PART 3.

STATISTICAL ANALYSES OF CONCORDANCE AND KEY CHARACTERISTICS

CHAPTER 21.

Analysis of tumour site
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Introduction

Since its establishment in the ear-
ly 1970s, the IARC Monographs
Programme has evaluated more than
1000 agents with evidence of human
exposure for which some suspicion
exists of an increased cancer risk
to humans. The IARC Monographs
Programme has developed detailed
criteria against which to evaluate
the available scientific evidence on
the carcinogenic potential of such
agents. These criteria, which are de-
scribed in the Preamble to the IARC

Monographs (Cogliano et al., 2004;
IARC, 2006), are used to evaluate
and integrate the evidence provided
by human epidemiological studies,
animal cancer bioassays, and infor-
mation on possible biological mech-
anisms of action, to classify agents
into one of the following categories:
carcinogenic to humans (Group 1),
probably carcinogenic to humans
(Group 2A), possibly carcinogenic to
humans (Group 2B), not classifiable
as to its carcinogenicity to humans
(Group 3), and probably not carcino-
genic to humans (Group 4). These

evaluations involve classifying the
data from both the human and the
animal studies as providing suffi-
cient evidence of carcinogenicity,
limited evidence of carcinogenicity,
inadequate evidence of carcinogen-
icity, or evidence suggesting lack of
carcinogenicity. The information on
biological mechanisms of action may
be evaluated as strong, moderate, or
weak, and is taken into consideration
in the overall evaluation.

To date, IARC has developed 119
Monographs Volumes on more than
1000 agents for which there exists
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some evidence of cancer risk to hu-
mans; of these, 120 agents met the
criteria for Group 1. Volume 100 of
the IARC Monographs provided a re-
view and update of the 107 Group 1
agents identified as of 2009. Volume
100 is divided into six parts, focus-
ing on pharmaceuticals (Volume
100A; IARC, 2012e); biological
agents (Volume 100B; IARC, 2012b);
arsenic, metals, fibres, and dusts
(Volume 100C; IARC, 2012a); radi-
ation (Volume 100D; IARC, 2012f);
personal habits and indoor combus-
tions (Volume 100E; IARC, 2012d);
and chemical agents and related
occupations (Volume 100F; IARC,
2012c). Since the publication of
Volume 100, five additional agents
had been added to Group 1 at the
time the present analysis was under-
taken: (i) diesel engine exhaust (re-
viewed in Volume 105; IARC, 2013),
(i) trichloroethylene (TCE) (evalu-
ated in Volume 106; IARC, 2014),
(iii) polychlorinated biphenyls (PCBs)
and dioxin-like PCBs (reviewed in
Volume 107; IARC, 2016b), and
(iv) outdoor air pollution and (v) par-
ticulate matter in outdoor air pollu-
tion (both evaluated in Volume 109;
IARC, 2016a). Had these five agents
been evaluated within Volume 100,
they would have been included in
Volume 100F; for ease of reference,
these agents are included in an ex-
panded group of chemical agents
and related occupations, denoted by
Volume 100F*.

The 113 agents classified by
IARC as known causes of cancer in
humans up to and including Volume
109 of the JARC Monographs are list-
ed in Table 21.1. Note that although
3,3',4,4' 5-pentachlorobiphenyl (PCB
126) was evaluated as a separate
Group 1 agent in Volume 100F, it is
included within the group of agents
consisting of PCBs and dioxin-like

PCBs, which were determined to be
Group 1 agents in Volume 107. For
the purposes of the present anal-
ysis, PCBs and dioxin-like PCBs
were considered as a single group
of PCBs, resulting in 113 — 2 = 111
distinct agents for analysis. Including
the five Group 1 agents identified
since Volume 100, there are 23, 11,
10, 18, 12, and 37 Group 1 agents in
Volumes 100A to 100F*, respectively.

Because both animal and human
data are considered in evaluating the
weight of evidence for human car-
cinogenicity, the degree of concor-
dance between species for tumour
induction by carcinogenic agents is
important. A high degree of site con-
cordance between species supports
the ability of studies in experimental
animals to predict not only a potential
cancer risk to humans but also the
specific sites of cancer induction ex-
pected from human exposure to car-
cinogenic agents. In contrast, lack of
concordance may indicate the need
for further research to make sure
that all cancer sites have been iden-
tified in sensitive human subpopula-
tions or in appropriate experimental
animal models, and to identify the
underlying mechanisms that differ-
ent species may or may not have in
common.

This chapter uses the data set as-
sembled by Grosse et al. (Annex 1)
derived from the available informa-
tion on the agents classified by IARC
as carcinogenic to humans (Group 1)
in Volume 100 to Volume 109, the
last Monograph for which final data
were available at the time this anal-
ysis was conducted. This database
includes all tumour sites identified
in the IARC Monographs for which
agents presented sufficient evidence
of carcinogenicity in humans and/or

animals, and includes internationally
peer-reviewed and published data
from studies in humans and experi-
mental animals to support analyses
of tumour sites seen in humans and
animals. Although the database
also includes human tumour sites
for which there is limited evidence
of carcinogenicity of the agent,
such sites were not systematically
identified in the JARC Monographs.
Likewise, animal tumour sites were
generally not identified in the case of
limited evidence of carcinogenicity in
animals.

The next section describes how
information was retrieved and as-
sembled from the data set compiled
by Grosse et al., as well as the ap-
proach used to evaluate tumour site
concordance between animals and
humans. A detailed description of the
results of the analysis of these data is
then presented both in the text of this
chapter and in online supplemental
material (see below). A discussion
of the results of these analyses and
the conclusions drawn from this work
are presented in the last two sections
of this chapter.

Methods

Tumour nomenclature in
animals and humans

Although human tumours can be
coded in a standardized manner by
use of the International Classification
of Diseases coding system (WHO,
1977, 2011), a comparable nomen-
clature system does not exist for
animal tumours. To render the ani-
mal and human tumours identified
in the IARC Monographs compa-
rable, a taxonomy of tumour sites
was constructed (Table 21.2). As
detailed in Supplemental Material
| (online only; available from:
http://publications.iarc.fr/578),  this
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Table 21.2. Anatomically based taxonomy of tumour sites/organ systems in animals and humans

Organ system Sites coded from Volume 100 (A, B, C, D, E, and F*)=

Upper aerodigestive tract Nasal cavity and paranasal sinuses
Nasopharynx
Oral cavity
Pharynx
Tongue
Tonsil
Salivary gland

Respiratory system Larynx

Lung

Lower respiratory tract
Mesothelium Mesothelium
Digestive tract Oesophagus

Stomach

Intestine (including colon and rectum)

Digestive organs Liver parenchyma and bile ducts
Pancreas NOS
Gallbladder
Nervous system and eye Brain and spinal cord (CNS)
Eye
Endocrine system Thyroid, follicular epithelium
Adrenal gland (medulla, cortex, NOS)
Pituitary gland
Kidney Kidney (renal cortex, renal medulla, kidney NOS)
Urothelium Urothelium (renal pelvis, ureter, or bladder)
Lymphoid and haematopoietic tissues Haematopoietic tissue

Lymphoid tissue

Skin Skin and adnexae
Cutaneous melanocytes

N
o
L
-
o
<
a5
@)

Connective tissues Soft connective tissue
Blood vasculature (endothelium)
Hard connective tissue (bone, cartilage)

Female breast, female reproductive organs, and Breast

female reproductive tract Ovary
Uterine cervix
Uterus

Vulva/vagina

Other groupings All cancers combined
All solid cancers
Exocrine glands NOS

CNS, central nervous system; NOS, not otherwise specified.

a These sites are derived from all site descriptors used in JARC Monographs to describe human and experimental animal cancer data
(see Supplemental Table 1. Animal and human tumour sites for 111 Group 1 agents identified up to and including Volume 109 of the
IARC Monographs).
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taxonomy is anatomically based and
includes 47 tumour sites grouped
within 15 organ and tissue systems.
There are 39 distinct animal and
human tumour sites specified for
Group 1 agents in Volume 100A-F*,
and eight additional tumour sites
were considered to be important,
even though they did not appear in
the tumour site concordance data set
developed by Grosse et al. (Annex 1).
The individual tumour sites seen in
either animals or humans up to and
including Volume 109 of the IARC
Monographs are listed in Table 21.2.
The category “other groupings” in-
cludes the three sites (“all cancers
combined”, “all solid cancers”, and
“exocrine glands not otherwise spec-
ified”) that do not fit into any of the
other 14 groupings of organ and tis-
sue systems. All analyses reported
in this chapter are based on the 39
individual tumour sites within the 14
organ and tissue systems listed in
Table 21.2 (excluding tumours of the
male reproductive tract, for which the
data do not show sufficient evidence
in both humans and animals).
Aggregation of tumour sites with-
in an organ and tissue system was
guided by several factors, including
anatomical and functional related-
ness. The specialized epithelia of the
upper aerodigestive tract, respiratory
system, digestive tract, and digestive
organs are found for the most part
in a single or a few anatomical sites,
which are precisely captured by the
available epidemiological and experi-
mental data. In contrast, both the kid-
ney and the urothelium are data-rich
sites, and carcinogenic agents for ei-
ther site display little or no overlap in
target organ. Accordingly, the kidney
and the urothelium were analysed
separately rather than being aggre-
gated as “urinary tract”. Cancers of
soft connective tissues, lymphoid

and haematopoietic tissues, and
bone and cartilage can arise wherev-
er in the body their progenitor tissues
occur, and are aggregated according
to tissue of origin without regard to
anatomical location. Likewise, skin
cancers are aggregated irrespective
of anatomical location, with the
exception that malignant melanoma
as it occurs in humans is unknown
in rats or mice; cutaneous melano-
cytes are thus included separately in
Table 21.2 as a human tumour site
only for the sake of completeness.
Estrogen-producing and estrogen-
responsive tissues are aggregated
in the organ system “female breast,
female reproductive organs, and fe-
male reproductive tract”. In contrast
to the female reproductive system,
no carcinogens are known with suf-
ficient evidence for the male repro-
ductive system in humans, despite
the high prevalence in humans of
prostate and testicular germ cell
cancers.

