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ABSTRACT

Glyphosate is a widely used herbicide worldwide. In 2015, the Intemational Agency for Research on Cancer (IARC) reviewed
glyphosate cancer bioassays and human studies and declared that the evidence for carcinogenicity of glyphosate is
sufficient in experimental animals. We analyzed 10 glyphosate rodent bioassays, including those in which IARC found
evidence of carcinogenicity, using a multiresponse permutation procedure that adjusts for the large number of tumors
eligible for statistical testing and provides valid false-positive probabilities. The test statistics for these permutation tests
are functions of p values from a standard test for dose-response trend applied to each specific type of tumor. We evaluated
3 permutation tests, using as test statistics the smallest p value from a standard statistical test for dose-response trend and
the number of such tests for which the p value is less than or equal to .05 or .01. The false-positive probabilities obtained
from 2 implementations of these 3 permutation tests are: smallest p value: .26, .17; p values < .05: .08, .12; and p values <
.01: .06, .08. In addition, we found more evidence for negative dose-response trends than positive. Thus, we found no
strong evidence that glyphosate is an animal carcinogen. The main cause for the discrepancy between IARC’s finding and
ours appears to be that IARC did not account for the large number of tumor responses analyzed and the increased
likelihood that several of these would show statistical significance simply by chance. This work provides a more
comprehensive analysis of the animal carcinogenicity data for this important herbicide than previously available.

Key words: glyphosate; carcinogenesis; rodent bioassay; multiple comparisons.

Glyphosate is a phosphonomethyl amino acid herbicide used
extensively throughout the world in weed control. In 2015, after
a review of the scientific evidence, the International Agency for
Research on Cancer (IARC) concluded that the evidence for the
carcinogenicity of glyphosate was limited in humans but suffi
cient in experimental animals (rats and mice). IARC further con
cluded that glyphosate was probably carcinogenic in humans.
However, other agencies have not concurred with IARC’s con
clusions (EFSA, 2015; U.S. EPA, 2019; WHO, 2016). Whether or
not glyphosate presents a cancer risk remains controversial.

IARC (2015) reviewed 10 rodent bioassays and reported on 5
tumors in 3 of these bioassays that were interpreted as showing
evidence of carcinogenicity: a positive dose response trend was
reported for hepatocellular adenoma in male rats (2/60, 2/60, 3/
60, 7/60, p=.016) and thyroid C cell adenoma in female rats (2/
60, 2/60, 6/60, 6/60, p=.031) (Stout and Ruecker, 1990), renal tu
bule adenoma in male mice (0/49, 0/49, 1/50, 3/50, p=.016)
(Knezevich and Hogan, 1983), and hemangiosarcoma in male
mice (0/50, 0/50, 0/50, 4/50, p<.001) (Atkinson et al., 1993b). In
addition, there was an increase in pancreatic islet cell adenoma
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Table 1. Characteristics of Bioassays Used in This Analysis
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Bioassay Species  Strain

Groups/Sex  Dose

No.Dose Animals/ Maximum Dose?®

Maximum  Sites Where Histopathology Was
Weeks on Test  Conducted in All Dose Groups®

(mg/kg/day)

Males Females

Atkinson et al. (1993b)¢ Mouse CD 1 4 50
Knezevich and Hogan (1983)° Mouse CD 1 4 50
Wood et al. (2009b) Mouse CD 1 4 51
Sugimoto (1997) Mouse CD 1 ICR 4 50
Atkinson et al. (1993a)¢ Rat SD 5 50
Lankas (1981)¢ Rat SD 4 50
Stout and Ruecker (1990)¢ Rat SD 4 60
Brammer (2001)¢ Rat Wistar 4 64
Suresh (1996) Rat Wistar 4 50
Wood et al. (2009a) Rat Wistar 4 51

988 1000 105 Kidney, liver, lung, vascular
system
4841 5873 102 (ALl)
810 1081 81 Kidney, liver, and lung
4348 4116 78 (ALl
1007 1018 105 Kidney, liver, lung, and salivary
glands: parotid, mandibular,
and sublingual
3149  34.02 111 (All)
940 1183 105 (AlL)
1214 1498 104 (All)
595.2 886 107 (None)
1077 1382 105 Kidney, liver, lung, and bone
marrow

#All doses in each bioassay are listed in Table 2.

PSystemic tumors are assumed to have been searched for if at least 1 tissue in an animal was given a histopathological examination.
“These 6 studies were evaluated by IARC. IARC (2015) also reviewed 2 additional studies in which they identified shortcomings, but which they did not claim were
“inadequate”: Chruscielska et al (2000) and JMPR (2006). No glyphosate-related tumor responses were noted in either of these studies.

Abbreviation: SD, Sprague Dawley.

in the low dose group of male rats (1/58, 8/57, 5/60, 7/59,
p=.016) (Stout and Ruecker, 1990), which was also interpreted
by IARC as offering evidence of carcinogenicity.

The animal carcinogenicity data on glyphosate are unusu
ally extensive; U.S. EPA (2016) identified 15 long term rodent
oral bioassays of glyphosate, EFSA (2016) identified a further 7,
and IARC (2015) another 1, together with 1 skin bioassay. Each
bioassay was conducted in both sexes, with each sex potentially
having 40 60 unique tumor types, resulting in over 1000 poten
tial statistical tests, which could easily result in many signifi
cant (p <.05) tumor increases occurring by chance alone. With
such a large number of statistical tests, roughly 5% of them are
expected to provide a p value < .05 simply by chance even if ex
posure had no effect on carcinogenicity. Thus, in evaluating
such a large data base, it is not sufficient to identify sites in indi
vidual bioassays in which a statistical test is significant. One
must also take into account the large number of statistical tests
performed and the attendant possibility that statistically signif
icant findings could be due to chance.

