Project #1 – Part 2 Answers, 27 points
STAT 705
Fall 2026


Complete the following problems below. Include your R program output with code inside of it for each part and any additional information needed to explain your answer. Your R code and output should be formatted in the same manner as in the course notes.

Description

Stability testing is performed by pharmaceutical companies to determine the expiration date on drug products. Part of a drug batch (e.g., pills) is put into storage in a controlled temperature and humidity environment. At regular time points, one item in the drug batch is taken out of storage and tested. A common response measured on each item is potency. Over time, the potency of a drug will change (usually degrade) so the FDA has set up 95% to 105% limits of the pharmaceutical company’s desired potency level that the drug needs to remain within. The time point where the potency is at these limits is used to calculate the expiration date (manufacture date + time can be available = expiration date). This time point is estimated through the use of regression models, but not through the ways that you may expect.    

Data

Below is a simulated data set where the potency of a drug has been measured over time in months.  Suppose a single pill has been measured at each time point. Each time point is for a different pill.     

	Time
	Potency

	3
	1.009166

	6
	1.002971

	9
	0.980395

	12
	0.986608

	15
	1.012001

	18
	1.005669

	21
	0.991233

	24
	0.967089

	30
	1.006640

	36
	0.954065

	48
	0.957294

	60
	0.914203



For example, a pill taken out of storage at time 3 months had a potency of 100.92% of the pharmaceutical company’s desired potency level.  

Questions

Use  = 0.05 for all inference procedures where needed.  
6) (5 points) Perform a hypothesis test to determine if there is sufficient evidence to indicate a linear relationship between potency and time. Make sure to include all steps in the testing process! 

a) H0:1=0 vs. Ha:10
b) p-value = 0.000968; this is from the summary(mod.fit) output given earlier
c)  = 0.05
d) Because 0.000968 < 0.05, reject H0.
e) There is sufficient evidence to conclude that time has a linear relationship with potency. 

8) [bookmark: _Ref207169426](6 points) State the confidence and prediction intervals for potency at 13 months and discuss the differences in what they measure.   

> save.ci <- predict(object = mod.fit, newdata = data.frame(time = 13), interval = 
     "confidence", level = 0.95)
> save.pi <- predict(object = mod.fit, newdata = data.frame(time = 13), interval = 
      "prediction", level = 0.95)
> save.ci
        fit       lwr      upr
1 0.9969958 0.9836807 1.010311

> save.pi
        fit       lwr      upr
1 0.9969958 0.9557995 1.038192

The confidence interval is 98.37% < E(Y) < 101.03%. The prediction interval is 95.58% < Y < 103.82%.

The confidence interval is trying to estimate what the mean potency would be for all pills at 13 months. The prediction interval is trying to predict what an individual pill’s potency would be at 13 months.  

9) [bookmark: _Ref239157762](5 points) Construct a scatter plot of the data. Include the estimated regression model, 95% confidence interval (CI) bands for the mean potency, and 95% prediction interval (PI) bands for the potency response on the same plot. Make sure to include a legend that distinguishes the lines on the plot. 

> plot(x = set1$time, y = set1$potency, xlab = "Time", ylab = "Potency", main = "Potency vs. time", panel.first = grid(col = "gray", lty = "dotted"), ylim = c(min(set1$potency, 0.95), max(set1$potency, 1.05)), xlim = c(0, 60))
> curve(expr = predict(object = mod.fit, newdata = data.frame(time = x), interval = "confidence", level = 0.95)[,1], col = "red", lty = "solid", lwd = 1, add = TRUE, xlim = c(min(set1$time), max(set1$time)))

> curve(expr =  predict(object = mod.fit, newdata = data.frame(time = x), interval = "confidence", level = 0.95)[,2], col = "darkgreen", lty = "dashed", lwd = 1, add = TRUE, xlim = c(min(set1$time), max(set1$time)))
> curve(expr =  predict(object = mod.fit, newdata = data.frame(time = x), interval = "confidence", level = 0.95)[,3], col = "darkgreen", lty = "dashed", lwd = 1, add = TRUE, xlim = c(min(set1$time), max(set1$time)))

> curve(expr =  predict(object = mod.fit, newdata = data.frame(time = x), interval = "prediction", level = 0.95)[,2], col = "blue", lty = "dashed", lwd = 1, add = TRUE, xlim = c(min(set1$time), max(set1$time)))
> curve(expr =  predict(object = mod.fit, newdata = data.frame(time = x), interval = "prediction", level = 0.95)[,3], col = "blue", lty = "dashed", lwd = 1, add = TRUE, xlim = c(min(set1$time), max(set1$time)))

> legend(x = 0, y = 4, legend = c("Estimated model", "95% CI", "95% PI"), col = c("red", "darkgreen", "blue"), lty = c("solid", "dashed", "dashed"), bty = "n", cex = 1)
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10) [bookmark: _Ref239166780](5 points) The FDA required procedure to find the expiration date involves the following:
a. Plot a horizontal line at potency = 0.95 in 9). Please make this line is distinguishable from the other lines on the plot.  
b. Find the smallest time in which the lower 95% CI band intersects the 0.95 potency horizontal line. This is how long the drug can be made available for purchase past the manufacturing date (manufacture date + time made available = expiration date). Plot a vertical line that shows this time.  

