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ABSTRACT 

Accumulating evidence shows that certain hazard combinations interact to present synergistic 

risks. However, little is known about the most effective ways of helping individuals to 

understand this complex risk concept. More specifically, there is an absence of empirical 

research that has assessed the relative efficacy of messages that explain either the causal 

mechanism and/or the probabilistic components of synergistic risks. In an experiment 

designed to address this issue, we presented participants with messages concerning the 

synergistic risk of developing esophageal cancer for individuals who consume both tobacco 

and alcohol. Relative to a control group, we compared the extent to which messages featuring 

content detailing the underlying biological mechanism, the probabilistic risk, or both, 

improved understanding of the synergistic risk. Our results showed that messages containing 

details of both the mechanism and probabilistic information were most effective at enabling 

individuals to understand that the alcohol-tobacco combination presents a synergistic risk. In 

addition, large improvements in the accuracy of cancer frequency estimates were observed 

amongst individuals who received probabilistic information, and the highest relative increase 

in professed willingness to adopt precautionary behaviors was observed amongst individuals 

who received the mechanism information only. Importantly, these findings could be utilized 

in the development of a general model for the communication of synergistic risks. 

Furthermore, in contrast to previous findings, our study demonstrates that risk messages can 

be both effective and efficient in helping individuals to acquire a greater understanding of 

synergistic risks. Acquiring such knowledge could lead to significant improvements in risk-

related decisions concerning combined hazards. 

KEYWORDS: Biological mechanism; Numeracy; Probability; Risk communication; 

Synergistic risk 
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1. INTRODUCTION 

 Scientific evidence shows that the risk attributable to certain hazard combinations 

exceeds the sum of the risk attributable to each constituent hazard (i.e., the combination 

presents a ‘synergistic risk’). For example, epidemiological studies have found that the 

combined use of alcohol and tobacco results in a synergistic risk of laryngeal and esophageal 

cancer, and interactions between particular drugs, such as aspirin and warfarin, result in a 

synergistic risk of serious internal bleeding.(1-3) Further examples include a synergistic 

increase in the incidence of psychosis amongst individuals living in urban areas and who 

have a family history of mental illness, and a synergistic risk of species extinction that is 

attributable to the interaction of climate change and habitat destruction.(4,5)  Evidence of 

synergistic risks, particularly in the health domain, continues to accumulate.(6,7) 

Several studies investigating subjective risk judgments for combined hazards have 

indicated that individuals often judge synergistic risks as either additive (i.e., equal to the sum 

of the risk attributable to each constituent hazard) or sub-additive (i.e., less than the sum of 

the risk attributable to each constituent hazard) risks (for detailed reviews see references 8,9). 

These findings raise the concern that such underestimations of risk may impede an 

individual’s motivation to adopt protective behaviors or to demand, political and economic 

actions to address synergistic risks.(9,10) A further concern is that the failure to understand 

particular synergistic risks by policy-makers, regulators, and medical professionals may 

inhibit the implementation of relevant precautionary interventions.(11,12) These concerns 

highlight the value of identifying effective and efficient methods of helping individuals to 

understand specific synergistic risks. However, empirical research regarding the 

communication of the nature of synergistic risks is scarce and the communication approaches 

that have been assessed have either been found to be unsuccessful or dependent on complex 

and time-consuming procedures.(9,13,14) Consequently, these approaches could not be 
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employed to efficiently bring specific synergistic risks to the attention of large groups, such 

as regulators, policy-makers, health practitioners, and the wider public. 

Hence, there are unanswered questions concerning the most effective methods for 

conveying information about synergistic risks in a manner that is both efficient and easily 

understood by the recipients.(15) Our study helps to fill some of these gaps in our knowledge 

and, consequently, provides important insights that could be employed in the development of 

a general model concerning the effective and efficient communication of synergistic risks. 

