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https://satijalab.org/seurat/, https://bioconductor.org/packages/release/bioc/html/edgeR.html, https://bioconductor.org/packages/release/bioc/html/phyloseq.html

Is statistics really necessary?

https://satijalab.org/seurat/
https://bioconductor.org/packages/release/bioc/html/edgeR.html
https://bioconductor.org/packages/release/bioc/html/phyloseq.html


https://satijalab.org/seurat/reference/findmarkers, Wang and Zhao (2021)

Statistics is necessary for more complicated analyses.

https://satijalab.org/seurat/reference/findmarkers


Role of statistics



How do cells in the larval zebrafish 
habenula coordinate their functions?

Scientific question

Pandey et al. (2018)



Single-cell RNA-seq on 10 pooled 
larval zebrafish habenula.

Experimental data

Pandey et al. (2018)



How can we make general conclusions 
from specific examples?

The problem of induction

Pandey et al. (2018)

? What exactly is a general conclusion?

Why is induction justified?

How to make inferences?

How accurate are the inferences?



Statistics provides a mathematical 
theory of induction.

Statistics

Pandey et al. (2018)



Statistical concepts



A general conclusion is 
viewed as some statement 

about a population.

Pandey et al. (2018)

The population is the hypothetical 
collection of all objects you want to 

generalize to, e.g., all cells in the larval 
zebrafish habenula.

What exactly is a general conclusion?



Each member of the 
population can be  

characterized by numerical 
variables.

Variables need to be operationally 
defined and may need to be recoded 

numerically. Some important variables 
may not be directly observable.

Pandey et al. (2018)

What exactly is a general conclusion?



A general conclusion 
describes properties of the 

population distribution 
function of the variables.

𝑃 𝑋1 = 𝑥1, … , 𝑋𝑝 = 𝑥𝑝 ≈ proportion 
of the population whose first variable 

has value 𝑥1, second variable has 
value 𝑥2, …, and 𝑝th variable has value 

𝑥𝑝.

What exactly is a general conclusion?



There are three important 
types of properties:

1. Define latent variables.

These properties define the “best” 
latent variables, according to some 

investigator-defined metric.

What exactly is a general conclusion?

Observed variable 𝑋1
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Latent (cluster) variable 𝑍1 = 𝑔1 𝑋1, … , 𝑋𝑝
Latent (factor/component) variable
𝑍2 = 𝑔2(𝑋1, … , 𝑋𝑝)

𝑔1 and 𝑔2 depend on pop. dist. function



2. Describe univariate
characteristics.

These properties include measures of 
central tendency, variability, etc.

What exactly is a general conclusion?

Mean, median, 
and standard 
deviation of 𝑋1.

Mean, median, 
and standard 
deviation of 𝑋2.



3. Describe dependence 
between variables.

Dependence between independent 
and dependent variables is the most 

common type of multivariate 
characteristic.

What exactly is a general conclusion?

𝑃 𝑋1 = 𝑥1 𝑋2 = 𝑥2 ≈ the population 
distribution of 𝑋1 in the subgroup of the 
population with 𝑋2 = 𝑥2:



A general conclusion is  a 
mathematical statement 

regarding population 
parameters of interest.

What exactly is a general conclusion?

Univariate Dependence

Observed 
variables

Latent 
variables



Mathematical models of 
probability distributions 
impose assumptions but 

are easier to understand.

Regression modeling is a common 
type of mathematical model and 

trades stronger assumptions for less 
complexity in expressing dependence 

between variables.

What exactly is a general conclusion?

Model 𝑃 𝑋1 = 𝑥1 𝑋2 = 𝑥2 using 
a generalized linear model, e.g.:
• 𝑋1 ∣ 𝑋2 ∼ NegBin(𝜇 𝑋2 , 𝜎 𝑋2 )
• log 𝜇 𝑋2 = 𝛽0 + 𝛽1𝑋2
• 𝜎 𝑋2 = 𝜇 𝑋2 (1 + 𝜙𝜇 𝑋2 )



Specific examples are 
viewed as being sampled

from the population.

Sampling must be designed by the 
experimenter and should maximize 

information, optimize efficiency, and 
minimize systematic biases.

Pandey et al. (2018)

Why is induction justified?



