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relations had been taken into account, the results would not have 
been significant. It has been previously reported that litter effects 
are a characteristic of dose response data and therefore, within-lit-
ter correlation must be included when conducting statistical analy-
ses (Khera et al., 1989; Kupper et al., 1986). When the response 
is a continuous measure, adjusting for within-litter correlations is 
simple (Haseman and Kupper, 1979; Searle, 1971). To adjust for 
the within-litter correlation, when the continuous measure is nor-
mally distributed, a nested analysis of variance can be implement-
ed (Haseman and Kupper, 1979). One paper states that adjusting 
for within-litter correlations is more difficult when the response 
is dichotomous and rare, such as the occurrence of less common 
tumors (Haseman and Kupper, 1979).

Different statistical models have been created to include litter 
effect, with many undergoing constant improvement (Yamamoto 
and Yanagimoto, 1994). Some models must be altered to incorpo-
rate litter effect, including the dose response model (Khera et al., 
1989). Haseman and Soares (1976) concluded that, when analyz-
ing experiments that look at dichotomous fetal responses, binomial 
or Poisson models provide poor fits, as there is similarity between 
responses from the same litter (Kupper et al., 1986). It also seems 
that certain models such as multistage, multihit and probit, which 
multiple authors have used, tend to ignore litter effects (Scientific 
Committee of the Food Safety Council, 1978, cited in Kupper et 
al., 1986; Segreti, and Munson, 1981; Kupper et al., 1986; Segreti, 
and Munson, 1981).

The beta-binomial model, considered by Williams (1975), is 
commonly used to account for littermate correlation when analyz-
ing dose response data (Kupper et al., 1986; Khera et al., 1989; 
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The National Toxicology Program (NTP) uses experimental designs which include exposing rodents to chemicals from in utero through 
two years of age. Each cohort consists of pups from various litters, suggesting that within-litter correlations should be considered when 
conducting statistical analyses as statistical significance of the dose-effect may be impacted by this litter effect. When the response under 
study, such as tumor occurrence, is a normally distributed continuous measure, to adjust for the within-litter correlation, a nested analysis 
of variance can be implemented. However, this is more difficult when the response is dichotomous and rare, such as the occurrence of 
less common tumors. When analyzing common tumors, within-litter correlations can be included into the mixed effects logistic regres-
sion models used to test for dose-effects. In contrast, when studying less common tumors, these models often fail to converge, and thus 
prevent testing for dose effects. The objective of this study is to determine the conditions under which mixed effects logistic regression 
models fail to converge using SAS procedures with litter correlations. These procedures were applied to datasets to evaluate the effects 
of the toxin AZT on tumors in mice and the effects of HMB on organ weights in rats. The p-values were examined to determine whether 
these endpoints were significantly related to dose. Overall, it was determined that when the dependent variable has a rare occurrence, 
optimization of the mixed model fitting cannot be completed and the tests for dose effects cannot be conducted. Therefore, future work 
should include research to determine which model should be used with a rare occurrence and how the analysis should be performed. 

INTRODUCTION
Experimental designs used by the National Toxicology Program 
(NTP), such as exposing rodents to chemicals from in utero 
through two years of age, are conducted to learn more about the 
toxicity of substances in our environment (U.S. Department of 
Health and Human Services, 2013). A litter effect can be defined 
as the tendency for animals from the same litter to respond more 
alike than animals from different litters (Haseman and Kupper, 
1979). Because natural litter-to-litter variation often exists, statis-
tical significance of the dose-effect may be impacted by this litter 
effect (Lazic and Essioux, 2013). It is important to analyze data 
such that littermates are not assumed to be independent (Lazic and 
Essioux, 2013; OECD, 2007). As Bieler and Williams (1975) state, 
littermate correlation can have a huge impact on how toxicology 
data is modeled and analyzed. If within litter correlations are ig-
nored, the effective sample size is overestimated, making the p-
value smaller than it should be (Bieler and Williams, 1995). This 
could lead to significant results, when in fact, if within-litter cor-
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Yamamoto and Yanagimoto, 1994; Paul, 1982; Segreti and Mun-
son, 1981). There have been a few concerns about using the beta-
binomial model, such as difficulties with maximization (Tamura 
and Young, 1986; Khera et al., 1989; Bieler and Williams, 1995). 
Another possible model is the correlated probit model, which was 
proposed by Ochi and Prentice (1984) (Bieler and Williams, 1995; 
Yamamoto and Yanagimoto, 1994; Ochi and Prentice, 1984; Khera 
et al., 1989). However, this model is more complex compared to 
the beta-binomial model (Khera et al., 1989). Kupper and Hase-
man (1978) proposed the correlated binomial model (Yamamoto 
and Yanagimoto, 1994) while Bieler and Williams (1995) state that 
the quasi-likelihood approach is a very flexible method for includ-
ing litter effect. 

When using the logistic model and ignoring litter effects, there 
was typically no effect on the estimation of the parameters in the 
logistic model (Kupper et al., 1986; Khera et al., 1989). However, 
failing to take litter effect into account can cause significant un-
derestimation of the true variances and can also lead to small con-
fidence limits, as well as increased type I errors for test statistics 
(Kupper et al., 1986; Khera et al., 1989; Williams, 1975; Bieler, 
and Williams, 1995; Ochi and Prentice, 1984; Segreti and Munson, 
1981). Even though the beta-binomial model is often used, it faces 
convergence issues when the dependent variable of interest, such 
as tumor presence, has a rare occurrence. 

The statistical model used throughout this study is the mixed 
effects logistic regression model. This model includes fixed and 
random effects for the dichotomous dependent variable, along 
with covariates such as survival time and a cluster identifier to ac-
count for clusters - both additions which were necessary to incor-
porate into the model during this study. When analyzing common 
tumors, within-litter correlations can be included into mixed ef-
fects logistic regression models to test for dose-effects. However, 
when studying less common tumors, convergence problems with 
these models prevent testing for dose-effects. The objective in this 
study is to determine the conditions under which mixed effects 
logistic regression models fail.

MATERIALS AND METHODS
Using the statistical software SAS, we used SAS procedures for 
mixed effects logistic regression modeling to include litter corre-
lations, such as PROC NLMIXED, PROC MIXED, and PROC 
LOGISTIC (SAS Institute Inc., 2009). The mixed effects logistic 
regression model used includes both fixed and random effects for 
a dichotomous dependent variable. This model assumes indepen-
dence and normality of the random effects. PROC NLMIXED 
is used to fit nonlinear mixed models (SAS Institute Inc., 2009). 
PROC MIXED is used to fit mixed linear models to data, and en-
ables these models to make statistical inferences about the data 
(SAS Institute Inc., 2009). PROC LOGISTIC fits linear logistic 
regression models for discrete response data by using the method 
of maximum likelihood (SAS Institute Inc., 2009). The statistical 
significance in tests for dose-effect was the primary outcome of 
interest. These procedures were applied to various types of data 

Litter Pup Treatment Group Tumor Occurrence

1 1 0 0
1 2 0 0
1 3 4 0
1 4 0 0
... ... ... ...
13 1 1 1
13 2 1 0
13 3 1 0
13 4 1 0
... ... ... ...
14 1 1 1
14 2 1 0
14 3 1 0
14 4 1 0
... ... ... ...
25 1 2 1
25 2 2 1
25 3 2 0
25 4 2 0
... ... ... ...
31 1 2 0
31 2 2 0
31 3 2 0
31 4 2 0
... ... ... ...
37 1 3 1
37 2 3 1
37 3 3 1
37 4 3 0

41 1 3 0
41 2 3 0
41 3 3 0
41 4 3 0
... ... ... ...
49 1 4 1
49 2 4 1
49 3 4 1
49 4 4 1
... ... ... ...
53 1 4 0

Table 1. Display of the hypothetical dataset of litter size 12 consisting 
of 4 pups.