Specifically, we developed two risk messages concerning the synergistic risk of developing 

esophageal cancer for individuals who consume both alcohol and tobacco. One message 

featured content concerning the biological mechanism by which alcohol and tobacco interact, 

and the other message featured probabilistic information concerning the likelihood of 

developing esophageal cancer for individuals who use alcohol and tobacco. Our principle aim 

was to identify which message content best helped individuals to understand that the 

combination presented a synergistic risk. More generally, our motivation for undertaking this 

study was to contribute to identifying specific communication approaches that may best help 

individuals improve their understanding of synergistic risks, so that they can make informed 

decisions and adopt appropriate behavioral responses.  

 

1.1. The Communication of Synergistic Risks  

The term ‘synergistic risk’ refers to a cause-and-effect concept. That is, the interaction 

of certain hazards initiates a mechanism (i.e., a cause), which results in a risk magnitude (i.e., 

an effect) that is greater than the sum of the risk magnitude attributable to each hazard when 

operating separately. Despite featuring these two components, empirical studies concerning 

the communication of synergistic risks have primarily focused on assessing messages that 

convey only the ‘effect’ component. Specifically, the messages have depicted probabilistic 
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risk information for both the hazard combination and each of the constituent hazards. The 

intention of these messages has been to encourage recipients to identify that the risk 

presented by the combination is greater than the sum of the risk presented by the constituents. 

For example, Hampson et al. employed this approach when using pie-charts and explanatory 

text to communicate the lung cancer risk for individuals who are exposed to tobacco smoke, 

radon, or both.(13) Although slices of the pie-charts provided a proportional representation of 

the risk magnitude attributable to each constituent hazard and the combination, the findings 

indicated this approach failed to help individuals understand that the radon-tobacco 

combination presents a synergistic risk (see reference 16). Similarly, French et al. used bar-

graphs and explanatory text to convey probabilistic information concerning the additive 

health risk attributable to one hazard combination and the synergistic health risk attributable 

to a different combination.(9) The results suggested that the bar-graphs failed to help 

participants differentiate between the risks attributable to each combination. By contrast, 

Bonnin-Scaon et al. showed that a series of messages featuring probabilistic information can 

enable recipients to make relatively accurate judgments of synergistic risks.(14) Bonnin-Scaon 

et al. used one-to-one training sessions to teach individuals the likelihood of developing 

esophageal cancer for various levels of alcohol and tobacco consumption. In the sessions, 

participants received iterative feedback concerning the accuracy of their initial and revised 

risk estimates. Bonnin-Scaon et al. posited that it was primarily this provision of feedback 

that increased the participants’ risk estimate calibration. Despite the reported success of this 

approach, it should be noted that each participant’s training lasted one hour or more, 

indicating that this approach lacks efficiency. 

The efficacy of helping individuals to understand synergistic risks using messages 

that describe the underlying mechanism, remains, to the best of our knowledge, empirically 

untested. However, there are reasons to believe that such messages could prove effective. For 
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instance, research concerning individual health hazards has indicated that antecedent-related 

information can help individuals formulate a mental model of what may cause one to develop 

a particular health problem and, consequently, to personalize the threat.(17,18) In addition, 

research has shown that many individuals view probabilistic risk information as insufficient, 

preferring to focus on understanding the potential causes of risks and, consequently, the 

relevant preventative actions.(19-21) Hence, in relation to synergistic risks, risk 

communications that impart knowledge of the causal mechanism could increase the 

plausibility and vividness of the process by which particular hazards interact. This could 

heighten the personal relevance of the risk, whilst also implicitly conveying how the 

avoidance/removal of one factor can prohibit the mechanism. Moreover, a study by Dawson, 

Johnson and Luke found that individuals who demonstrated an awareness of synergistic risks 

often expressed a belief that the increased risk was attributable to an underlying mechanism 

(e.g., chemical reaction between two drugs).(22) Hence, risk messages detailing the causal 

mechanisms may provide a promising approach for communicating synergistic risks. 

To the best of our knowledge, the efficacy of communicating both the mechanistic 

and probabilistic components of a synergistic risk remains untested. Such communications 

would explicate the cause-effect process and, therefore, could help individuals appreciate 

how a particular synergistic risk arises and to understand the magnitude of the threat. This 

more ‘complete’ understanding of synergistic risk may help improve decisions regarding 

precautionary behaviors, as there would be less scope for individuals to misunderstand what 

initiates the mechanism and how likely it is that the adverse outcome will occur.  

