
HowMany Events Is Enough? Are You Positive?

ONE of the more perplexing problems in flow cytometry

revolves around the issue of: ‘‘Is it real’’? If a sample has one

event in a particular gate, is that event real? Is it significant?

Should it be believed? Is the sample ‘‘positive’’? If the answer

to these is ‘‘No’’, then what is the threshold number of events

above which the answer becomes ‘‘Yes’’?

Flow cytometry is unique among biological technologies

by providing an enormous number of measurements on which

to base conclusions. Not only can more than a dozen measure-

ments be made on each cell, millions of cells can be analyzed

in the context of a single sample (tube); dozens of samples

may be analyzed in the context of a single biological specimen.

Hence, there is the potential for enormous precision on mea-

surements; distributions arising from these measurements can

have exceedingly small standard errors of the mean.

The precision of a subset frequency is easily defined. The

standard deviation for relatively rare populations is simply

n21/2 where ‘‘n’’ is the number of events comprising the sub-

set. For a gate with a single event, the relative precision on its

frequency is 6100%; for a gate with 1,000 events, it is 63%.

However, assay variation (biology, experimental, operator,

etc.) is typically greater than 30%. Thus, once the number of

events in a gate exceeds 10, the precision of the frequency

measurement is dominated by assay errors, not the paucity of

events analyzed.

The overwhelming amount of data available by flow cyto-

metry has led to some confusion about the statistical signifi-

cance (or lack thereof) in the precision of the subset frequency

measurements. Indeed, it might be tempting to conclude that

when one collects a million events, finding a single event in a

gate is not ‘‘meaningful’’.

This question is not solely the domain of extremely rare

event detection; it has become common as we characterize small

subsets with additional measurements. For example, when we

assess the quality of a T cell response, we often measure five dif-

ferent functions simultaneously (1). The quality of the response

is defined by the pattern of the co-expression of the five func-

tions—a pattern comprised of 32 possible combinations (25).

Vaccine-induced T cell responses are often as low as

0.1%. With a sample of one million stimulated peripheral

blood mononuclear cells, after applying gates to define sing-

lets, viable lymphocytes, and T cells, the total number of cells

that are in the cytokine gate can be only a few hundred. Divid-

ing that into 32 fractions means that many of these function-

ally defined subfractions will have very few events (2). Are

they ‘‘real’’?

The question of whether events are ‘‘real’’ or not is funda-

mentally inappropriate. Of course they are ‘‘real’’. The appro-

priate question is: do the events represent what the researcher

claims they are—in this case, a set of antigen-specific cells

with a given functional response. To answer that, we must first

determine what the alternative explanations for any given

event are: 1) it is ‘‘noise’’ of some sort—e.g., a dead cell or cell

fragment that had unusual fluorescent properties, putting it in

the gates; 2) it is ‘‘experimental background’’—e.g., a real cell

with the appropriate fluorescent markers, but is not a cell

being quantified by the assay (in this example, a T cell that is

not specific for the tested antigen, perhaps having been preac-

tivated in vivo); 3) it is an antigen-specific cell with the appro-

priate properties. Only in the last case do we want to report

the event in our results; unfortunately, for any given event

there is no way that we can distinguish between the

possibilities.

This has led to some discomfort with very low event

numbers, leading to the temptation to use an arbitrary mini-

mum number of events below which a frequency measure-

ment is deemed zero: For example, at least 10 events must be

in a gate to define the sample as positive (irrespective of the

frequency). Conversely, it is tempting to conclude that, upon

seeing a cloud of a thousand events that are closely distributed

in the desired gate, a sample is clearly positive.

Both of these temptations must be avoided, as neither is

based on sound principles.

Consider a study in which the T cell response to a vaccine

is being measured through typical intracellular cytokine stain-

ing (ICS) assay. In assessing two vaccinees, the gating strategy

reveals in one subject a single event (out of one million col-

lected) in the cytokine-positive gate. In the second vaccinee,

there were one thousand positive events. Is either sample

‘‘positive’’?

This question cannot be answered. The reason is that

‘‘positive’’ has a contextual meaning that is far deeper than
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what is evident on the surface. In fact, both samples are posi-

tive, in that both have measurable cytokine-expressing events.

But this is not what we are really asking when we want to

know if the samples are ‘‘positive’’.

To know if these samples represent responses to the vac-

cine (i.e., they are ‘‘different’’ from unvaccinated responses

and thereby ‘‘positive’’), we must first determine the distribu-

tion of ‘‘negatives’’. Consider the case in which 50 unvacci-

nated subjects were analyzed by the same assay, and all 50 had

zero events in the gated distribution. There is now an extre-

mely high probability that even the sample with a single event

in the gate is ‘‘positive’’ (indeed, even compared to 10 controls

subjects that all have zero events, the single event sample is sig-

nificantly different, p < 0.002).

On the other hand, if the same 50 unvaccinated subjects

generated a distribution of gated events that ranged from 0 to

1500, then we may be unable to conclude that either of the

two vaccine subjects was ‘‘positive’’.

In the case of measuring the quality of the T cell response,

recall that there may be a few hundred events divided into 32

categories (subsets). Validation may have shown that a few

hundred cytokine-positive events is well above the bounds of

‘‘negatives’’, so the overall response is ‘‘positive’’. But is the pat-

tern resulting from the division into 32 gates meaningful? The

answer only comes from reproducibility measurements on

known positive specimens. These positive controls will be

used to determine how much variability there is in the defini-

tion of the quality. Only once this variability has been defined

can one determine if differences in the patterns between sub-

jects is significant.

These examples serve to illustrate a basic principle:

ascribing a quality such as ‘‘positivity’’ or ‘‘real’’ for an experi-

mental sample cannot be done without knowing the expected

distributions for ‘‘negative’’ or control samples; only a rigor-

ous validation of the specific assay will suffice (3).

Note that we can take advantage of all the information

present in a flow cytometry experiment to help determine

whether responses are likely to be real. The distribution of flu-

orescence on cell is usually characteristic; if the events falling

in a particular gate have an unusual fluorescence distribution,

then that would be evidence that perhaps those events are not

representative of a ‘‘positive’’ response. But be careful: this

assessment needs to be made irrespective of the number of

events collected (don’t examine only low frequency results),

and with the realization that the distribution of a very small

number of events could easily be biased by the limited sam-

pling – in the extreme case, with one event, virtually no con-

clusion could be drawn based on where that event appeared in

the gates. And, of course, any such qualifications of analyses

must be done transparently and objectively, and should be

validated.

In conclusion, there is no theoretical reason to employ an

artificial threshold number of events, below which a frequency

is deemed ‘‘negative’’. The assessment of ‘‘positivity’’ can only

be made by comparison of the measurement against a set of

control samples, using standard statistical tools to compare

the frequencies.
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