(Table continued on next page...)
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sets, such as the effects of 3’-azido-3’-deoxythymidine (AZT) on 
tumors in mice and the effects of HMB (2-hydroxy-4-methoxy-
benzophenone) on organ weights in rats (U.S. Department of 
Health and Human Services, 2006; U.S. Department of Health and 
Human Services, 2017). The p-values from these tests were then 
examined using tests of significance to determine whether these 
endpoints were significantly related to dose and whether there 
were significant litter effects, at a significance level of 0.05.
AZT Tumors
AZT is a known agent for the treatment of those with immune 
deficiency syndrome (AIDS) or seropositive for human immuno-
deficiency virus (HIV) and it is also known to cause cancer in mice 
born to mothers that are exposed to doses of 400 milligrams per 
kilogram of body weight or higher during their pregnancy (U.S. 
Department of Health and Human Services, 2006). In this specific 
study, female mice were exposed to lower concentrations of AZT 
(50 to 300mg AZT/kg body weight), both before and during their 
pregnancy in order to determine if the doses caused cancer in their 
offspring (U.S. Department of Health and Human Services, 2006). 
The mice used in this study were obtained from Charles River 
Laboratories, Raleigh, NC (U.S. Department of Health and Hu-
man Services, 2006). In the AZT tumors datasets, specific tumor 
types were evaluated separately as well as combined tumors in 
lung, liver, or skin. The AZT tumors datasets included the follow-
ing variables: Dam, Sire, Dose (mg/kg/day), Sex (M/F), F1 pup, 
Lung-Alv/Bron Adenoma (X for occurrence), Lung-Alv/Bron 
Carcinoma (X for occurrence), Liver-Hepatic Adenoma (X for oc-
currence), Skin-Ulcer (X for occurrence), and survival days. The 
models carried out on the AZT tumors datasets included survival 
time as a covariate, and sire was used as the cluster identifier. P-
values for the litter correlations were examined along with the es-
timates p-values of the other parameters, at a significance level of 
0.05. 
Beta-Hydroxy-Beta-Methylbutyrate (HMB) Organ Weights 
The organ weight dataset was investigated to determine if the 
weights of any organs were affected due to the dose of beta-hy-
droxy-beta-methylbutyrate (HMB) in males by comparing only 
those in the same age group, while taking possible littermate cor-
relations into account. Beta-hydroxy-beta-methylbutyrate is an 
ultraviolet absorbing compound. The HMB dataset included the 
following variables: Dose (ppm), TrtGrp (the treatment group for 
the rats), AnmID (animal ID), Sex (Male/Female), DamID, Or-
ganName and OrganValue (organ weight). There were four dosage 
groups, 0 ppm (control), 1000 ppm, 3000 ppm and 6000 ppm. Fe-
males were removed from the analysis, as there was only one fe-
male pup per litter, so litter effects could not be estimated. Age was 
separated into two categories, group 1 included rats with postnatal 
days 110-114 and group 2 included rats with postnatal days 160-
167. Harlan Sprague-Dawley rats were used in this study. Organ 
weights are continuous variables and were assumed to be normal-
ly distributed. The dataset was further investigated to determine 
which of the three dose groups differed from the control group 
and how they differed as well as looking at littermate correlation 

Litter Pup Treatment Group Tumor Occurrence

53 2 4 0
53 3 4 0
53 4 4 0
... ... ... ...
60 1 4 0
60 2 4 0
60 3 4 0
60 4 4 0

Table 1 (continued). Display of the hypothetical dataset of litter size 
12 consisting of 4 pups each appears.

Female Lung Liver Skin

Intercept estimate -5.441 -7.046 -1.5146
Intercept Pr > | t | 0.0001 0.0023 *
Dose estimate 0.007013 0.007471 -0.00015
Dose Pr > | t | 0.001 0.0267 *
Survival days estimate 0.001079 0.00073 -0.00206
Survival days Pr > | t | 0.4887 0.7724 *
s2u estimate 0.03447 0.5524 0
s2u Pr > | t | 0.8653 0.4215 *

Table 2A. Model summary results for females in the AZT tumors ex-
ample dataset. The significant values are highlighted in yellow. Pr > | t | is 
the probability that a greater absolute value of t, under the null hypothesis, 
is observed. s2u refers to the variance of the random effect u. * No values 
produced as optimization could not be completed. 

Male Lung Liver Skin

Intercept estimate -3.5562 -3.2496 1.1095
Intercept Pr > | t | < 0.0001 * 0.0695
Dose estimate 0.004565 0.004942 -0.00404
Dose Pr > | t | 0.0005 * 0.0003
Survival days estimate 0.004869 -0.0027 -0.00263
Survival days Pr > | t | 0.0162 * 0.2027
s2u estimate 0.4246 0 0.3006
s2u Pr > | t | 0.2461 * 0.4367

Table 2B. Model summary results for males in the AZT tumors ex-
ample dataset. The significant values are highlighted in yellow. Pr > | t | is 
the probability that a greater absolute value of t, under the null hypothesis, 
is observed. s2u refers to the variance of the random effect u. * No values 
produced as optimization could not be completed. 

significance, all using a significance level of 0.05.
Hypothetical Datasets
In addition, hypothetical datasets were generated and manipulated 
to look at the effects of litter size, number of pups, and percent-
age of pups affected. The datasets were created to determine if 
any of these variables mentioned had an effect on treatment group 
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Dam: Female LUNG
(Alv_Bron_
Adenoma)

LUNG
(Alv_Bron_
Carcinoma)

LIVER 
(Hepatclr_
Adenoma)

LIVER 
(Hepatclr_
Carcinoma)

SKIN 
(Ulcer)

SKIN 
(Chronic_

Inflammation)

Intercept estimate -5.5552 -8.5979 -8.5694 -9.3503 -3.2851 -3.8894
Intercept Pr > | t | 0.0008 0.0007 0.0053 0.1012 0.0322 0.1596
Dose estimate 0.000292 0.000868 -0.00051 0.002341 -0.00222 0.003137
Dose Pr > | t | 0.8867 0.7266 0.8846 0.6211 0.5504 0.5112
Survival days estimate 0.005952 0.01028 0.008785 0.008083 0.000281 -0.00123
Survival days Pr > | t | 0.0161 0.0058 0.047 0.3281 0.8975 0.7136
s2u estimate 0.3773 1.2384 2.4185 -1.11E-12 3.7472 -1.11E-12
s2u Pr > | t | 0.6034 0.2635 0.2325 1 0.0938 1

Table 3A. Display of the model summary results for females with the dam of the identifier for the AZT tumors dataset. The significant p-values 
are highlighted in yellow. Pr > | t | is the probability that a greater absolute value of t, under the null hypothesis, is observed. s2u refers to the variance 
of the random effect u.

Dam: Male LUNG
(Alv_Bron_
Adenoma)

LUNG
(Alv_Bron_
Carcinoma)

LIVER 
(Hepatclr_
Adenoma)

LIVER 
(Hepatclr_
Carcinoma)

SKIN 
(Ulcer)

SKIN 
(Chronic_

Inflammation)

Intercept estimate -3.0345 -5.8161 -7.7772 -3.8973 1.2085 -8.5298
Intercept Pr > | t | 0.0006 < 0.0001 < 0.0001 0.0014 0.1089 0.4408
Dose estimate 0.0029 0.004215 -0.00245 -0.00085 -0.0034 -0.1511
Dose Pr > | t | 0.17 0.0913 0.3413 0.7043 0.2211 0.9999
Survival days estimate 0.00244 0.006178 0.0111 0.003358 -0.00477 -0.1214
Survival days Pr > | t | 0.062 0.0028 0.0001 0.0662 0.0004 0.9997
s2u estimate 0.8971 1.2975 1.2056 -1.11E-12 2.1287 2.90E-10
s2u Pr > | t | 0.1852 0.171 0.203 1 0.085 .

Table 3B. Display of the model summary results for males with the dam of the identifier for the AZT tumors dataset. The significant p-values 
are highlighted in yellow. Pr > | t | is the probability that a greater absolute value of t, under the null hypothesis, is observed. s2u refers to the variance 
of the random effect u. 

Dam: Female LUNG
(Alv_Bron_
Adenoma)

LUNG
(Alv_Bron_
Carcinoma)

LIVER 
(Hepatclr_
Adenoma)

LIVER 
(Hepatclr_
Carcinoma)

SKIN 
(Ulcer)

SKIN 
(Chronic_

Inflammation)

Intercept estimate -5.4461 -6.2532 -7.2948 -12.0452 -1.8038 -4.0778
Intercept Pr > | t | 0.0008 0.0008 0.0044 0.1109 0.0644 0.1306
Dose estimate 0.000704 0.001299 0.000468 -0.00016 -0.00151 0.00153
Dose Pr > | t | 0.7106 0.4795 0.8735 0.9736 0.4979 0.7487
Survival days estimate 0.005998 0.007038 0.00735 0.01303 -0.00048 -0.00035
Survival days Pr > | t | 0.0135 0.0106 0.0503 0.2405 0.758 0.9215
s2u estimate -1.10E-12 -1.11E-12 0.7615 -1.10E-12 -1.11E-12 -1.11E-12
s2u Pr > | t | 1 1 0.4075 1 1 1

Table 3C. Display of the model summary results for females with the sire of the identifier for the AZT tumors dataset. The significant p-values 
are highlighted in yellow. Pr > | t | is the probability that a greater absolute value of t, under the null hypothesis, is observed. s2u refers to the variance 
of the random effect u.
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and littermate correlation significance. Hypothetical datasets were 
critical to investigate the differences between what was hypoth-
esized and what was actually collected during the study. The initial 
hypothetical dataset was comprised of 12 litters, each containing 
four pups. The control group consisted of all unaffected pups i.e., 
a 0% tumor rate (later three of the zeros were changed to ones in 
order to get the model to run, as it would not work with all zeros). 
The treated groups had a 25% tumor rate in the pups, i.e., 25% of 

the group was one, the remainder was zero. In this data, a one indi-
cates presence of a tumor, and a zero indicates absence of a tumor. 
The first treatment group consisted of a single one and three zeros 
in each litter. The second treatment group consisted of 50% of the 
litters having two ones and two zeros with the other 50% com-
prised of all four zeros. The third treatment group consisted of four 
litters containing three ones and one zero, and eight litters with all 
four zeros. The fourth treatment group consisted of three litters 

Dam: Male LUNG
(Alv_Bron_
Adenoma)

LUNG
(Alv_Bron_
Carcinoma)

LIVER 
(Hepatclr_
Adenoma)

LIVER 
(Hepatclr_
Carcinoma)

SKIN 
(Ulcer)

SKIN 
(Chronic_

Inflammation)

Intercept estimate -2.7188 -5.311 -6.5798 -2.3747 1.105 -5.586
Intercept Pr > | t | 0.0011 < 0.0001 < 0.0001 0.0134 0.0723 0.4432
Dose estimate 0.002751 0.003825 -0.00219 -0.00678 -0.00261 -0.03502
Dose Pr > | t | 0.1756 0.104 0.2536 0.1265 0.2108 0.9999
Survival days estimate 0.00207 0.00579 0.009437 0.001626 -0.00404 -0.1812
Survival days Pr > | t | 0.0869 0.003 0.0002 0.2977 0.0003 0.9996
s2u estimate 0.3834 0.5965 0.05635 -1.11E-12 0.3281 0.000354
s2u Pr > | t | 0.3254 0.2512 0.8502 1 0.4289 .

