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Abstract 
Immune imprinting denotes a phenomenon where previous exposure to a vi-
ral antigen, through infection or vaccination, imprints that antigen in immu-
nological memory. When the immune system is exposed to a new strain or a 
new variant, part of the response targets the historical antigen(s), and the fight 
against the new offender is less effective. It was recently argued that observa-
tional studies that show evidence of immune imprinting by prior vaccination 
reflect colliding (selection) bias, not imprinting. The collider is a first infec-
tion, and the two causes are vaccination and susceptibility to infection. As will 
be explained, the claim is not uniformly valid, nor can it be verified or refuted 
based on a construct called susceptibility. Moreover, if the bias is significant 
at all, underestimation of the true effect of immune imprinting is equally pos-
sible. 
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1. Introduction 

Of the six categories of biases [1], colliding (selection) bias is probably among the 
least understood. It is the antithetical counterpart of confounding bias, so the pair 
should be similarly named: confounding bias and colliding bias, confounder bias 
and collider bias, or confounder non-stratification bias and collider-stratification 
bias. Selection bias is a historical misnomer that does not cover all the mechanisms 
by which the bias arises and is sometimes confused with effect-modification bias 
[2]. 

Colliding bias might arise following conditioning on a shared effect of two 
causes. The simplest form of conditioning is restricting the outcome variable to a 
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single value. When turned into a value, the outcome is dissociated from its causes. 
However, if the two causes were marginally independent before conditioning on 
their shared outcome, they will be associated under certain conditions. Similarly, 
if they were marginally associated, the association would be altered. In either case, 
an artificial, non-causal component is added to associations that arise from the 
natural causal structure. This addition might be a source of bias when estimating 
effects, whether null or otherwise. 

Two methodological articles have examined the role of colliding bias in obser-
vational studies of immune imprinting [3] [4], a phenomenon that was hypothe-
sized long ago and has been studied for many years [5]. Informally explained, pre-
vious exposure to a viral antigen, through infection or vaccination, imprints that 
antigen in immunological memory. When the immune system is exposed to a new 
strain or a new variant, part of the response is “mistakenly” targeting the historical 
antigen(s), and the fight against the new offender is less effective. Imprinting does 
not wane over time. When first proposed, the phenomenon was called “the origi-
nal antigenic sin”. 

The authors argue that observational studies that show evidence of imprinting 
by prior vaccination reflect colliding bias, not imprinting. The collider is a first infec-
tion, and the two causes are vaccination and susceptibility to infection. As will be ex-
plained, the claim is not uniformly valid. Moreover, it cannot be verified or refuted 
based on a construct called “susceptibility”, which does not really belong in a causal 
diagram. A person has a set of attributes—natural variables—that might affect get-
ting infected, but susceptibility is not an attribute. Rather, it is the output of an un-
specified function of unspecified variables, similar to constructs like assertiveness 
and attractiveness. It will be displayed, however, and shown to be insufficient. 

2. The Causal Structure 

Figure 1 replicates the causal structure that was displayed in one of the articles  
 

 
Figure 1. Figure 1c in the article in a different layout and notation. 
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[4], in a different layout and notation. V is vaccination status, S is susceptibility 
status, and I is infection status. The fourth variable, J, is a second infection or some 
other outcome of infection. To simplify, consider a binary version of susceptibility 
to infection: high or low. 

A frame indicates conditioning. Two lines over an arrow denote dissociation 
between the two ends, despite a causal arrow, because one end is transformed 
from a variable (I) to a value (I = yes). The dashed line explicitly depicts an in-
duced association. It was displayed in the first landmark publication on causal 
diagrams in the epidemiological literature [6]. Unfortunately, it is usually omitted. 
The arrow with the question mark is the effect of interest: Is it positive, negative, 
or null? 

In either case, the association between V and J does not provide the correct 
answer—qualitatively or quantitatively—if the dashed line exists. The path V---S 

 J adds a non-causal component—colliding bias. That’s a valid conclusion of 
the articles. 

3. Approach 

The direction of the induced association, and hence the direction of the bias, de-
pends on the direction of the interaction between V and S [7] [8], which can be 
converted to the direction of effect modification. The last sentence applies to the 
magnitude of the association as well [7] [8]. Therefore, even if the bias exists in the 
stated direction, the problem might be overestimation of a true effect. It is not 
necessarily an all-or-none situation. 