This problem was addressed by conducting a combined
analysis of 10 glyphosate bioassays which include all 3 bioas
says cited by IARC as showing evidence of carcinogenicity. This
article is not a formal systematic review but applies a multires
ponse permutation approach with the underlying data to quan
titatively inform conclusions, consistent with previously
recommended guidelines for systematic reviews (NAS, 2017;
Sena et al., 2014). The analytic approach provides valid statisti
cal tests of the global hypothesis “glyphosate was carcinogenic
in these bioassays.” By “valid statistical tests” we mean tests
that correct for the multiple comparison problem and conse
quently have correct false positive rates.

Several methods have been suggested for constructing sta
tistical tests that provide correct false positive rates when eval
uating evidence from multiple tumor types possibly in multiple
studies. The implementation of each of these methods involves
some form of repeated random reassigning of animals to dose
groups. Brown and Fears (1981), Heyse and Rom (1988), and
Farrar and Crump (1988, 1990) all recommended statistical tests

of this type, specifically for analyzing animal carcinogenicity
data, that involve repeated permuting of animals among dose
groups. Westfall and Young (1989) proposed bootstrap resam

pling methods for more general types of data. Westfall and
Young (1993) concluded that bootstrap and permutation meth

ods yield very similar results. In the present analysis, we
employed a slight modification of the permutation approach of
Farrar and Crump (1988, 1990) to evaluate the evidence for the
carcinogenicity of glyphosate.

The analysis method of Farrar and Crump requires access to
individual animal data on histopathological information and
tumors, the length of time each animal was on test, and their
doses. The 10 bioassays used in our analysis represent all the
glyphosate animal bioassays for which we had access to this in
formation on individual animals. The 10 bioassays include 4
mouse bioassays (CD 1 strain) and 6 rat bioassays (3 of Sprague
Dawley strain and 3 of Wistar strain) (Table 1).

IARC also considered 10 bioassays, 2 of which were deter
mined to be “inadequate” (George et al., 2010; Séralini et al., 2014)
and 2 others for which serious shortcomings were noted (JMPR,
2006 had a duration of only 1 year and Chruscielska et al., 2000
had “limited information on dosing regimen, histological exam
ination methods, and tumor incidences”). The remaining 6 bio
assays evaluated by IARC were included in our analysis,
including the 3 bioassays which IARC reported as providing evi
dence for the carcinogenicity of glyphosate.

MATERIALS AND METHODS

The bioassay data. Individual animal data for the 15 bioassays ex
amined by U.S. EPA through Docket EPA HQ OPP 2016 0385 at
https://www.regulations.gov (last accessed April 9, 2020)
(Docket numbers 0018 0047, 0099, 0100, and 0325) were ab
stracted from the original reports. Of these 15 bioassays, 6 were
eliminated from consideration: 2 for having incomplete individ
ual data, 3 for potentially confounding formulation (trimethyl
sulfonium glyphosate in 2, and the sodium salt of n nitroso
glyphosate in the other), and 1 due to potential confounding by
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a viral outbreak. The individual animal data for a 10th bioassay
(Sugimoto, 1997) were obtained indirectly from EFSA (see
Acknowledgments). Of the other 8 bioassays identified by U.S.
EPA, EFSA, or IARC, 5 were considered inadequate or unsuitable
for evaluation of carcinogenicity by EFSA or IARC, and for none
could we locate individual animal data. Thus, our analysis in
cluded data from 10 glyphosate bioassays (Table 1). The ab
stracted data from these 10 bioassays, along with information
on all 23 glyphosate bioassays of which we are aware, are pub
licly available on Dryad (Crouch et al., 2019).

The analysis included 4 bioassays that were not included in
the IARC 2015 review (Sugimoto, 1997; Suresh, 1996; Wood et al.,
2009a,b). IARC had access to detailed summary information on
the tumor incidences and doses in each of these 4 bioassays,
but stated that they were unable to evaluate them because of
the limited experimental data provided in the review article and
Supplementary information (Greim et al., 2015, Supplementary
information).

Greim et al. (2015) assigned a Klimisch score to each of the 10
bioassays included in the analysis that indicates the reliability of
a study (Klimisch et al., 1997). Eight of the 10 studies were assigned
a Klimisch score of 1 (indicating that a study is “fully reliable
based on compliance with Good Laboratory Practice and adher
ence to appropriate study guidelines”). Knezevich and Hogan
(1983) was assigned a Klimisch score of 2 (signifying that “some
guideline requirements are not met, but these deficiencies do not
negatively affect the validity of the study for its regulatory
purpose”), which apparently was primarily due to the fact that
the study was conducted prior to the institution of Good
Laboratory Practice, rather than because of any deficiency. Lankas
(1981) was assigned a Klimisch score of 3, signifying “a test design
that is not fit for the scientific purpose of the study, due to signifi
cant scientific flaws, or the objective of the study not covering the
regulatory endpoints, or both. Such studies can provide
Supplementary information but do not allow a stand alone ap
praisal of a regulatory endpoint.” The apparent reason for the low
Klimisch score was low power due to low doses used in Lankas
(1981) (see Table 2), rather than any other deficiency. One member
of EPA’s FIFRA Scientific Advisory Panel (U.S. EPA, 2017) argued
that significant carcinogenic effects were seen in this study.

