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Abstract

The choice of appropriate statistical tests in experimental biology is critical for scientific rigor and can be
challenging in the case of categorical data analysis. Using example datasets from Caenorhabditis elegans
research, we conduct statistical analysis of (1) a rare cellular event involving the formation of a neuronal extrusion
called an exopher and (2) a variable behavioral response across time. We employ the Cochran—-Mantel-Haenszel
(CMH) test and logistic regression for analysis. Recognizing potential accessibility issues using logistic
regression, we provide step-by-step tutorials and example code. We emphasize that logistic regression can
handle both simple and complex multivariable datasets; logistic regression can also provide more comprehensive
insights into experimental outcomes when compared to simpler tests like CMH. By analyzing real biological
examples and demonstrating their analysis with R code, we provide a practical guide for biologists to enhance the
rigor and reproducibility of categorical data analysis in experimental studies.

Materials

Active internet connection to download packages in R
Computer with operating system compatible with a recent version of R and R Studio

A working keyboard
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I Software Loading

1 Download RStudio for your OS at: https://posit.co/downloads/

This software is known as an integrated development environment (IDE), and it is away
to make coding more visual. The alternative is to open terminal (a command line
interface) and code there.

2 Install R following the instructions at: https://cran.r-project.org/

I Setting up the coding environment

3 Fig1. Open R studio. You will see a window that looks like the following:

T e, -l
r L R T
-

This area is called the
environment

This area is called the console

Fxzeeee i

L T EIEE I aELA TR

Fig1. This is the R studio initial window.

4 Open the project file (highlighted in pink belowFig2. Finder window)
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Fig2. Finder window

5 Open the R file in the output box, see yellow outlined box and the inset.
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Fig3. Here is the R Studio window.
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Fig4. Here is a zoomed-in view of the yellow boxed area in Fig3. Open the file outlined in
yellow.

Your new R Studio window will look like the following, notice the addition of a new
section called the console:

1 AN e v
o e ey Gem—i— S
- - P -

This area is called the

environment

Fig5. The R studio window after opening a source file now has a console section.
You will notice that the source is already full of code if you opened the project file. You
will be going through the code line by line to generate the regression models and the

graphs in this project.

Each step will refer to line numbers, found here:
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Fig6. An arrow indicating where the line numbers to the code are.

Getting started coding
6 lines 14-15:

Install the packages by pasting this line of code into the console, and hit enter:

'readx1l', 'writexl', 'ggplot2',

install.packages(c('dplyr',
'splines’,

'ggthemes', 'ggThemeAssist', 'stats', 'mgcv',
‘ggprism’))

This step requires an active internet connection.
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This area is called the console
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= instoll.packegesCol dolye”, reodsl’, “writexl’, ‘goplot2’, "gothemes®, 'goThenedssist’, “stets®, ‘meoe’, Csplines i)

Fig7. Zoomed in view of console where packages need to be installed.

More information on packages here.

7 lines 17-28:

After installing packages, you now have access to the libraries contained within those
packages. Load the libraries by highlighting lines 17-28 in the source and hit
command+enter on your keyboard to execute:

#next, load the libraries by executing code in the upper part of
the screen where all this code is. Again, to execute a line of
code on a mac, go to the end of the line and hit
command+shift+enter

library(dplyr) #datamanipulation

library(readxl) #read excel spreadsheets into R

library(writexl) #convert R data frames into excel spreadsheet
library(ggplot2) #visualizations besides basics plots
library(ggthemes) #adds more themes to the ggplot2 package
library(ggprism) #makes your graphs look like ones generated in
prism

library(ggsignif) #To add significance stars to your ggplot2 graph
library(forcats) #To reorder the data

library(stats) #basic statistical package

library(mgcv) #contains the generalized additive model (gam)
library(splines) #additional smoothing features for the GAM
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17 #next, load the
18 libraryCdplyr) #
19 library(readxl) #rea
20 library(writexl) #convert R data frames into excel spreadsheet

21 library(ggplot2) #visualizations besides basics plots

22 library(ggthemes) #adds more themes to the ggplet2 package

23 library(ggprism) #makes your graphs look like ones generated in prism
24 library(agsignif) #To add significance stars to your ggplotZ araph
25 library(forcats) #To reorder the data

26 library(stats) #basic statistical package

Z7 library(mgcv) #contains the generalized additive model (gam)

28 library(splines) #additional smoothing features for the GAM

Fig8. Showing which lines to highlight in the code to install the libraries needed to carry
out the code.