Table 3D. Display of the model summary results for males with the sire of the identifier for the AZT tumors dataset. The significant p-values 
are highlighted in yellow. Pr > | t | is the probability that a greater absolute value of t, under the null hypothesis, is observed. s2u refers to the variance 
of the random effect u. 

Dorsal 
Prostate

Heart LABC 
Muscle 

Complex

Left 
Epididymis 

Weight

Left 
Kidney

Left 
Testis

Liver Lung Paired 
Seminal 
Vesicles

Males - Age 
Group 1

Dose  F-value 0.77 . 168.98 0.19 . 2.3 . . 0.11
Dose Pr > F 0.5163 . 0.0565 0.9047 . 0.0921 . . 0.9525
Littermate F-value 0.86 . 58.02 1.49 . 1.6 1.24
Littermate Pr > F 0.7156 . 0.1041 0.084 . 0.0515 0.2337

Males - Age 
Group 2

Dose F-value 5.9 3.41 0.85 0.54 6.67
Dose Pr > F 0.0012 0.0224 0.4699 0.6559 0.0005
Littermate F-value 1.19 2.02 1.35 1.17 1.43
Littermate Pr > F 0.2315 0.0016 1 0.2554 0.0686

Paired 
Adrenal 
Gland

Paired 
Cowpers 

Gland

Preputial 
Glands

Right 
Epidid-

ymis

Right 
Kidney

Right 
Testis

Terminal 
Body 

Weight

Thymus Thyroid Ventral 
Prostate

Males - Age 
Group 1

Dose  F-value 4.94 136.27 1211.67 0.17 . 1.7 3.65 . 0.23 2.01
Dose Pr > F 0.3166 0.0629 0.0211 0.9139 . 0.1824 0.0203 . 0.8733 0.1276
Littermate F-value 4.31 162.58 1233.71 1.16 . 1.92 1.67 . 0.88 1.37
Littermate Pr > F 0.3686 0.0623 0.0226 0.3033 . 0.0134 0.0376 . 0.7092 0.1348

Males - Age 
Group 2

Dose F-value 0.43 2.33 0.6 0.28 0.93 10.48 0.22 1.33
Dose Pr > F 0.7319 0.0821 0.6185 0.8404 0.4313 < 0.0001 0.8801 0.271
Littermate F-value 1.65 1.07 1.28 1.54 2.1 1.79 1.13 2.45
Littermate Pr > F 0.0171 0.3965 0.1501 0.0333 0.0009 0.0069 0.2997 < 0.0001

Table 4. Display of the summary model results of the organ weight dataset. The significant p-values are highlighted in yellow. Pr > | t | is the prob-
ability that a greater absolute value of t, under the null hypothesis, is observed.
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Dorsal Prostate: 
Males Age Group 2

Paired Seminal Vesicles: 
Males Age Group 2

Terminal Body Weight: 
Males Age Group 1

Terminal Body Weight: 
Males Age Group 2

Dose 1000 vs control estimate -0.0183 0.0349 -1.3338 2.5323
Dose 1000 vs control t-value -0.7300 0.5335 -0.1700 0.2700
Dose 1000 vs control Pr > | t | 0.4694 0.6300 0.8662 0.7872
Dose 1000 vs control-adjusted P 0.8053 0.8639 0.9965 0.9861
Dose 3000 vs control estimate 0.0708 0.1517 1.4209 -18.4418
Dose 3000 vs control t-value 2.6500 2.5800 0.1700 -1.8700
Dose 3000 vs control Pr > | t | 0.0099 0.0122 0.8628 0.0663
Dose 3000 vs control-adjusted P 0.0266 0.0325 0.9962 0.1603
Dose 6000 vs control estimate 0.0438 0.1690 -18.3851 -36.5372
Dose 6000 vs control t-value 1.6700 2.8900 -2.3200 -3.7800
Dose 6000 vs control Pr > | t | 0.0998 0.0052 0.0257 0.0003
Dose 6000 vs control-adjusted P 0.2322 0.0143 0.0661 0.0010
Littermate Pr > F 0.2315 0.0686 0.0376 0.0069
Overall Pr > F 0.0033 0.0086 0.0560 0.0002

Table 5. Display of the differences of least squares means results from the organ weight data. The significant p-values are highlighted in yellow. 
Pr > | t | is the probability that a greater absolute value of t, under the null hypothesis, is observed. 

A)

D)

C)

B)

Figures 1A-D. Means with standard error bars as a function of dose, for each of the three significant organs. A) Dorsal prostate weight for males 
in age group 2.B) Paired seminal vesicles weight for males in age group 2. C) Terminal body weight for males in age group 1. D) Terminal body weight 
for males in age group 1.



JYI | February 2019 | Vol. 36 Issue 2
© Churchill and Kissling, 2018 24

A R T I C L ERESEARCHJournal of Young Investigators

% affected n litters n pups 
per litter

Control Treatment
1 2 3 4 6 8

0.125 12 2 3 litters with 
1 tumor; 9 

litters with 0 
tumors

6 litters with 
1 tumor; 6 

litters with 0 
tumors

3 litters with 
2 tumors; 9 
litters with 0 

tumors
0.125 24 2 3 litters with 

1 tumor; 21 
litters with 0 

tumors

12 litters with 
1 tumorl 12 
litters with 0 

tumors

6 litters with 
2 tumors; 18 
tumors with 0 

tumors
0.125 36 2 3 litters with 

1 tumor; 33 
litters with 0 

tumors

18 litters with 
1 tumor; 18 
litters with 0 

tumors

9 litters with 
2 tumors; 27 
tumors with 0 

tumors
0.125 48 2 3 litters with 

1 tumor; 45 
litters with 0 

tumors

24 litters with 
1 tumor; 24 
litters with 0 

tumors

12 litters with 
2 tumors; 36 
tumors with 0 

tumors

0.125 12 4 3 litters with 
1 tumor; 9 

litters with 0 
tumors

6 litters with 
1 tumor; 6 

litters with 0 
tumors

3 litters with 
2 tumors; 9 

tumors with 0 
tumors

2 litters with 
3 tumors; 10 
litters with 0 

tumors
0.125 24 4 3 litters with 

1 tumor; 21 
litters with 0 

tumors

12 litters with 
1 tumor; 12 
litters with 0 

tumors

6 litters with 
2 tumors; 18 
litters with 0 

tumors

3 litters with 
4 tumors; 21 
litters with 0 

tumors
0.125 36 4 3 litters with 

1 tumor; 33 
litters with 0 

tumors

18 litters with 
1 tumor; 18 
litters with 0 

tumors

9 litters with 
2 tumors; 27 
litters with 0 

tumors

6 litters with 
4 tumors; 42 
litters with 0 

tumors
0.125 48 4 3 litters with 

1 tumor; 45 
litters with 0 

tumors

24 litters with 
1 tumor; 24 
litters with 0 

tumors

12 litters with 
2 tumors; 36 
litters with 0 

tumors

8 litters with 
3 tumors; 40 
litters with 0 

tumors

6 litters with 
4 tumors; 42 
litters with 0 

tumors
0.125 12 6 3 litters with 

1 tumor; 21 
litters with 0 

tumors

6 litters with 
1 tumor; 6 

litters with 0 
tumors

3 litters with 
2 tumors; 9 

tumors with 0 
tumors

2 litters with 
3 tumors; 10 
litters with 0 

tumors

1 litter with 
6 tumors; 11 
litters with 0 

tumors
0.125 24 6 3 litters with 

1 tumor; 21 
litters with 0 

tumors

12 litters with 
1 tumor; 12 
litters with 0 

tumors

6 litters with 
2 tumors; 18 
litters with 0 

tumors

4 litters with 
3 tumors; 20 
litters with 0 

tumors

3 litters with 
4 tumors; 21 
litters with 0 

tumors

2 litters with 
6 tumors; 22 
litters with 0 

tumors
0.125 36 6 3 litters with 

1 tumor; 33 
litters with 0 

tumors

18 litters with 
1 tumor; 18 
litters with 0 

tumors

9 litters with 
2 tumors; 27 
litters with 0 

tumors

6 litters with 
3 tumors; 30 
litters with 0 

tumors

3 litters with 
6 tumors; 33 
litters with 0 

tumors
0.125 48 6 3 litters with 

1 tumor; 45 
litters with 0 

tumors

24 litters with 
1 tumors; 24 
litters with 0 

tumors

12 litters with 
2 tumors; 36 
tumors with 0 

tumors

8 litters with 
3 tumors; 42 
litters with 0 

tumors

6 litters with 
4 tumors; 42 
litters with 0 

tumors

4 litters with 
6 tumors; 44 
litters with 0 

tumors

Table 6. Display of the hypothetical dataset format. 

