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ABSTRACT
Many studies have focused on investigating deviations from addi-
tive interaction of two dichotomous risk factors on a binary outcome.
There is, however, a gap in the literature with respect to interactions
on the additive scale of > 2 risk factors. In this paper, we present an
approach for examining deviations from additive interaction among
three or more binary exposures. The relative excess risk due to inter-
action (RERI) is used as measure of additive interaction. First, we
concentrate on three risk factors – we propose to decompose the
total RERI to: the RERI owned to the joint presence of all three risk fac-
tors and the RERI of any two risk factors, given that the third is absent.
We then extend this approach, to > 3 binary risk factors. For illustra-
tion, we use a sample from data from the Greek EPIC cohort and we
investigate the association with overall mortality of Mediterranean
diet, body mass index , and smoking. Our formulae enable better
interpretability of any evidence for deviations from additivity owned
to more than two risk factors and provide simple ways of commu-
nicating such results from a public health perspective by attributing
any excess relative risk to specific combinations of these factors.

Abbreviations: BMI: Body Mass Index; ERR: excess relative risk; EPIC:
European Prospective Investigation into Cancer and nutrition; MD:
Mediterranean diet; RERI: relative excess risk due to interaction; RR:
relative risk; TotRERI: total relative excess risk due to interaction
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1. Introduction

Four decades ago, Rothman stated that, as more than one risk factors are eventually estab-
lished for the etiology of a specific health outcome, epidemiologists will need to pay more
attention to the issue of interaction (synergy or antagonism) between these factors [1]. This
is particularly relevant in the field of genetic epidemiology, as scientists focus on the study
of thousands of genes and of their interactions with environmental factors [2–3].
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Measuring interaction on the additive scale is more important from a public health per-
spective [4–7], because, in this context, two risk factors are independent, when the number
of disease cases is not dependent on the extent to which these factors act together [5]. If,
for example, the number (or rate) of hospitalizations for a disease when individuals are
exposed into two risk factors is greater than the sum of hospitalizations for this disease of
the people exposed only to one of these factors, then the public health services would be
challenged to carry extra weight due to this interaction, which is measured as a deviation
from additivity of the effects of these factors.

Nevertheless, the usual practice has been to refer to statistical interactionwhen studying
interaction between risk factors [7]. Under this concept, interaction is measured on either
additive ormultiplicative scale, depending solely on the formof the underlyingmodel used,
rather than on a-priori consideration for the expected type of associations between these
exposures and the outcome.

The deviation from additivity of the effects between two variables has been proposed by
Rothman [8] and further explored by others [2–3,9–22]. Surprisingly, the study of additive
interaction of >2 factors has not been studied adequately, even if it would enable better
understanding of the joint action of many factors for the development of a specific disease.
This may have occurred because conceptualizing the features of multi-way interaction is
challenging (e.g. a modification of an interaction between two variables by a third variable
is not easy to understand and sometimes the rationale for assessing this effect is not there).
Apart from the studies related to multi-way interaction in the sufficient-cause framework
[23–25], to the best of our knowledge, there are only three relevant publications that have
focused only on practical illustration of deviation from additivity of the effects of three risk
factors [26–28].

In this paper, we aim to fill this gap in the literature and provide useful tools for
researchers who wish to focus on the joint action of >2 binary factors. We highlight
the questions of interest in the study of joint action of three factors, we give answers by
introducing useful indexes for additive interaction, accompanied by the corresponding
recommendation for the conduction these of analyses, and we then extend the methods to
>3 factors. We illustrate our theoretical arguments using data from the Greek-EPIC study
and we provide an easy-to-use code in Stata for the implementation of these methods.