Three questions will be discussed: 
1) Does the dashed line necessarily exist? Is V always associated with S following 

restriction to I = yes, as assumed? 
2) Are there crucial missing arrows? 
3) Are the vaccinated always more likely to be highly susceptible than the un-

vaccinated (positive association), as the authors assume? Again, the direction de-
termines the direction of the bias. 

It will be shown that the answer to the first and third questions is “No”, and the 
answer to the second question is “Yes”. 

4. Discussion 

There is a theorem on the topic of the first question [9]: V is associated with S 
when I = yes if and only if they modify each other’s effects, on a risk (probability) 
ratio scale, on I = yes. Otherwise, V and S remain unassociated. Simple algebra can 
show that effect modification on the risk ratio scale is equivalent to interaction on 
the multiplicative scale. 

If effect modification is weak (weak interaction), vaccine effectiveness (1 minus 
the risk ratio) does not vary much by susceptibility. Early on, it was reported that 
the mRNA vaccines were highly effective against infection in various subpopula-
tions, which likely reflect different levels and varying distributions of susceptibil-
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ity (e.g., age groups). Insignificant effect modification implies insignificant collid-
ing bias. The dashed line might not exist at all, or it might be an insignificant source 
of bias. 

If the dashed line exists, what is the direction of the induced association? 
The authors write [4]: 
“An individual who becomes infected despite receiving a vaccine dose is more 

likely to have high susceptibility to infection than an unvaccinated individual who 
becomes infected. Therefore, among infected people, a greater proportion of peo-
ple with high susceptibility to infection would be expected among those who re-
ceived the vaccine than among those who did not receive the vaccine…” (italics 
added) 

That’s a positive association between V and S (Figure 1), which is the key point 
of both articles. Although the explanation sounds intuitive, the formal explanation 
is more complicated and reveals the underlying assumptions. It is connected to the 
interaction between V and S on I = yes. 

Typical examples of interaction consider two variables that affect the outcome 
in the same direction, like one of the authors’ examples [4]: 

“Among successful actors, being physically attractive is inversely related to be-
ing a good actor.” (italics added) 

Both physical attractiveness and good acting increase the probability of a suc-
cessful acting career. That’s a positive interaction, which implies a negative asso-
ciation between the two causes, given a successful acting career. Other examples 
in epidemiological literature consider two risk factors and a bad outcome (result-
ing, again, in a negative association). 

The situation is not so simple when a protective factor (a vaccine) interacts with 
a risk factor (susceptibility). The difficulty can be avoided by reversing the values of 
the protective factor and considering an interaction between not taking a vaccine 
and susceptibility. Now both operate to increase the probability of an infection. 

If there is a positive interaction, these variables will be negatively associated: 
Non-vaccination implies low susceptibility, and vaccination implies high suscep-
tibility. Reverting to the natural coding of a protective factor, V and S are posi-
tively associated. A plus sign should be placed next to the dashed line (Figure 1). 
That’s what the authors infer in the key quote above. 

But what is the nature of a positive interaction between V and S from the per-
spective of effect modification? 

A few lines of algebra provide an answer (below). P is the probability (risk) of 
infection, stratified on vaccination status and susceptibility status. The first sub-
script applies to V, and 1 denotes non-vaccination. The second subscript applies 
to susceptibility (1 = high). 

A positive interaction means that the joint effect is greater than the product of 
the separate effects: 

 10 0111

00 00 00

   
P PP

P P P
> ×  
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We may rewrite the inequality as a modification of the non-vaccination effect 
(risk ratio > 1) by the level of susceptibility: 

 

 1011

01 00

PP
P P

>  

Taking the inverse, we get the effect of vaccination (risk ratio < 1) on infection 
by the level of susceptibility: 

 01 00

11 10

P P
P P

<  

The effect of vaccination is stronger when susceptibility is high than when it is 
low. That’s the implicit assumption behind the plus sign next to the dashed line. 

And reciprocally: 
The effect of susceptibility (risk ratio > 1) is weaker in the vaccinated than in 

the unvaccinated. 
The last result sounds intuitively true when a vaccine is indeed protective. If so, 

we are inclined to conclude that effect modification between V and S likely exists. 
That’s the positive side of the inference, but it comes with a negative side. As 

we already realized, the effectiveness of the vaccine must be lower when suscepti-
bility is low. Is this indeed the case? 