Console Terminal Background Jobs =

RR441  —luunorial/LR2024_ancskia/
> library(dplyr) #dotamanipulation
Attaching package: ‘dplyr’
The following objects are mosked from ‘pockoge:stots®:
filter, log
The following objects are masked from 'pockage:bose”:
intersect, setdlff, setequal, unien

= Llibrary(readsl) #read excel spregdsheets into R

> Library(writexl} sconvert B data fromes into excel spreadshest
= library(ggplotld) #visualizations besides basics plats

= Llibrary(ggthemes) ¥adds more themes to the ggolot package

= library({ggthemeAssist)

» library(stats) #besic statistical packoge

= library(mgcy) #contoins the generalized odditive model (gom)

Fig9. The command in the source that you just executed will be shown as a task having
been done in the console.

8 lines 30-31:

Import your data. The project data is in the form of an excel spreadsheet (called
"an_final10.xlsx"). If your data is in another kind of data table, you will search for the
correct command to import that specific file format. This command (“read_excel")
imports excel spreadsheets into R.

#import your excel spreadsheet; nota bene (n.b.) this will only
read the first sheet in the workbook
anoxia_data <- read_excel("input/data_final.xlsx")
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Fig10. Notice that when you execute line 31, the new object you created (the R version of
your excel spreadsheet) appears in your environment pane. If you click on that object in
your environment pane, it will open in a new window in the R studio program next to your
source code.

Let's take a second to dissect the anatomy of a command in R.

31 read_excel

=
-
(]
x
s
ID
|-
o
+
TS - W—
' i Tk
=l
=
o
-
rt
~
o
(=)
r+
ICI
—tn
o
=
o
pot”
>
el
A
b
L

¥
command E ! path where to find the file to read
1!

Fig11. In this case, | am telling R to look in the folder called input for a file called
data_final.xIsx. You

will notice that in the .zip file you downloaded (Logistic_Regression_Anoxia.zip), there is
the project file, the R code, and two folders called input and output. Opening up a project
tells R you will work in the folder the project is located. If you wanted to import a file not in
this folder, then just write out the full path of the file.

More information on figuring out a path: Mac PC Linux

9 We are now done with section 1, let's collapse Section 1 code by clicking on the arrow
next to line number 12. This is not necessary, just aesthetically organized.
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rigxia_20240412 R

a7 summarise
3& megn_moving - mean(moving),
# Calculate SEM using sarecvar

W sem_moving - sqrilsd(moving

Ao summary, tine == 18)
genotype, y - mean_moving, fill = genotype)) -

Fig12. Collapsing section 1 in R Studio

You can also navigate sections by clicking through the list here:

Fig13. Alternative to navigating through sections of code.

Data Visualization

10 This section will go into tools in R that allow you to graph your data. Executing this
tutorial as written should be straightforward, but as scientists, sometimes we get stuck
on little details of the graphing or aesthetics. If this happens to you- don't fret! It's
normal.

Feel free to skip this section if you are here to learn about the statistical output in R.

11 lines 35-40:

These lines of code generate our first visualization using ggplot.
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#P1lot all trials separately
ggplot(anoxia_data, aes(x = genotype, y = moving, fill =
genotype)) +

stat_summary(fun = "mean", geom = "bar") +
stat_summary(fun.data = "mean_se", geom = "errorbar", width =
0.2) +

theme_prism()+
facet_wrap(~ trial) # Create separate plots for each time point

This code tells R to go into the anoxia_data object we created in the previous section and
create a plot from that dataset. We are making a simple bar plot (geom= "bar") of the
means of each genotype (x axis in the “aes” function on line 36) in the moving column (y
axis in the same line of code). | am interested in looking at these means in each trial
(facet_wrap(~trial) in line 40), as this experiment is variable and not all trials worked (egl-
9 must be > than N2)

1 2 )

0.5 |

04— I I :

03- -

ne—ps I

('::1_ - genotype
v i T T 2clD
3 5 7 cgl-8 hit1 N2 B rit1
B B nz

[ I |
egl-b hif-1 M2 eglb hif-1 M2
Qe

Fig 14. Facet wrap plot from ggplots

The format of the ggplot code is very stereotyped. It is a good idea to get sample code
to start with and then customize from there.