(Table continued on next page...)
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% affected n litters n pups 
per litter

Control Treatment
1 2 3 4 6 8

0.125 12 8 3 litters with 
1 tumor; 9 

litters with 0 
tumors

6 litters with 
1 tumor; 6 

litters with 0 
tumors

3 litters with 
2 tumors; 9 
litters with 9 

tumors

2 litters with 
3 tumors; 10 
litters with 0 

tumors

1 litter with 
6 tumors; 11 
litters with 0 

tumors
0.125 24 8 3 litters with 

1 tumor; 21 
litters with 0 

tumors

12 litters with 
1 tumor; 12 
litters with 0 

tumors

6 litters with 
2 tumors; 18 
litters with 0 

tumors

4 litters with 
3 tumors; 20 
litters with 0 

tumors

3 litters with 
4 tumors; 21 
litters with 0 

tumors

2 litters with 
6 tumors; 22 
litters with 0 

tumors
0.125 36 8 3 litters with 

1 tumor; 33 
litters with 0 

tumors

18 litters with 
1 tumor; 18 
litters with 0 

tumors

9 litters with 
2 tumors; 27 
litters with 0 

tumors

6 litters with 
3 tumors; 30 
litters with 0 

tumors

3 litters with 
6 tumors; 33 
litters with 0 

tumors
0.125 48 8 3 litters with 

1 tumor; 45 
litters with 0 

tumors

24 litters with 
1 tumor; 24 
litters with 0 

tumors

12 litters with 
2 tumors; 36 
litters with 0 

tumors

8 litters with 
3 tumors; 40 
litters with 0 

tumors

6 litters with 
4 tumors; 42 
litters with 0 

tumors

4 litters with 
6 tumors; 44 
litters with 0 

tumors

3 litters with 
8 tumors; 45 
litters wit 0 

tumors
0.25 12 2 3 litters with 

1 tumor; 9 
litters with 0 

tumors

12 litters with 
1 tumor; 0 

litters with 0 
tumors

6 litters with 1 
tumor; 6 litters 
with 0 tumors

0.25 24 2 3 litters with 
1 tumor; 21 
litters with 0 

tumors

24 litters with 
1 tumor; 0 

litters with 0 
tumors

12 litters with 
1 tumor; 12 
litters with 0 

tumors
0.25 36 2 3 litters with 

1 tumor; 33 
litters with 0 

tumors

36 litters with 
1 tumor; 0 

litters with 0 
tumors

18 litters with 
1 tumor; 18 
litters with 0 

tumors
0.25 48 2 3 litters with 

1 tumor; 45 
litters with 0 

tumors

48 litters with 
1 tumor; 0 

litters with 0 
tumors

24 litters with 
1 tumor; 24 
litters with 0 

tumors
0.25 12 4 3 litters with 

1 tumor; 9 
litters with 0 

tumors

12 litters with 
1 tumor; 0 

litters with 0 
tumors

6 litters with 
2 tumors; 6 
litters with 0 

tumors

4 litters with 
3 tumors; 8 
litters with 0 

tumors

3 litters with 
4 tumors; 9 
litters with 0 

tumors
0.25 24 4 3 litters with 

1 tumor; 21 
litters with 0 

tumors

24 litters with 
1 tumor; 0 

litters with 0 
tumors

12 litters with 
2 tumors; 12 
litters with 0 

tumors

8 litters with 
3 tumors; 16 
litters with 0 

tumors

6 litters with 
4 tumors; 18 
litters with 0 

tumors
0.25 36 4 3 litters with 

1 tumor; 33 
litters with 0 

tumors

36 litters with 
1 tumor; 0 

litters with 0 
tumors

18 litters with 
12 tumors; 18 
litters with 0 

tumors

12 litters with 
3 tumors; 24 
litters with 0 

tumors

9 litters with 
4 tumors; 27 
litters with 0 

tumors
0.25 48 4 3 litters with 

1 tumor; 45 
litters with 0 

tumors

48 litters with 
1 tumor; 0 

litters with 0 
tumors

24 litters with 
1 tumor; 24 
litters with 0 

tumors

16 litters with 
3 tumors; 32 
litters with 0 

tumors

12 litters with 
4 tumors; 36 
litters with 0 

tumors 
0.25 12 6 3 litters with 

1 tumor; 9 
litters with 0 

tumors

12 litters with 
1 tumor; 0 

litters with 0 
tumors

6 litters with 
2 tumors; 6 
litters wtih 0 

tumors

4 litters with 
3 tumors; 8 
litters with 0 

tumors

3 litters with 
4 tumors; 9 
litters with 0 

tumors

2 litters with 
6 tumors; 10 
litters with 0 

tumors
(Table continued on next page...)
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% affected n litters n pups 
per litter

Control Treatment
1 2 3 4 6 8

0.25 24 6 3 litters with 
1 tumor; 21 
litters with 0 

tumors

24 litters with 
1 tumor; 0 

litters with 0 
tumors

12 litters with 
2 tumors; 12 
litters with 0 

tumors

8 litters with 
3 tumors; 16 
litters with 0 

tumors

6 litters with 
4 tumors; 18 
litters with 0 

tumors

4 litters with 
6 tumors; 20 
litters with 0 

tumors
0.25 36 6 3 litters with 

1 tumor; 33 
litters with 0 

tumors

36 litters with 
1 tumor; 0 

litters with 0 
tumors

18 litters with 
2 tumors; 18 
litters with 0 

tumors

12 litters with 
3 tumors; 24 
litters with 0 

tumors 

9 litters with 
4 tumors; 27 
litters with 0 

tumors

6 litters with 
6 tumors; 30 
litters with 0 

tumors
0.25 48 6 3 litters with 

1 tumor; 45 
litters with 0 

tumors

48 litters with 
1 tumor; 0 

litters with 0 
tumors

24 litters with 
2 tumors; 24 
litters with 0 

tumors

16 litters with 
3 tumors; 32 
litters with 0 

tumors

12 litters with 
4 tumors; 36 
litters with 0 

tumors

8 litters with 
4 tumors; 40 
litters with 0 

tumors
0.25 12 8 3 litters with 

1 tumor; 9 
litters with 0 

tumors

12 litters with 
1 tumor; 0 

litters with 0 
tumors

6 litters with 
2 tumors; 6 
litters with 0 

tumors

4 litters with 
3 tumors; 8 
litters with 0 

tumors

3 litters with 
4 tumors; 9 
litters with 0 

tumors

2 litters with 
6 tumors; 10 
litters with 0 

tumors

1 litter with 
8 tumors; 1 
litter with 4 
tumors; 10 

litters with 0 
tumors

0.25 24 8 3 litters with 
1 tumor; 21 
litters with 0 

tumors

24 litters with 
1 tumor; 0 

litters with 0 
tumors

12 litters with 
2 tumors; 12 
litters with 0 

tumors

8 litters with 
3 tumors; 16 
litters with 0 

tumors

6 litters with 
4 tumors; 18 
litters with 0 

tumors

4 litters with 
6 tumors; 20 
litters with 0 

tumors

3 litters with 
8 tumors; 21 
litters with 0 

tumors
0.25 36 8 3 litters with 

1 tumor; 33 
litters with 0 

tumors

36 litters with 
1 tumor; 0 

litters with 0 
tumors

18 litters with 
2 tumors; 18 
litters with 0 

tumors

12 litters with 
3 tumors; 24 
litters with 0 

tumors

9 litters with 
4 tumors; 27 
litters with 0 

tumors

6 litters with 
6 tumors; 30 
litters with 0 

tumors

4 litters with 
8 tumors; 1 
litter with 4 
tumors; 31 

litters with 0 
tumors

0.25 48 8 3 litters with 
1 tumor; 45 
litters with 0 

tumors

48 litters with 
1 tumor; 0 

litters with 0 
tumors

24 litters with 
2 tumors; 24 
litters with 0 

tumors

16 litters with 
3 tumors; 32 
litters with 0 

tumors

12 litters with 
4 tumors; 36 
litters with 0 

tumors

8 litters with 
6 tumors; 40 
litters with 0 

tumors

6 litters with 
8 tumors; 40 
litters with 0 

tumors
0.5 12 2 3 litters with 

1 tumor; 9 
litters with 0 

tumors

12 litters with 
2 tumors; 0 
litters with 0 

tumors
0.5 24 2 3 litters with 

1 tumor; 21 
litters with 0 

tumors

24 litters with 
2 tumors; 0 
litters with 0 

tumors
0.5 36 2 3 litters with 

1 tumor; 33 
litters with 0 

tumors

36 litters with 
2 tumors; 0 
litters with 0 

tumors
0.5 48 2 3 litters with 

1 tumor; 45 
litters with 0 

tumors

48 litters with 
2 tumors; 0 
litters with 0 

tumors
0.5 12 4 3 litters with 

1 tumor; 9 
litters with 0 

tumors

12 litters with 
2 tumors; 0 
litters with 0 

tumors

8 litters with 
3 tumors; 4 
litters with 0 

tumors

6 litters with 
4 tumors; 6 
litters with 0 

tumors

(Table continued on next page...)
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with all four ones and nine litters with all four zeros. A sample of 
this specific dataset can be seen in Table 1. Hypothetical datasets 
were also created for 24, 36, and 48 litters per group, with litter 
sizes of two, six, and eight pups. This concept was then applied to 
12.5% of the pups being affected and later to 50% of the pups be-
ing affected. The mixed effects logistic regression model was used 