2. Methods

2.1. Definitions

Consider n dichotomous Xi, i =1, . . . , n variables as risk factors for a disease D with
Xi = (0,1). Let D+ and D− denote the presence/absence of D, and Xi+,Xi−, the presence
(Xi = 1) or absence (Xi = 0) of Xi. The relative risk of D+ for any combination of the
presence or absence of X1, X2, . . . Xn, as compared to their absence is denoted by

RRX1#X2#...Xn#, where # = +/− and the corresponding excess relative risk by
ERRX1#X2#...Xn# with

ERRX1#X2#...Xn# = RRX1#X2#...Xn# − RRX1−X2−...Xn−, i.e.
ERRX1#X2#...Xn# = RRX1#X2#...Xn# − 1
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For the investigation of any deviation from additivity of the effects of two risk factors, we
focus on the contrast between

RRX1+X2+ − RRX1−X2−vs(RRX1+X2− − RRX1−X2−) + (RRX1−X2+ − RRX1−X2−)

i.e. the excess risk from the situation when two risk factors act jointly versus the extra risk
of the occasions that each of them acts separately

So a measure for additive interaction would be the relative excess risk due to interaction
RERI2(X1,X2)

RERI2(X1,X2) = ERRX1+X2+ − ERRX1+X2− − ERRX1−X2+
= (RRX1+X2+ − RRX1−X2−) − (RRX1+X2− − RRX1−X2−) − (RRX1−X2+

− RRX1−X2−)

= RRX1+X2+ − RRX1+X2− − RRX1−X2+ + 1

which indicates whether the effect of two risk factors that act jointly is greater (RERI2 >

0), equal (RERI2 = 0) or lower (RERI2 <0) than the sum of their individual effect (super-
additive, additive, or sub-additive effects, respectively).

It is crucial to highlight that the factors cannot be protective, because the calculation
of additive interaction will be wrong, as a relative risk is between 0 and 1 for a protective
factor, while it can be from 1 to infinity for a risk factor. Imagine two drugs with additive
effects (RERI2 = 0) on CVD, each of those reducing the CVD risk by 75% (i.e. RR10, RR01
= 0.25). We cannot use the RERI2 index, because we would calculate that RR11 is negative
(RR11 = –0.5)! Instead, we should recode these factors into risk (i.e. the effect of not taking
the drugs) and apply the calculations (see [9] and Appendix, Section B and D).

Additionally, if one wants to focus on the multiplicative interaction of two risk factors,
then the contrast of interest would be

RRX1+X2+ vs RRX1+X2− ∗ RRX1−X2+

i.e. the comparison of the relative risk when two risk factors act jointly versus the
multiplication of the risk of the occasions that each of them acts separately

The index of multiplicative interaction would be

I2 = RRX1+X2+
RRX1+X2− ∗ RRX1−X2+

For more details, see ref [16].
In Appendix (Section E), we show (i) that multiplicative or super-multiplicative effects

imply super-additive effects and (ii) that additive or sub-additive effects imply sub-
multiplicative effects for two-way interactions.

2.1.1. From the two to the three-way interaction on the additive scale
Imagine now that the question of interest is whether three risk factors ‘interact’ on the
additive scale. How should we face that problem?

The first answer we should give would be an extension of the previous methods for the
construction of RERI2. Now, we should take into account the extra risk due to the joint
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presence of the three risk factors and compare it with the sum of the excess risks caused by
each risk factor separately, i.e.

(RRX1+X2+X3+ − RRX1−X2−X3−) vs (RRX1+X2−X3− − RRX1−X2−X3−)

+ (RRX1−X2+X3− − RRX1−X2−X3−)

+ (RRX1−X2−X3+ − RRX1−X2−X3−)

In other words, we should extend the RERI definition to three risk factors X1, X2 and X3
and calculate the total relative excess risk due to interaction (TotRERI3),

TotRERI3(X1,X2,X3)

= (RRX1+X2+X3+ − RRX1−X2−X3−) − (RRX1+X2−X3− − RRX1−X2−X3−)

− (RRX1−X2+X3− − RRX1−X2−X3−) − (RRX1−X2−X3+ − RRX1−X2−X3−)

= RRX1+X2+X3+ − RRX1+X2−X3− − RRX1−X2+X3− − RRX1−X2−X3+ + 2 (1)

The total relative excess risk due to interaction (TotRERI3) is calculated by comparing the
joint effect of three risk factors to the situation when each one acts separately. It allows us to
understand whether these variables have super-additive, additive, or sub-additive effects.

The next issue that we should wonder is about the index for 3-way additive interaction,
beyond two-way interactions. The super/sub additivity of the effects of three risk factors
(1) is due either to the three-way interaction (RERI3) of the three risk factors, or to the
two-way interaction of the two risk factors, when the third is absent. To calculate RERI3,
one needs to subtract RERI2(X1, X2 | X3 = 0), RERI2 (X1, X3 | X2 = 0) and RERI2 (X2,
X3 | X1 = 0) from TotRERI3, i.e.