We call on the ggplot function to plot our anoxia_data as a bar plot (geom = “bar”).
ggplot (actually, ggplot2 is the current version) has many different visualization options.
This is not the only way to create graphs within R. But it is a very versatile option; we can
customize axes names, chart line widths, and use a vast variety of themes to give our
charts a nice look.
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Fig15. Viewing your plot in Rstudio

Please do browse more information on ggplot2. We won't go into what each line of code
here means, but this information is easily accessible.

12 One basic point in the code is you can continue to add customizations to the graph by
adding a plus sign and then the desired lines of code. This is notable most R code uses
the pipe operator (%>%) to group multiple operations on a single dataset.

Let's create a simple bar graph of a single time point in our dataset.
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# Create the bar graph with trial means as points
tenminplot <- ggplot(tenmin, aes(x = genotype, y = moving, fill =
genotype)) +

stat_summary(fun = "mean", geom = "bar") +
stat_summary(fun.data = "mean_se", geom = "errorbar", width =
0.2) +

geom_point(data = trial_means, # Use the trial_means data
aes(x = genotype, y = mean_moving, group = trial), #
Map trial means
position = position_dodge(width = 0.5),
alpha = 0.5,
size= 2.5) +
geom_signif(comparisons = list(c("egl-9", "hif-1")), # Adds
significance levels
annotations = c("**"), # Manually set significance
level
y_position = ¢(0.95), # Adjust vertical position of
the significance stars and bar
textsize = 8, # Customize text size
tip_length = 0.05, # Customize the length of the
significance lines
vjust = 0.5) + # Adjust vertical position of stars
in relation to bar
geom_signif(comparisons = list(c("egl-9", "N2")), # Adds
significance levels
annotations

c("**"), # Manually set significance
level

y_position = c(1.1), # Adjust vertical position of
the significance stars and bar

textsize = 8, # Customize text size

tip_length = 0.05, # Customize the length of the
significance lines

vjust = 0.5) + # Adjust vertical position of stars
in relation to bar

labs(title = "Movement at 10 Minutes",
x = "Genotype",
y = "Mean Movement") +

scale_y_continuous(expand = expansion(mult = ¢(0.00, 0.1)))+
#moves O at y-axis to intersect the x-axis
theme_prism()+
theme(
axis.text.x = element_text(size
hjust = 1, face "bold.italic"),
axis.text.y = element_text(size = 14, face = "bold"),

14, angle = 45, vjust = 1,
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axis.title.x element_text(size = 16, face = "bold", vjust =

_3)1

axis.title.y = element_text(size = 16, face "bold"),
plot.title = element_text(size = 20, face = "bold"),
legend.position = "none") # Removes the legend

52 ¥ Crecte the bor graph with triol means as peints

53 ggplot(termn, gesCx = genotyse, ¥ = moving, fill = genotype)) + In this example:

Bl e cron e e i ne, e - -ervartiar, viath - 0.2} & + we have specified the dataset to use for the
5 oumpeindte il 2 o ol e L graph (line 53)

= T g en-foogetiatn = 0.9, *  the type of graph (line 54)

Bl geon_signts Commparioons = 1ste + added error bars and customized them

L3 @anotetiens = cf

63 y_positian - £
&4 textsize - 8, 4
65 tip_length - @
6 vjust = @.53 -
67 geom_sian

tars ond bar (lines line 55)

* superimposed points that represent each
trial over the bars (lines 56-60) added
significance bars and stars (lines 61-72).
Note that the testing for significance will be
done in the next section, so these values

73 lebsikitle - Mo
4 X - "Genoty

5 ¥ - “Mean Vovenent < + come from there,

™ scale_y_continuous{expand = expansion(mult - c(8.9@, B,1%))0+ #moves B ot y-oxis to intersect the x-axis .

