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Introduction 
Several three-dimensional human skin models (3D 
skin models) such as TESTSKINTM and Vitro-
life-SkinTM have been developed for evaluating the 
skin irritation of test substances (Botham, 2004, 
Morikawa et al., 2002, Morikawa et al., 2005, 
Morota et al., 1998). The time score for 50% cell 
viability (50% effective time; ET50) is used as the 
index of skin irritation (Kojima, 2005a) and con-
ventionally estimated by linear interpolation of 

measurements at two time points (Morikawa et al., 
2002, Sonoda et al., 2002), which yields cell vi-
abilities above and below 50%. This simple 
method is problematic in that biased estimates are 
occasionally obtained as a result of linear ap-
proximation of convex time-response curves and 
confidence intervals cannot be appropriately con-
structed. 

Due to the high cost of models and restric-
tions on the time schedule of experimenters, the 
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Abstract 
The time score for 50% cell viability (50% effective time; ET50) is used as the index of skin irritation

evaluated by a three-dimensional human skin model, such as TESTSKINTM and Vitrolife-SkinTM. ET50

is conventionally estimated by linear interpolation of measurements at two time points, which yields

cell viabilities above and below 50%. This simple method is problematic in that biased estimates are

occasionally obtained and confidence intervals cannot be appropriately constructed. 

We compared four estimation methods including a logistic regression method, a log-time regres-

sion method, a linear regression method and a newly proposed two-stage method through a

Monte-Carlo simulation study in small sample sizes due to the experimental restrictions. The logistic

regression method provides almost unbiased estimates, although the confidence interval for ET50 is

occasionally not obtained. The log-time regression method and the linear regression method provide

positive biased estimates, although the confidence interval for ET50 is obtained in any case. The

two-stage method is reasonable, in which the log-time regression method is adopted only if the logistic

regression method cannot construct a confidence interval for ET50. 
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scale of experiments using 3D skin models is small 
and the time points for measurement of cell viabil-
ity are usually set at 4 time periods within 16 hours 
after the start of treatment and, if necessary, at 24 
hours after the start. Actually, in the validation 
study of Vitrolife-SkinTM (Kojima et al., 2005b, 
Kojima et al., 2005c), viabilities were measured at 
only 4 or 5 time points with two repetitions at each 
time point in each experiment. The method of data 
analysis in the experiment under such restricted 
conditions should be carefully examined because 
the lack of information tends to hinder obtaining 
precise estimates of ET50 or constructing confi-
dence intervals for ET50. 

We, therefore, compared four methods of 
point and interval estimation including a logistic  
regression method, a log-time regression method, a 
linear regression method and a two-stage method, 
which is newly proposed in this article, the results 
of which are explained in the succeeding sections. 
 
Methods 
In this section, we explain the conventional 
method and the four methods for estimating ET50.  
 
The conventional method for estimating ET50 
In the evaluation of the skin irritation using the 3D 
skin models, the absorbance of the extracts at each 
time point is generally measured as the cell viabil-
ity of a test substance as well as a negative control 
and a blank. The cell viability of 3D skin models at 
time point i is estimated by 

 
(1) 

 
where yi., yC. and yB. are the mean value of the 
absorbance of a test substance at time i, a negative 
control and a blank, respectively. 

The skin irritation of the test substance is as-
sessed by ET50 defined as the time score for 50% 
cell viability. ET50 is roughly estimated from a 
straight line between two time points above and 
below 50% cell viability on the time-response 
curve (Morikawa et al., 2002, Sonoda et al., 2002).  
 
A logistic regression method 
We assume a logistic regression model as an ap-
proximation of the time-response curve (Shiraishi 
et al., 2005, Shiraishi et al., 2006). The estimation 
method using a logistic regression model is essen-
tially the same as the one proposed by Omori et al. 
(1998). Omori proposed, in his article, a method 
for estimating ED50 (50% effective dose) in the 

validation study to evaluate the feasibility of cyto-
toxicity assay as an alternative method for the 
Draize eye irritation test. According to Omori’s 
method, as a suitable model for the dose-response 
curve for a test substance, the logistic regression 
model for absorbance instead of cell viability is 
defined by 
 
 
                                      (2) 

 
 
where yij is the j-th measurement of a test sub-
stance at dose di, β0 is the effect of a blank, β1 

is a location parameter, β2 is a scale parameter, 
β3 is the effect of a negative control and eij is a 
random error term peculiar to yij . In addition to 
the model for a test substance, the models for a 
negative control and a blank are, respectively, as-
sumed as 
 

(3) 

(4)              

 

where, yCj and yBj are j-th measurements of a nega-
tive control and a blank, respectively, eCj and eBj 
are random error terms peculiar to yCj and yBj, re-
spectively. 