RERI3(X1,X2,X3) = TotRERI3(X1,X2,X3) − RERI2(X1,X2|X3 = 0)

− RERI2(X1,X3|X2 = 0) − RERI2(X2,X3|X1 = 0)

The relative excess risk due to interaction is the measure of the three-way interaction.
This index indicates whether there is positive/negative three-way interaction on the addi-
tive scale, which is explicitly due to the joint presence of all three factors, in other words,
measures the three-way interaction, beyond the possible two-way interactions.

Additionally, TotRERI3(X1,X2,X3) expresses the sum of the three-way interaction and
all two-way interactions and that is,

TotRERI3(X1,X2,X3) = RERI3(X1,X2,X3) + RERI2(X1,X2|X3 = 0)

+ RERI2(X1,X3|X2 = 0) + RERI2(X2,X3|X1 = 0) (2)

Of note, TotRERI3 may be zero as the result of two-way interactions that cancel out with
three-way interaction.

Moreover, to calculate the three-way interaction (RERI3(X1,X2,X3)), we have to com-
bine (1) and (2) (see Appendix, section A) to estimate

RERI3(X1,X2,X3) = RRX1+X2+X3+ − RRX1+X2+X3− − RRX1+X2−X3+
− RRX1−X2+X3+ + RRX1+X2−X3− + RRX1−X2+X3−
+ RRX1−X2−X3+ − RRX1−X2−X3− (3)
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Finally, we note that the three-way interaction (see Equation (3)) reflects the contrast of
interactions between two variables over the strata of a third.We show inAppendix (Section
A) that the corresponding formulae are

RERI3(X1,X2,X3) = (RERI2(Xj,Xk|Xl = 1) ∗ RRXj−Xk−Xl+) − RERI2(Xj,Xk|Xl = 0)
(4)

because

RERI(Xj,Xk|Xl = 1) = (RRXj+Xk+Xl+ − RRXj+Xk−Xl+ − RRXj−Xk+Xl+ + RRXj−Xk−Xl+)

RRXj−Xk−Xl+

given that RRXj−Xk−Xl− is the reference relative risk.
where j, k, l = (1, 2, 3) and j�=k, j�=l, k�=l.
The two-way interactions, given the third factor is absent (RERI2(X1,X2|X3 = 0),

RERI2(X1,X3|X2 = 0) and RERI2(X2,X3|X1 = 0), as well as the corresponding interac-
tions when the third risk factor is present (RERI2(X1,X2|X3 = 1), RERI2(X1,X3|X2 = 1)
and RERI2(X2,X3|X1 = 1) are important measures in the study of joint effects of three
factors. They are very helpful in better specifying under which conditions two of the three
factors interact. In the classic framework of two-way interactions, researchers report a spe-
cific value for RERI between two variables X1 and X2. However, this value may not be
constant across the strata of a third factor X3 and to check for that issue (which was named
‘the uniqueness problem’ by Skrondal [12]), we can calculate RERI2(X1,X2|X3 = 0) and
RERI2(X1,X2|X3 = 1).

In the Appendix (section B), we show how to calculate the formulae of all these indexes
for additive interaction in the presence of three risk factors (both two- and three-way inter-
actions), when applying Cox regression. The formulae are the same when using logistic
regression as well. Finally, we provide user-friendly Stata code that would be useful for
researchers who wish to implement these methods and calculate all possible two- and
three-way interactions (Appendix, section B).

2.1.2. From the three to themulti-way interaction on the additive scale
When studying the multi-way interaction of n risk factors X1, X2, . . . ,Xn, on the additive
scale, we can calculate the total relative excess risk due to interaction (TotRERIn), as a
generalization of Equation (1). TotRERIn expresses the contrast of the excess risk from the
situation when all risk factors act jointly versus the extra risk of the occasion that each of
them acts separately, i.e.