77 thene grisn(l * added names to the graph and axes (lines
Té ‘thane( 73 75

e axls. text.x = element _text(size 14, ongle = 45, viust 1, Must 1, face ‘bold.Lealic”), = )

f " ¥ | {1 = 14, fi = d3, . . .

B oxie ek - ol toRCesias = 18, facs = ol + stylized everything according to a theme
&2 le.y - el - - 18, fi " . .

£ merioie ctieec vetisine - 20, face < “wlen, with edits (line 77-84).

£ Legend.position = “none’) ¢ Removes the Legend

Fig16. Line by line description of generating a plot

13 We could have added a line of code into the previous lines of code (52-84) that told R to
create a graph from only one time point within anoxia_data. Another way to do this is to
create a new object, dataset, that only contains the time point and trials that | want
graphed. Personally, | opt for this to be able to examine each object; but, most people
will opt for efficiency. This was done twice:

time point

* lines 43-45: 42 #Filter only a specific
43  ternmin <- anoxia_data ¥
* These lines of code generate a new, filtered, dataset. 44 filter( time =— 10) %%
45 filterctrial ¥in% c(Z, 3, 5))

This code tells R to go into the anoxia_data object we created in the previous section and create a filtered
dataset from that (tenmin, line 43). |want to first only look at the ten-minute time point to compare to a
previous publication (line 44). After seeing which trials were successful with the previous lines of code (lines
35-40), | only want to keep those in my new dataset (line 45).

* lines 48-50: 47 # Calculate the mean for each trial within each genotype
s 48 trial_means <- tenmin %-%
* Here, we create a new object that 49 group_by(genotype, trial) %%

summarizes each trial as a mean value-to 58  summarize(mean_moving = mean(moving))
be used in the creation of superimposed
points over the bar graph (line 56).

Fig17. Alternative to generating a graph of a single time point
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Any object can be viewed by clicking on it in the environment pane. We can see our data
organized by genotype, time, and moving. But only the ten minute time point is in this
dataset and only the successful trials. It is a good habit to check new objects you create
to verify that R did what you wanted it to.

Q' anoxia_20241203.R* tenmin © | anoxia_2
Filter

“ trial time genotype moving
1 2 10  egl-9 1
2 2 10 egl-9 1
3 2 10  egl-9 1
4 2 10 egl-9 1
5 2 10 egl-9 1
6 2 10  egl-9 1
7 2 10 egl-9 1
8 2 10 egl-9 0
9 2 10 hif-1 1
10 2 10 hif-1 1
11 2 10 hif-1 1
12 2 10 hif-1 0
13 2 10 hif-1 ]
14 2 10 hif-1 0

Fig18. Always view your generated datasets

14 Next, let's create a vector formatted version of our graph (.svg)

line 87:
These lines of code generate a .svg version of our graph.

#save your plot for export as an SVG vector format in your
computer files
ggsave("tenminplot.svg", plot = tenminplot, width = 8, height = 6)
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Fig19. Saving your plot as an alternative file format

Note that the new file saves to your working directory and is automatically updated in the
computer and your files.

If you want to view this plot in Rstudio without saving a file to your computer in a
particular format, you can just delete “tenminplot <" text from this line of code. The
graph will open in your “plots” tab in this same area you see your files. The way we do it
here allows you to customize the export.

52 # Create the bar graph with trial means as points
53 tenminplot <- ggplot(tenmin, aes(x = genotype, y = moving, fill = genotype)) +

Fig20. Alternative way to view the plot in R Studio.

15 Now let's move on to the more complex example of how to create a graph. This time, |
want to see how the genotypes behave across the whole hour they were observed.

lines 89-96:
With these lines of code, we create a new object called df_anoxia_summary

df_anoxia_summary <- (anoxia_data %>%
filter(trial %in% c(2,3,5)) %>%
group_by(genotype, time) %>%
summarise(
mean_moving = mean(moving),
# Calculate SEM using sqrt(variance / n)
sem_moving = sqrt(sd(moving) / n())

))

This code tells R to go into the anoxia_data object we created in the previous section
and to do several things within that data set. The pipe operator (% >%) allows us to
accomplish multiple tasks at once.
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= The first task is to group_by which asks R to reorganize our data first by genotype
and then by time within that genotype.