 

1.2. Assessing the Effectiveness of Communications Concerning Synergistic Risk  

 In light of the limitations in the extant literature, we conducted a study with the 

principle aim of assessing the relative effectiveness of communicating a synergistic health 
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risk using a message containing either mechanistic- or probabilistic-related information, or 

both. We assessed each message relative to a control group and measured the extent to which 

each of these messages improved participants’ risk model (i.e., sub-additive, additive, or 

synergistic risk) judgments and the accuracy of their risk magnitude estimates for the hazard 

combination. In addition, we made relative assessments of each message’s affective impact 

and capacity to influence professed behavioral intentions, and we assessed the extent to 

which each message was understood and trusted. 

 

1.2.1. Alcohol, Tobacco and Esophageal Cancer 

 In our study, all participants were presented with information regarding the 

synergistic risk of developing esophageal cancer for individuals who use both alcohol and 

tobacco. We selected the alcohol-tobacco combination for several reasons. First, this 

synergistic risk is well-evidenced in several epidemiological studies.(1,23,24) Second, several 

authors have expressed support for a hypothesized biological mechanism underling the 

synergy,(25-27) and this hypothesis has been upheld by evidence from several bio-physics 

studies.(28-30) Specifically, consumed alcohol acts as a solvent that lines the mucosa of the 

aero-digestive organs, and this increases the extent to which carcinogenic toxins in tobacco 

stick to and penetrate the tissue of these organs. Hence, the mechanism for this hazard 

combination is reasonably well understood and could be explained to lay individuals. Third, 

smoking and alcohol consumption are prevalent activities in many countries and research 

suggests that many individuals engage in both behaviors.(31-33) Finally, smoking and alcohol 

consumption are two of the leading risk factors for esophageal cancer and less than one in ten 

people survive for ten years following diagnosis.(34) Thus, the risk of esophageal cancer for 

individuals who both smoke and drink remains a critical public health issue. Consequently, 

this is an important synergistic health risk and there is information (regarding both the causal 
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mechanism and risk magnitude) available for dissemination which could potentially influence 

decisions and behaviors. 

 

1.2.2. Communication Format and Contents 

The probabilistic data we presented to participants was conveyed via three ‘icon 

arrays’ (a.k.a., population figures or pictograms). Each array comprised a 10 x 10 grid of 

square-shaped icons with a white/black square representing an individual unaffected/affected 

by esophageal cancer. We employed icon arrays as this form of graphical analogy has been 

shown to be effective in (a) illustrating the proportional relationship between the numerator 

(i.e., those affected by the disease) and the denominator (i.e., the population), (b) increasing 

the accuracy of risk magnitude judgments, (c) facilitating efficient processing of probabilistic 

data, and (d) communicating risk magnitudes to individuals with varying numerical 

proficiency.(35-37) We used separate icon arrays to convey the frequency with which the 

following develop esophageal cancer: (i) smokers (ii) drinkers, and (iii) those who are both 

smokers and drinkers. All three arrays were presented to participants simultaneously, with the 

intention of enabling them to identify that the risk presented by the alcohol-tobacco 

combination is greater than the sum of the risk presented by either substance alone. Each 

array was supported by explanatory text. 

The information presented to participants concerning the biological mechanism 

underlying the alcohol-tobacco synergy was based on the results of the studies discussed 

above. Details of the mechanism were conveyed using three simplified pictorial diagrams, 

accompanied by explanatory text, depicting the esophagus during exposure to alcohol and 

tobacco (see section 2.2. for details). This format provided some parity with the format 

employed in the ‘probabilistic condition’ (i.e., three graphical images with supporting text), 

and research has shown that pictures accompanied by explanatory text are effective in 
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helping individuals to develop mental models and a deep comprehension of concrete 

processes.(38,39) Furthermore, these studies also show that simplified diagrams can help 

individuals to generate inferences that facilitate comprehension of the concepts depicted in 

the diagrams. Hence, it appears plausible that our diagrams depicting the biological 

mechanism could aid the generation of an inference that the interaction would dramatically 

increase the risk of esophageal cancer. More specifically, it is possible that the diagrams 

alone could enable individuals to infer that the risk is synergistic. 

