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Click here to download the MIOW.xls. All modern versions of Microsoft Excel with Visual Basic 
function should be enough to run the MIOW workbook. To use the workbook, the solver add-in 
must be activated and macros must be enabled.

MIOW QUICK REFERENCE
If you’d like to estimate MSL from existing data or to estimate coefficients for a new experiment:
Go to one of the True Parameter Estimator windows and enter your data in the input and output 
columns, estimate the parameters in cells H8 to I8 or J8, and click on the “Fit the Model” button.
If you’d like to simulate the effects of different numbers of reps and levels on the MSL:
Go to the “Levels & Reps” window and create a grid. Then go the “Simulations” window and 
choose a true model and enter its coefficients. Then enter the predicted CV and number of 
experiments to simulate and click “Run.”
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Why is it important to estimate the maximum safe level of a feed ingredient?

Every year, potential feedstuffs are being evaluated as new feed ingredients for livestock. The evaluation 
process includes feeding the test ingredients at increasing levels to groups of birds or animals, at which point 
the pattern of the biological response and/or the maximum safe level of this ingredient can be estimated. The 
biological response of feeding an ingredient varies depending on several factors, such as the age and species 
of the test animal and the chemical composition of the ingredient. One scenario that reflects a response to 
an ingredient in a feeding trial (Gamboa et al., 2001) is illustrated in Figure 1. Feeding increasing levels of 
cottonseed meal had no impact on the growth performance of broilers (up to a certain point) as represented by 
the plateau segment of the curve. 

Further increasing the cottonseed meal level 
resulted in reducing the growth performance 
as represented by the descending 
segment of the line. Underestimating the 
maximum safe level of cottonseed meal 
will not maximize the economic returns 
of including this ingredient in the ration, 
while overestimating the level of the meal 
will result in a significant reduction in 
growth performance due to the nature of 
the chemical composition of the ingredient 
(e.g. high levels of antinutritional factors). 
Therefore, precisely finding the maximum 
safe level of feed ingredients is required to 
maximize the performance and the profits. 

What are the statistical 
methods used to estimate the 
maximum safe level of feedstuffs?

Several statistical methods have been used in animal feeding trials to estimate the maximum safe level of feed 
ingredients. The most common and easiest method is by separating the means of the response variable using 
a multiple range test. The multiple range tests are based on one-way analysis of variance and were designed 
for categorical data to distinguish between feeding cottonseed meal versus soybean meal, not different levels 
of an independent variable like cottonseed meal. In terms of multiple-range tests, the working definition of 
“maximum safe level” is the maximum level of the feed ingredient that results in a response not significantly 
different from the maximum or minimum response at a chosen level of significance. These tests are not valid to 
analyze data obtained from feeding trials where the factor is continuous because the actual safe level can only 
be on or between two levels; more conservative tests (e.g. Scheffe’s test, 1953, vs. Duncan’s test, 1955) will 
result in detecting fewer significant differences, and extrapolation and constructing a confidence interval for a 
mean maximum safe level is not possible. 

Another method used in feeding trials is the orthogonal contrast, which compares levels against the control 
group. Since fewer numbers of comparisons are made, this method is more precise than the multiple range tests, 
but they are not really orthogonal and distinguish only between levels as with the multiple range tests. 

Employing polynomial regression analysis helps to understand the pattern of the data (e.g. linear, quadratic, or 
second-order polynomial). With second-order polynomial (2OP) regression, the independent variable is treated 
as a continuous variable and the maximum safe level is determined by finding the first derivative (level of input 
at the maximum response). However, second-order polynomial regression models provide no feature to fit a 

Figure 1. Growth response of broiler chickens fed increasing levels of 
cottonseed meal (Gamboa et al., 2001).
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plateau segment of the response function and 
the estimated maximum safe levels may be 
considerably less than levels actually resulting 
in maximum performance (Figure 2).

There are two spline functions that may be  
fit to ingredient response data to find the  
MSL and its confidence interval. The  
broken-line linear (BLL) model depicts a 
constant response to increasing levels of 
the ingredient (plateau with a slope of zero) 
followed by a linear response (descending 
line). The broken-line quadratic (BLQ) model 
depicts a constant response to increasing 
levels of the ingredient (plateau with a slope 
of zero) then a non-linear diminishing returns 
response (descending curve). For both of 
these spline models, the break or transition 
point between the two segments represents  
the MSL and its confidence interval  
(standard error or SE) can be calculated. 

It’s difficult to identify which of these models will best represent the actual shape of the response to the 
ingredient levels. Particular models may fit one set of data best, but there does not appear to be a best model 
for all response data sets. Nutritionists usually like to include a margin of safety with such determinations to be 
sure that there are no detrimental effects from including the ingredient in question. Since the BLQ model gives 
lower estimates than the BLL model, a smaller margin of safety will probably be required when the BLQ model 
is used. The important consideration when determining margins of safety is the batch-to-batch variation that is 
found in deliveries to the feed mill.