By the laws of probability, 
a properly chosen sample 

will be representative of 
the population.

Why is induction justified?
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Data are viewed as 
numerical variables

measured on each sample.

The “samples by variables” data table 
is the fundamental unit of statistical 

analysis.

𝑿𝟏 𝑿𝟐 … 𝑿𝒑

𝑋𝑖𝑗

Samples
(e.g., cells)

Variables (e.g., genes)
How to make inferences?



Inductive processes 
correspond to functions of 

the observed data.

How to make inferences?

 nivariate  ependen e

 bserved
variables

 atent
variables

𝒇(𝑋11, … , 𝑋𝑛𝑝)



By the laws of probability, 
it is possible to quantify 

the uncertainty of 
inferences from a properly 

chosen sample.

How accurate are the inferences?
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Data analysis concepts



Pandey et al. (2018)

 nivariate  ependen e

 bserved
variables

 atent
variables

How can the mathematical theory of 
statistics help answer explanatory

scientific questions using biological
experimental results?

The problem of 
mathematization

How do cells in the 
larval zebrafish 

habenula coordinate 
their functions?

? How to express explanatory questions 

as math?

How to convert biological results to 

numerical data table?

How to interpret statistical results?



Pandey et al. (2018)

 nivariate  ependen e

 bserved
variables

 atent
variables

Data analysis mathematizes scientific 
questions and experimental data and 

interprets statistical results.

Data analysis

How do cells in the 
larval zebrafish 

habenula coordinate 
their functions?



Explanatory question Descriptive question

How do cells work? ??

How do expression, 
methylation, and 
chromatin accessibility 
work together in 
cells? ???

How do cells in the 
larval zebrafish 
habenula coordinate 
their functions?

What genes 
differentiate larval 
zebrafish habenula 
cell types?

Pose relevant descriptive
questions.

The descriptive questions must be 
answerable by statistical methods.

How to express explanatory questions as math?

DD



Express descriptive 
question in terms of 

population parameters.

Determine what types of variables 
and dependence structures the 

question is asking about.

How to express explanatory questions as math?

Define latent (cluster) variable 𝑍1 =
𝑔1 𝑋1, … , 𝑋𝑝 .
For which genes 𝑗 does 𝑃(𝑋𝑗 ∣ 𝑍1 = 𝑧)

change for different clusters 𝑧?

Univariate Dependence

Observed 
variables What genes 

differentiate 
larval zebrafish 
habenula cell 
types?Latent 

variables



Experimental data must be 
preprocessed into 

numerical form.

Preprocessing usually include 
quantification, quality control, 

normalization, and additional steps.

How to convert biological results to numerical data table?

Pandey et al. (2018)

file = "/home/user/data/stat530_2022/scrna-seq/GSM2818521_larva_counts_matrix.txt"

larval = read.table(file, header = TRUE)

dim(larval)

library(Seurat)

## set random seed for reproducibility

set.seed(1)

obj = CreateSeuratObject(counts = larval,

min.cells = 30, min.features = 500)

## ##############################################################

## preprocessing

## ##############################################################

## --------------------------------------------------------------

## quality control

## --------------------------------------------------------------

obj[["percent.mt"]] = PercentageFeatureSet(obj, pattern = "^MT-")

VlnPlot(obj,

features = c("nCount_RNA",

"nFeature_RNA",

"percent.mt"))

obj = subset(obj, percent.mt <= 6)

## --------------------------------------------------------------

## normalization

## --------------------------------------------------------------

obj = NormalizeData(obj)

obj = FindVariableFeatures(obj)

obj = ScaleData(obj, vars.to.regress = "percent.mt")



Bioinformatics databases 
can help annotate results.

Interpreting statements about 
population distribution functions in 

their scientific context is challenging.

How to interpret statistical results?

Descriptive answer Explanatory answer

Genes … differentiate 
larval zebrafish 
habenula cell types.