Retrieval of data on tumour
occurrence from the IARC
Monographs

Grosse et al. (Annex 1) extracted
data from Volumes 100, 105, 106,
107, and 109 on tumour sites report-
ed in humans or animals for the 111
distinct Group 1 agents considered
here. This information is illustrated in
Table 21.3, with one compound from
each of Volumes 100A-F, as well
as diesel engine exhaust (Volume
105), TCE (Volume 106), PCBs
(Volume 107), and particulate matter
in outdoor air pollution (Volume 109).
Table 21.3 gives the tumour sites
for which the agents provide suffi-
cient evidence of carcinogenicity in
humans, as well as sites for which
there is limited evidence. Tumour
sites for which sufficient evidence
of carcinogenicity exists in specific

animal species are also noted.
Information on the histology of ani-
mal lesions, when available, is also
recorded in Table 21.3; however, be-
cause this information is not general-
ly available in the IJARC Monographs
for human studies, it was not consid-
ered in the comparative analyses re-
ported here.

Although tumour sites for which
agents show limited evidence of car-
cinogenicity in humans are included
in Table 21.3, this information is not
considered in the present analysis.
In fact, although the original intent
was to consider tumour sites with
sufficient or limited evidence in hu-
mans when evaluating concordance
with animal tumour sites with suffi-
cient evidence, there are only two
Group 1 agents with limited, but not
sufficient, evidence of carcinogeni-
city in humans.

Effects of sex, strain, and
route of administration

The last column in Table 21.3 pro-
vides details on animal studies rele-
vant to the evaluation of the agent of
interest, including the sex and strain
of the test animals and the route
of administration of the test agent.
Although this information has been
recorded where available, it is diffi-
cult to examine concordance with re-
spect to these important factors for a
variety of reasons, as outlined below.

Because many epidemiological
studies are based on predominant-
ly male occupational cohorts, men
tend to be over-represented in the
human studies on Group 1 agents.
Other agents, such as hormonal oral
contraceptives, are evaluated only
in women. Certain lesions, notably
breast cancer and prostate cancer,
are largely sex-specific. Also, some
animal studies use only one sex, and
others do not specify whether male
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or female animals — or both — were
used. For these reasons, separate
analyses of species concordance
across the spectrum of Group 1
agents are difficult to conduct.
Separate concordance analyses by
strain are also difficult, because of
the sparseness of studies on spe-
cific strains of experimental animals.
Indeed, in many cases information
on strain is unavailable, preclud-
ing the possibility of strain-specific
analyses.

Human exposure to carcinogens
can occur by oral ingestion, inhala-
tion, or dermal absorption, as well as
via other routes, such as injection of
pharmaceutical agents for therapeu-
tic purposes. Animal studies may
involve other routes of exposure,
such as intraperitoneal injection or
intratracheal instillation. In  many
cases, the route of exposure used in
animal studies may not correspond
to the predominant route by which
humans are exposed; in such cases,
the dose of the reactive metabolite
reaching critical target tissues may
be quite different, depending on the
route of administration. Differences
in routes of exposure between ani-
mals and humans could thus contrib-
ute to lack of concordance between
tumour sites observed in animals
and humans. However, because
data on cancer outcomes for a giv-
en route of exposure are not avail-
able across the entire set of Group 1
agents, a systematic evaluation of
concordance for specific exposure
routes is not possible.

Species-specific tumour site
profiles

Before the concordance analyses
were conducted, the organ distribu-
tion was examined of the tumours
caused by the 111 distinct Group 1
carcinogens identified by IARC to
date, both in humans and in animal

species. These distributions are of
value in demonstrating the spectrum
of tumours caused by these agents in
different species, including the identi-
fication of the most common tumours
caused in humans. Human tumours
caused by the human tumour virus-
es reported in Volume 100B were
included in these distributions, so
that these results reflect the tumours
caused by all 111 distinct Group 1
carcinogens considered here.

Organization of concordance
analyses

Analytical results are presented first
for the 39 tumour sites and then for
the 14 organ and tissue systems.
Because the present database in-
volves only a moderate number of
agents with comparable data in an-
imals and humans, results aggregat-
ed by organ and tissue system may
be expected to be more stable.

Results

The concordance data set assem-
bled by Grosse et al. (Annex 1) and
summarized in Table 21.1 includes
111 distinct Group 1 agents iden-
tified in the IJARC Monographs up
to and including Volume 109. Nine
of these 111 agents were placed in
Group 1 in the absence of sufficient
evidence of carcinogenicity in hu-
mans (Table 21.4). These determi-
nations were made on the basis of
mechanistic upgrades according to
the evaluation criteria outlined in the
Preamble to the JARC Monographs
(IARC, 2006). For example, benzo[a]
pyrene (B[a]P) was placed in Group 1
on the basis of epidemiological data
on exposure to mixtures of polycy-
clic aromatic hydrocarbons (PAHSs)
containing B[a]P that provided suf-
ficient evidence for cancer of the
lung or skin in humans, coupled with

extensive mechanistic data on BJ[a]P,
suggesting that the mechanisms by
which this agent causes tumours in
animals would also be expected to
operate in humans; no data in hu-
mans on B[a]P alone were available
for evaluation (IARC, 2010). An im-
portant aspect of such mechanistic
upgrades for purposes of the present
analysis is the general lack of identi-
fication of a human tumour site.

Of the nine agents in Table 21.4
placed in Group 1 on the basis of
mechanistic upgrades, all but one —
etoposide — demonstrated sufficient
evidence of carcinogenicity in ani-
mals. In the assignment of etoposide
to Group 1 in the absence of sufficient
evidence in animals, the Monograph
noted the limited evidence of carci-
nogenicity in humans on the basis
of the induction of acute myeloid
leukaemias with distinctive chro-
mosomal translocations by drugs,
including etoposide, that target topo-
isomerase Il (IARC, 2012e). Of the
nine mechanistic upgrades, three
showed limited evidence in humans,
and six had inadequate evidence
in humans or no epidemiological
data were available, for example for
B[a]P and 2,3,4,7,8-pentachlorodi-
benzofuran (PeCDF).

Apart from the nine Group 1
mechanistic upgrades for which no
human tumour sites were identified,
there are four other agents for which
the same is true (Table 21.5): ion-
izing radiation (all types), internalized
radionuclides that emit a-particles,
internalized radionuclides that emit
B-particles, and ultraviolet (UV) ra-
diation (bandwidth 100—400 nm, en-
compassing UVC, UVB, and UVA).
These were generic evaluations
across a range of agents falling in
these categories. In addition, no hu-
man tumour site was specified for
the agents areca nut and ethanol in



alcoholic beverages, because no ep-
idemiological data were available for
areca nut alone or for ethanol in alco-
holic beverages alone (see Annex 1,
by Grosse et al.).

No animal tumour sites were
identified for 38 of the 111 agents
considered here (Table 21.6). These
included 20 agents with inadequate
evidence in animals: seven agents
representing occupational expo-
sures that would be difficult to rep-
licate in the laboratory; two pharma-
ceutical agents used in combination
for which no animal data were avail-
able on the mixture; seven biologi-
cal agents (all viruses) for which the
selection of an appropriate animal
model was problematic; two agents,
etoposide and wood dust, for which
the available animal tests were con-
sidered inadequate; and two agents,
treosulfan and leather dust, for
which no animal data were available.
Although the two agents that lack
any animal test data — treosulfan and
leather dust — clearly do not permit
an evaluation of concordance be-
tween animals and humans, the two
agents for which inadequate animal
data were available — etoposide and
wood dust — warrant some further
discussion to distinguish between
the case in which well-conducted
animal studies have failed to demon-
strate carcinogenicity and the case
in which the animal data are largely
uninformative because of inadequate
testing: Volume 76 (IARC, 2000)
and Volume 100A (IARC, 2012¢) of
the JARC Monographs noted that
etoposide was tested in only one
experiment with wild-type and het-
erozygous neurofibromatosis type 1
(Nf1) knockout mice that were treat-
ed by gastric intubation for 6 weeks
with etoposide at 100 mg/kg body
weight/week (Mahgoub et al., 1999).
This single short-duration study was

judged as providing inadequate evi-
dence of carcinogenicity in animals.
The available studies with wood dust
originally considered in Volume 62
(IARC, 1995) did not show signifi-
cant carcinogenic or co-carcinogen-
ic potential of beech wood dust, but
these studies were subject to several
limitations as well as inadequacies in
data reporting. Upon re-evaluation of
wood dust in Volume 100C (IARC,
2012a), it was concluded that most of
the studies conducted with wood dust
(nearly all with beech wood dust) had
small numbers of animals or were of
short duration, thus providing inade-
quate evidence of carcinogenicity in
animals. These considerations sug-
gest that neither etoposide nor wood
dust have been subject to adequate
animal testing, therefore precluding
a determination of their carcinogenic
potential in animals.

Ten agents, including six pharma-
ceutical products (busulfan, chlor-
naphazine, cyclosporine; combined
estrogen—progestogen menopausal
therapy, 1-(2-chloroethyl)-3-(4-meth-
ylcyclohexyl)-1-nitrosourea [methyl-
CCNU], and analgesic mixtures con-
taining phenacetin), three biological
agents (infections with Clonorchis
sinensis, Opisthorchis viverrini, and
Schistosoma haematobium), and
one chemical agent (sulfur mus-
tard), provided limited, but not suf-
ficient, evidence of carcinogenicity
in animals. As mentioned above,
tumour sites are not specified in the
IARC Monographs for agents that
demonstrate only limited evidence in
animals.