Statistical tests. The statistical tests applied in the analysis were
functions of p values obtained from conventional continuity

corrected poly 3 tests for trend applied to each type of tumor or
combination of tumor types in each bioassay. The continuity

corrected poly 3 test (Bailer and Portier, 1988; Moon et al., 2006;
Peddada and Kissling, 2006) is a survival adjusted Cochran

Armitage test. This test will have power to detect monotone as
well as most nonmonotone dose effects, although we know of
no evidence or theory that glyphosate causes nonmonotone
dose responses. If a nonmonotone response is caused by differ

ential mortality, this would be dealt with appropriately by the
poly 3 test which adjusts for survival. The poly 3 test was not
available when Farrar and Crump (1988, 1990) did their work,
but it since has become widely used and is now used by the U.S.
National Toxicology Program (NTP) to analyze bioassay data
(NTP, 2003). In the present analysis, the continuity corrected
version of the poly 3 test used (Peddada and Kissling, 2006) was
copied from a key portion of the computer program used by the
NTP (provided by Dr Grace Kissling, NTP), and direct compari

sons have shown that our implementation gives the same
results as the version used by the NTP. Throughout this paper,
all implementations of the poly 3 test, are 1 sided (ie, 1 tailed),
as are the NTP implementations of the test.

Results from 3 multiresponse permutation tests are pre
sented. In the simplest such test, referred to as the “min test,”
the test statistic is the smallest p value obtained from applying
the poly 3 test to all tumor types in all of the 10 bioassays. In
the simplest implementation of this test (a slightly more com
plex implementation is required in the present situation, due to
the rules for conducting pathology examinations used in some
of the bioassays, see “Details of the testing procedure” below),
animals are randomly reassigned to dose groups (ie, permuted
among dose groups) in a Monte Carlo analysis, keeping the total
numbers of animals in each dose group equal to the number in
the original data. The tumors in each such reassignment are an
alyzed using the poly 3 test in exactly the same way as in the
original data. Males and females are permuted separately. The
false positive rate is the proportion of random reassignments
that result in a smallest poly 3 p value that is smaller than or
equal to the smallest poly 3 p value obtained from the original
data.

For example, suppose the smallest p value obtained from
poly 3 analyses of all the tumor types that occur in the 10 bioas
says was .015 from a statistical analysis of, say, thyroid C cell
adenoma or carcinoma. The animals are redistributed at ran
dom among the dose groups, keeping the total number of ani
mals in each dose group equal to the original number. This
random redistribution is repeated 5000 times and each time the
permuted data are analyzed in exactly the same way as the
original data and the smallest p value obtained from any tumor
is noted. Suppose that in the 5000 redistributions the smallest p
value obtained is less than or equal to .015 in 400 of the 5000
redistributions. If we had decided a priori that we were inter
ested only in whether the incidence of thyroid C cell adenoma
or carcinoma was increased by exposure, and in no other lesion,
then .015 would be the correct p value to consider. But, if, as is
more likely, a post hoc decision was made to focus on thyroid
C cell adenoma or carcinoma because statistical analysis of this
lesion gave the smallest p value out of many lesions statistically
analyzed, the appropriate false positive rate would be esti
mated as 400/5000 =.08. Thus, the true significance of the origi
nal p value of .015 is estimated as .08 after accounting for the
multiplicity of statistical tests applied.

In addition to the min test, 2 additional such tests were com
puted. The test statistics for these tests were the number of
poly 3 tests of tumors in the original data for which the p value
is less than or equal to the critical value of .05 (the “05 test”) or
.01 (the “01 test”). The false positive rates for these tests are the
proportion of random permutations of the data for which the
number of poly 3 p values from the permuted data that are less
than or equal to the critical value equal or exceed the number
from the original data. For example, in conventional poly 3
analyses of all tumor sites in the 10 datasets, if 15 tumor sites
provided a p value < .05, and in 5000 random permutations of
these data across dose groups, 100 of the redistributions
resulted in 15 or more sites with p values < .05, the p value of
the 05 test would be estimated as 100/5000 = .02.

A large number of such tests can be envisioned, each having
power for detecting certain departures from the null hypothesis.
The min test could have enhanced power in a situation in which
a test agent causes cancer at a single site, whereas the 05 test
could have enhanced power when a test agent causes detect
able cancer of several types.