Cells in the larval 
zebrafish habenula 
coordinate their 
fun tions by…

https://david.ncifcrf.gov/summary.jsp

https://david.ncifcrf.gov/summary.jsp


Inference methods



𝒇(𝑋11, … , 𝑋𝑛𝑝)

https://sciences.ucf.edu/biology/d4lab/methods-1/course-resources/stats-flowchart

etc…

Define latent (cluster) 
variable 𝑍1 =
𝑔1 𝑋1, … , 𝑋𝑝 .
For which genes 𝑗 does 
𝑃(𝑋𝑗 ∣ 𝑍1 = 𝑧) change 
for different clusters 𝑧?

https://sciences.ucf.edu/biology/d4lab/methods-1/course-resources/stats-flowchart


https://mitpress.mit.edu/sites/default/files/sicp/index.html

“The language in whi h you'll spend most of 
your working life hasn't been invented yet, so 

we can't teach it to you. Instead we have to 
give you the skills you need to learn new 

languages as they appear.”

Why Structure and Interpretation
of Computer Programs matters

(https://people.eecs.berkeley.edu/~bh/sicp.html)

https://mitpress.mit.edu/sites/default/files/sicp/index.html
https://people.eecs.berkeley.edu/~bh/sicp.html


Population parameters of interest

Question to 
be answered

Mean Median Var GLMs … Clusters Factors

Testing
“Is?”

Is 𝜇1 =
0?

Is 𝛽1 =
0?

Estimation
“How much?”

What is 
𝜇1?

What is 
𝛽1?

What is 
𝑔1?

Clustering
Dimension 
reduction

Regression 
and 

classification



Other considerations:

1. Data structure
• Variable types
• Missingness
• Censoring
• Etc.

2. Assumptions
• Parametric
• Semiparametric
• Nonparametric

3. Culture
• Best practices
• Trends
• Etc.

Population parameters of interest

Question to 
be answered

Mean Median Var GLMs … Clusters Factors

Testing
“Is?”

Is 𝜇1 =
0?

Is 𝛽1 =
0?

Estimation
“How much?”

What is 
𝜇1?

What is 
𝛽1?

What is 
𝑔1?



Many statistical methods 
come in families indexed 

by tuning parameters.

Tuning parameters generally trade off 
variability for bias and can be very 

difficult to choose.
Ƹ𝑝𝑎𝑏 =

2 + 𝑎

10 + 𝑎 + 𝑏



Mean, median, 
and standard 
deviation of 𝑋1.

Population parameters of interest

Question to 
be answered

Mean Median Var. Depend. … Clusters Factors

Testing
“Is?”

Is 𝜇1 =
0?

Is 𝛽1 =
0?

Estimation
“How much?”

What is 
𝜇1?

What is 
𝛽1?

What is 
𝑔1?



Model 𝑃 𝑋1 = 𝑥1 𝑋2 = 𝑥2 as a generalized 
linear model, e.g.:
• 𝑋1 ∣ 𝑋2 ∼ NegBin(𝜇 𝑋2 , 𝜎 𝑋2 )
• log 𝜇 𝑋2 = 𝛽0 + 𝛽1𝑋2
• 𝜎 𝑋2 = 𝜇 𝑋2 (1 + 𝜙𝜇 𝑋2 )

Population parameters of interest

Question to 
be answered

Mean Median Var. Depend. … Clusters Factors

Testing
“Is?”

Is 𝜇1 =
0?

Is 𝛽1 =
0?

Estimation
“How much?”

What is 
𝜇1?

What is 
𝛽1?

What is 
𝑔1?



Population parameters of interest

Question to 
be answered

Mean Median Var. Depend. … Clusters Factors

Testing
“Is?”

Is 𝜇1 =
0?

Is 𝛽1 =
0?

Estimation
“How much?”

What is 
𝜇1?

What is 
𝛽1?

What is 
𝑔1?

Define latent (cluster) variable 𝑍1 =
𝑔1 𝑋1, … , 𝑋𝑝 .
For which genes 𝑗 does 𝑃(𝑋𝑗 ∣ 𝑍1 = 𝑧)

change for different clusters 𝑧?



Define latent (cluster) variable 𝑍1 = 𝑔1 𝑋1, … , 𝑋𝑝 .

Ertoz, Steinbach, Kumar (2003), Waltman and van Eck (2013)

Estimate clusters using 
shared nearest neighbor 

clustering.

A cluster is a collection of samples 
that are more closely related to each 

other than to samples outside the 
cluster.

Population parameters

Question Dep Clusts Factors

Testing

Est.