= The second task is to summarise, which asks R to create a mean of the moving
values at each time point in the respective genotype. We also want to know the
variance, in this case the standard error (SEM) of the moving values. So we give R the
math equation to calculate SEM.

16  Let's make our graph!

lines 98-118: With these lines of code, we create another kind of visualization.

For this plot, we have used the geom_line plot within ggplot2 (line 100). We have
customized the SEM ribbon around the main line to be transparent cyan (line 60) the
axes to reflect the fact that we are viewing data scaled to 100 (line 68) and distance
between numbers on the x axis (line 67). Here is another resource for customizations

and more information.
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#plot mean values at each time point, with connected line and
shaded SEM
anoxiarecovery <- ggplot(df_anoxia_summary, aes(x = time, y =
mean_moving*100, color = genotype)) + #defines the data for the
graph
geom_line() + # Main line for mean
# scale_color_manual(values = primary_colors) + # Map primary
colors directly, can delete this line if no color scheme defined
geom_ribbon(aes(ymin = mean_moving*100 - sem_moving*100,
ymax = mean_moving*100 + sem_moving*100),
fill = "cyan", alpha = 0.2, linetype = "dashed") +
#this is the shaded standard deviation
theme_prism() + #theme of choice, makes the background beige and
the text light grey
theme(
axis.text.x element_text(size = 14, angle = 45, vjust = 1,
hjust = 1, face "bold"),
axis.text.y = element_text(size 14, face = "bold"),
axis.title.x = element_text(size = 16, face = "bold", vjust =
-1),
axis.title.y = element_text(size = 16, face = "bold"),
plot.title = element_text(size = 20, face = "bold"))+
labs(title = "Mean anoxia recovery",
x = "time (min)",
y = "% animals moving",
color = "Genotype") +
# Increase the number of breaks for the x-axis
scale_x_continuous(breaks seq(min(0), max(60), length.out =
5)) +
scale_y_continuous(expand = expansion())

Note that | have multiplied the “mean” values by 100 so that the y axis shows the %
values and not the ratios.
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Fig21. Line plot from ggplot2

Expanding and Formatting Data for R Analysis

17 Install the following packages in the console: readxl, writexl, tidyr:

> install.packages("readxl")
> install.packages("writexl1")
> install.packages("tidyr")

Load these libraries in the source:

library(readxl) # Read excel spreadsheets into R
library(writexl) # Write R data frames to excel
library(tidyr) # Load the tidyr package

18 Direct the code to reference your raw data in a spreadsheet. The dataset in this file can
be formatted as total observations. NOTE: The following example directs the program to
access an "input" folder in the same location as where you saved your R program. Be
sure that your code is modified to access the correct spreadsheet or move your data to
be located adjacent to the R program file:

protocols.io | https://dx.doi.org/10.17504/protocols.io.14egn477mv5d/v1 September 14, 2025

20/35


https://www.protocols.io/
https://www.protocols.io/
https://dx.doi.org/10.17504/protocols.io.14egn477mv5d/v1

€3} protocols.io Partof SPRINGERNATURE

df <- read_excel("input/Male_Supplement_Aged_Control_AD2_5.x1lsx")

19 The following code expands the data to be one line per observation and assigns a binary
variable to each observation, where "1" indicates an event was observed and "0" means
no events occurred. Then, the code combines all of the individual observations into a
new dataset:
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reshape_data <- function(df) {

# Create a list to store individual worm observations
data <- 1list()

# Loop through each observation in the dataset
for (i in 1:nrow(df)) {
row <- df[i, ]

# Extract original data except the title of the column, in
this case "Exopher" and "No_Exopher"

original_data <- row[!(names(row) %in% c("Exopher",
"No_Exopher"))]

# Add rows for instances where the data is positive for
"Exopher" with original data
if (row$Exopher > 0) {
for (j in 1:row$Exopher) {
data[[length(data) + 1]] <- c(original_data, Exopher = 1,
No_Exopher = 0)
}

# Add rows for '"No_Exophers" events with original data
if (row$No_Exopher > 0) {
for (j in 1:row$No_Exopher) {
data[[length(data) + 1]] <- c(original_data, Exopher = 0O,
No_Exopher = 1)
}