State the amount of time the drug can be made available for purchase past its manufacture. Show this time amount on the plot with a vertical line (the segments() function can be useful here). For this problem, turn in a new plot that has the necessary items drawn on it and provide additional code used to find the time amount.  

It is o.k. to answer this problem by looking at the plot alone. Below is an ad hoc way to find a better numerical value. 

> # Based on the plot, the time value should be between 30 and 42!
> pred.set <- data.frame(time = 30:42)
> save.res <- predict(object = mod.fit, newdata = pred.set, interval = "confidence", level = 0.95)[,2]-0.95
> data.frame(pred.set, diff = save.res)
   time          diff
1    30  0.0110812375
2    31  0.0094163608
3    32  0.0077205948
4    33  0.0059960410
5    34  0.0042447932
6    35  0.0024688961
7    36  0.0006703139
8    37 -0.0011490913
9    38 -0.0029875731
10   39 -0.0048435080
11   40 -0.0067153970
12   41 -0.0086018636
13   42 -0.0105016496
> # Value searching for is between 36 and 37

> # Try to be more precise by looking between 36 and 37
> pred.set <- data.frame(time = seq(from = 36, to = 37, by = 0.1))
> save.res2 <- predict(object = mod.fit, newdata = pred.set, interval = "confidence", level = 0.95)[,2]-0.95
> data.frame(pred.set, diff = save.res2)
   time          diff
1  36.0  6.703139e-04
2  36.1  4.892807e-04
3  36.2  3.080411e-04
4  36.3  1.265970e-04
5  36.4 -5.504991e-05
6  36.5 -2.368978e-04
7  36.6 -4.189449e-04
8  36.7 -6.011896e-04
9  36.8 -7.836300e-04
10 36.9 -9.662645e-04
11 37.0 -1.149091e-03
> # Value searching for is between 36.3 and 36.4

> # Try to be more precise by looking between 36.3 and 36.4
> pred.set <- data.frame(time = seq(from = 36.3, to = 36.4, by = 0.01))
> save.res3 <- predict(object = mod.fit, newdata = pred.set, interval = "confidence", level = 0.95)[,2]-0.95
> data.frame(pred.set, diff = save.res3)
    time          diff
1  36.30  1.265970e-04
2  36.31  1.084414e-04
3  36.32  9.028376e-05
4  36.33  7.212412e-05
5  36.34  5.396245e-05
6  36.35  3.579876e-05
7  36.36  1.763306e-05
8  36.37 -5.346618e-07
9  36.38 -1.870440e-05
10 36.39 -3.687615e-05
11 36.40 -5.504991e-05

Below is a more concise way to find the numerical value. 

> # Find root of equation: lower bound - 0.95 = 0
> root.func <- function(x, my.model = mod.fit) {
    predict(object = my.model, newdata = data.frame(time = x), interval =
       "confidence", level = 0.95)[,2] - 0.95
  }

> # Test function - Shows root must be between 36 and 37
> root.func(x = 36:37, my.model = mod.fit)
            1             2 
 0.0006703139 -0.0011490913 

> # Find root! 
> uniroot(f = root.func, interval = c(36,37))
$root
[1] 36.36971

$f.root
[1] -1.201196e-10

$iter
[1] 3

$init.it
[1] NA

$estim.prec
[1] 6.103516e-05


> # Add to plot
> segments(x0 = 36.4, y0 = 0, x1 = 36.4, y1 = 0.95, lty = 1, col = "black", lwd = 2)
> segments(x0 = -10, y0 = 0.95, x1 = 36.4, y1 = 0.95, lty = 1, col = "black", lwd = 2)
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The expiration date is 36.4 months after the manufacturing date.  

11) (3 points) The previous problem uses 95% CI bands. What would happen to the expiration date if the confidence level was increased or decreased? Thoroughly explain your answer.  

If the confidence level was increased, the bands would become wider. This would lead to a quicker (smaller time value) intersection of the lower band with the 95% potency line. If the confidence level was decreased, the bands would become narrower. This would lead to a later (larger time value) intersection of the lower band with the 95% potency line.  

12) (3 points) Suppose you were taking this drug. Would you prefer a lower or higher confidence level? Explain.  

A higher level of confidence because there is more “confidence” that the drug being taken is at the required potency level.
image1.png
Potency

094 096 098 1.00 1.02 1.04

092

Potency vs. time

Estimated model





image2.png
FPotency

094 096 098 1.00 1.02 1.04

092

Potency vs. time

Estimated model

10

20

Time