The reasons that these 10 agents
were judged as providing only limited
evidence of carcinogenicity in ani-
mals varied. For example, treatment
with busulfan resulted in a significant
increase in the incidence of thymic
and ovarian tumours in BALB/c mice,

which was found difficult to interpret,
whereas in another study busulfan,
when given to rats during gestation,
affected the incidence of uterine ad-
enocarcinomas in the offspring upon
intrauterine treatment with N-ethyl-
N'-nitro-N-nitrosoguanidine (IARC,
2012e). As a second example, sulfur
mustard significantly increased the
incidence of lung tumours (not oth-
erwise specified) in mice after ex-
posure by inhalation for 15 minutes,
and of pulmonary tumours (not oth-
erwise specified) after intravenous
injection; a significant increase in the
incidence of mammary tumours was
seen after subcutaneous injection
of sulfur mustard in rats, relative to
an external control group, whereas
forestomach tumours were numer-
ically, but not significantly, elevated
in rats treated by oral gavage (IARC,
2012c). The exposure by subcutane-
ous and intravascular injection was
considered to be of limited relevance
to the most common human routes of
exposure. Although not meeting the
stringent criterion for sufficient evi-
dence of carcinogenicity in animals,
the limited evidence provided by
busulfan, as well as by the other six
chemicals with only limited evidence
of carcinogenicity in animals, does
suggest that these agents have the
potential to cause cancer in animals.

No tumour sites were specified
for eight agents demonstrating suf-
ficient evidence of carcinogenicity
in animals, because reproducible
results were unavailable in two or
more studies of adequate design in
the same species for any of these
agents. Although melphalan showed
evidence of a statistically significant
increase in the incidence of tumours
of the forestomach, skin, and lung
in mice, as well as lymphosarcoma,
these results were not replicated in
a second, independent study (IARC,
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Table 21.5. Group 1 agents with no human tumour sites specified (15 agents)

Nature of evidence in humans
(number of agents)

Volume: Agent(s)

Mechanistic upgrades

Mechanistic upgrade with no human tumour
site specified (9 agents)

Volume 100A: Aristolochic acid; Etoposide. Volume 100D:
Neutron radiation. Volume 100E: N'-Nitrosonornicotine (NNN) and
4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). Volume
100F: Benzo[a]pyrene (B[a]P); Dyes metabolized to benzidine;
Ethylene oxide; 4,4'-Methylenebis(2-chloroaniline) (MOCA);
2,3,4,7,8-Pentachlorodibenzofuran (PeCDF)

Generic evaluations

Generic evaluation, of all types of ionizing
radiation; internalized radionuclides that emit
a-particles; internalized radionuclides that
emit B-particles; and the UV region (100—

Volume 100D: lonizing radiation (all types); Internalized radionuclides
that emit a-particles; Internalized radionuclides that emit B-particles; UV
radiation (bandwidth 100—400 nm, encompassing UVC, UVB, and UVA)

400 nm) of the electromagnetic spectrum
(4 agents)

Absence of epidemiological data on the agent alone

No epidemiological data available for agent

alone (2 agents)

Volume 100E: Areca nut; Ethanol in alcoholic beverages

2012c). In rats, melphalan also pro-
duced mammary gland tumours and
peritoneal sarcoma, but these find-
ings were again not replicated in in-
dependent studies. Phosphorous-32
caused leukaemia in mice and os-
teogenic sarcomas in rats in single
studies. Similarly, acetaldehyde in
drinking-water induced pancreatic
adenomas, combined lymphomas
and leukaemias, uterine and mam-
mary gland adenocarcinomas, and
head osteosarcomas in rats, but
without replication. Betel quid with to-
bacco produced malignant forestom-
ach and cheek pouch tumours in a
single study in hamsters. Sufficient
evidence of carcinogenicity in ani-
mals of aluminium refining was based
on a single limited skin application
study in mice with PAH-containing
particulates from aluminium pro-
duction plants, in conjunction with
sufficient evidence of carcinogenicity
in experimental animals for many of

the PAHs detected in air samples
from such plants, and previous-
ly evaluated in Volume 92 (IARC,
2010). Had the animal evidence for
the agents mentioned above been el-
igible for inclusion in the tumour site
concordance database, additional
concordant results would have been
noted, including concordance be-
tween lymphoid and haematopoietic
tissues in mice and humans for both
melphalan and phosphorous-32, and
concordance between tumours of
the upper aerodigestive tract in ham-
sters and humans for betel quid with
tobacco.

Although PeCDF provided suffi-
cient evidence of carcinogenicity in
animals, no animal site was iden-
tified. PeCDF was tested by the
United States National Toxicology
Program in a 2-year animal bioassay
(female rats only) with exposure by
oral gavage (National Toxicology
Program, 2006). There was some

evidence of carcinogenic activity of
PeCDF, based on increased inci-
dences of hepatocellular adenoma
and cholangiocarcinoma of the liver
and gingival squamous cell carcino-
ma of the oral mucosa. The occur-
rence of cystic keratinizing epithe-
lioma of the lung, neoplasms of the
pancreatic acinus, and carcinoma
of the uterus may have been related
to administration of PeCDF. There
were also three rat studies of PeCDF
in combination with N-methyl-N'-
nitro-N-nitrosoguanidine ~ (MNNG)
and N-nitrosodiethylamine (NDEA),
where increased tumour multiplicity
was observed in each case (IARC,
2012c). These observations led to
the conclusion that there is sufficient
evidence for the carcinogenicity of
PeCDF in animals, although there
is no specific organ site that can be
designated as responsible for this
sufficient evidence. Because of the
absence of a specific tumour site in
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animals, PeCDF is not included in
the concordance analyses.

A component of four Group 1
agents, but not the agents them-
selves, demonstrated sufficient
evidence of carcinogenicity in an-
imals. These are: fission products
including strontium-90, where stron-
tium-90 demonstrated sufficient ev-
idence of carcinogenicity in animals
(IARC, 2012f); haematite mining with
exposure to radon (underground),
where radon demonstrated sufficient
evidence of carcinogenicity in ani-
mals (IARC, 2012f); acetaldehyde
associated with consumption of al-
coholic beverages, where acetal-
dehyde demonstrated sufficient ev-
idence of carcinogenicity in animals
(IARC, 2012d); and occupational
exposures during aluminium produc-
tion, where airborne particulate poly-
nuclear organic matter from alumin-
ium production plants demonstrated
sufficient evidence of carcinogenicity
in animals (IARC, 2012c). Although
this animal evidence is consistent
with the sufficient evidence for the
carcinogenicity of these four agents
in humans, the animal evidence rep-
resents only a component of these
agents.

Excluding the 20 agents in
Table 21.5 that lack appropriate an-
imal data, i.e. seven occupational
exposures not reproducible in the
laboratory, two agents used in com-
bination with no animal data avail-
able on the mixture, seven agents
where the use of animal models
is problematic because of species
specificity or other limitations, and
four agents for which animal tests
were inadequate (two agents) or un-
available (two agents), all 91 distinct
Group 1 agents identified by IARC
up to and including Volume 109 of
the IARC Monographs provided ei-
ther sufficient evidence (82 agents)

or limited evidence (nine agents) of
carcinogenicity in animals. This ob-
servation provides support for the
use of animal data in human cancer
risk assessment.

To further explore the correspon-
dence between sites where tumours
are seen in animals and humans
among the 111 distinct Group 1
agents considered here, descriptive
statistics are presented on tumour
site profiles by species, followed by
an evaluation of concordance be-
tween tumour sites seen in animals
and humans. Results are presented
first for the 39 tumour sites included
in the anatomically based tumour
nomenclature system seen in either
animals or humans, followed by the
data for the 14 organ and tissue
systems.

Tumour site profiles by
species

The number of agents that induce tu-
mours in humans at each of the 39
tumour sites is shown in Fig. 21.1 by
type of agent (pharmaceuticals; bio-
logical agents; arsenic, metals, fibres,
and dusts; radiation; personal habits
and indoor combustions; and chemi-
cal agents and related occupations).
Lung tumours are the most common
tumour seen in humans, with 28 of
the 111 known human carcinogens
inducing lesions at this site; of these,
13 are associated with exposure to
chemical agents and related occupa-
tions and seven are in the category
of arsenic, metals, fibres, and dusts.
Tumours of the haematopoietic tis-
sues are associated with exposure to
18 agents, urothelial tumours with 18
agents, skin tumours with 12 agents,
and liver and bile duct tumours with
11 agents. The category chemical
agents and related occupations ac-
counts for half (9 of 18) of the agents
that cause urothelial tumours, and

pharmaceuticals account for half (9
of 18) of the agents that cause tu-
mours in haematopoietic tissues.
The number of agents that induce
tumours in one or more animal spe-
cies at each of the 39 tumour sites is
shown in Fig. 21.2 by type of agent.
As in humans, lung tumours are the
most common tumour in animals,
with 29 of the 111 known human car-
cinogens inducing lesions at this site,
mostly from the categories of chem-
ical agents and related occupations
(10 agents), arsenic, metals, fibres,
and dusts (7 agents), and radiation
(7 agents). After the lung, the ani-
mal sites associated with the largest
number of carcinogenic agents are
the liver parenchyma and bile ducts
(19 agents), the skin and adnexae (18
agents), lymphoid tissue (14 agents),
the breast (12 agents), and soft con-
nective tissue (11 agents). Separate
tumour profiles are shown for
agents that cause tumours in mice
(48 agents) and rats (49 agents) in
Fig. 21.3 and Fig. 21.4, respectively.
In rodents (mice and rats combined),
the lung is the site associated with
the largest number of carcinogens.