% affected n litters n pups 
per litter

Control Treatment
1 2 3 4 6 8

0.5 24 4 3 litters with 
1 tumor; 21 
litters with 0 

tumors

24 litters with 
2 tumors; 0 
litters with 0 

tumors

16 litters with 
3 tumors; 8 
litters with 0 

tumors

12 litters with 
4 tumors; 12 
litters with 0 

tumors
0.5 36 4 3 litters with 

1 tumor; 45 
litters with 0 

tumors

48 litters with 
2 tumors; 0 
litters with 0 

tumors

32 litters with 
3 tumors; 16 
litters with 0 

tumors

24 litters with 
4 tumors; 24 
litters with 0 

tumors
0.5 48 4 3 litters with 

1 tumor; 45 
litters with 0 

tumors

48 litters with 
2 tumors; 0 
litters with 0 

tumors

32 litters with 
3 tumors; 16 
litters with 0 

tumors

24 litters with 
4 tumors; 24 
litters with 0 

tumors
0.5 12 6 3 litters with 

1 tumor; 9 
litters with 0 

tumors

12 litters with 
2 tumors; 0 
litters with 0 

tumors

8 litters with 
3 tumors; 4 
litters with 0 

tumors

6 litters with 
4 tumors; 6 
litters with 0 

tumors

4 litters with 
6 tumors; 8 
litters with 4 

tumors
0.5 24 6 3 litters with 

1 tumor; 21 
litters with 0 

tumors

24 litters with 
2 tumors; 0 
litters with 0 

tumors

16 litters with 
3 tumors; 8 
litters with 0 

tumors

12 litters with 
4 tumors; 12 
litters with 0 

tumors

8 litters with 
6 tumors; 16 
litters with 0 

tumors
0.5 36 6 3 litters with 

1 tumor; 33 
litters with 0 

tumors

36 litters with 
2 tumors; 0 
litters with 0 

tumors

24 litters with 
3 tumors; 12 
litters with 0 

tumors

18 litters with 
4 tumors; 18 
litters with 0 

tumors

12 litters with 
6 tumors; 24 
litters with 0 

tumors
0.5 48 6 3 litters with 

1 tumor; 45 
litters with 0 

tumors

48 litters with 
2 tumors; 0 
litters with 0 

tumors

32 litters with 
3 tumors; 16 
litters with 0 

tumors

24 litters with 
4 tumors; 24 
litters with 0 

tumors

16 litters with 
6 tumors; 32 
litters with 0 

tumors
0.5 12 8 3 litters with 

1 tumor; 9 
litters with 0 

tumors

12 litters with 
2 tumors; 0 
litters with 0 

tumors

8 litters with 
3 tumors; 4 
litters with 0 

tumors

6 litters with 
4 tumors; 6 
litters with 0 

tumors

4 litters with 
6 tumors; 8 
litters with 0 

tumors

3 litters with 
8 tumors; 9 
litters with 0 

tumors
0.5 24 8 3 litters with 

1 tumor; 21 
litters with 0 

tumors

24 litters with 
2 tumors; 0 
litters with 0 

tumors

16 litters with 
3 tumors; 8 
litters with 0 

tumors

12 litters with 
4 tumors; 12 
litters with 0 

tumors

8 litters with 
6 tumors; 16 
litters with 0 

tumors

6 litters with 
6 tumors; 18 
litters with 0 

tumors
0.5 36 8 3 litters with 

1 tumor; 33 
litters with 0 

tumors

36 litters with 
2 tumors; 0 
litters with 0 

tumors

24 litters with 
3 tumors; 12 
litters with 0 

tumors

18 litters with 
4 tumors; 18 
litters with 0 

tumors

12 litters with 
6 tumors; 24 
litters with 0 

tumors

9 litters with 
8 tumors; 27 
litters with 0 

tumor
0.5 48 8 3 litters with 

1 tumor; 45 
litters iwth 0 

tumors

48 litters with 
2 tumors; 0 
litters with 0 

tumors

32 litters with 
3 tumors; 16 
litters with 0 

tumors

24 litters with 
4 tumors; 24 
litters with 0 

tumors

16 litters with 
6 tumors; 32 
litters with 0 

tumors

12 litters 
with 8 

tumors; 36 
litters with 0 

tumors

to obtain the parameter estimates and their p-values. The objective 
of this scenario was to determine which combinations of litter size 
and pups were significant for each percentage (%) group of pups 
affected. Graphs were produced to further examine these results. 

RESULTS
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AZT Tumors
Results from the analyses of the AZT tumors datasets indicated 
that littermate interactions were not significant for all tumor types 
investigated, i.e. lung, liver, and skin. Tables 2A-B and 3A-D il-
lustrate these results. It was also found that when the tumor occur-
rence was low, the optimization of the model could not be com-
pleted. For females, the skin tumor model failed to converge with 
less than 10 tumors for all doses. For males, the liver tumor model 
failed with less than 20 tumors for all doses. The AZT tumors da-
tasets look at both sire and dam as identifiers. 
Beta-Hydroxy-Beta-Methylbutyrate (HMB) Organ Weights
For the HMB organ weight data, among males in age group 1 
(postnatal days 110-114 age), terminal bodyweight was found 
to be significant (p = 0.0203) and among age group 2 (postnatal 
days 160-167), dorsal prostate weight (p = .0012), paired seminal 
vesicles (p = 0.0005), and terminal bodyweight (p = < 0.0001) 
were found to be significant. These results for the HMB organ 
weight dataset are illustrated in Table 4. After further investiga-
tion, it was determined that dorsal prostate weight in the 3000 
ppm group was increased compared to the control, paired seminal 
vesicles weight in the 3000 ppm and 6000 ppm groups were both 
increased compared to the control and terminal bodyweight in the 
6000 ppm group was decreased compared to the control. Terminal 

bodyweight in age group 1 was originally found to be significant 
at a significance level of 0.05, however when further investigated, 
it was found that the overall p-value for dose effect was 0.056. 
Although, the control vs 6000 dose group p-value was found to 
be significant (p = 0.0257). It was also discovered that littermate 
correlations were only significant for the terminal bodyweight for 
both age group 1 (p = 0.0376) and age group 2 (p = 0.0069). These 
results are shown in Table 5. The adjusted means, which take into 
account litter effects, with standard error bars for these three sig-
nificant groups are presented in Figures 1A-D.
Hypothetical Datasets
The overall summary of the hypothetical dataset format can be 
seen in Table 6. When looking at the results from the variations 
of the hypothetical data, it was reported that the p-values for lit-
termate correlation between the control group and treatment group 
1 (one tumor per litter) were almost always missing, indicating a 
failure of the SAS procedure to estimate littermate correlation in 
the model. This was because there were issues with convergence 
of the models. It was also shown that when only 50% of the litter 
was affected (12.5% tumor rate in pups) none of the p-values for 
the littermate correlation were significant at a significance level 
of 0.05; with litter size of 48, each consisting of four pups for 
control vs. treatment 3 being the closest (p = 0.0532).When treated 

% affected n litters n pups 
per litter

Results Control vs. 
Trt 1

Control vs. 
Trt 2

Control vs. 
Trt 3

Control vs. 
Trt 4

Control vs. 
Trt 6

Control vs. 
Trt 8

0.125 12 2

b_group estimate 2.1031 0.5173
b_group Pr > | t | 0.022 0.2568

s2u estimate -1.11E-12 6.10E+00
s2u Pr > | t | . 0.3074

0.125 24 2

b_group estimate 2.2272 0.8404
b_group Pr > | t | 0.0063 0.0829

s2u estimate -1.11E-12 2.83E+00
s2u Pr > | t | . 0.232

0.125 36 2

b_group estimate 1.9995 1.1075
b_group Pr > | t | 0.0109 0.017

s2u estimate -1.09E-12 3.35E++00
s2u Pr > | t | .1 0.1459

0.125 48 2

b_group estimate 3.3597 1.2908
b_group Pr > | t | 0.0017 0.0039

s2u estimate -1.08E-12 3.62E+00
s2u Pr > | t | . 0.0959

0.125 12 4

b_group estimate 0.9716 0.3774 0.2566
b_group Pr > | t | 0.1928 0.3272 0.3224

s2u estimate -1.11E-12 4.0212 4.4589
s2u Pr > | t | 1 0.3465 0.303

Table 7. Display of the model summary results for the hypothetical datasets. The significant p-values are highlighted in yellow. s2u refers to the 
variance of the random effect u. 

