regarded as likely target organs
for side effects of an anti-cancer drug, as they are continuously
proliferative organs (Remesh, 2012). The intestine is also a con-
tinuously proliferative organ, but intestinal toxicity was not as
well predicted by the derived models.

Thymus and lymph node pathology and body weight loss could
be related to secondary toxicity due to stress caused by drug-in-
duced specific organ toxicity. Toxicity to the liver is also often
regarded as non-specific. The pathological findings in the liver
and lymph node showed an irregular pattern across the present
studies, and there were too few observations for the specific liver
injuries (glycogen depletion, increased hepatocellular mitoses
and single hepatocellular necrosis) to be modelled individually.
There were also fewer observations related to lymphoid deple-
tion in the lymph node in study III due to the lower doses tested.
In sum, the clinical signs in the present study on an anti-cancer
drug seemed to be related to drug-specific side effects rather than
to stress-related secondary toxicity.

4.2 Shortlist of clinical signs

We investigated whether a selection of clinical signs previously
established as relevant for toxicity assessment would yield simi-
lar results compared to using all clinical signs. The shortlist was
compiled to represent the most meaningful observations from a
toxicological point of view. The model predictions resulted in
similar balanced accuracies when the shortlist of clinical obser-
vations was used in Setup 1 but not in Setup 2, indicating a lack
of generalizability for some of the models. Thus, all clinical ob-
servations are important, but some are more important than others
(Tab. 6). A lower balanced accuracy was evident when the short-
list was used in combination with study III as the test set (Fig. 5).
The model’s performance deterioration was especially noticeable
in the sensitivity results (Fig. 6), while the specificity results did
not deteriorate in a similar way (Fig. 7). This could be explained
by imbalances in the majority and minority classes, i.e., the nega-
tive and positive pathological findings. The lower sensitivity can
be translated as overprediction of positive pathological findings,
lowering the overall balanced accuracy too (Fig. 5 and 6). How-
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ever, the specificity did not deteriorate in a similar way, as the
models predicted more negative results (the majority class) to the
cost of lower sensitivity, especially in Setup 2 (Fig. 7).

In conclusion, the model performance improved with the num-
ber of clinical endpoints included but also with the amount of
data employed (the training set of Setup 1 contained more data
than the training set of Setup 2), suggesting that more evident as-
sociations could be observed if data from other studies and sub-
stance classes were available. Furthermore, this analysis showed
that the shortlist of clinical signs yielded similar results as the
more complete assessment of clinical observations in the scenar-
io where data from all three studies were combined.

4.3 Temporality

PLS is not time-resolved, and it disregards the time-point when
a clinical sign was observed and only considers the total number
of times it occurred averaged over the number of study days for
comparability between different study durations. This absence of
temporality may seem like a limitation but it is actually the oppo-
site, being potentially useful in terms of creating a real-time sur-
veillance system to predict toxicity and assess animal wellbeing.
During the course of an animal study, clinical observations could
be registered in a software enabled with PLS modelling, which
could then perform real-time predictions and alert the investiga-
tors in advance to a likely outcome in target organs for some of
the animals or for the study outcome as a whole. Although such
pathological injuries can only be confirmed after necropsy, a
predicted pathological outcome may support study management
during its course, in terms of intended study outcome and deci-
sion-making for dose administration, simultaneously increasing
animal wellbeing through reducing unnecessary suffering. As
it might serve as a tool to support decision-making in case of
change or interruption of the toxicity study, it represents a poten-
tial refinement action.

4.4 Future perspectives and final remarks

A wider understanding and use of clinical signs in any animal
model and research area are necessary to provide important in-
formation about side effects and risks associated with the used
test substance. Drugs with positive treatment effects but also
even mild side effects in a disease model might not be suitable in
the clinic. By making decisions that support candidate drugs with
the least toxic effects early in drug development in the pharma-
ceutical industry and academia, many animal experiments could
potentially be avoided.

Although clinical observations made during toxicity testing
studies are registered, they are seldom used for decision-mak-
ing in chemical risk assessment or pharmaceutical development
(OECD, 2008; WHO, 2009). This suggests an underestimation
of the information provided by clinical signs. In this study, we
have shown that clinical signs can predict organ injuries that will
potentially be observed after necropsy. Future research in this
area may focus on repeating the analysis with larger amounts of
data, including longer studies and other classes of substances in
order to corroborate or refute the presented proof-of-principle
that there are associations between clinical signs and specific
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pathological findings. Further elucidation of these associations
could improve study management and design, promoting refine-
ment and reduction of animal studies by enabling greater use of
the information obtained during in vivo studies. Furthermore,
prediction models based on the presented shortlist of clinical
signs, extended to include eyes half shut, can be useful during
efficacy studies done in the early pharmaceutical development
process, as they can represent valuable information for test sub-
stance selection before regulatory toxicity testing. Eyes half shut
was shown to have good predictive power and should therefore
be considered in the dose setting guidelines for toxicity testing.

In conclusion, we found that clinical observations were clearly
associated with pathological findings, which suggests that clin-
ical signs may be used as early predictors of adverse outcomes
observed after necropsy. For the investigated anti-cancer drug,
piloerection, eyes half shut and decreased motor activity showed
the strongest associations with the pathological findings in the
thymus, testes, bone marrow and epididymides. Additionally, a
strong empirical association was observed for a 5% body weight
loss, which was an accurate predictor regarding organ injuries,
but also could be predicted by the clinical signs. The empirically
derived PLS regression models predicted accurately over 80%
of the animals’ pathological findings in the mentioned organs
when building the model using all clinical observations from the
three animal studies. These results show that PLS modelling rep-
resents a promising analytical method and a strong candidate for
a real-time toxicity and animal welfare monitoring system.

We conclude that clinical observations can be used as early
markers of toxicity, as well as to assess and improve welfare
during pharmaceutical development, reducing animal use and
unnecessary suffering. In addition, we suggest that signs regis-
tered during toxicity testing studies, as well as in other research
areas, could be simplified using a shortlist including a 5% body
weight loss, piloerection, eyes half shut and decreased motor
activity. Further research is required to improve the accuracy of
these predictions and to further support the proof-of-principle
this analysis has presented.
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