# Combine worm observations into a data frame
do.call(rbind, data)

}

20  Begin formatting the expanded dataset as a table and "print" the dataset to confirm
visually that the data expansion looks correct in the console:
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# Reshape the data frame- this will require tidyr later to format
it as a table

df_expanded <- reshape_data(df)

# Print the expanded data frame

print(df_expanded)

a

Trial Treatment Exopher MNo_Exopher
1 1 ADZ g 41
2 1 ADS 0 50
3 2 | AbZ 14 36
4 2| ADS 3 47

Starting data looks like these total "Exopher” "No_Exopher" counts arranged in a table.
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After reformatting, the data is expanded to represent one individual per row, with either a
"1" or "0" for the Exopher and No_Exopher column.

21 Organize the data into a table with individual columns and check that the table looks
correct in the console:

#use tidyr to make the lists individual columns, this is
formatting the data back into a table
data_trial_unnested <- unnest(data_expanded, Trial)
data_treatment_unnested <- unnest(data_trial_unnested, Treatment)
data_exopher_unnested <- unnest(data_treatment_unnested, Exopher)
data_final <- unnest(data_exopher_unnested, No_Exopher)

print(data_final) #check your work
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= print{data_tinal) #check your work

Trial Treatment Exopher No_Exopher
ADZ
AD?Z
AD2
AD?Z
AD?2
ADZ
AD?Z
AD2

ADZ
AD2

S T g
O b b b ok ok ok ok ek ek
Hooooooooo .,

The expanded data will look like this in the console

22 Save a new spreadsheet with the expanded dataset for subsequent analysis:

write_xlsx(data_final, "input/aged_exopher_final.xlsx") #write to
an excel file

Analyzing an exopher dataset with the Cochran-Mantel-Haenszel (CMH) test in R

23 Here, we use a simple exopher comparison to demonstrate implementing the CMH test
and analysis of the CMH output.

This code requires installing the following packages and libraries: readx| and stats. In the
console:

> install.packages("readx1l")
> install.packages("writex1")

In the source code:
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library(readxl) #read excel spreadsheets into R
library(stats) #basic statistical package

24 Import a properly formatted dataset:

#import your excel spreadsheet; n.b. this will only read the first

sheet in the workbook
data <- read_excel("input/aged_exopher_final.x1lsx")

25 Reassign the datatypes into a format that works best for CMH analysis.

25.1 Convert the data to a dataframe for CMH analysis:

# Convert to data frame
data_df <- as.data.frame(data)

25.2  Convert the columns of the spreadsheet into factors:

# Convert columns to factors with two levels
data_df$Trial <- factor(data_df$Trial, levels =
unique(data_df$Trial))

data_df$Treatment <- factor(data_df$Treatment, levels =
unique(data_df$Treatment))

data_df$Exopher <- factor(data_df$Exopher, levels =
unique(data_df$Exopher))

26 Perform the CMH test.
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# Note: The order of the factors matters in running this analysis.
# mantelhaen.test(X,y,z) where x is the row variable, y is the
column variable,

# and z is the stratifying factor. Generally, x refers to the
treatment groups

# (i.e. control vs. experimental group). y refers to the outcome
(is there an exopher?)

# and z refers to the replicates or trials.

#

# Arranging the factors in this order tests for the association of
treatment and

# exopher while controlling for differences between trials.
Essentially the Mantel-Haenszel

# test examines each trial separately before aggregating the
results to conclude

# if there is an overall association between the treatment and
exophers across all

# trials.

data_CMH <- mantelhaen.test(data_df$Treatment, data_df$Exopher,
data_df$Trial)

27 Print the result to the console:

print(data_CMH)
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27.1

> print(data_CMH)
Mantel-Haenszel chi-squared test with continuity correction

data: data_dffTreatment and data_df$Exopher and data_dfiTrial
Mantel-Haenszel X-squared = 16.026, df = 1, p-value = 6.246e-05
alternative hypothesis: true common odds ratio is not equal to 1
95 percent confidence interval:
2.882464 36.514733

sample estimates:
common odds ratio

10.25926

Example output from the CMH calculation.