 

1.2.3. Risk Comprehension and Numeracy 

The ability to understand and process probabilistic and mathematical concepts (a.k.a., 

numeracy) has been shown to vary significantly between individuals,(40,41) and inadequate 

numerical skills can inhibit the comprehension of numeric risk information.(41-43) 

Consequently, we also assessed whether participants’ numerical skills affected their ability to 

identify, from the messages presented, the risk model and risk magnitude attributable to the 

alcohol-tobacco combination. If numeracy skills were found to moderate comprehension of 

this synergistic risk, it could be indicative of a weakness in our messages’ capacity to 

facilitate comprehension amongst individuals of differing levels of numeracy. 

 

2. METHOD 

2.1. Participants 

One-hundred-and-twenty-seven postgraduate management students (57 men, 70 

women) aged 20 to 36 (M = 24.63, SD = 3.11) participated in this study during a lecture at a 

UK university in 2011. We considered the use of a student sample appropriate because extant 

studies indicate that student samples tend to provide risk judgments for combined hazards 

that are consistent with the judgments provided by non-student samples such as alcoholics, 
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homeowners, hospital patients, and community volunteers (for a review see reference 9). 

Specifically, both groups tend to judge synergistic risks as either sub-additive or additive 

risks. Furthermore, extant research also indicates that an individual’s educational background 

does not moderate the individual’s understanding of an intervention concerning synergistic 

risks.(44) Hence, we considered there to be sound reasons for concluding that the use of a 

student sample in our study would not affect the generalizability of our results. 

 

2.2. Materials 

Participants reviewed one of four A4-sized booklets, each of which contained the 

following opening statement: “Research evidence shows that regularly drinking alcohol can 

increase the chance of developing cancer of the esophagus (the food-pipe that links the mouth 

to the stomach). Research evidence also shows that regularly smoking tobacco can increase 

the chance of developing cancer of the esophagus.” All booklets contained a message stating 

that within the booklet the terms ‘heavy smoker’ and ‘heavy drinker’ referred, respectively, 

to a person who (a) smokes more than 25 cigarettes per day, and (b) consumes the equivalent 

of two standard size bottles of wine per day. 

One version of the booklet (control condition) contained no further information than 

that described above. Hence, participants in this condition were only made aware that using 

alcohol or tobacco increases the risk of esophageal cancer. They did not receive any 

information concerning the increased (i.e., synergistic) risk from using both substances. 

The second version of the booklet (mechanism condition) provided participants with 

additional information, in the form of text and pictorial diagrams, describing the hypothesized 

mechanism that underlies the increased risk of developing esophageal cancer for people who 

both smoke and drink. The text read: “Research evidence shows that when a person drinks 

alcohol and smokes tobacco, the alcohol acts like a glue that causes the toxins in the smoke 



 11 

to stick to the moist tissue lining of the esophagus. The toxins are then more able to penetrate 

the tissue in the esophagus. This increases the chance of developing cancer in this area of the 

body. The three diagrams on the following page illustrate the process described above”. 

Participants then reviewed three diagrams illustrating the mechanism (see Figure 1). Each 

diagram was 82cm x 53cm, printed in grey-scale, and accompanied by one sentence 

describing the process depicted in the diagram. Hence, participants in this condition were 

informed that the risk of developing esophageal cancer increases for individuals who both 

smoke and drink, but were not informed of the magnitude of the increase. 

[Insert Figure 1 about here] 

The third booklet (probabilistic condition) provided participants with information in 

the form of text and pictorial diagrams. In this version, the text read: “On the following page 

you will see three diagrams. Each of the three diagrams represents a population of 100 

people. Each square represents one person. A black square represents a person who will 

develop esophageal cancer during their lifetime. The data in these diagrams is based on the 

results of scientific research.” Participants then reviewed three icon arrays which each 

contained 100 squares (see Figure 2). In the first two icon arrays, two and six squares, 

respectively, were shown in black (to the left of the bottom row) and the arrays were 

accompanied by the sentences: “A population of 100 heavy smokers” and “a population of 

100 heavy drinkers”, respectively. The third array showed twenty-nine squares in black 

across the bottom three rows, with all other squares in white. Beneath this array was the 

sentence: “A population of 100 people, each one of whom is both a heavy smoker and a heavy 

drinker.” Each array was 47m x 47cm, and printed in black-and-white. The three arrays were 

accompanied by a ‘key’ indicating that a white/black square represented one person who 

would not/would develop esophageal cancer. Hence, participants in this condition were only 

provided with probabilistic information (in pictorial form) from which they could infer that 
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the alcohol-tobacco combination presented a greater risk of developing esophageal cancer 

than the sum of the risk for either substance alone. 

