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Flow cytometry is now well established in research laboratories and is gaining
increasing use in clinical medicine and pathology. The technique enables mul-
tiple simultaneous light-scatter and fluorescence measurements to be made at
the individual cell level at very rapid rates and results in very large quantities of
data being collected. Data, however, are just a series of numbers which must
be converted to information which, in turn, must be shown to have meaning.
This is the most important single aspect of flow cytometry, but it has received
relatively little attention. One of the frequently voiced advantages of the tech-
nology is that it produces “good statistics” because large numbers of cells have
been analysed. However, it is not very often that confidence limits are placed
on results, and hence the reader has little or no feel for the inherent variability
in the information produced.

This book covers very basic number-handling techniques, regression analysis,
probability functions, statistical tests and methods of analysing dynamic pro-
cesses. These are developed for the analysis not only of individual DNA histo-
grams to obtain the proportion of cells in the cell-cycle phases, but also of time
courses of DNA histograms to yield cell-cycle kinetic information, overlapping
immunofluorescence distributions with confidence limits for the estimated pro-
portions, and enzyme kinetic and membrane transport parameters. A brief in-
troduction to multivariate analysis is also given. A distinction is made between
data handling - for example, gating and counting the numbers of cells within
that gate - and data analysis itself, which is the means by which information
is extracted.

All those who use flow cytometry in their research will find this book an invalu-
able guide to interpreting the data produced by flow cytometers.

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/0521019702
http://www.cambridge.org
http://www.cambridge.org

CAMBRIDGE

Cambridge University Press

0521019702 - Flow Cytometry Data Analysis: Basic Concepts and Statistics
James V. Watson

Frontmatter

More information

Flow cytometry data analysis
Basic concepts and statistics

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/0521019702
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

0521019702 - Flow Cytometry Data Analysis: Basic Concepts and Statistics
James V. Watson

Frontmatter

More information

Flow cytometry data analysis
Basic concepts and statistics

James V. Watson

Clinical Oncology Unit
Medical Research Council
and

Faculty of Clinical Medicine
The Medical School
University of Cambridge

CAMBRIDGE
UNIVERSITY PRESS

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/0521019702
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
0521019702 - Flow Cytometry Data Analysis: Basic Concepts and Statistics
James V. Watson

Frontmatter

More information

CAMBRIDGE UNIVERSITY PRESS

Cambridge, New York, Melbourne, Madrid, Cape Town, Singapore, Sdo Paulo

Cambridge University Press
The Edinburgh Building, Cambridge CB2 2RU, UK

Published in the United States of America by Cambridge University Press, New York

www.cambridge.org
Information on this title: www.cambridge.org/9780521415453

© Cambridge University Press 1992

This publication is in copyright. Subject to statutory exception
and to the provisions of relevant collective licensing agreements,
no reproduction of any part may take place without

the written permission of Cambridge University Press.

First published 1992
This digitally printed first paperback version 2005

A catalogue record for this publication is available from the British Library

Library of Congress Cataloguing in Publication data

Watson, James V.

Flow cytometry data analysis : basic concepts and statistics /
James V. Watson.

p. cm.

Includes bibliographical references and index.

ISBN 0-521-41545-4

1. Flow cytometry — Statistical methods. 2. Flow cytometry —
Mathematics. 3. Flow cytometry — Data processing. 1. Title.
QH324.9.F38W37 1992

574.87°028 —dc20 92-14761
CIP

ISBN-13 978-0-521-41545-3 hardback
ISBN-10 0-521-41545-4 hardback

ISBN-13 978-0-521-01970-5 paperback
ISBN-10 0-521-01970-2 paperback

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/0521019702
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

0521019702 - Flow Cytometry Data Analysis: Basic Concepts and Statistics
James V. Watson

Frontmatter

More information

Contents

[y

1 Introduction

2 Fundamental concepts
2.1 Central tendency
2.2 Absolute distance between points
2.3 Dispersion and its representation
2.3.1 Mean deviation 8
2.3.2 Mean squared deviation, variance 8
2.3.3 Standard deviation 8
2.4 Probability 9
2.5 Distributions 12
2.5.1 Mathematical transforms 12
2.5.2 Gaussian 14
2.5.3 Binomial 16
2.5.4 Poisson 18

~ kA

3 Probability functions 20
3.1 Gaussian distribution 20
3.1.1 Cumulative frequency 20
3.1.2 Population sampling 23
3.1.3 Standard error of the mean 24
3.1.4 Standard error of the standard deviation 25
3.1.5 Skew and kurtosis 26
3.2 Poisson distribution 26
3.3 Binomial distribution 28