What does the Maximum Ingredient Level Optimization Workbook do?

The MIOW (Microsoft Corp., Redmond, WA) provides two basic functions for estimating MSLs. First, it has 
spreadsheets for estimating MSLs from experimental data. With the “True Parameter Estimator” (BLL) & “True 
Parameter Estimator” (BLQ) spreadsheets, experimental results can be entered and the various parameters 
can be solved for. Second, the “Levels & Reps” and “Simulations” spreadsheets can be used for planning 
new experiments. They can be used to find the combination of ingredient levels and replications per level that 
maximize experimental efficiency.

If you already have experimental data, or need to know what the parameters might be to start investigating 
experimental possibilities, the true parameter estimator spreadsheets determine the maximum safe level of feed 
ingredients and the related descriptive statistics: confidence interval (CI), standard deviation (SD), standard 
error (SE) and the R2 for the fitted relationship estimates.

If you want to plan an experiment and need to know the best combination of levels and reps for your 
experiment, you need to first find coefficients for the model you think should best represent the response. The 
important things to know are the mean and standard deviation of the response expected (body weight, FCR, 
bone ash, etc.). Coefficient estimates can be made for the two-spline functions, and one of those must be chosen 
to represent the expected response on the “Simulations” spreadsheet. The mean and standard error of the MSL 
are then estimated from simulated experiments. MSLs are estimated from the broken-line linear model (BLL), 
broken-line quadratic model (BLQ), and second-order polynomial (2OP) model. 

Figure 2. Growth response of broiler chickens fed increasing levels of 
cottonseed meal (Gamboa et al., 2001) fitted to three different models 
for estimating the maximum safe level to feed.
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What does the Maximum Ingredient Level Optimization Workbook consist of?

The workbook contains several individual spreadsheets for experimental planning (Figure 3): “Home page,” 
“Instructions,” “Levels & Reps,” “Simulations” and “Calculations” spreadsheets. The “Levels & Reps” 
spreadsheet is designed to generate an experimental grid (combinations of level and replications) for the 
experiment being simulated. The experimental grid contains the levels of the ingredient as well as the number 
of replications of the experiment. The “Simulations“ spreadsheet contains sections for the entry of the true 
parameters of the response function, initial guesses for the parameters of fitted functions, simulation parameters, 
results, and a graph of the results. 

How is the Maximum Ingredient Level Optimization Workbook used? 

The MIOW can be used by following the next steps:

1. Design the experiment being simulated by making changes in cells C5:C6 and C8:C9. 
The number of ingredient levels and the number of replications of the experiment being simulated can be 
entered in cells C5 and C6, respectively. It should be noted that the maximum number of levels that can 
be used here is limited to 24 while the maximum number of replicates is 20. The minimum and maximum 
ingredient levels should be entered in cells C8 and C9, respectively. 

2. Click “Generate Grid” to create the experimental grid.  
By clicking on the “Generate Grid” button, a table containing the experimental replicates and the associated 
ingredient levels will be created. The levels of the ingredient being used will be evenly spaced. In a feeding 
trial (Moghaddam et al, 2012), four levels of sunflower meal (0-21 percent) were used, and each dietary 
treatment was replicated 4 times. Figure 4 shows the experimental grid after updating the experimental 
design section with the experimental design information from this research. The data contained in the table 
will be used in the “Calculations” spreadsheet in model fitting. 

Figure 3. Overview of the Maximum Ingredient Level Optimization Workbook spreadsheets.
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3. Select the baseline model that will be used to generate random data. 
Three mathematical models are available in section two of the “Simulations” spreadsheet (Figure 5). The 
models are broken-line linear (BLL), broken-line quadratic (BLQ), and second-order polynomial (2OP). 
Only one model can be selected at a time to simulate experiments. 

Enter “true” coefficients of the baseline mode  
The maximum value of the response variable (e.g. weight gain), the rate constant of the fitted function, and the 
level of the ingredient producing the maximum response should be entered in the corresponding cells for each 
of the broken line models. The true parameters of the second-order polynomial of the form of y= βo+β1x+β2x

2+ϵ 
include constant term (βo), linear term (β1) and quadratic term (β2) and should be entered in the specified cells. 
In the example (Moghaddam et al, 2012), the maximum weight gain at 49 days was 2.472 kg for the group of 
chickens fed 14 percent sunflower meal. Section two of the “Simulations” spreadsheet was updated with these 
values as true coefficients. The true coefficients will be used to generate random data using simulation.

Figure 5. Baseline model selection, part of the “Simulations” spreadsheet.