Organ and tissue system
profiles by species

The number of agents that induce
tumours in humans in each of the 14
aggregate organ and tissue systems
is shown in Fig. 21.5 by type of agent.
Tumours of the respiratory system
are caused by 31 of the 111 human
carcinogens, mostly from the cate-
gories of chemical agents and relat-
ed occupations (14 agents), arsenic,
metals, fibres, and dusts (7 agents),
and personal habits and indoor com-
bustions (5 agents). After the res-
piratory system, the organ and tissue
systems associated with the largest
number of agents are lymphoid and
haematopoietic tissues (26 agents),
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Fig. 21.1. Number of agents that induce tumours in humans in each of 39 tumour sites, by type of agent.
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the urothelium (18 agents), and the
upper aerodigestive tract (16 agents).
Pharmaceuticals are the largest
group of agents associated with tu-
mours of the lymphoid and haemato-
poietic tissues (11 of 26 agents), and
chemical agents and related occupa-
tions are most often associated with
tumours of the urothelium (9 of 18
agents). Personal habits and indoor
combustions are most commonly as-
sociated with tumours of the upper
aerodigestive tract (7 of 16 agents).
The number of agents that induce
tumours in one or more animal spe-
cies at each of the 14 organ and tis-
sue systems is given in Fig. 21.6 by
type of agent. Tumours of the res-
piratory system are caused by 29 of
the 111 agents, mostly from the cate-
gories of chemical agents and relat-
ed occupations (10 agents), arsenic,
metals, fibres, and dusts (7 agents),
and radiation (7 agents). Tumours of

the digestive organs are caused by
19 agents, mostly from the catego-
ries of chemical agents and related
occupations (12 agents) and radi-
ation (4 agents). Skin tumours are
caused by 18 agents, mostly from
the category of chemical agents
and related occupations (12 agents).
Connective tissue tumours are as-
sociated with 17 agents, mostly from
the categories of radiation (8 agents)
and chemical agents and related oc-
cupations (5 agents).

In mice (Fig. 21.7), tumours of
the skin and connective tissues are
caused by 29 agents, consisting
mostly of tumours caused by chem-
ical agents and related occupa-
tions (14) and radiation (10). In rats
(Fig. 21.8), tumours of the respirato-
ry system are caused by 19 agents,
including those in the categories of
arsenic, metals, fibres, and dusts
(6 agents), radiation (6 agents), and

chemical agents and related occupa-
tions (5 agents).

Qualitative assessment of
concordance

Of the 111 distinct Group 1 agents
identified up to and including Volume
109 (see Table 21.1), for 60 agents
both a human tumour site and an ani-
mal tumour site have been identified,
15 agents had no human tumour site
specified (Table 21.5), and 38 agents
had no animal tumour site identified
(Table 21.6). Because two agents —
etoposide and PeCDF — have neither
a human nor an animal tumour site
specified, there are 111 — 15 - 38 +
2 = 60 agents with at least one tu-
mour site identified in both humans
and animals. These 60 agents have
been used to evaluate concordance
between tumour sites seen in ani-
mals and humans, because at least
one tumour site has been identified
in both.



Fig. 21.2. Number of agents that induce tumours in animals in each of 39 tumour sites, by type of agent.
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Fig. 21.3. Number of agents that induce tumours in mice in each of 39 tumour sites, by type of agent.
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Fig. 21.4. Number of agents that induce tumours in rats in each of 39 tumour sites, by type of agent.
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The overlap between human
and animal tumour sites targeted by
these 60 agents is summarized in
Table 21.7 by organ and tissue system
and tumour site. The category “other
groupings” of tumours — which com-
prises “all cancers combined”, “all
solid cancers”, and “exocrine glands
not otherwise specified” — was creat-
ed to accommodate tumour sites re-
ported in the IARC Monographs that
did not fall into any of the other cate-
gories in Table 21.2. The only human
site identified for 2,3,7,8-tetrachlo-
rodibenzo-para-dioxin (TCDD) is “all
cancers combined”; fission products
including strontium-90 are associat-
ed with “all solid cancers” in humans,
but also with tumours in haemato-
poietic tissue. Because this category
lacks biological cohesiveness, “other
groupings” of tumours were not con-
sidered in the concordance analysis.

Nine agents cause tumours of the
upper aerodigestive tract in humans,
and nine agents cause tumours in
this organ and tissue system in ani-
mals; four agents cause tumours in
this system in both humans and ani-
mals. There are 9 + 9 — 4 = 14 distinct
agents that cause tumours in this
system in either humans or animals,
for an overlap of 4 of 14, or 29%.
Within the upper aerodigestive tract,
there are three agents that cause tu-
mours in the nasal cavity and para-
nasal sinuses in humans and three
agents that cause tumours at this
site in animals, with no overlap. Of
the three agents that induce tumours
in the nasopharynx, one agent
causes tumours in both humans and
animals, for an overlap of 33%. In the
oral cavity, overlap is 25%. Overlap
is not calculated when there are no
agents that cause tumours in either

humans or animals, as in the phar-
ynx, tongue, and salivary gland.

The lung is the most common site
at which tumours are observed, with
62% overlap among the 26 agents
that cause lung tumours in humans
or animals. Among the 10 agents
that cause tumours in the urotheli-
um (renal pelvis, ureter, or bladder),
there is 70% overlap between agents
that cause tumours in humans or
animals.

Because results for individual tu-
mour sites are often based on small
numbers, emphasis is placed on in-
terpretation of results at the organ
and tissue system level, where the
sample size is generally larger than
for individual tumour sites within
organ and tissue systems. Overlap
varies among the organ and tissue
systems, ranging from 20% (based
on 10 agents) in the digestive tract



Fig. 21.5. Number of agents that induce tumours in humans in each of 14 organ and tissue systems, by type of

agent.
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to 100% in the mesothelium. Overall,
high overlap is seen for some or-
gan and tissue systems but not for
others. Some caution is needed in
interpreting concordance at sites
where the sample size is particularly
small: although 100% concordance
was noted for agents that cause
tumours of the mesothelium, only
two Group 1 agents — asbestos and
erionite — meeting the criteria for in-

clusion in the concordance analysis
caused tumours at this site.

The results in Table 21.7 are de-
picted in graphical form in Fig. 21.9.
As noted above, of the 14 Group 1
agents that cause tumours of the
upper aerodigestive tract in either
humans or animals, nine agents
cause tumours in the upper aerodi-
gestive tract in humans (and not in
animals), nine agents cause tumours

in this system in animals (and not in
humans), and four agents cause tu-
mours in this system in both humans
and animals, for an overlap of 29%.
Of the 27 agents that cause tumours
of the respiratory system in either
humans or animals, 21 agents cause
respiratory tumours in humans, 22
agents cause respiratory tumours
in animals, and 16 agents cause
respiratory tumours in both humans
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Fig. 21.6. Number of agents that induce tumours in animals in each of 14 organ and tissue systems, by type of

agent.
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and animals, for an overlap of 59%.
Although they present the same data
as shown in Table 21.7, the graphical
representations of these results in
Fig. 21.9 for all organ and tissue sys-
tems also illustrate the large varia-
tion in sample size among the organ
and tissue systems; the area of the
circles is proportional to sample size.

The
ble 21.7 are based on concordance

results presented in Ta-

between tumour sites seen in hu-
mans and all animal species test-
ed, reflecting the interest in evalu-
ating the extent to which tumours
caused by Group 1 agents occur in
similar organ and tissue systems in
humans and in animals. The animal
data included in this analysis are
dominated by results obtained in
studies with rats and mice: of the 60
Group 1 agents included in the anal-

ysis, 40, 38, 8, 7, and 3 agents cause
tumours in mice, rats, hamsters,
dogs, and monkeys, respectively.
Therefore, including only mice and
rats in the analysis yielded results
similar to those in Table 21.7 (see
Material

details in Supplemental

Il [online only; available from:
http://publications.iarc.fr/578], where
Supplemental Table 6 presents re-

sults for all animal species tested



Fig. 21.7. Number of agents that induce tumours in mice in each of 14 organ and tissue systems, by type of agent.
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and Supplemental Table 7 presents
results for mice and rats only).

Fig. 21.10 shows the percentage
of Group 1 agents that cause tu-
mours in specific organ and tissue
systems in humans that are also
associated with tumours in animals
(panel A), as well as the percent-
age of agents that cause tumours in
specific organ and tissue systems
in animals that are also associated
with tumours in humans (panel B).

As detailed in Supplemental Material
Il (online only; available from: http:/
publications.iarc.fr/578), it is impor-
tant to note that the measures of
concordance presented in Fig. 21.10
differ from those in Table 21.7. The
percentage overlap in Table 21.7
(and Fig. 21.9) reflects the number
of agents that cause tumours in a
specific organ and tissue system in
both humans and animals, relative
to the number of agents that cause

tumours in that system in either
humans or animals, providing an
overall measure of overlap between
animal and human carcinogens in
a specific organ and tissue system.
The percentage overlap in panel A of
Fig. 21.10 provides a measure of the
overlap between agents that cause
tumours in a specific organ and
tissue system in animals with agents
that cause tumours in that system in
humans. Conversely, the percentage
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Fig. 21.8. Number of agents that induce tumours in rats in each of 14 organ and tissue systems, by type of agent.
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overlap in panel B of Fig. 21.10 pro-
vides a measure of the overlap be-
tween agents that cause tumours in
a specific organ and tissue system
in humans with agents that cause
tumours in that system in animals.
Note that unless the numbers of
agents that cause tumours in hu-
mans and animals in a specific organ
and tissue system are the same (as
is the case for tumours of the upper
aerodigestive tract), the results in

panel A, where human carcinogens
constitute the reference set against
which animal carcinogens are com-
pared, will differ from those in panel
B, where animal carcinogens consti-
tute the reference set for comparison
with human carcinogens.

As indicated in panel A of
Fig. 21.10, all agents (100%) that
cause tumours of the mesothelium,
endocrine system, and connective
tissues in humans also cause tu-

mours in those organ and tissue sys-
tems in animals. Overlap of at least
50% is observed for all other organ
and tissue systems, with the excep-
tion of the upper aerodigestive tract
(44%) and the digestive tract (33%).
Conversely, there is less overlap
between agents that cause tumours
in specific organ and tissue systems
in animals with results in humans
(Fig. 2110, panel B), possibly re-
flecting the larger number of studies



Table 21.7. Concordance between tumours seen in humans and animals for 60 Group 1 agents by organ and tissue
system and tumour site

Number of agents Overlap® (%)
Organ and tissue system=
Tumour site?