Define latent (cluster) variable 𝑍1 = 𝑔1 𝑋1, … , 𝑋𝑝 .

Construct shared nearest 
neighbors by estimating 

principal components.

The 𝑘th principal component is Z𝑘 =
𝑔𝑘(𝑋1, … , 𝑋𝑝) where 𝑔𝑘 𝑥 = 𝛼𝑘1𝑥1 +

⋯+ 𝑎𝑘𝑝𝑥𝑝 such that var 𝑔𝑘(𝑥) is 
maximized for 𝑎𝑘 2 = 1 and the 𝑍𝑘

are uncorrelated. The number of PCs 
to use is a tuning parameters.

Population parameters

Question Dep Clusts Factors

Testing

Est.

https://online.stat.psu.edu/stat200/lesson/3/3.4/3.4.1

𝑋1 … 𝑋𝑝 𝑍1 … 𝑍10

## dimension reduction

obj = RunPCA(obj)

https://online.stat.psu.edu/stat200/lesson/3/3.4/3.4.1


Define latent (cluster) variable 𝑍1 = 𝑔1 𝑋1, … , 𝑋𝑝 .

Choose the number of 
clusters by choosing 

resolution. ## clustering

obj = FindNeighbors(obj)

obj = FindClusters(obj,

resolution = 0.5)

Population parameters

Question Dep Clusts Factors

Testing

Est.

The resolution is a tuning parameter; 
there are no “true”  lusters.



Define latent (cluster) variable 𝑍1 = 𝑔1 𝑋1, … , 𝑋𝑝 .

Visualize clusters by 
estimating UMAP 

coordinates.
## dimension reduction

obj = RunUMAP(obj, dims = 1:20)

## visualization

DimPlot(obj)

A UMAP coordinate is another type of 
latent variable 𝑍𝑘 = 𝑔𝑘(𝑋1, … , 𝑋𝑝)

where 𝑔𝑘 is nonlinear. It has many 
tuning parameters.

Population parameters

Question Dep Clusts Factors

Testing

Est.



For which genes 𝑗 does 𝑃(𝑋𝑗 ∣ 𝑍1 = 𝑧) change for different 
clusters 𝑧?

Test each gene’s 
association with cluster 

using a Wilcoxon test.

markers = FindAllMarkers(obj)

## view top markers for cluster 0

head(markers[markers$cluster == 0,])

## view top markers for cluster 5

head(markers[markers$cluster == 5,])

## visualize markers

FeaturePlot(obj,

features = c("G0S2",

"LRRTM1"))

The tests are then adjusted for 
multiple comparisons.

Population parameters

Question Dep Clusts Factors

Testing

Est.



Summary



cluster avg_log2FC pct.1 pct.2     p_val_adj gene

1:       0   3.100836 0.946 0.312  0.000000e+00             G0S2

2:       1   2.253668 0.667 0.170 2.114650e-186            TENM3

3:       2   2.110081 0.926 0.226 7.071570e-274         TSPAN18B

4:       3   1.859363 0.524 0.017  0.000000e+00            PTH2R

5:       4   2.233065 0.521 0.014  0.000000e+00           ADRB2A

6:       5   3.356025 0.868 0.029  0.000000e+00           LRRTM1

7:       6   7.112995 1.000 0.060  0.000000e+00              ICN

8:       7   4.561219 0.856 0.061  0.000000e+00            CBLN1

9:       8   3.328361 0.860 0.132 2.878485e-204            TUBB5

10:      9   2.443857 0.781 0.008  0.000000e+00          PPP1R1C

11:     10   1.500814 0.345 0.045  1.549424e-51          MAB21L2

12:     11   3.400962 0.971 0.009  0.000000e+00             GAD2

13:     12   6.452704 0.960 0.010  0.000000e+00 SI:DKEY-117I10.1

Pandey et al. (2018)

How do cells in the 
larval zebrafish 

habenula coordinate 
their functions?

What genes 
differentiate larval 

zebrafish habenula cell 
types?

Define latent (cluster) variable 𝑍1 =
𝑔1 𝑋1, … , 𝑋𝑝 .
For which genes 𝑗 does 𝑃(𝑋𝑗 ∣ 𝑍1 =
𝑧) change for different clusters 𝑧?