Each of these tests is a member of the same family of tests
as Fisher’s exact test, which is often used in testing tumor data
for a dose effect. Fisher’s exact test, when applied to a particular
tumor in a cancer bioassay, is conditional on the total number
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Table 2. Results for Test of Dose related Decrease in Survival
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Bioassay Species/Sex 1st Row: Dose (mg/kg/day) p Value®
2nd Row: No. Survivors/Total No.
Atkinson et al. (1993b) M/M 0 98 279 988
26/50 25/50 29/50 24/50 .33
M/F 0 102 298 1000
21/50 16/50 26/50 24/50 .86
Knezevich and Hogan (1983) M/M 0 157 814 4841
20/50 16/50 17/50 26/50 .98
M/F 0 190 955 5873
20/50 12/50 27/50 23/50 .88
Wood et al. (2009b) M/M 0 714 234.2 810
39/51 41/51 39/51 35/51 .10
M/F 0 97.9 299.5 1081
37/51 38/51 38/51 40/51 .75
Sugimoto (1997) M/M 0 165 838.1 4348
26/50 34/50 27/50 29/50 47
M/F 0 153.2 786.8 4116
32/50 36/50 40/50 35/50 51
Atkinson et al. (1993a) R/M 0 10 101 306 1007
28/50 25/50 31/50 28/50 31/50 .79
R/E 0 10 103 311 1018
21/50 22/50 22/50 20/50 26/50 .85
Lankas (1981) R/M 0 3.05 10.3 31.49
15/50 26/50 16/50 26/50 .94
R/F 0 3.37 11.22 34.02
18/50 23/50 30/50 15/50 .09
Stout and Ruecker (1990) R/M 0 89 362 940
14/60 19/60 17/60 17/60 .58
R/F 0 113 457 1183
22/60 22/60 17/60 18/60 .18
Brammer (2001) R/M 0 121 361 1214
16/64 17/64 18/64 26/64 .98
R/F 0 145 437 1498
32/64 28/64 39/64 30/64 41
Suresh (1996) R/M 0 6.3 59.4 595.2
20/50 20/50 18/50 29/50 .99
R/F 0 8.6 88.5 886
24/50 26/50 33/50 21/50 .07
Wood et al. (2009a) R/M 0 85.5 285.2 1077
39/51 37/51 38/51 45/51 .97
R/F 0 104.5 348.6 1382
37/51 34/51 36/51 39/51 .80

#Test for trend toward progressive fewer surviving animals at higher doses.

of animals with this tumor. Under the null hypothesis of no car

cinogenic effect, the distribution into dose groups of animals
with the tumor is assumed to be random. The permutation tests
described above are also conditional, not just on the total num

bers of tumors, but on the patterns of tumors occurring in indi

vidual animals. No assumption (such as independence) is
required regarding the joint distributions of tumors within ani

mals. Repeated permutation of animals is used to compute
false positive rates because, unlike the situation with Fisher’s
exact test, a direct calculation is too difficult. However, false

positive rates for Fisher’s exact test could also be computed us

ing permutation.

Details of the testing procedures. To test for a dose response trend
using the poly 3 test, estimates of the glyphosate dose in each
dose group are needed. Our analysis examines doses in units of
mg/kg/day. These come from the individual bioassays with 1
exception: Knezevich and Hogan (1983) do not provide doses in

mg/kg/day by dose group. We carried out our own dose calcula
tions using the information in the Knezevich and Hogan report
and obtained doses that varied only trivially from those
reported by Greim et al. (2015) for this study, so we used the
Greim et al. doses in our analysis. The doses in each of the 10
bioassays used for our analyses are listed in Table 2 and are also
publicly available on Dryad (Crouch et al., 2019).

In addition to conducting conventional poly 3 tests on spe
cific types of tumors, tests were also conducted on combina
tions of tumor types thought to have a common origin (eg, liver
adenomas and carcinomas). Tumors to combine were selected
by J.H. in a manner patterned after the combinations used by
NTP (2019). Complete listings of the combinations in each of the
10 studies used in the analysis are available on Dryad (Crouch
et al., 2019). Because including these combinations resulted in
the same tumors being present in multiple analyses, it was de
cided to perform 2 analyses, 1 (the “primary analysis”) that in
cluded all of the individual tumors and combinations, and 1
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(the “reduced analysis”) in which individual tumors and combi
nations of tumors were removed from the analysis if they were
part of a more inclusive tumor combination. For example, if a
combination consisted of liver adenoma or carcinoma, the tu
mor categories of liver adenoma and liver carcinoma were re
moved and only the combination was used in the analysis.

Each of the original reports of the 10 bioassays contains a list
of the tissues scheduled to be routinely given a histopathologi
cal examination. In addition, sometimes other tissues that
looked suspicious at necropsy were also examined histologi
cally ad hoc. For 5 of the glyphosate bioassays (Table 1), if a tis
sue was listed for histological examination, that tissue was
scheduled for a histological examination in all animals in all
the dose groups (complete histology [CH] bioassays). In the
remaining 5 bioassays (incomplete histology [ICH] bioassays),
control and high dose animals were all given a complete histo
pathological examination, along with nonsurviving animals
(animals that died before the final sacrifice) in the intermediate
dose groups. In addition, certain tissues (“mandatory tissues”)
in all animals were scheduled for a histopathological examina
tion (most including kidney, liver, and lung; see the lists in
Table 1), regardless of when they died.

Systemic tumors, which can appear in multiple tissues, re
quire a special treatment. It was decided that if any tissue in an
animal was examined histologically, that animal would be
counted as being examined for systemic tumors; hence
“system” was considered a mandatory tissue. We believe that
this approach will provide the least likelihood of an error, par
ticularly because systemic tumors were often verified in ad hoc
examinations. This approach also appears to be consistent with
standard practice. The few nonsystemic tumors discovered in
ad hoc analyses were not included in our analysis.

In the simulations, the object was to randomly permute ani
mals among dose groups. Simple randomization suffers from a
potential bias due to dose related differential survival, and, for
the ICH studies, a problem of data comparability eg, it would
result in high dose and control animals that survived to final
sacrifice and had certain tumor sites examined being placed in
intermediate dose groups where surviving animals did not have
these sites examined and vice versa. The ICH studies thus re
quired special treatment in the permutation analysis, as
explained in the following paragraph and summarized in
Figure 1.