(Table continued on next page...)
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% affected n litters n pups 
per litter

Results Control vs. 
Trt 1

Control vs. 
Trt 2

Control vs. 
Trt 3

Control vs. 
Trt 4

Control vs. 
Trt 6

Control vs. 
Trt 8

0.125 24 4

b_group estimate 1.4902 0.7152 0.4075 0.2195
b_group Pr > | t | 0.0623 0.069 0.2491 0.4785

s2u estimate -1.10E-12 1.2541 4.1154 6.0877
s2u Pr > | t | 1 0.3338 0.1411 0.1274

0.125 36 4

b_group estimate 1.1946 0.9365 0.5722
b_group Pr > | t | 0.1749 0.0131 0.0856

s2u estimate -1.11E-12 1.4792 4.9481
s2u Pr > | t | 1 0.2316 0.0841

0.125 48 4

b_group estimate 3.5787 1.0928 0.6851 0.4068
b_group Pr > | t | 0.0022 0.0028 0.0313 0.1454

s2u estimate -1.11E-12 1.5955 5.4308 9.0822
s2u Pr > | t | . 0.1664 0.0532 0.997

0.125 12 6

b_group estimate 0.4775 0.34 0.1357 -0.1211
b_group Pr > | t | 0.6262 0.4053 0.7158 0.7602

s2u estimate -1.11E-12 6.21E-01 2.32E+00 4.5279
s2u Pr > | t | 1 0.5668 0.3006 0.2159

0.125 24 6

b_group estimate 1.3404 0.7005 0.3961 0.2124 0.03527
b_group Pr > | t | 0.154 0.0672 0.247 0.4764 0.8809

s2u estimate -1.11E-12 1.09E+00 3.74E+00 5.5399 -8.36E+00
s2u Pr > | t | 1 0.3528 0.1528 0.1312 0.2069

0.125 36 6

b_group estimate 4.123 0.9163 0.5555 0.1226
b_group Pr > | t | 0.0818 0.0126 0.0855 0.7183

s2u estimate -1.10E-12 1.28E+00 4.50E+00 15.0452
s2u Pr > | t | 1 0.2501 0.0936 0.3445

0.125 48 6

b_group estimate 4.9606 1.0692 0.6664 0.4002 0.1099
b_group Pr > | t | 0.1335 0.0027 0.0315 0.1352 0.6205

s2u estimate -1.11E-12 1.38E+00 4.93E+00 8.1171 24.4421
s2u Pr > | t | 1 0.1839 0.0612 0.0857 0.3194

0.125 12 8

b_group estimate 1.0793 0.3239 0.102 -0.1877
b_group Pr > | t | 0.3094 0.4513 0.8065 0.6914

s2u estimate -1.09E-12 9.45E-01 3.45E+00 10.8298
s2u Pr > | t | . 0.4818 0.3987 0.4979

0.125 24 8

b_group estimate 2.1692 0.6765 0.2377 0.08221 -0.01633
b_group Pr > | t | 0.0008 0.0957 0.6442 0.8551 0.9622

s2u estimate -7.78E-13 1.74E+00 1.87E+01 29.3566 37.2881
s2u Pr > | t | . 0.335 0.396 0.3154 0.312

0.125 36 8

b_group estimate 4.342 0.8837 0.3607 0.07523
b_group Pr > | t | 0.0054 0.0233 0.4755 0.8817

s2u estimate 4.87E-13 2.18E+00 2.65E+01 49.5393
s2u Pr > | t | . 0.2733 0.2497 0.2322

(Table continued on next page...)
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% affected n litters n pups 
per litter

Results Control vs. 
Trt 1

Control vs. 
Trt 2

Control vs. 
Trt 3

Control vs. 
Trt 4

Control vs. 
Trt 6

Control vs. 
Trt 8

0.125 48 8

b_group estimate 0.8676 1.0273 0.4503 0.2492 0.09601 0.03762
b_group Pr > | t | 0.1517 0.0063 0.3592 0.559 0.7703 0.8884

s2u estimate -1.11E-12 2.42E+00 3.00E+01 43.3932 56.8092 63.1979
s2u Pr > | t | . 0.2294 0.1788 0.1615 0.1828 0.2056

0.25 12 2

b_group estimate 3.3766 -0.1473
b_group Pr > | t | 0.0031 0.7974

s2u estimate 9.57E-13 -1.10E-12
s2u Pr > | t | . 1

0.25 24 2

b_group estimate 4.302 0.9979
b_group Pr > | t | 0.0351 0.0399

s2u estimate -1.11E-12 -1.11E-143
s2u Pr > | t | . 1

0.25 36 2

b_group estimate 5.7591 1.1546
b_group Pr > | t | 0.0157 0.0334

s2u estimate -1.07E-12 -1.11E-12
s2u Pr > | t | . 1

0.25 48 2

b_group estimate 6.3768 1.5208
b_group Pr > | t | 0.0322 0.0009

s2u estimate 6.33E-13 -1.11E-12
s2u Pr > | t | . .

0.25 12 4

b_group estimate 2.1179 0.7176 0.4713 0.2914
b_group Pr > | t | 0.0165 0.0387 0.1137 0.343

s2u estimate -1.11E-12 0.00407 1.6122 3.682
s2u Pr > | t | . 0.9923 0.3149 0.2496

0.25 24 4

b_group estimate 2.8903 1.0697 0.7529 0.5299
b_group Pr > | t | 0.0137 0.0012 0.0115 0.0661

s2u estimate -1.11E-12 0.0573 2.3221 5.5269
s2u Pr > | t | . 0.8664 0.1676 0.1309

0.25 36 4

b_group estimate 5.1417 1.2741 0.9098 0.6764
b_group Pr > | t | 0.0164 < 0.0001 0.0012 0.0082

s2u estimate -1.11E-12 0.06932 2.5334 5.38
s2u Pr > | t | . 0.809 0.0848 0.0416

0.25 48 4

b_group estimate 3.7333 1.4188 1.0226 0.7678
b_group Pr > | t | 0.0006 < 0.0001 0.0002 0.0016

s2u estimate -1.11E-12 0.07381 2.6675 5.7734
s2u Pr > | t | . 0.769 0.048 0.0218

0.25 12 6

b_group estimate 1.7094 0.9203 0.2728 0.3406 0.1035
b_group Pr > | t | 0.1311 0.0445 0.1271 0.3961 0.725

s2u estimate -1.10E-12 4.68E-01 7.82E+00 5.3473 4.59E+00
s2u Pr > | t | . 1 0.4071 0.1755 0.2046

(Table continued on next page...)
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% affected n litters n pups 
per litter

Results Control vs. 
Trt 1

Control vs. 
Trt 2

Control vs. 
Trt 3

Control vs. 
Trt 4

Control vs. 
Trt 6

Control vs. 
Trt 8

0.25 24 6

b_group estimate 3.3146 1.0522 0.7202 0.5118 0.1035
b_group Pr > | t | 0.0682 0.0013 0.0101 0.0474 0.6577

s2u estimate -1.11E-12 1.32E-02 1.90E+00 4.0734 4.59E+00
s2u Pr > | t | . 0.9652 0.1672 0.0931 0.1579

0.25 36 6

b_group estimate 7.6627 1.2557 0.8758 0.6425 0.3537
b_group Pr > | t | 0.2825 < 0.0001 0.0011 0.0084 0.0685

s2u estimate 3.59E-13 2.27E-02 2.13E+00 4.6884 8.0385
s2u Pr > | t | . 0.9285 0.0951 0.0487 0.0409

0.25 48 6

b_group estimate 6.2403 1.3999 0.9848 0.7309 0.4097
b_group Pr > | t | 0.0776 < 0.0001 0.0001 0.0017 0.0258

s2u estimate 3.56E-13 2.62E-02 2.24E+00 5.0182 8.799
s2u Pr > | t | . 0.9057 0.0552 0.0268 0.023

0.25 12 8

b_group estimate 2.2607 1.0169 0.444 0.2619 0.02492 0.02131
b_group Pr > | t | 0.0186 0.03 0.1429 0.3872 0.9338 0.9226

s2u estimate -1.10E-12 -1.11E-12 1.52E+00 3.776 11.9092 10.7331
s2u Pr > | t | . 1 0.3288 0.3188 0.4898 0.4747

0.25 24 8

b_group estimate 3.6815 1.0466 0.6978 0.4011 0.1238 0.04879
b_group Pr > | t | 0.0215 0.0013 0.0154 0.2507 0.6817 0.845

s2u estimate -1.10E-12 5.01E-04 2.45E+00 11.8629 34.2982 42.2044
s2u Pr > | t | . 0.999 0.207 0.4563 0.2564 0.2549

0.25 36 8

b_group estimate 6.522 1.3291 0.8413 0.4693 0.1887 0.08102
b_group Pr > | t | 0.1338 < 0.0001 0.0022 0.174 0.5169 0.7432

s2u estimate -1.43E-13 -1.04E-12 2.90E+00 19.0554 42.5972 53.8089
s2u Pr > | t | . 1 0.1425 0.2945 0.1678 0.1898

0.25 48 8

b_group estimate 5.5058 1.3939 0.9387 0.5298 0.234 0.1326
b_group Pr > | t | 0.0109 < 0.0001 0.0004 0.1118 0.4078 0.5735

s2u estimate -1.10E-12 2.29E-02 3.12E+00 21.9661 46.9057 58.9224
s2u Pr > | t | . 0.936 0.0998 0.2027 0.117 0.1326

0.50 12 2

b_group estimate 2.8311
b_group Pr > | t | 0.0114

s2u estimate -1.11E-12
s2u Pr > | t | .