Note that the CMH test produces an X-squared value rather than a Z-value, the X-
squared value is stripped of its directionality (i.e. if there is an increase or decrease in
exophers).

Our p-value is very significant, as shown by the 95% confidence interval, which does not
include "1".

Furthermore, the odds ratio provides information about the magnitude of the difference,
indicating a 10.2-fold difference between the treatments.

To calculate the risk estimate and risk difference from the CMH dataset you would start
with the 2x2 contingency table and calculate the following:

= Unconditional risk estimates - sum exopher incidences across strata and divide by
the total number of subjects in that treatment group.

= Unconditional risk difference - difference between those risks.

= Stratified (CMH) risk difference - comes from the CMH numerator divided by total N.

Calculating the signed z-value from the CMH statistic:

chisqg_val <- unname(data_CMH$statistic) # this is ZA2

The CMH Z should be positive if the second level of your Treatment factor is associated
with a higher probability of “Yes" in Exopher, and negative otherwise.

You can use the Mantel-Haenszel odds ratio from the test:
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mh_or <- unname(data_CMH$estimate) # Mantel-Haenszel pooled
odds ratio

sign_val <- sign(log(mh_or)) # +1 or -1 depending on
direction

Combine into signed Z

Z_val <- sign_val * sqrt(chisg_val)
Z_val

ANOVA in R - anoxia example

28 Going back to our bar graph of the ten minute time point, let's see if the means vary
significantly.

lines 125-129:

With these lines of code, we are conducting a one-way ANOVA (line 126) on a filtered
data set at 10 min (line 126), with a Tukey's post-hoc multiple comparisons test (line 127).
We then create a summary of the ANOVA (tenminaov).

#one-way anova at a single time point

tenminaov <- aov(moving ~ genotype, data = tenmin)
TukeyHSD(tenminaov)

summary(tenminaov)

print(tenminaov)
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> TukeyHSD(tenminaov)
* Tukey multiple comparisons of means
We can look in the console of the 95% fanily-ise confidence level
RStUdIO WIndOW for the resu'-ts Of Fit: agov{formula = moving ~ genotype, data = tenmin)
our statistical tests. $genotype
d p adj
hif-1-egl-9 - 736 -0.7168474 -0.1337273 0.0023341
pad-d -9. -0.768604Z -0.164729 0.0011241
* Basedonthe Tukey’s pOSt—hOC NZ-hif-1  -0.@4137931 -0.3297310 ©.2469724 0.9372169
comparison, the egl-9(sa307) strain > sumaryCteminoo)
is significantly different from both Df Sum Sq Mean Sq F value Pr(>F)
A N N genotype 2 3.305 1.6525 8,464 0.000485 ***
of the other strains tested in this Residuals 75 14.644 0.1952
experiment. Signif. codes: @ ****’ 9.001 ‘**’ ©.91 '*’ 9.05 .’ 0.1 * ' 1
. > t(t 1
* We also see with the summary of 7 prine(tenminaon)
the ANOVA that the genotype aov(formula = moving ~ genotype, data = tenmin)
feature contains significant Terms: )
) genotype Residuals
differences. And we can see the Sum of Squares  3.38504 14.64368
. . Deg. of Freedom Fd 75
other information used to conduct
Residual standard error: @.4418699
thE test (Sum Of Squares, df, etc') Estimated effects may be unbalanced

Fig22. Interpreting ANOVA in R

Generating a logistic regression in R

29 As argued in our text, the most appropriate test to compare our time series behavioral
data is a logistic regression.

##simple logistic regression
an_glm <- glm(moving ~ genotype_unordered, family = binomial(link
= "logit"), # the default is logit
data = anoxia_data)
summary(an_glm)
plot(an_glm)

With these lines of code, we are conducting a logistic regression using a generalized
linear mode (lines 136-139).

Notice that we are telling the model to consider the differences within the moving values
amongst the genotypes.

We can view the results of the test by asking for a summary of the object we created
an_glm (line 138) and ask R to plot the logistic for us (line 139).