When studying themulti-way interaction of n risk factorsX1,X2 . . . ,Xn, on the additive
scale, the comparison of interest is

(RRX1+X2+...Xn+ − RRX1−X2−...Xn−) vs (RRX1+X2−...Xn− − RRX1−X2−...Xn−)

+ (RRX1−X2+...Xn− − RRX1−X2−...Xn−)

+ . . .

+ (RRX1−X2−...Xn+ − RRX1−X2−...Xn−)

The difference from this comparison should correspond to the total relative excess risk
due to interaction, that is the sum of the n-way interaction and all the (n-1)-, (n-2)-, . . . ,
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two-way interactions of these risk factors. In other words, we have that,

TotRERIn(X1,X2, . . . ,Xn) = ERRX1+X2+...Xn+ − ERRX1+X2−...Xn−
− ERRX1−X2+...Xn− − . . . − ERRX1−X2−...Xn+ (5)

Given that TotRERIn is attributed to all potential interactions between the n variables,
in other words it can be expressed as the sum of the n-way interaction and all the (n-1)-,
(n-2)-, . . . , two-way interactions (see Appendix, section C), i.e.

TotRERIn(X1,X2, . . . ,Xn) = RERIn(X1,X2, . . . ,Xn)

+
∑

( n
n−1

)
RERIn−1(X1,X2, . . . ,Xn|1 of the Xi = 0)

+
∑

( n
n−2

)
RERIn−2(X1,X2, . . . ,Xn|2 of the Xi = 0)

. . .

+
∑
( n
2

)
RERI2(X1,X2, . . . ,Xn|(n − 2) of the Xi = 0)

If we want to compute the n-way additive interaction RERIn, without the contribution of
all lower order interactions, then for 1≤ i ≤ n and 1≤ k ≤ n, we let

RR(k) equal to RRk of the Xi′s=1, n− k of the Xi′s=0
We show in the Appendix (section C) that, RERIn(X1, X2, . . . , Xn) for n ≥ 2, is:

RERIn(X1,X2, . . . ,Xn) = RR(n)

−
∑

( n
n−1

)
RR(n−1)

+
∑

( n
n−2

)
RR(n−2)

. . .

+ (−1)n ∗
∑
( n
0

)
RR(0) (6)

Of note that the last line can be written as (−1)n, once
( n
0
) = 1 and RR(0) = 1.

RERIn(X1,X2, . . . ,Xn) in (6) expresses the relative excess risk due to interaction of the
n risk factors exclusively, without accounting for all the lower order additive interactions
of these risk factors [i.e. extension of (4)].

Additionally, by extending Equation (4) in multi-way interaction, we additionally show
in the Appendix (section C) that RERIn can be written in terms of any two of the lower
order (n-1) interactions, more specifically

RERIn(X1,X2, . . . ,Xn) = (RERIn−1(X1,X2, . . . ,Xn|Xi = 1)
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∗ RRX1−X2−...Xi+1−Xi+Xi+1−...Xi+1−...Xn−)

− RERIn−1(X1,X2, . . . ,Xn|Xi = 0) (7)

In Appendix (section D), we give the corresponding suggestions and recommendations
for researchers who want to implement analysis for multi-way interactions in detail. More-
over, in Appendix (Section E), we show (i) that multiplicative or super-multiplicative
effects imply super-additive effects and (ii) that additive or sub-additive effects imply
sub-multiplicative effects for n-way interactions as well.

3. Worked example

To illustrate the formulae derived in the previous sections, we have used data from adult
women participating in the Greek-EPIC study [29–30] to study the joint effects of low
adherence to Mediterranean Diet (MD), obesity, and smoking status on mortality. We
applied survival analysis with Cox regression using as endpoint death from any cause. Lev-
els of the indicated risk factors denoting potentially increased risk of death were (i) low
(scores 0–3 vs 4–9) adherence to MD, (ii) obesity [Body Mass Index (BMI) ≥ 30 kg/m2

vs <30 kg/m2], and (iii) smoking status (current vs. former and current) at recruitment.
Age (in years) and education (four levels; categorically modeled) were included as possible
confounders. Participants with missing values in any of the above variables were excluded,
leaving 15,903 women. Descriptive statistics of all variables included in the analysis are
presented in Table 1. In the Cox model, we included three terms for each risk factor, three
terms for the two-way product terms between those factors and one for the three-way
product term of all three factors.

