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Single cell analysis is complex

There are lots of papers

Burns, 2018
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There are lots of algorithms

Salens, 2018

CyTOF

scRNA seq

There are lots of data types

Stuart, Satija, 2018

There are
social complexities



The debut of mass cytometry



CyTOF pre-processing: make it as similar to 
flow cytometry as possible

mass cytometry



What we see as computational biologists
Data structure: tibble
Package: tibble (found in the larger package “tidyverse” by Hadley Wickham)



What we see as computational biologists: the 
raw data

?

ggplot2::qplot()



Testing log normality of the data
Raw Log(x) Log(x + 1)

asinh(x) asinh(x/150) asinh(x/5)



Similar scale arguments can be worked into 
the logarithmic functions

asinh(x/5)log(x/5 + 1)

Try evaluating
multi-modality
rigorously (eg.
Hartigan’s dip test)



CyTOF pre-processing: make it as similar to 
flow cytometry as possible

asinh(x/5)



Exhaustive manual gating for mass cytometry, 
for novel subset discovery

30 markers = 435 biaxial plots

GGally::ggpairs()



Marker expression Change in phospho-protein levels

BUT WHERE ARE THE P VALUES???



How does SPADE work? 
Minimum spanning tree: 
All vertices are connected without
any cycles, and with the minimum possible
edge weight (distance).

Additional complexity: 
SPADE uses the L1 distance for all steps, whereas 
most other CyTOF tools I’ve seen use the L2
(Euclidean) distance.



What happens when you run SPADE on 
random data?



What happens when you run SPADE on 
random data?

marker.1
(Aggregated events)

●

●●
●●●●

●
●

●
●●●

●●●
●

●●
●
●

●

●●

●
●

●●

●
●
●

●
●
●

●
●

●●●●

●
●●●

●

●●
●
●

●
●●

●

●
●

●●

●
●

●
●

●

●

●
●

●● ●
●

●

●
●●

●

● ●

●●
●● ●

●

●

●
●

●●

●●
●

●

1.305

1.897

2.520

3.143

3.765

4.388
30 dimensional hairball

Clearly a totally novel 
cell subset!!!!!!!!!!

Stem cell???

There are probably ways to evaluate the MINIMUM-NESS of the spanning tree, 
to avoid seeing meaning where there is none



And thus began the clustering holy wars…



How should we evaluate these clustering tools? 
asked Lukas Weber and Mark Robinson.

Clustering algorithm

Expert manual gating



(Our heroes in the story)

FlowSOM
wins!

Turn this
into a 
brute-force
program
for single cell
data



General temporal progression of CyTOF
clustering algorithm development

New way of 
analyzing data 

type

People see 
pitfalls and room 
for improvement

Everyone makes 
a better version 

at the same time

Someone 
develops/uses 
an evaluation 
metric for the 

algorithms and 
identifies the 

best ones

Particular 
algorithms 

become MUCH 
more popular



Lessons learned

• If something is radically new, it doesn’t have to be PERFECT to make it 
into Cell/Science/Nature. It’s a prototype.
• Every bioinformatic tool has its assumptions and limitations. Break it. 

Benchmark it.  
• Evaluation metrics of unsupervised learning algorithms and dataset 

reanalysis is underexplored.
• Think of a CyTOF pipeline as an interaction between the cell 

expression matrix, cell cluster frequency table, and a 
gating/visualization tool
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CyTOF analysis: general principles relevant to 
the DRFZ

Pre-processing Grouping Per-group statistics Visualizations



First, process the data

Read in every fcs file
Asinh transfer of markers within fcs file
Subsample each fcs file to user-defined number of cells

Output: A flow set
Package: FlowCore

…of flow frames
Package: FlowCore

…containing our expression matrices



FlowSOM clustering

Self organizing map (similar output to k-means)
Package: FlowSOM

Hierarchical clustering of the clusters
Package: ConsensusClusterPlus (within FlowSOM)

Note: try taking your favorite 
clustering algorithm and using it at the
consensus step (eg. Louvain, Mean-shift).



FlowSOM clustering

Vector of Cluster ID, attached to the end of the tibble

Cluster only
on surface 
markers

Make this chart in excel

Newer versions use the FlowSOM package directly



From number of clusters to cell 
frequency table

Number of cells per cluster, per file
File summarized as “Sample ID” for aesthetics
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package: pheatmap



Running statistical testing on the frequency 
table, across conditions

Define conditions of interest, stat test of interest, whether to use FDR
Later versions use regression-based modeling with EdgeR (package: Diffcyt)

The point: just get your data into this
frequency table format

Output: p values
ordered by cluster



What to do with your statistical output: heatmaps
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Significant clusters, per-cluster marker expression Significant clusters, per-marker frequency



What to do with your statistical output: plots
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Significant clusters, per-marker expression

Package: ggplot2, ggsignif, gginnards



How to use dimension reduction 
effectively: visualizing output per-cell

-log10 * pvalue

(or your favorite per-cell visualization tool)

Try visualizing distance to cluster centroid relative
to the nearest neighboring cluster centroid



CyTOF analysis: general principles relevant to 
the DRFZ

Pre-processing Grouping Per-group statistics Visualizations

Package: FlowCore
Manual gating tools: 
FlowJo, Cytobank

Package: FlowSOM

Others to try: Phenograph, 
X-shift

Package: ggplot2, ggsignif, 
gginnards

Package: pheatmap, 
Rtsne
Others to try: UMAP

Visualization tools: 
FlowJo, Cytobank



Key takeaways from the pipeline

• Make an expression matrix of cells, including File ID. 
• Whatever method I do, I add to the matrix above (cluster ID, p-values)
• Makes the pipeline robust to new tools

• I visualize my data and results by any possible means: plots, 
heatmaps, dimension reduction, etc
• I always check my results at every step, to make sure they make sense 

(Interactive programming languages are good for this)
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