Figure 4. Experimental grid generation, part of the “Levels & Reps” spreadsheet.
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4. Provide guesses for coefficients for all remaining models.  
As in Figure 6, initial guesses for the regression coefficients should be entered to ensure convergence of 
solver routine. The rate constant should be a negative value if the second part of the curve is descending 
(e.g. weight gain). 

5. Select simulation parameters. 
The number of experiments to be simulated and coefficient of variation (CV) for the simulated experiments 
should be provided in cells O6 and O7, respectively. Table 1 suggests that a minimum of 50 simulated 
experiments is enough (based on minimizing SD and SE) when estimating the MSL with broken-line 
models. To reflect the real-life situations, a certain amount of variability must exist in the simulated 
experiments. Table 2 shows that as the coefficient of variability (CV) increases the SD and SE increase 
accordingly and the goodness of fit (R2) decreases. A number of 100 simulated experiments and a CV value 
of 10 percent were chosen in the current simulation example to ensure minimum SD and SE and high R2.

Figure 6. Initial guesses and model selection, part of the “Simulations” spreadsheet.

Table 1. Effect of increasing the number of simulated experiments on estimating the maximum safe level of sunflower 
meal by broken-line models at a 10 percent fixed CV, five ingredient levels, and four replications.

Broken-Line Linear Broken-Line Quadratic

N1

95% 95%
MSL 

± SD ± SE
Confidence

R2
MSL 

± SD ± SE
Confidence

R2

(%)2 Lower Upper (%)2 Lower Upper
2 13.91 0.06 0.29 13.83 13.99 0.98 10.30 0.13 0.65 10.12 10.48 0.98
10 13.96 0.22 0.21 13.83 14.09 0.99 10.42 0.48 0.48 10.12 10.72 0.99
50 13.97 0.17 0.21 13.93 14.02 0.99 10.44 0.39 0.48 10.34 10.55 0.99
100 13.99 0.16 0.22 13.96 14.02 0.99 10.48 0.35 0.49 10.41 10.55 0.99
500 14.01 0.17 0.20 14.00 14.03 0.99 10.53 0.37 0.45 10.50 10.56 0.99
1000 13.99 0.16 0.20 13.98 14.00 0.99 10.48 0.36 0.46 10.46 10.50 0.99

1 Number of simulated experiments
2 Maximum safe level of the test ingredient



UGA Cooperative Extension Bulletin 1469  •  Maximum Ingredient Level Optimization Workbook for Estimating the Maximum Safe Levels of Feedstuffs 7

6. Press “Run Simulations.”  
The “Run Simulations” function (Figure 7) will optimize the simulation problem, producing a graph (Figure 
8) and the results of the simulation (Figure 9). 

Figure 7. Simulation parameters selection and the “Run Simulations” button, part of the “Simulations” spreadsheet.

Table 2. Effect of increasing variation of the simulated experiments on estimating the maximum safe level of sunflower 
meal by broken-line models with 100 simulated experiments, five ingredient levels, and four replications.

Broken-Line Linear Broken-Line Quadratic

CV (%)1
95% 95%

MSL 
± SD ± SE

Confidence
R2

MSL 
± SD ± SE

Confidence
R2

(%)2 Lower Upper (%)2 Lower Upper
0 14.00 0.00 0.00 NA3 NA 1.00 10.50 0.00 0.00 10.50 10.50 1.00
5 14.00 0.08 0.11 13.99 14.02 1.00 10.50 0.19 0.24 10.47 10.54 1.00
10 13.98 0.14 0.21 13.96 14.01 0.99 10.47 0.31 0.48 10.40 10.53 0.99
20 13.97 0.34 0.41 13.91 14.04 0.96 10.46 0.73 0.93 10.31 10.60 0.96
50 13.82 1.13 NA 13.60 14.05 0.79 9.90 1.73 2.72 9.56 10.24 0.80
100 14.62 2.43 NA 14.15 15.10 0.51 9.18 6.04 NA 7.99 10.36 0.51

1 Coefficient of Variation 
2 Maximum safe level of the test ingredient
3 Not estimated

Figure 8. Graph of the results, part of the “Simulations” spreadsheet.
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Figure 9. The results section, part of the “Simulations” spreadsheet.

How do I read the results? 

The results of the simulation problem for the current example (Moghaddam et al, 2012) are displayed in section 
five of the “Simulations” spreadsheet (Figure 9). The descriptive statistics displayed in rows 37:40 are the 
results of the 100 experiments simulated for each model. For the BLL model, the maximum safe level of the 
sunflower meal as an average for the 100 simulated experiments (runs) -/+ SD was 14.005% ± 0.125 (95% CI 
= 13.981 - 14.029%) for an estimated maximum weight gain of 2.475 ± 0.032 kg. The SE of the maximum safe 
level was calculated to be 0.091. The R2 of the fitted BLL model function was estimated to be 98.8 percent, 
which implies a good fit. Similarly, the results of the BLQ model are displayed in columns J to N of section 5. 
For the 2OP model, the calculated maximum safe level was 6.618 ± 0.054. The estimated regression coefficients 
were -14.146, 8.639 and – 0.653 as the constant, linear term and the quadratic term, respectively. Poor estimates 
of the results for any model may require more accurate guesses of the coefficients as they influence the 
goodness of fit. 