[Insert Figure 2 about here] 

The additional information provided in the fourth booklet included identical versions 

of that featured in both the mechanism condition and in the probabilistic condition. The 

mechanism-related information/diagrams were presented first, followed by the sentence “The 

extent to which the harmful interaction between alcohol and tobacco increases the chance of 

developing esophagus cancer is represented in the three diagrams below”. The probability-

related information/diagrams were then presented. Thus, participants in this condition, 

consistent with the chronology of the cause-effect process, first reviewed information that 

explained the mechanism and then the probabilistic/synergistic risk. 

The participants in all four conditions read the assigned information booklet and, at 

their own pace, then immediately completed the same questionnaire. They were instructed 

not to look in the informational booklet whilst completing the questionnaire (compliance with 

this instruction was monitored by the experimenters and no breaches were observed). The 

questionnaire commenced with the following paragraph: “Research evidence shows that a 

person who is a heavy smoker has a 2 in 100 chance of developing esophageal cancer during 

their lifetime. Research evidence also shows that a person who is a heavy drinker has a 6 in 

100 chance of developing esophageal cancer during their lifetime.” Hence, all participants 

were made aware of the likelihood of developing esophageal cancer for individuals who are 

either heavy smokers or heavy drinkers only. Following this paragraph, participants were 

asked to consider the likelihood of an individual developing esophageal cancer if that 

individual was both a heavy smoker and a heavy drinker. They were asked to state, using a 

multiple-choice response format, whether they judged this likelihood to be “less than”, 

“equal to”, or “more than” the likelihood for an individual who is a heavy smoker only, 
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“added to” the likelihood for an individual who is a heavy drinker only. The layout, style, and 

content of this judgment task were developed in accordance with guidelines outlined by 

Osterlind for the construction of multiple-choice response items.(45) Participants were then 

presented with a second judgment task which asked: “Out of a population of 100 people, each 

of whom is a heavy smoker and a heavy drinker, how many of them do you estimate will 

develop esophageal cancer during their lifetime?” 

In the subsequent part of the questionnaire, participants used Visual Analogue Scales 

(VAS), numbered 1 to 7, to state how worried (‘not at all worried’ = 1, ‘extremely worried’ = 

7) and frightened (‘not at all frightened’ = 1, ‘extremely frightened’ = 7) he/she would be 

about developing esophageal cancer during their lifetime if he/she were both a heavy smoker 

and a heavy drinker. Participants also used seven-point VASs to state how likely (‘not at all 

likely’ = 1, ‘extremely likely’ = 7) it is that, based on the information he/she read in the 

booklet, he/she would (a) quit smoking, (b) quit drinking, (c) reduce smoking, and (d) reduce 

drinking. Participants were asked to make all responses to these questions ‘as if he/she was’ a 

heavy smoker and drinker, because it was anticipated that a majority of participants would 

probably not be both heavy smokers and drinkers (consistent with this prediction, 94% of our 

participants reported either smoking only [at least once-a-day], drinking only [at least once-a-

week], or doing neither). 

Finally, participants used seven-point VASs to describe the extent to which they 

understood (‘not at all easy to understand’ = 1, ‘extremely easy to understand’ = 7) and 

trusted (‘not at all trustworthy’ = 1, ‘extremely trustworthy’ = 7) the information in the 

booklet. 