We modify model (2) to estimate ET50 from 
the time-response curve since Omori's method as-
sumes the dose-response curve. First, we substitute 
log2 ti for log10 di, on the grounds that the time 
point for measurement, ti, is generally allocated at 
a common ratio of 2. Next, we apply a logistic re-
gression model for a test substance to the variable 
y'ij = yij－yB., since the variation in the absorbance 
of a blank would be negligible. Similarly, we apply 
a model for a negative control to the variable y'Cj = 

yCj－yB.. The models for a test substance and a 
negative control are redefined by 
 
 
 

(5) 
 
 
Although an underestimate of the precision may 
become a problem by the above formulation, it is 
possible to estimate the parameters stably by de-
creasing the number of parameter to be estimated. 
Since the absorbance corresponding to ET50 is  
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β3/2, the log2ET50 = log2θlogit is defined by 
 

(6) 
 
which yields 

 
(7) 

 
There are various sources of measurement error 
that are thought to be additive and continuous in 
nature. We use the non-linear least squares method 
to estimate parameters, β 1, β 2 and β 3, in 
which Qlogit defined as follows is minimized: 
 
 
 

(8) 
 
ET50 estimate,θlogit, is obtained by substituting 
acquired estimates, β1 andβ2, into the definition 
of ET50 given by (7). 

We evaluate the precision of θlogit using a 
confidence interval based on the delta method. 
Using a first order Taylor series approximation, the 
log2θlogit can approximately be expanded as 

 



(9) 
 
 
 

which yields an approximate variance of log2θlogit 

as 
 

 
 

(10) 
 
 
 
By obtaining estimates of the variance and covari-
ance of β1 and β2 through linear approximation 
in the non-linear least squares method, an estimate 
ofσ2(log2θlogit ) can be calculated by substituting 
β1 and β2 into (10) (Cox, 1990). We can obtain 
an approximate 1 －α confidence interval for    
log2θlogit as 
 

(11) 
 

which yields the confidence interval forθlogit as 

 
(12) 

 
where z1－α/2 is the (1－α/2) quantile of the stan-
dard normal distribution. 
 
A log-time regression method and a linear re-
gression method 
The models for a test substance and a negative 
control using a log-time regression method and a 
linear regression method are, respectively, de-
scribed as 
 

 
(13) 

 
 
 
 

(14) 
 
 
Since the absorbance corresponding to ET50 is  
β3/2, the log2 ET50 obtained from a log-time re-
gression method, log2θ log, and ET50 obtained 
from each method, θlog and θlin, are defined by 
 

 

(15) 
 

(16) 
 
 

(17) 
 
 

We use the ordinary least squares method to 
estimate parameters, β3, β4, β5, β6 and β7, 
in which Qlog and Qlin defined as follows are mini-
mized: 

 
 
 

(18) 
 
 
 
 
 

(19) 
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ET50 estimate are obtained by substituting ac-
quired estimates, β3, β4, β5, β6 and β7, into 
the definition of ET50 given by (16) and (17), re-
spectively. Using a first order Taylor series ap-
proximation, the log2θlog and θlin, can approxi-
mately be expanded as 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Then approximate variances of log2θlog and θlin 

are given by 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Estimates ofσ2(log2θlog) andσ2(θlin ) can be 
calculated by substituting β3, β4, β5, β6 and 
β7, into (22) and (23). We can obtain an approxi-
mate 1－α confidence interval for log2θlog as 
 

 
(24) 

which yields the confidence interval for θlog as 

 
(25) 

 

Similarly, we can obtain an approximate 1－α 

confidence interval forθlin as 

 

(26) 
 
 
 
A two-stage method 
Parameter estimates and/or variance covariance 
matrices occasionally cannot be obtained from the 
logistic regression method due to the small sample 
sizes. We consider a two-stage method in which 
the log-time regression method is alternatively ap-
plied if the logistic regression method cannot con-
struct a confidence interval for ET50. 
 
Design of the simulation study 
We evaluate the performance of each estimation 
method through a Monte-Carlo simulation involv-
ing the following steps under the similar conditions 
to the validation study for TESTSKINTM (2002) 
and Vitrolife-SkinTM (2004). 
 
Step1. Specify true ET50 value between 4 and 18 

hours assuming a mild test substance. 
The time point for measurement is allo-
cated as (t1, t2, t3, t4) = (2, 4, 8, 16) in 
4-point design and is allocated as (t1, t2, t3, 
t4, t5) = (2, 4, 8, 16, 24) in 5-point design. 

 
Step2. Generate virtual data for a test substance 

from the logistic curve on the timeresponse 
defined by 

 
 

(27) 
 
 

where β2 = 2.0, β3 = 1.0 and eij is mutu-
ally distributed as a normal distribution 
N(0, 0.12). Since the ET50 value,θlogit, is a 
function of β1 and β2, β1 is determined 
from β2 and θlogit. Figure 1 shows the 
assumed time-response curves of model 
(27). 
 

 
(20)

(21)

 

 
(22)

 
(23)
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Step3. Generate virtual data for a negative control 

from y'Cj = β3 + eCj, where β3 = 1.0 and 

eCj is mutually distributed as a normal 
distribution N(0, 0.12). 