Humans Animals Both

Upper aerodigestive tract 9 9 4 29
Nasal cavity and paranasal sinuses 3 3 0 0
Nasopharynx S 1 1 83
Oral cavity 4 6 2 25
Pharynx 2 0 0 N/A
Tongue 0 1 0 N/A
Salivary gland 1 0 0 N/A
Respiratory system 21 22 16 59
Larynx 3 1 1 838
Lung 20 22 16 62
Mesothelium 2 2 2 100
Mesothelium 2 2 2 100
Digestive tract 6 6 2 20
Oesophagus 5 0 0 N/A
Stomach 3 5 1 14
Intestine (including colon and rectum) 3 1 0 0
Digestive organs 8 14 4 22
Liver parenchyma and bile ducts 7 14 4 24 53
Pancreas NOS 2 0 0 N/A E
Gall bladder 1 0 0 N/A %
Nervous system and eye 2 0 0 N/A ©
Brain and spinal cord (CNS) 1 0 0 N/A
Eye 1 0 0 N/A
Endocrine system 2 3 2 67
Thyroid, follicular epithelium 2 2 2 100
Adrenal gland (medulla, cortex, NOS) 0 1 0 N/A
Pituitary gland 0 1 0 N/A
Kidney 3 5 2 33
Kidney (renal cortex, renal medulla, kidney NOS) 3 5 2 83
Urothelium 10 7 7 70
Urothelium (renal pelvis, ureter, or bladder) 10 7 7 70
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Table 21.7. Concordance between tumours seen in humans and animals for 60 Group 1 agents by organ and tissue
system and tumour site (continued)

Number of agents Overlap® (%)

Organ and tissue system?
Tumour site?

Humans Animals Both
Lymphoid and haematopoietic tissues 12 10 7 47
Haematopoietic tissues 10 2 2 20
Lymphoid tissue 2 10 1 9
Skin 11 16 7 85
Skin and adnexae 9 16 6 32
Cutaneous melanocytes 8 0 0 N/A
Connective tissues 6 14 6 43
Soft connective tissue 0 9 0 N/A
Blood vasculature (endothelium) 1 0 0 N/A
Hard connective tissue (bone, cartilage) ) ) 4 67
Female breast, female reproductive organs, and
female reproductive tract 8 9 4 31
Breast 4 8 2 20
Ovary 3 1 0 0
Uterine cervix 3 2 1 25
Uterus 2 2 1 33
Vulva/vagina 1 0 0 N/A
Other groupings 2 4 0 0
All cancers combined 1 0 0 N/A
All solid cancers 1 0 0 N/A
Exocrine glands NOS 0 4 0 N/A

CNS, central nervous system; N/A, not applicable: assigned to sites/systems when overlap is not possible (positive data are available
in either humans or animals, but not in both); NOS, not otherwise specified.

a Systems/sites in the anatomically based tumour nomenclature system (see Table 21.2) that lack sufficient evidence in both humans
and animals not shown. For example, there were insufficient data on tumours of the male reproductive tract in both humans and
animals.

b Percentage overlap calculated as [N,/(N, + N, = N,)] x 100%, where N,, N,, and N, denote the number of agents with sufficient
evidence of carcinogenicity in humans, animals, or both humans and animals, respectively.




Fig. 21.9. Concordance between tumour sites seen in humans and animals for 60 Group 1 agents by organ and

tissue system.
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conducted in animals compared with
humans, the broader spectrum of tis-
sues (potential tumour sites) exam-
ined in animal studies than in human
studies, or the limitations associated
with the conduct of human studies at
environmental exposure levels. As is
the case with the concordance re-
sults focusing on overall overlap, as
presented in Table 21.7, caution is
needed in interpreting results where
there are few agents for comparison
in Fig. 21.10 (both panels A and B).
The 60 agents included in the
present concordance analysis are
listed in Table 21.8. This table pre-
sents the tumour site data for hu-
mans and animals at the organ and

tissue system level only, because
results for individual tumour sites
are too sparse to support meaningful
comparisons. The human data are
presented in the column on the left,
the animal data in the column on the
right, and the overlap in the middle
column. With this display, potential
relationships among agents that
cause tumours within the same or-
gan and tissue system can be exam-
ined. Overlap between human and
animal carcinogens acting within the
same organ and tissue system can
also be examined both for individu-
al agents and for groups of agents.
Of the 60 agents for which there is
sufficient evidence of carcinogenicity

Part 3 e Chapter 21.

in at least one tumour site in both hu-
mans and animals, 52 (87%) cause
tumours within at least one of the
same organ and tissue systems in
Table 21.8.

To permit a more complete com-
parison between animal and human
tumour sites, tumour sites with only
limited evidence in humans are in-
cluded in Table 21.8 (in ijtalics). For
agents such as diethylstilbestrol (a
synthetic estrogen
that was widely prescribed in the
USA between the 1940s and the
1970s but is rarely used now), there
is difficulty in generating newer data

non-steroidal

on human exposure. Because men
exposed to diethylstilbestrol in utero
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have passed the age of highest risk
for testicular cancer, further study
cannot clarify the association be-
tween this exposure and this type of
cancer (IARC, 2012e). Human data
for this agent will remain limited for
this end-point, although supported
by the induction of testicular tumours
in rodents.

With ongoing studies, more evi-
dence can be gathered that provides
increasing certainty about potential
cancer risks to humans. Although
IARC had previously evaluated TCE
in 1979, 1987, and 1995, this subs-
tance was not declared to be carci-
nogenic to humans — causing kidney
cancer — until 2012, after the emer-
gence of new data (IARC, 2014).
Although it was noted that a posi-
tive association had been observed
between liver cancer and exposure
to TCE, the lack of data was cited
as the rationale for its designation
as demonstrating only limited evi-
dence of carcinogenicity in humans
in the previous evaluations. In 2013,
an updated pooled analysis of three
Nordic studies with 10-15 years of
additional follow-up demonstrated
that human exposure to TCE was
associated with a possibly increased
risk of liver cancer (Hansen et al,
2013). Inclusion of the limited data for
TCE-induced liver cancer in humans
allows for the observation of overlap
between animals and humans for
this end-point.

This example illustrates that
the inclusion of agents with limited
evidence of carcinogenicity in
humans enhances the ability to
identify concordant relationships.
Comparison between Table 21.7,
which mentions only sites with suf-
ficient evidence in humans, and
Table 21.8, which also lists sites with
limited evidence in humans, illus-
trates increased coherence, when

limited human data are considered,
among agents that have similar
chemical and mechanistic charac-
teristics. For example, if the limited
evidence of tumours of the upper
aerodigestive tract for chromium(VI)
compounds in humans noted in
Table 21.8 were admitted as evi-
dence of carcinogenicity in humans,
concordance between animals and
humans would be established within
this organ and tissue system.

Concordance may also be in-
creased if less stringent criteria are
applied than are used by IARC for
determining sufficient evidence of
carcinogenicity in animals. In evalua-
ting the available animal data on es-
trogen—progestogen oral contracep-
tives (IARC, 2012e), it was concluded
that “the data evaluated showed a
consistent carcinogenic effect of
several estrogen—progestogen com-
binations across different animal mo-
dels in several organs.” Similarly, the
synthesis statement in the evaluation
of diethylstilbestrol (IARC, 2012e¢)
notes: “The oral administration of
diethylstilbestrol induced tumours of
the ovary, endometrium, and cervix,
and mammary adenocarcinomas in
female mice. Osteosarcomas and
Leydig cell tumours were induced
in rasH2 [transgenic] and Xpa/p53
[knockout] male mice, respectively.
Subcutaneous implantation of die-
thylstilbestrol induced mammary tu-
mours in female Wistar rats. Perinatal
exposure to diethylstilbestrol induces
lymphoma, uterine sarcomas, ade-
nocarcinomas, and pituitary, vaginal,
and ovarian tumours in female mice.
Uterine adenocarcinomas and mam-
mary and vaginal tumours were also
induced in female rats. In hamsters,
diethylstilbestrol perinatal exposure
induced kidney tumours.”

Although agents affecting male
reproductive organs are included in

Table 21.8, they are not part of the
concordance analyses in Table 21.7,
because of a lack of sufficient evi-
dence in either humans or animals.
TCDD is included in Table 21.8, but
its designation as an agent affecting
“all cancers combined” in humans
precludes site-specific tumour con-
cordance analyses. Nevertheless,
the limited evidence of carcinogeni-
city of TCDD in humans in the res-
piratory system and lymphoid and
hematopoietic tissues is consistent
with the sufficient evidence of car-
cinogenicity in animals in these two
organ and tissue systems. These ex-
amples illustrate increased site con-
cordance by applying less stringent
criteria than those applied for the
concordance analysis presented in
Table 21.7.

Table 21.8 shows human data in-
dicating biological plausibility for the
upper aerodigestive tract and lung
to be targets for agents for which
the portal of entry is the lung (as
with dusts, particles, and particles
that serve as a vehicle for a mix-
ture of other carcinogens, such as
during tobacco smoking and coke
production). Lymphohaematopoietic
cancers are a consistent end-point
for antineoplastic alkylating agents
that induce these cancers after their
use in chemotherapy to eradicate
other neoplasms (IARC, 2012e), for
radioactive materials (IARC, 2012f),
and for several chemical agents and
related compounds that are metabo-
lized to or are in themselves agents
that are reactive with DNA (IARC,
2012c).

Table 21.8 also illustrates some of
the potential relationships between
agents that may act in a similar
fashion in humans. Tobacco smoke
and its related agents (smokeless
tobacco and second-hand tobacco
smoke) affect several similar organ
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and tissue systems. For radioactive
materials, almost all organs and
sites are affected by ionizing radia-
tion; these agents affect multiple tar-
get tissues because they are able to
reach the nucleus and cause a vari-
ety of DNA lesions and other effects
reflected by the key characteristics of
human carcinogens (see Chapter 10,
by Smith, and Chapter 22, by Krewski
et al.; see also Smith et al., 2016).