 

2.3. Measurement of Numeracy 
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Participants completed eight numerical questions established by Lipkus, Samsa and 

Rimer.(40) For familiarization, participants initially read an example question (with the correct 

answer provided) prior to completing the questions. An example of one of the eight questions 

reads “Which of the following numbers represents the biggest chance of getting a disease? 1 

in 100, 1 in 1000, 1 in 10?” The fifth question comprised two sub-questions (“If the chance of 

getting a disease is 10%, how many people would be expected to get the disease: (a) out of 

100?, and (b) out of 1000?), which we treated as two separate items. Hence, participants 

could achieve a maximum score of nine. 

 

2.4. Design 

The study followed a 4 (risk communication: control [n = 30], mechanism [n = 32], 

probabilistic [n = 28], mechanism+probabilistic [n = 37]) x 2 (numeracy: more, less) 

between-subjects design. The two principal dependent variables were (a) risk model 

judgments (sub-additive, additive, or synergistic) and (b) frequency estimates (e.g., 29 out of 

100). 

 

2.5. Procedure 

 Approximately 40 copies of each of the four booklets were manually shuffled into one 

pile and then distributed amongst the participants. Participants were informed that they had 

unlimited time to review the booklet and to complete the questionnaire. Participants were 

advised not to consult any other resources or persons during the experiment. The procedure 

was supervised by three experimenters. It was observed that participants took between nine 

and 20 minutes to review the booklet and complete the questionnaire (the questionnaire 

contained the judgment tasks, VAS questions, numeracy scale and requests for socio-

demographic data). 
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2.6. Analysis 

 Hierarchical loglinear analysis was employed to test for main effects and interactions 

between categorical variables, and significant results were further analyzed using chi-square 

(2) tests. Analyses of variance (ANOVAs) were employed to assess the influence of risk 

messages on continuous dependent variables (e.g., VAS responses), and significant 

differences were further analyzed using Bonferroni post hoc tests. 

 

3. RESULTS 

3.1. Numeracy of Participants 

The mean numeracy score was 7.15 (SD = 1.73; Md = 7), and scores ranged from 1 to 

9. Participants were split into two groups (more or less numerate) according to the group 

median score. Hence, 48.8% (n = 62) of participants with 8 or 9 items correct were classified 

as more numerate, and 51.2% (n = 65) of participants with 7 or fewer correct items were 

classified as less numerate (for similar procedures see references 35,42,46). As observed here, 

on extant numeracy scales it is commonplace to obtain a skewed distribution of scores where 

the observed median score is higher than the mid-score on the scale.(47) There was no 

significant difference in the proportion of more and less numerate participants in each of the 

four risk communication conditions, χ2 (3) = 3.04, p > 0.39. 

 

3.2. Data Preparation 

Categorical risk model judgments for each of the four risk communication groupings 

are displayed in Table I. To determine whether three-way loglinear analyses (e.g., risk model 

x risk communication x numeracy) could be performed, we assessed whether the data met the 

test assumption that no less than 20% of the cells should have expected frequencies less than 
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5.(48) As 67% of cells featured expected frequencies less than 5, the data did not meet this 

assumption. To address this issue, the ‘sub-additive’ and ‘additive’ categories were collapsed 

into one category, resulting in two categories for the risk model variable i.e., ‘synergistic’ and 

‘non-synergistic’ (for clarity, Figure 3 shows the risk model judgments in these collapsed 

categories). The data then met the test assumptions, and the three-way analysis was viable. 

Collapsing categories into dichotomous groups is appropriate for a hierarchical loglinear 

analysis where the research aims are not affected.(48) 

[Insert Table I about here] 

[Insert Figure 3 about here] 

 

3.3. Risk Model Judgments, Risk Communication, and Numeracy 

To assess whether participants’ risk model judgments varied according to risk 

communication and/or numeracy, we performed a three-way loglinear analysis: risk model x 

risk communication x numeracy. This identified a significant main effect for risk model, χ2 

(1) = 6.68, p = 0.01. The main effect for risk model was attributable to the greater proportion 

of participants, across the whole sample, who judged that the combination would present a 

synergistic risk (61%) rather than a non-synergistic risk (39%), χ2 (1) = 6.62, p < 0.01. 