0.50 24 2

b_group estimate 3.6529
b_group Pr > | t | 0.0022

s2u estimate -1.11E-12
s2u Pr > | t | .

0.50 36 2

b_group estimate 3.3578
b_group Pr > | t | < 0.0001

s2u estimate -1.11E-12
s2u Pr > | t | .

(Table continued on next page...)



JYI | February 2019 | Vol. 36 Issue 2
© Churchill and Kissling, 2018 32

A R T I C L ERESEARCHJournal of Young Investigators

% affected n litters n pups 
per litter

Results Control vs. 
Trt 1

Control vs. 
Trt 2

Control vs. 
Trt 3

Control vs. 
Trt 4

Control vs. 
Trt 6

Control vs. 
Trt 8

0.50 48 2

b_group estimate 2.9166
b_group Pr > | t | < 0.0001

s2u estimate -9.02E-13
s2u Pr > | t | .

0.50 12 4

b_group estimate 4.1529 1.1114 0.7781
b_group Pr > | t | 0.0087 0.0045 0.0036

s2u estimate -1.11E-12 0.2429 2.501
s2u Pr > | t | . 0.5561 0.2748

0.50 24 4

b_group estimate 2.9022 1.4546 1.0409
b_group Pr > | t | 0.0019 < 0.0001 0.0003

s2u estimate -1.11E-12 0.09001 1.7738
s2u Pr > | t | . 0.6813 0.1139

0.50 36 4

b_group estimate 2.5211 1.6591 1.0519
b_group Pr > | t | < 0.0001 < 0.0001 0.001

s2u estimate -1.11E-12 0.09503 4.1786
s2u Pr > | t | . 0.6026 0.0448

0.50 48 4

b_group estimate 2.181 1.8038 1.3029
b_group Pr > | t | < 0.0001 < 0.0001 0.001

s2u estimate -1.11E-12 0.09686 1.97
s2u Pr > | t | . 0.5428 0.0274

0.50 12 6

b_group estimate 3.8045 0.6933 0.7221 0.4604
b_group Pr > | t | 0.0092 0.0147 0.0113 0.1532

s2u estimate 2.25E-13 -1.11E-12 1.04+E00 4.8413
s2u Pr > | t | . 1 0.2813 0.25

0.50 24 6

b_group estimate 2.8011 1.4139 0.9811 0.7428
b_group Pr > | t | < 0.0001 < 0.0001 0.0002 0.0079

s2u estimate -8.87E-13 2.82E-02 1.33E+00 4.9804
s2u Pr > | t | . 0.8675 0.136 0.057

0.50 36 6

b_group estimate 8.6612 1.6173 1.1294 0.8862
b_group Pr > | t | 0.2568 < 0.0001 < 0.0001 0.0008

s2u estimate 1.43E-14 3.12E-02 1.43E+00 5.6519
s2u Pr > | t | . 0.8237 0.0718 0.0263

0.50 48 6

b_group estimate 3.9339 1.7615 1.2325 0.9799
b_group Pr > | t | 0.0006 < 0.0001 < 0.0001 < 0.0001

s2u estimate -1.11E-12 3.23E-02 1.48E+00 6.0198
s2u Pr > | t | . 0.7913 0.0391 0.0126

0.50 12 8

b_group estimate 3.0945 1.051 0.7056 0.4528 0.1734
b_group Pr > | t | 0.0119 0.0056 0.0053 0.0049 0.0046

s2u estimate -1.11E-12 -1.11E-12 1.04E+00 4.4494 11.2305
s2u Pr > | t | . 0.6428 0.319 0.574 0.4341

(Table continued on next page...)
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% affected n litters n pups 
per litter

Results Control vs. 
Trt 1

Control vs. 
Trt 2

Control vs. 
Trt 3

Control vs. 
Trt 4

Control vs. 
Trt 6

Control vs. 
Trt 8

0.50 24 8

b_group estimate 7.0958 1.5784 0.9532 0.647 0.2416
b_group Pr > | t | 0.0927 < 0.0001 0.0002 0.0344 0.4042

s2u estimate -9.18E-13 -1.11E-12 1.37E+00 8.2812 31.8984
s2u Pr > | t | . 1 0.1643 0.2448 0.2341

0.50 36 8

b_group estimate 7.4458 1.6045 1.0914 0.7391 0.3022
b_group Pr > | t | 0.2238 < 0.0001 < 0.0001 0.014 0.2727

s2u estimate -1.11E-12 1.93E-02 1.47E+00 10.8658 38.6069
s2u Pr > | t | . 0.8939 0.0986 0.2298 0.1381

0.50 48 8

b_group estimate 10.7663 1.7486 1.1865 0.8001 0.3461
b_group Pr > | t | 0.7369 < 0.0001 < 0.0001 0.0065 0.1935

s2u estimate -1.11E-12 2.03E-02 1.51E+00 12.3871 41.831
s2u Pr > | t | . 0.8713 0.0605 0.202 0.0879

Litter Size = 48; Pup Size = 6
Control vs. Trt 1 Control vs. Trt 2 Control vs. Trt 3 Control vs. Trt 4 Control vs. Trt 6

b0 estimate -9.9567 -6.3674 -7.3834 -8.3106 -9.3934
b0 Pr > | t | 0.0053 < 0.0001 < 0.0001 < 0.0001 < 0.0001
b_group estimate 6.2403 1.3999 0.9848 0.7309 0.4097
b_group Pr > | t | 0.0776 < 0.0001 0.0001 0.0017 0.0258
s2u estimate 3.56E-13 2.62E-02 2.24E+00 5.0182 8.799
s2u Pr > | t | . 0.9057 0.0552 0.0268 0.023

Table 8A. Display of the results from the mixed effects logistic regression modeling of the hypothetical dataset with 25% of the pups being 
affected per group. Litter size is 48 with 6 pups per litter. The significant p-values are highlighted in yellow. b0 is the intercept; Pr > | t | is the prob-
ability that a greater absolute value of t, under the null hypothesis, is observed. s2u refers to the variance of the random effect u.

Litter Size = 48; Pup Size = 8
Control vs. Trt 1 Control vs. Trt 2 Control vs. Trt 3 Control vs. Trt 4 Control vs. Trt 6 Control vs. Trt 8

b0 estimate -9.5288 -6.9419 -8.0972 -10.6342 -11.9049 -12.3007
b0 Pr > | t | < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
b_group estimate 5.5058 1.3939 0.9387 0.5298 0.234 0.1326
b_group Pr > | t | 0.0109 < 0.0001 0.0004 0.1118 0.4078 0.5735
s2u estimate -1.10E-12 2.29E-02 3.12E+00 21.9661 46.9057 58.9224
s2u Pr > | t | . 0.936 0.0998 0.2027 0.117 0.1302

Table 8B. Display of the results from the mixed effects logistic regression modeling of the hypothetical dataset with 25% of the pups being 
affected per group. Litter size is 48 with 6 pups per litter. The significant p-values are highlighted in yellow. b0 is the intercept; Pr > | t | is the prob-
ability that a greater absolute value of t, under the null hypothesis, is observed. s2u refers to the variance of the random effect u.

groups had a 25% tumor rate in pups, the littermate correlation was 
found to be significant for seven multiple scenarios: 1) Litter size 
of 36 with four control pups vs. treatment 4 (p = 0.0416), 2) Lit-
ter size of 48 with four control pups vs. treatment 3 (p = 0.0480), 
3) Litter size of 48 with four control pups vs. treatment 4 (p = 
0.0218), 4) Litter size of 36 with six control pups vs. treatment 4 
(p = 0.0487), 5) Litter size of 36 with six control pups vs. treat-
ment 6 (p = 0.0409), 6) Litter size of 48 with six control pups vs. 
treatment 4 (p = 0.0268), 7) Litter size of 48 with six control pups 

vs. treatment 6 (p = 0.0230). When treated groups had 50% tumor 
rate in pups, the littermate correlation was found to be significant 
for five scenarios: 1) Litter size of 36 with four control pups vs. 
treatment 3 (p = 0.0448), 2) Litter size of 48 with four control pups 
vs. treatment 3 (p = 0.0274), 3) Litter size of 36 with six control 
pups vs. treatment 4 (p = 0.0263), 4) Litter size of 48 with 6 control 
pups vs. treatment 3 (p = 0.0391), and 5) Litter size of 48 with 6 
control pups vs. treatment 4 (p = 0.0126). These overall summary 
model results are illustrated in Table 7. Tables 8A and B illustrate 



JYI | February 2019 | Vol. 36 Issue 2
© Churchill and Kissling, 2018 34

A R T I C L ERESEARCHJournal of Young Investigators

the finding that the litter size of eight did not show as many litter 
effects compared to a litter size of six. The p-values for littermate 
correlation almost always decreased from [control vs. single af-
fected pup per litter] to [control vs. all affected pups per litter] 
(see Figure 2A for an example). However, the overall decrease was 
typically not linear, but instead consisted of various increases and 
decreases in p-values, see Figure 2B.