Table 1. Descriptive statistics of the characteristics of 15,903 women participat-
ing in analysis.

Continuous variables

Mean (sd)
Age (in years), mean (sd) 53.4 (12.5)

Categorical variables

N (%)
BMI

Obese (BMI ≥ 30 kg/m2) 6206 (39)
Non-obese (BMI < 30 kg/m2) 9697 (61)

Mediterranean diet
Low adherence (0–3) 5466 (34%)
Medium-high adherence (4–9) 10,437 (66)

Smoking status
Current smokers, n (%) 3038 (19)
Never-former smokers, n (%) 12,865 (81%)

Education
1st level: no education (< 6 years of schooling), n (%) 4100 (26)
2nd level: elementary/high school (6–11 years of schooling), n (%) 6502 (41)
3rd level: lyceum/technical lyceum (12 years of schooling), n (%) 2872 (18)
4th level: at least university degree (> 12 years of schooling), n (%) 2429 (15)

Mortality
Alive till the end of follow-up 14699 (92)
Dead during follow-up 1204 (8)
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Table 2. Estimated hazard ratios of MD, obesity and smoking and of their product terms from the Cox
regression (A.SB.1) from themortality analysis conducted in women from the EPIC-Greece cohort, along
with indexes of additive interaction between low adherence to MD, obesity and smoking.

Results from Cox regressiona

Risk factors of interest and their product terms b se (b) HR 95% CI for HR

LowMD 0.36 0.09 1.43 1.20, 1.71
High BMI 0.29 0.08 1.34 1.14, 1.56
Current smokers 0.41 0.18 1.51 1.05, 2.16
(low MD) ∗ (high BMI) −0.27 0.12 0.77 0.60, 0.97
(low MD) ∗ (current smokers) −0.23 0.30 0.79 0.44, 1.44
(high BMI) ∗ (current smokers) −0.24 0.29 0.79 0.45, 1.40
(low MD) ∗ (high BMI) ∗ (current smokers) 0.92 0.45 2.51 1.04, 6.02

Relative excess risk due to interaction (RERI)

RERI se (RERI) 95% CI for RERI

RERI2 (low MD, high BMI / never or former smokers) −0.30 0.17 −0.64, 0.03
RERI2 (low MD, current smokers / low BMI) −0.23 0.49 −1.19, 0.74
RERI2 (high BMI, current smokers / high MD) −0.25 0.45 −1.13, 0.63
RERI2 (low MD, high BMI / current smokers) 1.11 0.63 −0.12, 2.35
RERI2 (low MD, current smokers / high BMI) 1.31 0.65 0.05, 2.58
RERI2 (high BMI, current smokers / low MD) 1.20 0.62 −0.01, 2.41
RERI3 (low MD, high BMI, current smokers) 1.98 1.01 0.00, 3.96
TotRERI3 (low MD, high BMI, current smokers) 1.20 0.83 −0.43, 2.82
aIn the Cox regression (model A.SB.1), we adjusted for age (in years) and educational levels (< 6, 6–11, 12 and > 12 years
of schooling; categorically).

The respective TotRERI3, RERI3 between the indicated risk factors, as well as their
components, i.e. all two- and three-way interactions have been estimated using Equations
(A.SB.2)–(A.SB.9) (see Appendix, Section B). The Stata code that was used can be found
online on github (https://github.com/mkatsoulis82/Multi-way−interaction/blob/master/
Multi-way% 20interaction.do), as well as in Appendix (Section B). For the estimation of
95% confidence intervals (CIs), we used the delta method. In Table 2, we present the mor-
tality hazard ratios, of low adherence toMD, obesity, and smoking and of their joint effects
as estimated by Cox regression [model (A.SB.1) in the Appendix (section B)].

3.1. Simulations

We conducted a small simulation study to demonstrate the accuracy of the proposed mea-
sures for additive interaction. The data generating mechanism and the values chosen for
the simulations were informed by our worked example (see above).

The details of these simulations (data generating mechanism, different scenarios tested,
results, etc.) are presented in the Appendix, Section H. The scripts of these simulations are
in github (https://github.com/mkatsoulis82/Multi-way−interaction/blob/master/simulat
ions.do).