In each of the 10 bioassays, dose related effects on survival
were tested using a Cochran Armitage test for negative trend
on the proportions of animals surviving to final sacrifice in the
various dose groups (Table 2). However, regardless of the out
come of this test, to control for potential dose related differen
ces in survival in both the ICH and CH studies, each
randomization of the data maintained the same number of sur
vivors and nonsurvivors in each group as was seen in the actual
data. Moreover, in the intermediate dosed group survivors in
the ICH studies, histopathology was carried out only for manda
tory tissues. Thus, for the other tissues in the ICH studies, in the
intermediate dosed groups only the nonsurvivors could be used
in the trend test analyses. For mandatory tissues (all tissues for
CH studies), the survivors and nonsurvivors were separately
permuted, keeping the number of each within each dosed group
the same. A similar randomization scheme was carried out for
the other tissues in the ICH studies, but these randomizations
for survivors included only control and high dose animals.
Thus, in ICH studies mandatory tissues and other tissues had to
be separately randomized (effectively separating each animal
into 2 sets of tissues) to include in the analysis all the

For Each of the Ten Bioassays in Each of 5,000 Iterations:

CH studies and mandatory tissues (including systemic tumors)
from ICH studies

Randomly permute animals across dosed and control groups,
maintaining the same number of survivors in each group as seen
in the original data.

Other tissues from ICH studies

Randomly permute non-survivors across dosed and control
groups, maintaining the same number in each group as was seen
in the actual data; permute the survivors (high dose and control
only), maintaining the same numbers in each group as was seen in
the original data; exclude the surviving intermediate dosed
animals.

Carry out poly-3 trend tests for all tumors and identified tumor combinations, noting if a trend test produces a p-value £0.05 or 0.01. Also,

note the most significant trend p-value observed in all ten studies.

Repeat this process 5,000 times (i.e., 5,000 randomizations). Compare the results of the trend tests with that of the actual data.
Specifically, determine the proportions of randomizations in which the number of trend p-values < 0.05 (for the 0.05 test) or 0.01 (for the
0.01 test) equal or exceed the number in the original data, and determine the proportion of randomizations in which the most significant
trend p-value is equal to or more significant than the most significant one from the original data (for the min test).

The above procedure is carried out four times: for both increasing and decreasing trends in tumor incidence, and for both the primary

analysis and the reduced analysis.

Abbreviations: CH = complete histology, ICH = incomplete histology.

Figure 1. Outline of permutation analysis.
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Figure 2. Histogram of p values obtained from 1-sided poly-3 tests for positive trend applied to 10 glyphosate bioassays from tumor groupings that contain at least 2

tumors.

pathological information routinely collected in the ICH studies.
Figure 1 provides an outline of this permutational analysis.

It is important to note that in all applications of the poly 3
test, the test is applied only to data from 1 sex in a single study.
Thus, data from different sexes or studies are not combined, but
rather p values from poly 3 tests are combined to create the
“global” tests (min, 05 test and 01 test) having the correct false
positive rates. In addition to the randomization procedures de
scribed above for testing for positive dose response trends in tu
mor occurrence, the same procedures were repeated after
reconfiguring the poly 3 test to assess for negative trends.

Because different permutations are independent, the false
positive rates reported from the permutation tests times the
number of permutations are binomially (N, p) distributed with N
equal to the number of permutations (N=5000 in all results
reported herein) and p equal to the true false positive rate. This
information can be used to calculate exact confidence limits for
the true false positive rates. We have chosen not to report these
for 2 reasons: it would make the tables less readable, and we be
lieve the accuracy resulting from 5000 simulations is sufficient
to guide conclusions. However, if a reader is interested in com
puting confidence intervals for any reported false positive rates,
the necessary information is contained in Table 4 or 5.

RESULTS

Figure 2 shows the frequency of poly 3 p values for positive
trend computed from all tumors in all 10 bioassays in which at
least 2 tumors occurred (and in which therefore a p value < .05
was theoretically possible). This figure suggests an excess of
large p values (those close to 1.0) compared with small p values
(those close to .0). Because the version of the poly 3 trend test
applied is a 1 sided test for a positive trend, p values close to 1.0
would translate into p values near .0 for 1 sided trend tests for
anticarcinogenicity. Thus, the overall pattern in Figure 2 is more
consistent with an anticarcinogenic than a carcinogenic effect.
However, this is not necessarily evidence that glyphosate is
anticarcinogenic and in the discussion section we mention
other plausible reasons for this response.

Results of tests for a dose related decrease in survival in
each study are shown in Table 2. In none of the bioassays was
this test statistically significant. Moreover, 4 of the datasets had
p values in excess of .95 which indicate a significant positive
trend in survival with increasing dose. Overall, animals exposed
to the highest doses of glyphosate tended to have enhanced
survival compared with controls (Table 2).

Table 3 lists, for the primary analysis, the 24 tumors in the
10 bioassays for which the poly 3 test for a positive dose related
trend was significant at the .05 level. This list includes 4 of the 5
tumors cited by IARC as providing evidence of carcinogenicity.
The missing tumor is pancreatic islet cell adenoma in male rats
(Stout and Ruecker, 1990), which had responses of 1/58, 8/57, 5/
60, and 7/59 and did not have a significant dose related trend.
In an identical analysis except that the poly 3 test was config
ured to test for a negative dose related trend, there were 26
tumors for which the dose response trend was significantly
negative at the .05 level.