Radioactive materials also do not
require metabolism in order to induce
cancer. Several dyes are associated
with urothelial cancer in humans and
act through a similar mechanism
(IARC, 2012c). Agents that disrupt
the endocrine system and related
organs (e.g. PCBs, diethylstilbestrol,
estrogen-only menopausal therapy,
combined  estrogen—progestogen
oral contraceptives, and tamoxifen)
induce cancer at similar sites, includ-
ing the female reproductive organs
and the breast. Metals appear to
have many target sites in common,
including the upper aerodigestive
tract, the respiratory system, the kid-
ney, and the prostate.

As noted previously, the animal
database is predominantly popu-
lated by results from studies in ro-
dents. Respiratory tract tumours
are induced in rodents by many of
the same agents that cause such
tumours in humans. For the mes-
othelium, where tumour formation
in humans or animals is rare and
is specifically induced by a small
number of agents, there is good
agreement between the human and
animal databases. Many agents me-
tabolized in the liver to reactive com-
pounds induce liver cancer in animal
models, with less apparent overlap
with the human data (see digestive
organs, Table 21.8). Susceptibility of
the liver in rodents to cancer induc-
tion is species-, sex-, and strain-spe-

cific and varies widely. Nonetheless,
all agents that induce liver cancer in
rodents induce cancer at some other
site in humans. In some instances
the apparent lack of overlap between
the animal and human databases
can still reflect mechanistic con-
cordance for similar agents. Dyes
such as magenta, 4-aminobiphenyl,
benzidine, and 2-naphthylamine all
cause liver cancer in rodents and
urothelial cancer in humans. TCDD
and PCBs are both associated with
liver cancer in rodents and tumours
of the lymphoid and haematopoietic
tissues in humans.

Human exposures to diethyl-
stilbestrol,  estrogen-only  men-
opausal therapy, and combined

estrogen—progestogen  oral
traceptives are all associated with
cancers of the female breast, female
reproductive organs, and female
reproductive tract. Kidney cancer
is induced in male hamsters upon
exposure to either diethylstilbestrol
or estrogens used in menopausal
therapy. Data from a control group
that received only estrogen, present-
ed in the Monograph on combined
estrogen—progestogen oral contra-
ceptives, indicate a similar result
(IARC, 2012¢). Although there ap-
pears to be concordance in rodents
for the tumours induced by these
agents, there does not appear to be
overlap with humans: rodent kidney
versus female breast and reproduc-
tive organs. However, there may be
mechanistic concordance between
these two end-points, because both
diethylstilbestrol and estrogen may
damage DNA through oxidative
damage, formation of unstable ad-
ducts, and induction of apurinic sites.
In male Syrian hamsters the major
metabolites of diethylstilbestrol are
catechols that easily oxidize to cat-
echol o-quinones, which are DNA-

con-

reactive. Implantation of estrone or
estradiol in castrated male hamsters
results in the induction of renal car-
cinomas exclusively (Li et al., 1983).
Metabolic activation of estrogens by
cytochrome P450 may also be relat-
ed to a mechanism similar to that for
PAHs (Cavalieri and Rogan, 2014).
Thus, diethylstilbestrol and estrogen
may have mechanistic similarities
that result in an apparent lack of or-
gan and tissue system overlap, with
the hamster kidney being indicative
of human risk.

Discussion

Since the early 1970s, the IARC
Monographs Programme has been
evaluating potential cancer risks to
humans (Saracci and Wild, 2015).
Separate evaluations of the avail-
able animal and human evidence are
made, and these are then combined
to make an overall evaluation of the
strength of evidence of carcinogen-
icity to humans. At the time of this
analysis, 120 distinct agents have
met the IARC criteria for determin-
ing causality and for designation of
these agents as carcinogenic to hu-
mans (Group 1). Of these, 111 dis-
tinct Group 1 agents were included
in the data set of tumours and tumour
sites in animals and humans devel-
oped by Grosse et al. (Annex 1).
The well-established weight-of-
evidence criteria for the evaluation of
the available human, animal, mech-
anistic, and exposure data used by
IARC are detailed in the Preamble to
the IARC Monographs (IARC, 2006)
and provide clear guidance to the
Working Groups convened to review
agents. If the criteria for sufficient ev-
idence of carcinogenicity in both ani-
mals and humans are satisfied, then
causality can be reasonably inferred,
and this can be strengthened by
mechanistic considerations.



However, an immediate challenge
in making comparisons for tumour
site concordance between species
was how to compare tumours in
animals and in humans. A detailed
historical discussion of approaches
to the coding of human tumours was
provided by Muir and Percy (1991),
considering the topographical, mor-
phological, and histological char-
acteristics of the lesion to be clas-
sified. In the absence of a common
coding system for animal and human
tumours, an anatomically based tu-
mour taxonomy system was devel-
oped during the course of the work
presented here.

Although this system worked
well for the purposes of the present
concordance analysis, there are
some animal sites that do not have
a human counterpart, including the
Harderian gland and the Zymbal
gland. Tumours at these unique sites
occurred rarely and were included
within the category of “other group-
ings” in the anatomically based tu-
mour nomenclature system used
here. Other sites that are unique to
animals but are, however, closely
related to a similar human site were
aligned with the corresponding hu-
man tumour site; for example, the
forestomach was considered as part
of the stomach in the anatomically
based taxonomy system.

This tool, developed for tumour
comparisons across and within spe-
cies, included 39 individual tumour
sites for which agents showed suf-
ficient evidence of carcinogenicity in
humans and/or animals, which were
further aggregated into 14 organ and
tissue systems. This aggregation al-
lows comparisons to be made at a
higher level of organization, reflect-
ing anatomical and physiological
similarities among certain tumour
sites; for example, the lung and low-

er respiratory tract are considered
together as the respiratory system.
Aggregation also allows more data
to be considered for analysis, which
increases the robustness of the en-
suing conclusions. For the concor-
dance analyses, data at both the
individual tumour site level and the
organ and tissue system level were
examined.

Although the present analysis
demonstrates generally good agree-
ment between tumour sites in ani-
mals and in humans after exposure
to Group 1 carcinogens, concor-
dance was not demonstrated with
every agent and tumour site. There
are several factors and important
limitations that may result in lack of
tumour concordance based on these
data. For many of the 111 agents,
relevant and reliable data to support
a complete analysis of concordance
are unavailable for either animals or
humans. For some agents, notably
the human tumour viruses, relevant
animal models are lacking, thereby
precluding the possibility of obtaining
results on concordance. There may
also be little motivation for conduct-
ing animal tests for other agents,
such as leather dust in occupational
environments or acetaldehyde asso-
ciated with consumption of alcoholic
beverages. Mixtures such as those
in combined estrogen—progestogen
menopausal therapy may also not
have been evaluated in animals,
particularly if the components of the
mixture had been previously evaluat-
ed separately. Relevant animal tests
may still provide only limited or inad-
equate evidence of carcinogenicity
through limitations in study design
or conduct, or if the mechanism of
action of the agent of interest was
specific to humans and not easily
replicated in an experimental animal

model. Animal studies may also
show tumours that are species- and/
or sex-specific.

As part of the determination of
weight of evidence, agents that in-
duce tumours at multiple sites and
across multiple species are consid-
ered to present a more robust can-
cer hazard to humans. However,
the experimental animal database
used for the analysis consists pri-
marily of rodent data. It is notable
that of the 111 Group 1 agents ex-
amined here, three agents caused
tumours in humans and in four ani-
mal species (mice, rats, hamsters,
and non-human primates): asbestos,
which causes lung tumours in all five
species; plutonium-239, which caus-
es skin tumours in these species;
and 2-naphthylamine, which causes
urinary tract/uroendothelial tumours
in these species. These agents are
examples of carcinogens that cause
the same type of tumour in multiple
species, thereby demonstrating a
high degree of interspecies tumour
site concordance.

The present analyses exclude
the human tumour viruses evaluated
in Volume 100B, because, with the
possible exception of human T-cell
lymphotropic virus type 1 (HTLV-
1), the use of animals to assess the
potential cancer risks of human tu-
mour viruses is problematic (IARC,
2012b). The best animal models to
study human viruses are non-hu-
man primates, which are difficult to
use experimentally both because
of the time and expense involved in
conducting studies with long-lived
species and because the incidence
of cancer is low in non-human pri-
mates. Although transgenic mouse
models have been developed for
evaluating human cancer viruses,
such models are considered more
informative for understanding cancer
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mechanisms than for human cancer
risk assessment (see Chapter 9, by
Lambert and Banks).

The criteria for sufficient evidence
of carcinogenicity in animals as out-
lined in the Preamble to the IARC
Monographs (IARC, 2006) gener-
ally require independent replication
in two different animal species, or
particularly strong results in a sin-
gle species. The IARC Monographs
generally do not identify animal
tumour sites for agents with only
limited evidence of carcinogenicity
in animals. The criteria developed
by Grosse et al. (Annex 1) further
restrict the use of tumour data for
agents with sufficient evidence in
experimental animals (e.g. tumour
sites were not identified in the ab-
sence of two or more animal studies
of adequate design and quality point-
ing at the same tumour site with a
similar histological origin in the same
species). Although melphalan pro-
duced tumours of the forestomach,
skin, and lung as well as lymphosar-
comas in mice and mammary gland
tumours and peritoneal sarcomas in
rats (IARC, 2012c), none of these tu-
mour sites were replicated in a sec-
ond animal species, and hence are
not included in the data set of Grosse
et al. (Annex 1).

Human evidence is also subject
to limitations. As noted above, the
opportunity may no longer be avail-
able to conduct further informative
studies in humans of a substance
like diethylstilbestrol. The absence
of sufficient evidence in humans may
be due to a lack of evidence in ap-
propriate epidemiological or clinical
studies, or to the inability of exist-
ing studies to detect an association
between exposure to the agent of
interest (including exposures early or
later in life) and a tumour outcome.