4. Results

In the worked example from the EPIC study, we run a Cox regression model (see details in
Section B), where the proportionality assumption held. From Table 2, we conclude that the
effects of lowMD, obesity and smoking status onmortality were super-additive (TotRERI3

https://github.com/mkatsoulis82/Multi-way_interaction/blob/master/Multi-way%20interaction.do
https://github.com/mkatsoulis82/Multi-way_interaction/blob/master/simulations.do
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= 1.20, even not statistically significant), meaning that there was an extra 120% risk due to
the joint presence of all risk factors, compared to the situation that each of them would act
separately (see Equation (1)). More specifically, the three-way interaction of these factors
beyond the two-way interactions was positive (RERI3 = 1.98), indicating that there was a
∼200% excess risk which is explicitly due to the three-way interaction. On the other hand,
all the RERI2s given the absence of the third risk factor are negative, even not statistically
significant (first three rows in Table 2 referring to RERIs), which is an indication that the
relative risk from joint action of any two of the following: having low MD score, being a
smoker and being obese, when the third factor is absent, is lower compared to sum of the
relative risks of these risk factors, when acting separately (sub-additive effects). This means
that the excess 120% risk due to the joint presence of all risk factors (TotRERI3 = 1.20)
is largely due to the three-way interaction of the three risk factors itself (RERI3 = 1.98),
as the contribution of the two-way interactions is negative (see Equation (2)). Moreover,
the corresponding two-way interactions are positive, when the third risk factor is present,
which is reflected by the three-way interaction that can be expressed in terms of the two-
way interactions [see Equation (4)]. Finally, there was no qualitative interaction in this
example.

Moreover, the results from the simulations show negligible biases and CI coverage close
to nominal levels (95%) across all the measures of additive interaction. We present the
findings of these simulations in detail in the Appendix (Section H).

5. Discussion

In this paper, we pointed out the questions of interest in the study of the joint action of
>2 binary factors on a health outcome and we proposed the appropriate solutions, by
introducing formulae for additive interaction. Previous publications on interactions on the
additive scale refer almost exclusively to two-way interactions probably for reasons related
to easiness in interpretability and communication of results.

Given this gap in the relevant studies ofmulti-way interactions on the additive scale, our
results are novel for epidemiological research that focuses on the joint action of >2 expo-
sures. We introduced the term ‘total relative excess risk due to interaction (TotRERI)’, a
quantity that encompasses all intermediate levels of interaction in the presence of three
or more factors. Our formulae enable better interpretability of any evidence for devia-
tions from additivity owned to more than two binary risk factors and provide simple
ways of communicating such results from a public health perspective by attributing any
excess relative risk to specific combinations of these factors. We would like to mention
that these formulae of multi-way interaction on the additive scale cannot be used for ordi-
nal or continuous variables. The corresponding measures of additive interaction are much
more complex and difficult to interpret, even in the case of two continuous variables, as we
have presented in our previous work [22]; thus the study of multi-way interaction on the
additive scale among continuous risk factors was beyond the scope of this paper. Of note,
measures of additive interaction can be derived either from models (e.g. logistic regres-
sion or Cox regression), as we showed in the worked example, or from contingency tables
(see Appendix, Section G). It is very important to mention that all potential interaction
terms should be included in the analyses, so that all potential relative risks (by cross-
classified exposure status) can be calculated irrespective of whether these interactions are
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non-significant and could be removed in penalty-based methods. (e.g. Lasso). Otherwise
the measures of additive interaction cannot be computed.

Regarding the limitations, researchers should also be concerned whether all possible
categories defined by the absence and the presence of the n risk factors include sufficient
number of participants, so that all RR’s from expressions (3), for three risk factors, or (6),
for n risk factors, can be adequately estimated. For case–control studies our results apply for
rare diseases only, taking into consideration certain limitations that have expressed in the
relevant literature, when using logistic regression [12]. Finally, the problem of the limited
power in calculating two-way interactions [17] is also present in multi-way interaction. As
observed from our worked example, all the additive interactions were had very wide CIs.

6. Conclusions

Given the increasing interest in investigating and evaluating interactions, our results are
important for studying multi-way interactions between risk factors and identifying com-
binations the joint presence of which may be especially important to avoid from a public
health perspective.
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