 
Step4. Estimate ET50 and construct a confidence 

interval for ET50 using each estimation 
method. 

 
Step5. Iterate 10,000 times Step 2 through Step 4,  
 

and calculate a proportion of estimable 
cases, a bias in estimates, and a coverage 
probability in which each interval contains 
the true ET50 values. A bias in estimates is 
defined as the median of the difference of 
the estimate of ET50 and the true ET50 
value. 

The reason we assume a mild test substance 
in Step 1 is that estimating ET50 for clearly strong 
or weak substances is not essential. 
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Results 
We report the results of the Monte-Carlo simula-
tion study in Tables 1 through 3 and present the 
corresponding scatter plots in Figures 2 through 4 
to compare the performance of each estimation 
method. In these tables and figures, the left side 
shows the results in 4-point design and the right 
side shows those in 5-point design. 

The characteristics of each estimation method 
are summarized below. 
 
A logistic regression method 
 The proportion of estimable cases decreases as 

low as 85% with the increase of true ET50 

values in 4-point design, whereas it is almost 
100% in 5-point design. 

 The bias in estimates is negligible in both 4- 
and 5-point designs. 

 The coverage probability is always below the 
nominal confidence level of 95% and as low 
as 88% in some cases. 
According to the above mentioned results, the 

logistic regression method is appropriate in 5-point 
design, whereas another method should comple-
mentarily be used in addition to the logistic regres-
sion method in 4-point design. Examples of simu-
lated data that yielded feasible and unfeasible es-
timates, when the true ET50 value is 14 hours, are 

 



Takashi Sozu et al., Interval estimation of the 50% effective time AATEX 12(2) 161-170, 2007 

 168

shown in Figure 5 together with the true and esti-
mated time-response curves. This figure suggests 
that we tend to encounter difficulty in obtaining 
confidence intervals when we do not have meas-
urements on time points around ET50. 
 
A log-time regression method 
 The proportion of estimable cases is almost 

100% in both 4- and 5-point designs. 
 ET50 estimates tend to be greater than the true 

ET50 value with the increase of true ET50 
values in 4-point design. 

 The bias in estimates is within 2 hours and, 
therefore, negligible in 5-point design. 

 Although the coverage probability tends to be 
greater with the increase of true ET50 values 
in both 4- and 5-point designs, the discrepancy 
from the nominal confidence level of 95% is 
within±5%. 
These results suggest caution in rarely adopt-

ing 4-point design because estimates tend to be 
great when the true ET50 value is great, although 
no remarkable defects appear in 5-point design. 
 
A linear regression method 
 The proportion of estimable cases is almost 

100% in both 4- and 5-point designs. 
 The estimates of ET50 tend to be great in both 
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4- and 5-point designs, when the true ET50 
value is small. 

 The coverage probability is seriously low 
since it is as low as 50% in 4-point design or 
40% in 5-point design in the worst cases. 
These results suggest that the linear regres-

sion method should not be adopted due to low 
coverage probabilities irrespective of design. The 
5-point design is more disadvantageous than the 
4-point design because the time points for obtain-
ing measurements in 5-point design included T5 = 
24 hour in our simulation setting. Actually, the 
measurement at the 24 hour point leads to a 
smaller value of the gradient than the expected 
value. 

 
Two-stage method 
 The proportion of estimable cases is almost 

100% in both 4- and 5-point designs. 
 The estimates of ET50 are on average almost 

the same as the true ET50 value in both 4 and 
5-point designs. 

 Although the coverage probability tends to be 
greater with the increase of true ET50 values 
in both 4- and 5-point designs, the discrepancy 
from the nominal confidence level of 95% is 
within ±5%. 
These results indicate that the two-stage 

method is reasonable for obtaining a confidence 
interval for ET50, although it should be slightly 
adjusted so as to keep the coverage probability 
near the nominal confidence level. 
 
Discussion 
We recommend using the two-stage method for 
obtaining a confidence interval for ET50. However, 
further investigations are necessary to extend the 
conclusion to any case of the design and analysis 
of experiments using 3D skin models, since the 
adopted simulation conditions are adaptable only 
for the real validation studies of TESTSKIN and 
Vitrolife-Skin. When the use of refined statistical 
software such as SAS or R is difficult, we recom-
mend using the log-time regression method with 
5-point design although the biased estimates within 
2hours are occasionally obtained. 

The condition where the proportion of esti-
mable cases in the application of logistic regres-
sion method in 4-point design realizes values be-
low 100% depends on the number of time points, 
the positioning of time points, and the scale of 
measurement errors (Sozu et al., 2005, Sozu et al., 

2006). Properly setting these conditions consider-
ing the convenience of workers is important and 
further studies are necessary to address this issue. 

The results of this research would promote the 
use of 3D skin models through the achievement of 
adequate and quantitative evaluations of skin irri-
tation of test substances. 
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