Study limitations may also include
inadequate power as a result of small
sample size. If human exposures to
the agent of interest are extremely
low, a particularly large, well-con-
ducted study would be required to
achieve reasonable sensitivity.

Failure of human studies to identi-
fy tumour sites can occur when these
studies do not consider all possible
sites. Most case—control studies fo-
cus on only one or a limited number
of tumour sites. Human studies that
fail to identify a relevant tumour site
may have low sensitivity, possibly
because they do not focus on the
most appropriate study population.
As noted above for TCE, evidence
on specific tumour sites may not
yet have accrued at the time of an
evaluation. After the first evaluation
of tobacco smoking in Volume 38 of
the IARC Monographs (IARC, 1986),
cigarette smoking was subsequent-
ly shown — in Volume 83 — to cause
cancer at a much larger number of
tumour sites, including cancers of
the nasal cavities and nasal sinus-
es, oesophagus, stomach, liver, kid-
ney, and uterine cervix, and myeloid
leukaemia (IARC, 2004). Thus, the
potential for underestimation of in-
terspecies tumour site concordance
may result from missing tumour sites
for agents for which sufficient evi-
dence of carcinogenicity in humans
already exists.

How human study data are report-
ed in the Monographs may also af-
fect the ability to conduct analyses to
establish tumour site concordance. A
specific example of this constraint is
ionizing radiation. No specific human
tumour sites were identified for ion-
izing radiation (all types), internalized
radionuclides that emit a-particles,
internalized radionuclides that emit
B-particles, and UV radiation (band-
width 100—400 nm, encompassing

UVC, UVB, and UVA). Although the
skin was not explicitly mentioned as
a human tumour site for UV radiation
in Volume 100D, the skin is implicitly
suggested as being a human tumour
site for this agent. In the present
analysis, the lack of explicit designa-
tion of the skin as a human tumour
site for UV radiation precluded its
use. A similar situation occurred for
areca nut, for which the oral cavity
might have been considered as a
human tumour site, although this site
was not explicitly designated in the
Monograph.

An agent can be categorized by
IARC as a Group 1 carcinogen in the
absence of sufficient evidence for
carcinogenicity in humans when it is
clear that the mechanisms by which
the agent causes cancer in animals
also operate in humans. Such “mech-
anistic upgrades” have occurred with
various levels of human evidence,
including for aristolochic acid (/im-
ited evidence of carcinogenicity in
humans; IARC, 2012e), B[a]P (inad-
equate evidence in humans; IARC,
2012c), ethylene oxide (limited ev-
idence in humans; IARC, 2012c),
4,4'-methylenebis(2-chloroaniline)
(MOCA) (inadequate evidence in
humans; IARC, 2012c); and neutron
radiation (inadequate evidence in hu-
mans; IARC, 2012f).

For further discussion of mecha-
nistic upgrades and key character-
istics of Group 1 agents developed
for this analysis, see Chapter 10, by
Smith, Chapter 22, by Krewski et al.,
Smith et al. (2016), and Birkett et al.
(2019). Ten key characteristics of
human carcinogens described by
Smith et al. (2016) focus on wheth-
er the agent (1) is electrophilic or
can be metabolically activated to
electrophiles, (2) is genotoxic, (3) al-
ters DNA repair or causes genomic
instability, (4) induces epigenetic
alterations, (5) induces oxidative



stress, (6) induces chronic inflam-
mation, (7) is immunosuppressive,
(8) modulates receptor-mediated
effects, (9) causes immortalization,
and/or (10) alters cell proliferation,
cell death, or nutrient supply. These
considerations will be relevant in
planned future analyses of coher-
ence between tumours in animals
and humans, taking into account
key characteristics of carcinogens.
However, mechanistic upgrades limit
the ability to identify tumour site con-
cordance when human tumour sites
are not identified.

Exposure assessment is one
of the most difficult aspects of ep-
idemiological investigations (Nieu-
wenhuijsen, 2003). In some cases,
such as ecological studies that com-
pare two population groups subject
to notably different exposure circum-
stances, exposure may not be mea-
sured at all. In other cases, however,
exposures may be very well deter-
mined, as with the use of personal
dosimeters to measure exposures to
agents such as ambient air pollution
or ionizing radiation, or in the dose
regimens of pharmaceutical drugs or
medical radiation. In the future, en-
hanced exposure assessment meth-
odologies may serve to strengthen
the ability of epidemiological studies
to identify Group 1 agents (Cohen-
Hubal et al., 2010; National Research
Council, 2012). Biomarkers of expo-
sure are expected to play an impor-
tant part in the future of exposure sci-
ence (Gurusankar et al., 2017).

The data set assembled and eval-
uated by Grosse et al. (Annex 1) was
retrieved from the JARC Monographs.
Thus, these agents do not represent
a ‘random sample” of all potential
human carcinogens, and the data
set is populated by the available an-
imal and human evidence that was
the focus of the Monographs from
which they were drawn. The abili-

ty to determine concordance may
change as additional Group 1 agents
are identified, or as additional ani-
mal or human evidence on current
Group 1 agents becomes available.
New mechanistic data could affect
IARC evaluations of agents currently
classified in Group 2A (probably car-
cinogenic to humans) and Group 2B
(possibly carcinogenic to humans),
and hence affect the concordance
estimates reported here. Birkett et al.
(2019) noted that additional informa-
tion on the 10 mechanistic key char-
acteristics of human carcinogens
described by Smith et al. (2016) is
available in the general scientific lit-
erature, beyond what is summarized
in the IARC Monographs.

In addition to the restrictions used
by Grosse et al. (Annex 1) for inclu-
sion of certain experimental animal
data, other limitations of the data-
base affect the ability to determine
tumour site concordance, including
incomplete information on tumour
histology, limited information on the
effects of sex, strain, and route of
exposure, and limited information on
dose-dependent effects. These and
other limitations are discussed brief-
ly below.

Incomplete information on
tumour histology

Because of incomplete information
on the histology of lesions in both an-
imal and human studies, it was not
possible to conduct concordance an-
alyses for specific histological sub-
types of cancers at a given site (such
as adenocarcinoma or squamous
cell carcinoma of the lung). The con-
cordance analyses reported here
are necessarily restricted to tumours
occurring in a given organ or tissue
(such as lung cancer) or in a more
broadly defined organ and tissue sys-
tem (such as the upper aerodigestive
tract and the respiratory system).

The concordance analyses reported
here are based either on 39 tumour
sites or on the broader classification
of 14 organ and tissue systems.

Effects of sex, strain, and
route of exposure

Risks of cancer can differ between
male and female animals, among
different strains of the same animal
species, and by route of exposure.
Because of incomplete information
on these three factors in the data-
base used in the present analysis,
it was not possible to evaluate how
concordance might vary by sex,
strain, or exposure route.

Effects of dose

Because the primary objective of the
IARC Monographs Programme is to
identify agents with the potential to
cause cancer in humans in qualita-
tive terms, rather than to quantify the
level of risk at a given dose, informa-
tion on dose dependence in cancer
risk is not systematically collected in
the Monographs, although this is cur-
rently under review by IARC (IARC
Advisory Group to Recommend on
Quantitative Risk Characterization,
2013). Therefore, analyses of con-
cordance considering dose-re-
sponse relationships seen in animals
and humans were not attempted at
this time.

Multisite/multiorgan
carcinogenicity

Several agents, notably radiation
and tobacco smoke, induce malig-
nant lesions at multiple sites or in
multiple organ and tissue systems.
Volume 100F (IARC, 2012c) sum-
marizes the evidence that 1,3-buta-
diene induces haemangiosarcomas
of the heart, malignant lymphomas,
bronchiolo-alveolar neoplasms,
and squamous cell neoplasms of
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the forestomach in male and fe-
male B6C3F1 mice, and acinar cell
carcinomas of the mammary gland,
granulosa cell neoplasms of the ova-
ry, and hepatocellular neoplasms
in female mice. Assessing species
concordance with multisite carcino-
gens is inherently more difficult than
with carcinogens that affect a single
organ or tissue. Understanding the
mechanistic and other attributes of
such multisite carcinogens will be
useful in translating results in experi-
mental animals to humans.

Measures of concordance

For simplicity of presentation, con-
cordance was evaluated here in
terms of the “overlap” between tu-
mour sites seen in animals and hu-
mans. Although more formal sta-
tistical analyses of concordance as
described in Supplemental Material
Il (online only; available from: http://
publications.iarc.fr/578) were consid-
ered during the course of this work,
the consensus of the Working Group
was to represent concordance in
terms of the simpler, more directly
interpretable, indicators of “overlap”
in Table 21.7 and Fig. 21.10.

Small sample size

After the 111 Group 1 agents tabu-
lated by Grosse et al. (Annex 1) up
to and including Volume 109 of the
IARC Monographs were filtered to
include only agents that provided
sufficient evidence of carcinogenicity
in at least one tumour site in humans
and at least one tumour site in ani-
mals, 60 agents remained eligible for
concordance analysis. Because the
sample size for some tumour sites
is small (only two agents — asbestos
and erionite — caused tumours of the
mesothelium), caution is needed in
interpreting the concordance results
presented in this chapter for these
sites.

Predictive value of animal
tests for carcinogenicity

Using a database comprising 150
agents tested for toxicity in animals
and humans, Olson et al. (2000)
estimated the positive predictive val-
ue (PPV) and the negative predictive
value (NPV) for human toxicity (ex-
cluding cancer). In this context, the
PPV is defined as the probability of
observing human toxicity in clinical
testing, given that toxicity has been
observed in animal tests. The PPV
for human toxicity was estimated to
be 71% for rodent and non-rodent
species combined, 63% for non-ro-
dents alone, and 43% for rodents
alone. Although a statement of the
PPV and the NPV of animal cancer
tests for human carcinogenicity may
be desirable, this cannot be done
on the basis of the IARC concor-
dance database considered in this
chapter. This is because both the
PPV and the NPV depend on the
prevalence of true positives in the
database (Altman and Bland, 1994).
Because the IARC concordance da-
tabase comprises Group 1 agents
that are known causes of cancer in
humans, the PPV of animal cancer
tests will artificially be calculated as
100%, whereas a lower PPV would
be obtained with a more represen-
tative database that includes agents
that do not cause cancer in humans.
However, identifying agents that do
not cause cancer in humans is not
the focus of the IARC Monographs
Programme; at present, only one
agent — caprolactam — is classified
as probably not carcinogenic to hu-
mans (Group 4).