Table 4 shows the results for the 3 permutation tests for pos
itive trend, for both the primary analysis and the reduced anal
ysis. The most significant poly 3 trend in all 10 bioassays was
.0013, which was for hemangiosarcoma in male mice (Atkinson
et al., 1993b). As noted in Table 3, this response was also the
most significant of those reported by IARC (2015). However, the
actual significance of this smallest p value, which is the false
positive rate for the min test, was .26 based on the primary
analysis, rather than the naive value of .0013, which means
that 26% of the randomizations of the 10 datasets gave a small
est p value less than or equal to the smallest (.0013) from the
original data. Similarly, the 05 test used as test statistic the
number of poly 3 p values < .05 from analysis of all the tumors
in all 10 bioassays. That number was 24, based on the primary
analysis. The corresponding false positive rate was .08, which
means that 8% of randomizations of the 10 datasets found at
least 24 sites for which the poly 3 p value was < .05. The results
from all permutation tests based on the reduced data were sim
ilar to those based on the primary data. The false positive rate
for the 01 test was .06 in the primary analysis (which may be
considered borderline significant) and .08 in the reduced analy
sis. Overall, the findings from Table 4 suggest that, after ac
counting for the number of statistical tests performed, there
was no clear evidence of a positive dose related trend in tumor
occurrence.

Table 5 presents the same information as Table 4 except
that the poly 3 test was reconfigured to test for negative dose
response trends. Comparing Tables 4 and 5, the evidence for
negative trends is greater than that for positive trends in all
analyses. The smallest poly 3 p value for a negative trend is
.0008 (which was for bronchiolar alveolar adenoma in female
mice in Knezevich and Hogan [1983]), whereas the smallest p
value for a positive trend was .0013 (Tables 3 and 4). The 01 test
for a negative trend was highly significant in both the primary
and reduced analyses (p=.002 for each). These findings thus
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Table 4. Results of Multiresponse Permutation Tests for Positive Dose related Trends in Tumor Occurrence

Description of Test Primary Analysis

Reduced Analysis®

Test Statistic®

Statistical Significance of Test Statistic® Test Statistic®

Statistical Significance of Test Statistic®

Min test p =.0013 p=.26
05 test 24 p=.08
01 test 7 p=.06
Number of trend tests 525

p=.0013 p=.17

14 p=.12

4 p=.08
304

®The reduced analysis removed from the analysis tumors and combinations of tumors that were included in larger combinations.
"The test statistic of the min test is the smallest poly-3 p value obtained from any tumor in any study in the original data. The test statistics of the 05 test and the 01
test are the number of tumors for which the poly-3 p value was < .05 or < .01, respectively.

“Calculated using 5000 simulations.

Table 5. Results of Multiresponse Permutation Tests for Negative Dose related Trends in Tumor Occurrence

Description of Test Primary Analysis

Reduced Analysis®

Test Statistic®

Statistical Significance of Test Statistic® Test Statistic®

Statistical Significance of Test Statistic®

Min test p =.0008 p=.11
05 test 26 p=.08
01 test 10 p =.002
Number of trend tests 525

p=.0011 p=.10

15 p=.12

6 p =.002
304

®The reduced analysis removed from the analysis tumors and combinations of tumors that were included in larger combinations.
PThe test statistic of the min test is the smallest poly-3 p value obtained from any tumor in any study in the original data. The test statistics of the 05 test and the 01
test are the number of tumors for which the poly-3 p value was < .05 or < .01, respectively.

“Calculated using 5000 simulations.

suggest stronger evidence for negative rather than positive
dose response trends in tumor occurrence.

DISCUSSION

The highest doses given to any animal groups in the 10 bioas
says were 5873 mg/kg/day and 4841 mg/kg/day in high dose fe
male mice and male mice, respectively, in Knezevich and
Hogan (1983). U.S. EPA guidance states there is no need to ex
pose animals to daily doses in excess of 1000 mg/kg/day (U.S.
EPA, 1998). Despite the extremely high doses, there was no evi
dence of reduced survival in this study (Table 2). In fact, there
was statistically significantly enhanced survival in male mice,
as well as in male animals in several other bioassays (Table 2).
In no study was there a statistically significant decreasing trend
in longevity in either sex. Thus, glyphosate was relatively non
toxic in these bioassays based on survival.

Having access to the individual animal data from all 10 bio
assays was critical to the analyses conducted. This allowed us
to treat an animal as the basic unit of measurement. For exam
ple, use of the individual animal data allowed us to distinguish
between an adenoma and a carcinoma occurring in separate
animals (which our analysis counts as 2 animals with tumors),
and both tumors occurring in a single animal (which our analy
sis counts as a single tumor bearing animal). It would not be
possible to distinguish these occurrences from data on individ
ual tumors summarized by dose groups.

To adjust analyses for the specific times different animals
were on study, the poly 3 test requires knowledge of the age at
death of each animal. Thus, we could not have adjusted our
analyses for duration of exposure adequately without individ
ual animal data. Our analysis found a statistically significant
trend toward more animals surviving to final sacrifice at higher
doses in several of the bioassays (Table 2), suggesting that it

may be important to control for age in analyzing these bioas
says. In addition to employing the poly 3 test, which is an age
adjusted Cochran Armitage test, age was also controlled in our
analyses by keeping the numbers of animals surviving to final
sacrifice in each dose group the same in all permutations as in
the original data.

In all 10 bioassays combined, our primary analysis con
ducted 525 poly 3 analyses (Table 4) of individual tumor
responses, of which a total of 174 were on combinations of indi
vidual tumor types that may have similar etiologies. In the pri
mary analysis, individual tumors can appear in more than 1
poly 3 analysis. Because this will happen in the original data
and the permuted data with equal frequency, it will not bias the
analysis. Nevertheless, we also conducted a reduced analysis in
which individual tumors and combinations of tumors were re
moved from the analysis if they were part of a more inclusive
tumor combination. This reduced analysis involved 304 poly 3
analyses (Table 4). Results from these 2 analyses were quite
similar (Tables 4 and 5).