UGA Cooperative Extension Bulletin 1469  •  Maximum Ingredient Level Optimization Workbook for Estimating the Maximum Safe Levels of Feedstuffs 9

What are other uses of the Maximum Ingredient Level Optimization Workbook?

The MIOW can also be used to decide the best combinations of the ingredient levels and replications when 
designing feeding trials. The combination with the smallest SE of the MSL mean should be the most efficient 
combination. As the replication number increased from two to 20, the SE of the MSL decreased for both models 
(Table 3). The SE of the MSL couldn’t be estimated with four levels and a minimum of fice levels was required 
for the estimation of the SE under the conditions (true parameters and initial guesses) of the current simulation 
example (Table 4).

Table 3. Simulations of increasing the number of replications on estimating the maximum safe level of sunflower meal 
by broken-line models, based on 100 simulated experiments with a 10 percent CV and five ingredient levels.

Broken-Line Linear Broken-Line Quadratic

N1

95% 95%
MSL 

± SD ± SE
Confidence MSL 

± SD ± SE
Confidence

(%)2 Lower Upper (%)2 Lower Upper
1 13.94 0.42 0.02 13.85 14.02 10.39 0.86 0.09 10.23 10.56
2 14.00 0.24 0.23 13.95 14.04 10.49 0.55 0.51 10.39 10.60
4 14.00 0.15 0.21 13.97 14.03 10.50 0.34 0.47 10.43 10.57
6 13.96 0.13 0.19 13.94 13.99 10.42 0.30 0.43 10.36 10.48
8 14.00 0.11 0.15 13.98 14.02 10.50 0.24 0.35 10.45 10.55
10 14.01 0.11 0.14 13.99 14.03 10.53 0.24 0.31 10.48 10.58
12 14.00 0.09 0.13 13.99 14.02 10.51 0.20 0.30 10.47 10.54
14 14.00 0.08 0.12 13.98 14.01 10.49 0.19 0.28 10.45 10.53
16 14.00 0.08 0.11 13.99 14.02 10.50 0.18 0.26 10.47 10.54
18 14.00 0.07 0.11 13.98 14.01 10.49 0.17 0.25 10.46 10.53
20 14.00 0.08 0.10 13.98 14.01 10.50 0.17 0.23 10.46 10.53

1 Number of simulated experiments
2 Maximum safe level of the test ingredient

Table 4. Simulations of increasing the number of Levels on estimating the maximum safe level of Sunflower meal by 
broken-line models, based on 100 simulated experiments with a 10 percent CV and four replications.

Broken-Line Linear Broken-Line Quadratic

N1

95% 95%
MSL 

± SD ± SE
Confidence MSL 

± SD ± SE
Confidence

(%)2 Lower Upper (%)2 Lower Upper
2 13.98 0.31 NA 13.92 14.04 13.49 0.13 NA 13.47 13.52
3 13.98 0.26 NA 13.93 14.04 13.49 0.12 NA 13.46 13.51
4 14.12 0.16 NA 14.09 14.15 13.90 0.11 NA 13.88 13.92
5 14.00 0.17 0.22 13.96 14.03 10.49 0.38 0.51 10.42 10.57
6 13.99 0.34 0.24 13.93 14.06 10.27 0.39 0.49 10.20 10.35
8 14.00 0.14 0.16 13.97 14.03 10.57 0.35 0.43 10.50 10.64
15 14.01 0.14 0.12 13.98 14.04 10.79 0.28 0.30 10.74 10.85
20 14.00 0.10 0.09 13.98 14.02 10.85 0.22 0.26 10.81 10.90
24 14.01 0.12 0.09 13.98 14.03 10.89 0.25 0.24 10.84 10.94

1 Number of simulated experiments
2 Maximum safe level of the test ingredient
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What can be concluded from the Maximum Ingredient Level Optimization 
Workbook (MIOW)? 

The workbook offers a method to estimate the maximum safe level of test ingredients and the related statistics 
(CI, SD, SE and R2). Unlike the multiple range and the orthogonal contrast approaches, the broken-line and 
quadratic polynomial models of the MIOW treat the independent variable as continuous and offer estimations of 
the descriptive statistics of the means. The SD provides information on the dispersion of the data while the SE 
tells how accurate the estimate of the mean is. The accuracy of fit as represented by the R2 should help users to 
determine how well the model fits the data. The MIOW can be used to find the best combination of levels and 
replications when designing feeding trials. The combination with the smallest SD and SE should be the most 
efficient design.
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