Again, that was not the message about Covid vaccines. As we recall, they were 
reported to have had over 90% effectiveness against infection (risk ratios < 0.1) in 
numerous subpopulations. Moreover, if effect modification was present, it seemed 
to have been weak and in the opposite direction. For example, 

“We estimated vaccine effectiveness in relation to various numbers of coexist-
ing conditions and found indications that effectiveness may be slightly lower 
among persons with higher numbers of coexisting conditions.” [10] (Italics 
added) 

Presumably, those coexisting conditions are part of the susceptibility construct. 
Most importantly, one component of susceptibility is the function of the im-

mune system. People with compromised immune function are susceptible to in-
fection because exposure to the virus does not generate a strong immune response 
to its antigens. Nor do they respond well to the mRNA-generated spike protein 
[11]. Many of them fail to produce high titers of anti-SARS-CoV-2 antibodies post 
vaccination [12]. 

Which takes us to the second question: Are there crucial missing arrows in Fig-
ure 1? 

Yes, there are, and they should be separated out from other domains of stable, 
pre-baseline susceptibility (Figure 2). 

The vaccine operates to present the antigen before infection in order to gen-
erate an immune response (antibodies) that will prevent infection. The purpose 
of vaccination is to reduce this component of the construct called “level of sus-
ceptibility”. 
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Figure 2. Vaccination prevents infection by increasing antibody titers. 

5. An Alternative Causal Structure 
The authors proposed one diagram. I propose another (Figure 3). It is far more 
complicated, but the focus is on two partially overlapping paths: V  A  J 
and V---A  J. 

 

 
Figure 3. An alternative causal diagram on the assumption of effect modification (interac-
tion) between any two causes of infection. 

 
The sign next to a dashed line indicates the assumed direction. The diagram 

contains the key elements of the authors’ assumption: a positive association be-
tween vaccination and stable susceptibility. 
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Immune imprinting is not an all-or-none phenomenon. Exposure to the previ-
ous antigen does not shut down every mechanism of protection against a new vari-
ant. The (protective) path V  A  J still exists. For example: 

“Some neutralizing antibodies can target epitopes within the stem or stalk re-
gions, which are relatively conserved between viral variants, are less susceptible to 
immune escape, and can be broadly protective. Non-neutralizing antibodies that 
target subdominant epitopes or regions in the stem or stalk play an important role 
in recruiting innate and cellular antiviral immunity.” [5] (Italics added) 

The underlying causal reality is not fully captured by any causal diagram, but 
Figure 3 is more complete than Figure 1. The vaccinated are less likely to have a 
second infection or other infection-related outcomes (J = yes) through the path V 

 A  J, opposite to the path of colliding bias (V---S  J). We do not know 
exactly when the causal path is completely nullified because of waning immunity. 

The explanation of the path V---A  J is more complicated. 

The pair {V, A} affects I = yes similarly to the pair {V,S}. Recall, however, that 
a positive association between V and S when I = yes implied a stronger effect of 
vaccination when susceptibility was high (S = 1). Do we expect a stronger effect of 
vaccination when A = 1 (low titer)? People with low baseline antibody titers in-
clude those with compromised immunity. Empirical evidence indicates that they 
don’t respond as well to a Covid vaccine, and vaccine effectiveness might be lower 
[11]. The effect of V on I might be weaker when A = 1, and the algebraic trail leads 
back to a negative association between V and A after conditioning, which ampli-
fies the negative association along the causal arrow (Figure 3). 

Which takes us to the third question: Are the vaccinated always more likely to 
be highly susceptible than the unvaccinated (positive association)? 

No, we observe an induced path (V---A) where the vaccinated are less likely to 
be susceptible than the unvaccinated, and the direction of the “sum” of natural and 
induced paths between V and J is unpredictable. Underestimation of the true ef-
fect of immune imprinting is equally possible. 

6. Conclusions 

The generic lesson is not new. Methodology can sometimes tell consequences un-
der different causal assumptions. It cannot tell which set of assumptions is true. If 
the purpose was to show how colliding bias might be added, that’s a helpful con-
tribution. If the purpose was to discredit observational studies of immune im-
printing [3] [4], the authors went too far in assuming the direction and magnitude 
of the bias. 

Knowledge is advanced when an alternative theoretical explanation turns into 
a testable hypothesis [13]. Modification of the vaccination effect by “an unmeas-
ured susceptibility variable”, just like “confounding from incomplete adjustment”, 
is possible—but truism does not add knowledge. In contrast, modification of the 
effect by a coexisting condition, or by a state of impaired immunity, can be tested 
and has been tested to some extent. If colliding bias is significant at all, so far it 
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seems to operate in the opposite direction. 
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