Three permutation statistical tests that provide proper con
trol for false positives were applied in both the primary and re
duced analysis: The min test with the most significant poly 3
test result from all tumors in all bioassays as the test statistic;
and the 05 test and 01 test having as test statistic the number of
poly 3 tests that resulted in a p value < .05 and .01, respectively.
These 2 limits, .05 and .01, were selected because of their tradi
tional importance in evaluating the result of statistical tests.

The smallest poly 3 p value found in the analysis of the 10
datasets was .0013 for hemangiosarcoma in male mice in
Atkinson et al. (1993b). This tumor was also the most significant
in IARC’s evaluation. However, our analysis showed that the ac
tual false positive rate for this finding after accounting for mul
tiple comparisons was .26 in the primary analysis and .17 in the
reduced analysis (min test, Table 4), demonstrating the
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importance of accounting for multiple comparisons in the
glyphosate data. Similarly, neither the 05 test (p=.08, primary
analysis and p=.12, reduced analysis) nor the 01 test (p=.06,
primary analysis and p=.08, reduced analysis) gave a false
positive rate that was clearly less than .05 (Table 4), although
the false positive rate for the 01 test in the primary analysis
was near the boundary of .05.

In the primary analysis, 3 of 7 tumors or tumor combinations
that provided poly 3 p values < .01 involved hemangioma and/
or hemangiosarcoma in mice (Table 3). However, the 2 (of 3) in
female mice (Table 3) included the same tumors. The increased
incidence in males was due to hemangiosarcoma; the increase
in females was due primarily to hemangioma.

To further evaluate these findings, we compared them to the
incidence of hemangioma and hemangiosarcoma found in the
other mouse bioassays. The significant response in CD 1 males
in Atkinson et al. resulted from 4 hemangiosarcomas at a dose
of 1000 mg/kg/day (p =.0013), with no hemangiomas or heman
giosarcomas identified at 3 lower doses. However, Knezevich
and Hogan (1983) exposed CD 1 male mice to a dose nearly 5
times that of Atkinson et al. (4831 mg/kg/day) and no hemangio
mas or hemangiosarcomas were found, although Knezevich
and Hogan did find these tumors at lower doses.
Hemangiosarcomas are not rare tumors in CD 1 mice. Giknis
and Clifford (2005) report a range of 0% 12% in control male CD
1 mice. Thus, the 8% (4/50) incidence of hemangiosarcoma seen
in high dose male CD 1 mice in the Atkinson et al. study (the
highest response seen in all of the glyphosate studies) is within
the range seen in male control CD 1 mice. Furthermore,
Atkinson et al. provide summary background incidences in 6
other studies performed under similar conditions as 2/50, 2/50,
4/50, 0/50, 1/50, and 1/50 and consequently considered this find
ing as not due to administration of glyphosate.

In female CD 1 mice, the maximum hemangioma/heman
giosarcoma response of 5/50 in Sugimoto (1997) study occurred
at a dose of 4116 mg/kg/day, whereas Knezevich and Hogan
(1983) found a response of only 2/50 at a dose of 5873 mg/kg/day
which was 43% higher than the highest dose in Sugimoto. Mice
in Knezevich and Hogan were also exposed 31% longer than
those in Sugimoto before final sacrifice. The 10% incidence
reported in the Sugimoto study is within the control range of
0% 12% incidence of hemangiosarcoma reported by Giknis and
Clifford (2005) for female control CD 1 mice.

The lack of a consistent dose response in either males or
females suggests that finding significant responses in hemangi
oma and hemangiosarcoma in both sexes of mice may be attrib
utable to chance, especially considering that this represents the
“worst case” of more than 100 tumor sites/types in these bioas
says that could have shown evidence of carcinogenicity.

The only other tumor in the mouse studies that the IARC
regarded as being clearly related to glyphosate exposure was
the marginally significant increase (0/49, 0/49, 1/50, 3/50) in
kidney adenoma in male mice observed in the Knezevich and
Hogan study (see Table 3). However, the data in Table 3 do not
reflect the fact that additional step sectioning of kidneys in the
dosed and control groups revealed 1 kidney adenoma in the
control group, but no additional kidney tumors in the dosed
groups. The data provided to us did not identify this animal, so
we could not factor this additional tumor into our analysis.
However, inclusion of this tumor bearing control animal has
been reported to eliminate the significant (p <.05) trend for
this tumor (Tarone, 2018a), adding to the evidence that the tu
mor increases reported in the glyphosate studies are due to
chance.

In addition to testing for positive dose response trends, both
our primary and reduced analyses were repeated using the
poly 3 test configured to detect negative dose related trends in
tumor occurrence (Table 5). Comparing the results of these
analyses with those testing for a positive trend (Table 4), the ev
idence for an effect was stronger for negative than for positive
trends. This finding agrees with the impression obtained from
the histogram of p values in Figure 2. The smallest p value for a
positive trend was .0013 versus .0008 for a negative trend, al
though the corresponding false positive rates after correcting
for multiple comparisons were .26 and .11 (Tables 4 and 5, min
test, primary analysis), demonstrating how adjusting for multi
ple comparisons can change the interpretation of analyses of
individual tumors. The only clearly significant results for any of
the 3 permutation tests were highly significant 01 tests for neg
ative trend in both the primary analysis and the reduced analy
sis (p=.002 in both cases, Table 5). We caution against
assuming this finding is evidence of an anticarcinogenic effect
of glyphosate exposure, as there are other possible explana
tions. It is known that reduced body weight in rodents can re
sult in fewer tumors (Haseman et al., 1997; Rao et al., 1987), and
perhaps the massive doses of glyphosate fed to the animals
made their food less palatable and caused a reduction in body
weights at higher doses. An investigation of this possibility is
beyond the scope of this work.