DISCUSSION
Overall, it is important to include littermate correlations in the 
model when testing for dose effects when the littermates come 
from various litters (Lazic and Essioux, 2013). Several other stud-
ies, specifically a study conducted by Lazic and Essioux (2013) 
and a study on rabbits conducted by Gümüş et al. (2018), have stat-
ed the importance of taking litter effects into account. If within lit-
ter correlations had been ignored in this study then the resulting p-
value may have been smaller than it should have been. This could 
have led to significant results which in truth may not have been 
significant if within-litter correlations had been taken into account, 
i.e. a Type I error. Furthermore, when the dependent variable of
interest, tumor presence, has a rare occurrence, optimization of the
SAS model fitting routines cannot be completed. Since most of the
tumors in rodents are rare, the optimization of the mixed model
fitting can occur on many of the tumor types in the experiment.

The objective of this study was to determine the conditions in 
which mixed effects logistic regression models fail to converge. 
For the AZT tumors and combined AZT tumors datasets, it was 
determined that the littermate correlations were not significant and 
therefore, the littermates can be modeled as independent. For the 
HMB organ weight dataset, it was determined that 1) dorsal pros-
tate weight in the 3000 ppm group was increased compared to the 
control, 2) paired seminal vesicles weight in the 3000 ppm and 
6000 ppm groups were both increased compared to the control, 
and 3) terminal bodyweight in the 6000 ppm group was deceased 
compared to the control. This is important as it gives insight into 
the effect of HMB on the weight of selected organs. It is hypoth-
esized that the 3000 ppm and 6000 ppm dosage groups for the 

specific organ weights mentioned above increased due to the fact 
that HMB’s purpose is to protect muscle tissue. Littermate cor-
relations were only significant at a significance level of 0.05, for 
the terminal bodyweight for both age groups 1 and 2. It was also 
reported that for the hypothetical datasets, the p-values for litter-
mate correlation between the control group and treatment group 
1 (one tumor per litter), were almost always missing, indicating a 
failure to estimate littermate correlation in the model. The p-values 
for littermate correlation almost always decreased from [control vs 
single affected pup per litter] to [control vs all affected pups per 
litter]. 

More work on this particular topic of rare occurrence of the 
dependent variable and the mixed effects logistic regression mod-
els failing to converge needs to be done in the field. Therefore, 
future research would potentially determine which model should 
then be used with a rare occurrence and how the analysis should be 
carried. This could include investigating and analyzing a variety of 
other datasets with dependent variables that are rare occurrences, 
such as a rare disease. These variables would not necessarily have 
to be occurrence of rare tumors, but could include rare occurrence 
from any other disease. In fact, these results could have the poten-
tial to have a larger impact rather than impacting models which 
only include a dependent variable of tumor occurrence of a less 
common tumor. If researchers are interested in a specific scenario, 
such as the effects of litter size in this paper, hypothetical datasets 
could be used to gain insight on the topic of interest. Research 
could also include working to determine a model which does not 
fail to converge and can be used to carry out the analysis of the rare 
occurrence being studied. Developing a robust method to test for 
dose-effects with rare occurrence endpoints would allow statisti-
cians to analyze dose-response data under all conditions of tumor 
presence. Alternatively, future work may be able to address an ap-
proach to prevent the model from failing to converge. 

REFERENCES
Bieler GS and Williams RL. Cluster sampling techniques in quantal response tera-

tology and developmental toxicity studies. Biometrics (1995), 51:2, 764-776. 

A) B)

Figure 2. The relationships between the control and the treatment groups and their littermate correlation p-value. A) Results from the mixed 
effects logistic regression modeling of the hypothetical dataset with 50% of the pups being affected per group with 4 pups per litter. B) Results from the 
mixed effects logistic regression modeling of the hypothetical dataset with 25% of the pups being affected per group with 6 pups per litter.



JYI | February 2019 | Vol. 36 Issue 2
© Churchill and Kissling, 2018 35

A R T I C L ERESEARCHJournal of Young Investigators

doi: 10.2307/2532963.
Gümüş HG, Agyemang AA, Romantsik O, et al. Behavioral testing and litter

effects in the rabbit. Behavioral Brain Research (2018), 1-6. doi: 10.1016/j.
bbr.2018.02.032. 

Haseman JK and Kupper LL. Analysis of dichotomous response data from certain 
toxicological experiments. Biometrics (1979), 35, 281-293. doi: 
10.2307/2529950. 

Haseman JK and Soares ER. The distribution of fetal death in control mice and 
its implications on statistical tests for dominant lethal effects. Mutation Re-
search (1996), 41, 277-288. PMID: 796717.

Khera KS, Grice HC, Clegg DJ. (1989). Interpretation and extrapolation of repro-
ductive data to establish human safety standards. Chapter VII: Statistical 
Methods for Developmental Toxicity Studies (pp. 69-77). Springer-Verlag, 
New York.

Kupper LL and Haseman, J. K. (1978). The use of a correlated binomial model for 
the analysis of certain toxicological experiments. Biometrics, 34:1, 69-76. 
doi: 10.2307/2529589. 

Kupper LL, Portier C, Hogan MD, and Yamamoto E. The impact of litter effects 
on dose-response modeling in teratology. Biometrics (1986), 42:1, 85-98. doi: 
10.2307/2531245.

Lazic SE and Essioux L. Improving basic and translational science by accounting 
for litter-to-litter variation in animal models. BMC Neuroscience (2013), 14-
37. doi: 10.1186/1471-2202-14-37.

Ochi Y and Prentice RL. Likelihood inference in a correlated probit regression 
model. Biometrika (1984), 71, 531-543. doi: 10.2307/2336562.

OECD. (2017). Guideline for the testing of chemicals: developmental neurotoxicity 
study. 1–26. [http://www.oecd-ilibrary.org/test-no-426-developmental-
neurotoxicity-study_5l4fg25mnkxs.pdf;jsessionid=12ic71yg7bopl.
delta?contentType=/ns/Book&itemId=/content/book/9789264067394-
en&containerItemId=/content/serial/ 20745788&accessItemIds=&mimeTyp
e=application/pdf]

Paul SR. Analysis of proportions of affected foetuses in teratological experiments. 
Biometrics (1982), 38:2, 361-370. doi: 10.2307/2530450.

SAS Institute Inc. (2009). SAS/STAT ® 9.2 User’s Guide, Second Edition. Cary, 
NC: SAS Institute Inc. 

Scientific Committee of the Food Safety Council. Quantitative risk assessment. 
Food and Cosmetics Toxicology (1978), 16 (Supplement 2), 109-136.

Searle SR. (1971). Linear models. New York-London-Sydney-Toronto: John Wiley 
& Sons.

Segreti AC and Munson AE. Estimation of the median lethal dose when re-
sponses within a litter are correlated. Biometrics (1978), 37:1, 153-156. doi: 
10.2307/2530532.

Tamura RN and Young SS. The incorporation of historical control information in 
tests of proportions: Simulation study of tarone’s procedure. Biometrics 
(1978), 42:2, 343-349. doi: 10.2307/2531054.

U.S. Department of Health and Human Services, National Institute of Environmen-
tal Health Sciences. (2006). NTP Technical Report on the Toxicology and 
Carcinogenesis Studies of Trans placental AZT (Cas No. 30516-87-1) in 
Swiss (CD-1) Mice (in Utero Studies), 1-186.

U.S. Department of Health and Human Services, National Institute of Environmen-
tal Health Sciences. (2013). Toxicology/Carcinogenicity. [https://ntp.niehs.
nih.gov/testing/types/cartox/index.html].

U.S. Department of Health and Human Services, National Institute of Environmen-
tal Health Sciences. (2017). Testing Status of 2-Hydroxy-4-methoxybenzophe-
none-10260-S. [http://ntp.niehs.nih.gov/go/ts-10260-s].

Williams DA. The analysis of binary responses from toxicological experiments 
involving reproduction and teratogenicity. Biometrics (1975), 13:4, 949-952. 
doi: 10.2307/2529820.

Yamamoto E and Yanagimoto T. Statistical methods for the β-binomial model in 
teratology. Environmental Health Perspectives Supplements (1994), 102:1, 
25-31. PMCID: PMC1566881.