4 Significance testing and fit criteria 31

4.1 Parametric 32
4.1.1 Standard error of difference 32
4.1.2 Student’s: 34
4.1.3 Variance assessment 37

4.2 Non-parametric 38
4.2.1 Mann-Whitney 39
4.2.2 Kolmogorov-Smirnov 44
4.2.3 Rank correlation 46

4.3 Association, x2 49

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/0521019702
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
0521019702 - Flow Cytometry Data Analysis: Basic Concepts and Statistics
James V. Watson
Frontmatter
More information

vi

4.4

5
5.1

5.2

Contents

Fit criteria
4.4.1 Student’s¢ 55
442 Tx% 56

Regression analysis

Linear regression

5.1.1 Minimising squared deviations 61
5.1.2 Correlation coefficient 63

5.1.3 Significance of the correlation coefficient
5.1.4 Regressionof xony 64

5.1.5 Testing regression linearity 65
Non-linear regression

5.2.1 Data transforms 68

5.2.2 Successive approximation 74
5.2.3 Polynomial regression 77

6 Flow cytometric sources of variation

6.2

6.3

6.4

6.5

7.1
7.2
7.3
7.4

Preparation and staining

6.1.1 Quenching 82

6.1.2 Stoichiometry 83

6.1.3 Binding-site modulation 85
Fluorescence excitation

6.2.1 Light-source stability 86
6.2.2 Illumination constancy 87
6.2.3 Hydrodynamic instability 88
6.2.4 Bleaching 89

Optical design

6.3.1 Collection efficiency 89
6.3.2 Fluorescence of filters 89
6.3.3 Filter combinations 90
Electronic factors

6.4.1 Triggering and thresholds 90
6.4.2 Coincidence correction 91
6.4.3 Linear amplifiers 94

6.4.4 Log amplifiers 94

6.4.5 Analogue-to-digital conversion 95
6.4.6 Compensation 97
Biological variables

6.5.1 Autofluorescence 99

6.5.2 90° scatter 99

6.5.3 Non-specific binding 100
6.5.4 Inherent variation 100

Immunofluorescence data
Representation of the average
Conventional methods
Kolmogorov-Smirnov (K-S) assessment
Constant CV analysis

7.4.1 Skewed-normal distribution 105
7.4.2 Histogram deconvolution 112

64

53

58
60

67

82
82

86

89

90

99

101
101
103
103
105

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/0521019702
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
0521019702 - Flow Cytometry Data Analysis: Basic Concepts and Statistics
James V. Watson

Frontmatter
More information
Contents vii
7.5 Constant-variance analysis 114
7.5.1 Ratio analysis of means (RAM) 114
7.5.2 Labelled-fraction mean calculation 116
7.5.3 Statistical verification 120
7.6 Errors with conventional methods 122
7.7 Concluding remarks 124
8 DNA histogram analysis 126
8.1 The cell cycle 126
8.2 The DNA histogram 127
8.3 DNA histogram analysis 130
8.3.1 Age distribution theory 130
8.3.2 Rectilinear integration 132
8.3.3 Multiple Gaussian 133
8.3.4 Polynomial 135
8.3.5 Single Gaussian 135
8.3.6 TCW analysis 143
9 Cell-cycle kinetics 145
9.1 Stathmokinetic techniques 145
9.2 Mitotic selection 146
9.3 Modelling population kinetics 149
9.4 Multiparameter optimisation 155
9.4.1 Conventional space 156
9.4.2 Euclidean hyperspace 161
9.5 FPI analysis 171
9.6 Bromodeoxyuridine 173
9.6.1 Pulse labelling 176
9.6.2 Continuous labelling 185
9.7 Human tumour kinetics 187
9.8 Acridine orange 190
10 Dynamic cellular events 197
10.1 Incorporation of time 197
10.2 Classical enzyme kinetics 198
10.3 Flow cytoenzymology 204
10.3.1 Cytoplasmic enzymes 205
10.3.2 Membrane enzymes 212
10.3.3 Inhibition kinetics 217
10.3.4 Short time-scale kinetics 220
10.4 Calcium 228
10.5 Membrane transport 231
10.5.1 Anthracyclines 231
10.5.2 Methotrexate 236
10.5.3 Chloroethylnitrosoureas 238
11 Multivariate analysis primer 241
11.1 Multivariate density function 241
11.2 Correlated bivariate density function 242
11.3 2-dimensional surface fitting 242

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/0521019702
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
0521019702 - Flow Cytometry Data Analysis: Basic Concepts and Statistics

James V. Watson

Frontmatter
More information
viii Contents

12 Epilogue

Appendix 1:
Appendix 2:
Appendix 3:
Appendix 4:
Appendix 5
Appendix 6:
Appendix 7
Appendix 8
Appendix 9

References

Index

Numerical integrating routine
Normal distribution probabilities
Variance ratio tables
Mann-Whitney U tables

Regression analysis for y on x

246

249
250
252
256
262
265
266
269
272

275
285

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/0521019702
http://www.cambridge.org
http://www.cambridge.org