IARC (2015) evaluated 10 bioassays, 2 of which they consid
ered “inadequate” and 2 others which they also noted had seri
ous shortcomings (1 had a duration of only 1 year and the
other IARC claimed had “limited information on dosing regi
men, histological examination methods, and tumor
incidences”). None of these 4 studies were included in our
analysis. The remaining 6 bioassays are all included in our
analysis. These include 2 mouse bioassays and 4 rat bioassays.
In their review of these 6 bioassays, IARC reported 4 tumors in
3 bioassays for which the dose response trend was significant
with p <.05 and which were cited as providing evidence of the
carcinogenicity of glyphosate. In addition, there was a p <.05
excess of pancreatic islet adenoma over background in male
rats in one of these bioassays, which was also cited, although
there was no significantly positive dose response trend. These
5 tumors and the 3 bioassays are listed in the introduction to
this paper. In a 4th bioassay (Lankas, 1981), IARC identified a
barely significant p <.05 excess over background of pancreatic
islet cell tumors at the lowest dose in male rats. IARC did not
claim this finding as providing evidence of carcinogenicity,
stating that there was no statistically significant positive dose
response trend and there was no apparent progression to car
cinoma. With this 1 exception, every analysis noted as coming
from an adequate bioassay that gave a p value less than .05
was cited as evidence for the carcinogenicity of glyphosate.
Thus, IARC’s method of evaluating the evidence for carcinoge
nicity of glyphosate seemingly consisted primarily of identify
ing statistical analyses of individual tumors that exhibited a p
value less than .05. No discussion was provided of the extent
of data from which these statistical analyses arose, nor of the
possibility that these 5 significant findings could have arisen
by chance from the statistical analysis of many tumors in mul
tiple bioassays.

Our analysis of the 6 bioassays that were also reviewed by
IARC identified 8 tumors for which the poly 3 test found a
p <.05 positive trend. This included the 4 tumors reported by
IARC as showing a p<.05 positive trend, and 4 additional
tumors that were not listed by IARC (Table 3). In all 10 bioassays,
our analysis identified 24 tumors that exhibited a poly 3
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positive trend p value < .05. Nevertheless, after accounting for
the multitude of statistical tests our analysis did not find that
number statistically significant (p =.08, Table 4).

Summarizing, our statistical analysis of 10 glyphosate bioas
says, which included all of the bioassays IARC reported as pro
viding evidence of carcinogenicity, found no strong statistical
evidence that glyphosate is carcinogenic, whereas IARC found
the evidence for glyphosate carcinogenicity in these bioassays
“sufficient.” The main cause for this discrepancy appears to be
that IARC failed to consider the large number of statistical tests
performed in the multiple bioassays they reviewed and the
resulting multiple comparison problem. IARC and other organi
zations involved with interpreting results from large datasets to
which a large number of statistical tests have been applied
should consider applying analyses of the type used in this paper
to make informed and reasonable decisions.

The IARC declared that glyphosate is probably carcinogenic
to humans, noting a positive association for non Hodgkin lym
phoma (NHL) (IARC, 2015). The principal human data on glypho
sate and NHL come from 5 case control studies and 2 cohort
studies. Crump (2020) examined these studies and concluded
that the case control studies show evidence of recall bias result
ing from information on exposure to pesticides being collected
from cases and controls based on their memories. Two of the
case control studies are additionally at risk of a form of selec
tion bias that can exacerbate the effect of recall bias. Both biases
are in the direction of making glyphosate appear carcinogenic.
He concluded that the evidence in these studies for the carcino
genicity of glyphosate comply closely with what would be
expected if this evidence results from statistical bias in the
case control studies (Crump, 2020).

The IARC’s conclusion that glyphosate was probably carci
nogenic to humans was influenced by what IARC considered to
be “sufficient” evidence of carcinogenicity in animals. However,
several reviews by regulatory bodies in the U.S. and Europe dis
puted that conclusion (EFSA, 2015; U.S. EPA, 2019; WHO, 2016).
In EPA’s FIFRA Scientific Advisory Panel on glyphosate (U.S.
EPA, 2017) report, some panelists noted that the number of sig
nificantly positive results in this large database was no greater
than would be expected from random assignment of animals to
dose groups. These panelists also noted the serious multiple
comparison problem resulting from conducting so many statis
tical analyses. Similarly, Williams et al. (2016) reviewed the
glyphosate bioassay data and noted that statistical analysis of
sites from the large number of bioassays would be expected to
generate false positive results. Tarone (2018a,b) likewise noted
that IARC finding evidence that glyphosate was carcinogenic
based on marginal significance of the most extreme finding
from dozens of statistical tests was scientifically unsound.
Thus, a number of sources have contradicted IARC’s conclusion
and several have drawn attention to the multiple comparison
problem inherent in the statistical analysis of the many bioas
says of glyphosate. The present analysis provides new informa
tion on the potential carcinogenicity of glyphosate by being the
first to provide results from statistical tests with correct false
positive rates. These tests found no strong or convincing evi
dence that glyphosate is an animal carcinogen.

DATA AVAILABILITY
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