Next, we will move onto our logistic regression example. But first! Let's do a little trick to

make sure that the model knows which genotype to compare the others to, in our case
this | want to compare everything to (the reference) the wild type (“N2").
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# Define genotype as a factor and make N2 (our wild type strain)
your reference sequenced

genotype_unordered <- factor(anoxia_data$genotype, ordered =
FALSE) #makes genotype a factor

genotype_unordered <- relevel(genotype_unordered, ref = "N2")
#makes N2 within genotype the reference genotype

We first define genotype as a factor- this is somewhat unnecessary since this is
clearly a categorical variable, but sometimes it is better to make sure the

model won't make assumptions (line 132). We next tell R that the reference
strain is “N2" (line 133).

* If we look in environment, we can see that
genotype_unordered has been defined as a value. R knows
that this is not an object on its own, rather that it is a value
within another object (anoxia_data).

Fig23. Viewing the ordered genotype group in R Studio

Let's again look in the console to see the results of the test. Here is another resource
that accessibly goes over the results of the logistic GLM in more detail.
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> summary(an_glm)

Call:
glm formula = moving ~ genotype_unordered, family = binomial{link = "logit™),
data = anoxia_datal

Coefficients:

Estimote Std. Error z value Pri=lzl)
[Intercept) -@. 8948 B.1224 =7.309 Z.69e-13 ***
genotype_unorderedegl-9  ©.4123 B.1550 Z.66@ O.DBFEL **

genotype_unorderedhif-1 -0.1342 8.1656 -8.818 @.41792

Signif. codes: @ "**=° @.@81 ***" 2.@1 **' 8.85 '." 8.1 * ' 1
(Dispersicn parameter for binomiagl family taken to be 1)

Hull dewiance: 1506.8 on 1286 degrees of freedom
Residugl deviance: 1491.2 on 1284 degrees of freedom
AIC: 1497.2

Mumber of Fisher Scoring iterations: 4

Fig24. Interpreting Logistic Regression in R

Notice the column called "Estimate Std,”

these values are also known as the coefficients. The intercept is the log odds
of moving for moving for the reference group. We can take the exponent of the
values here to give us an odds ratio. And we can do this all within R! Just

write in the console:

>exp(0.4123)

This is the coefficient of egl-9 versus

N2. The result:

[1] 1.510287

Tells us that when compared to wild type, egl/-9 has a 1.5 positive odds of moving. You
can see for hif-1, there is a negative coefficient, so this means that this strain was
observed as moving less across the time points than N2. Yet, this was not significant, as
we can see from the Pr. column. This P value is calculated from the z value and the ratio
of the Std. Error.

After we run the GLM (lines 136-137), view the statistical summary (line 138), we ask R to
plot the results (line 139)

To plot the GLM, you will run the code in line 139. Then, go to console, and as R prompts
you above, hit “Enter/Return” on your keyboard.
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Fig25. Plotting results of a GLM in R

R has a built-in way to plot the results of the GLM; they are used for troubleshooting your
model. The interpretation of these graphs goes beyond the scope of the statistical
expertise of this project

(i.e. please consult your resident biostatistician); but we provide basic definitions here.

quantile-quantile Helps determine this plot shows you if there  can help identify outliers.
residuals plot heteroscedasticity, a are trends in your

tells you if your residuals condition when your residuals.

are normally distributed in variance of errors is not

a linear fashion. constant across

observations.

These plots are generally not useful in logistic regression models!

Fig26. Interpreting GLM plots in R

Finally, let's apply a more complex model to the time series behavioral data: the
generalized additive model (GAM). This regression model is useful for data that contains
non-linear relationships. In our data, it is quite clear that there is a general pattern of
behavior, but | really want to be able to define that pattern. A GAM can also help with
this.

#general additive model

an_gam <- gam(moving ~ genotype_unordered + s(time), data =
anoxia_data)

summary(an_gam)
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GAM is a regression model and the format of the GAM code is similar to the GLM code.
We define what it is to be compared; in this case, its moving versus the behavior of
genotype over time.

We can ask R to plot this model. Here, there are three iterations of this.

015

s(time,5.08)
000

T ®

line 144: the basic graph line 145: adjusted y scale line 146: and because
| like the aesthetic of
it, | have shaded in the
standard error

Fig27. Plotting a GAM in R
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