In considering the relevance of
animal data in the context of the
IARC Monographs, it is important
to keep in mind how animal data are
used in the identification of Group 1
agents, according to the criteria

outlined in the Preamble to the JARC
Monographs (IARC, 2006). Most
Group 1 agents are identified on
the basis of sufficient evidence in
humans, and for the purpose of the
overall evaluation, there is no imme-
diate recourse to animal data. Of the
111 Group 1 agents considered in
this chapter, 102 demonstrated suf-
ficient evidence of carcinogenicity in
humans; the remaining nine agents
were placed in Group 1 because the
mechanisms by which tumours oc-
curred in animals were considered to
be directly relevant to humans, or on
the basis of other relevant mechanis-
tic considerations. For example, neu-
tron radiation was placed in Group 1
despite inadequate evidence in hu-
mans, because the biophysics of ra-
diation damage is similar for different
types of ionizing radiation.

Bearing in mind the contribution
of animal data to the identifica-
tion of Group 1 agents in the IARC
Monographs, it is possible with the
present IARC concordance data-
base to make a statement about the
likelihood of positive results in ani-
mals among the Group 1 agents that
have been shown to cause cancer
in humans. Excluding mechanistic
upgrades (nine agents) and Group 1
agents that lack appropriate animal
data (20 agents), all Group 1 agents
with sufficient evidence of carcino-
genicity in humans have also provid-
ed sufficient or limited evidence of
carcinogenicity in one or more ani-
mal species.

Conclusions

The IARC Monographs Programme
is widely recognized as one of
the most authoritative sources of
information on the identification of
agents that may be carcinogenic
to humans. The Monographs are
prepared with the involvement of



leading scientific experts world-
wide, who apply the guidance pro-
vided in the Preamble to the /ARC
Monographs (IARC, 2006) to eval-
uate the weight of evidence that an
agent may present a cancer risk to
humans. Up to and including Volume
109, more than 2000 scientists have
contributed to the development of the
IARC Monographs; nearly 200 sci-
entists were involved in Volume 100
alone. Since its beginning in 1971-
1972 (Saracci and Wild, 2015), the
IARC Monographs Programme has
evaluated more than 1000 agents
for their potential to cause cancer
in humans, with 120 of these agents
assigned to Group 1, indicating that
the weight of evidence supports the
conclusion that the agent is carcino-
genic to humans.

A noteworthy aspect of the pro-
cess used by IARC to identify the
causes of cancer in humans is the
reliance on leading experts in the
Working Groups that conduct the
evaluations documented in the
Monographs to interpret the data
according to the weight-of-evidence
guidelines provided in the Preamble
to the IARC Monographs (IARC,
2006). With the trend towards great-
er reliance on systematic review
(National Research Council, 2014)
and structured weight-of-evidence
approaches to the evaluation of
toxic substances (Rhomberg et al.,
2013), the continued involvement
of international experts in the /JARC
Monographs to interpret the often
extensive human, animal, and mech-
anistic data is a major strength of the
IARC Monographs Programme.

Collectively, the IARC Mono-
graphs provide a rich source of
information on the causes of can-
cer in humans. In particular, Volume
100 presents a review and update
of 107 Group 1 agents identified in

the previous 99 Volumes of the JARC
Monographs, providing a veritable
“encyclopaedia of carcinogens”.
This information, supplemented with
data on Group 1 agents identified in
Volumes 101 to 109, formed the ba-
sis for the analyses included in this
chapter. After both PCB 126 and
dioxin-like PCBs were subsumed
within the broader category of PCBs,
113 — 2 = 111 district Group 1 agents
were included in the concordance
analyses presented in this chap-
ter. The importance of human data
in the IARC carcinogen evaluation
process is highlighted by the obser-
vation that 102 of the 111 distinct
Group 1 agents identified at the time
this analysis was done demonstrated
sufficient evidence of carcinogenicity
in humans.

Analysis of concordance between
tumour sites in animals and humans
was restricted to 60 Group 1 agents
demonstrating sufficient evidence for
at least one tumour site in animals
and in humans. Substantial overlap
between animal and human tumours
was seen in some organ and tissue
systems but not in others. This anal-
ysis focused on tumours seen in the
14 organ and tissue systems in the
anatomically based tumour classi-
fication system rather than 39 indi-
vidual tumour sites, because of the
sparseness of data at the individual
tumour site level.

The principle that agents that are
carcinogenic in experimental animals
should be regarded as presenting a
carcinogenic risk to humans was fur-
ther confirmed in the course of this
investigation. Excluding agents for
which animal data are lacking or oth-
erwise uninformative, all agents that
cause cancer in humans also cause
cancer in one more animal species,
a finding consistent with an earlier
evaluation of results from the IARC

Monographs Programme (Wilbourn
etal., 1986) and commented upon by
other authors (Tomatis et al., 1989;
Huff, 1994; Maronpot et al., 2004).
However, it is important to note that
the present database cannot be
used to estimate the predictive value
of animal cancer tests for humans,
because it comprised by design only
Group 1 agents; the PPV and the
NPV of the animal data for humans
would be 100% and 0%, respectively
(an artefact of a database that com-
prises human carcinogens only).
Despite the challenges in eval-
uating concordance between tu-
mour sites in animals and humans,
the IARC concordance database
is a useful source of information for
comparing animal and human data
with respect to the tumours caused
in different species by the 111 dis-
tinct Group 1 agents identified by
IARC up to and including Volume
109 of the IARC Monographs.
Future Monographs may benefit
from a more systematic summary
of the animal and human data on
agents evaluated within the /ARC
Monographs Programme, including
data on the types of tumours seen in
animal and human studies, possibly
using the anatomically based tumour
nomenclature system introduced
in this chapter to facilitate compari-
sons between animals and humans.
Data on route of exposure, sex, and
animal strain would also support
comparisons of animal and human
tumours at a finer level of biological
resolution. Data on the exposure or
dose levels at which tumours are
seen in animals and humans would
further support evaluation of the rel-
ative carcinogenic potency of agents
evaluated in animals and humans.
Information on tumour sites affected
by agents evaluated within the JARC
Monographs Programme should be
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recorded in as much detail as possi-
ble to facilitate future evaluations of
the concordance between tumours
seen in animals and humans on a
site-specific basis.

Summary

Since its inception in the early 1970s,
the IARC Monographs Programme
has developed 119 Monographs
Volumes on more than 1000 agents
for which there exists some evi-
dence of cancer risk to humans; of
these, 120 agents met the criteria
for classification as carcinogenic to
humans (Group 1). Volume 100 of
the IARC Monographs, compiled in
2008-2009 and published in 2012,
provided a review and update of the
107 Group 1 agents identified as of
2009. These agents were divided
into six broad categories: pharma-
ceuticals; biological agents; arsenic,
metals, fibres, and dusts; radiation;
personal habits and indoor com-
bustions; and chemical agents and
related occupations. The data set
developed by Grosse et al. (Annex 1)
for human and animal tumours and
tumour sites associated with ex-
posure to these agents, as well as
five additional Group 1 agents de-
fined in subsequent Volumes of the
Monographs, were used to analyse
the degree of concordance between
sites where tumours arise in humans
and in experimental animals (mice,
rats, hamsters, dogs, and non-hu-
man primates). An anatomically
based tumour nomenclature system,
representing 39 tumour sites and 14
organ and tissue systems for which
agents presented sufficient evidence
of carcinogenicity in humans and/or
in experimental animals, was devel-
oped and used as the basis for in-
terspecies comparison. The present
analysis identified 91 Group 1 agents

with sufficient evidence (82 agents)
or limited evidence (9 agents) of car-
cinogenicity in animals. The most
common tumours observed in both
humans and animals were those of
the respiratory system (including
larynx, lung, and lower respirato-
ry tract). In humans, such tumours
were observed for 31 of the 111 dis-
tinct Group 1 carcinogens identified
up to and including Volume 109 of
the IARC Monographs, comprising
mostly chemical agents and related
occupations (14 agents), arsenic,
metals, fibres, and dusts (7 agents),
and personal habits and indoor com-
bustions (5 agents). After tumours
in the respiratory system, those in
lymphoid and haematopoietic tis-
sues (26 agents), the urothelium (18
agents), and the upper aerodigestive
tract (16 agents) were most often
seen in humans, and tumours in di-
gestive organs (19 agents), the skin
(18 agents), and connective tissues
(17 agents) were most often seen
in animals. Exposures to radiation
(particularly X- and y-radiation) and
tobacco smoke were associated with
tumours at multiple sites in humans.
Although the IARC Monographs do
not emphasize tumour site concor-
dance between animals and hu-
mans, substantial concordance was
observed for several organ and tis-
sue systems, even under the strin-
gent criteria for sufficient evidence
of carcinogenicity used by IARC. Of
the 60 agents for which at least one
tumour site had been identified in
both humans and animals, 52 (87%)
cause tumours in at least one of the
same organ and tissue systems in
humans and animals. It should be
noted that some caution is needed
in interpreting concordance at sites
where the sample size is particu-
larly small: although perfect (100%)
concordance was noted for agents

that cause tumours of the meso-
thelium, only two Group 1 agents
meeting the criteria for inclusion in
the concordance analysis caused
tumours at this site. Although the
present analysis demonstrates good
concordance between animals and
humans for many, but not all, tumour
sites, limitations of the available data
may result in underestimation of
concordance.
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