Furthermore, the main effect for risk model was qualified by a two-way interaction between 

risk model and risk communication, χ2 (3) = 9.90, p < 0.05. No other significant interactions 

or main effects were found, χ2s (3) < 2.68, ps > 0.05. Hence, participants’ risk judgments did 

not differ significantly according to numerical ability, and this was the case irrespective of 

the type of risk communication that participants reviewed. 

To investigate the identified two-way interaction between risk model and risk 

communication, chi-square analyses of participants’ risk model judgments were performed 

for each risk communication grouping. To address the increased risk of a Type I error when 
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performing these multiple comparisons, a Bonferroni correction (p = 0.05/4 = 0.0125) was 

employed. In the control condition, there was no significant difference, χ2 (1) = 0.53, p > 

0.05, between the proportion of participants who judged that the hazard combination would 

present a synergistic risk (43%) and a non-synergistic risk (57%). Similarly, there was no 

significant difference between these two proportions in (a) the mechanism condition (53% 

synergistic risk, 47% non-synergistic risk), χ2 (1) = 0.13, p > 0.05, or (b) the probabilistic 

condition (68% synergistic risk, 32% non-synergistic risk), χ2 (1) = 3.57, p > 0.05. However, 

in the mechanism+probabilistic condition, a significantly greater proportion of participants 

(78%) judged that the combination would present a synergistic risk (cf. non-synergistic risk), 

χ2 (1) = 11.91, p < 0.001. 

Chi-square tests were employed to assess whether the risk model judgments made by 

participants in the (i) mechanism (ii) probabilistic or (iii) mechanism+probabilistic conditions 

differed significantly from those in the control condition. A Bonferroni correction was 

employed (p = 0.05/3 = 0.017). The results revealed that the participants’ risk model 

judgments in the mechanism condition and the probabilistic condition did not differ 

significantly from participants’ judgments in the control condition, χ2s (1) < 3.53, ps > 0.05. 

By contrast, a significantly greater proportion of participants in the mechanism+probabilistic 

(cf. control) condition judged that the hazard combination would present a synergistic risk, χ2 

(1) = 8.70, p < 0.01. 

 

3.4. Accuracy of Frequency Estimates, Risk Communication, and Numeracy 

 As described above, participants were asked to estimate how many individuals, each 

of whom is a heavy smoker and a heavy drinker, would develop esophageal cancer during 

their lifetime. Calculations based on data reported by Cancer Research UK and Zambon et al. 

indicate that 29 of 100 such individuals will develop esophageal cancer in their lifetime.(24,49) 
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The accuracy of participants’ frequency estimates was assessed in relation to this statistic. 

The distribution of participants’ estimates, which ranged from 1 to 90, demonstrated a peak 

from 27 to 31, followed by a drop in responses beyond these limits. This indicated 

participants either did not know the correct frequency, or knew the correct frequency within 

±2%. Thus, the frequency estimate variable was transformed into a dichotomous categorical 

variable (accuracy: accurate, inaccurate), with estimates from 27 to 31 deemed to be accurate, 

and all other estimates deemed inaccurate. For a similar approach to assessing the accuracy of 

risk/frequency judgments see Galesic et al.(35) 

 Categorical frequency estimates for each of the four risk communication groupings 

are displayed in Figure 4. A three-way loglinear analysis (accuracy x risk communication x 

numeracy) was performed to assess whether participants’ estimates varied according to risk 

communication and/or numeracy.1 This identified a significant main effect for accuracy, χ2 

(1) = 20.75, p < 0.001. The main effect for accuracy was attributable to the greater proportion 

of participants, across the whole sample, who provided inaccurate (70%) rather than accurate 

(30%) frequency estimates, χ2 (1) = 20.16, p < 0.001. Furthermore, the main effect for 

accuracy was qualified by a two-way interaction between accuracy and risk communication, 

χ2 (3) = 49.42, p < 0.001. However, no other significant interactions or main effects were 

found, χ2s (3) < 4.00, ps > 0.05. Hence, the accuracy of participants’ frequency estimates did 

not differ significantly according to numerical ability and this was the case irrespective of the 

type of risk message reviewed.2 

[Insert Figure 4 about here] 

To investigate the identified two-way interaction between accuracy and risk 

communication, chi-square analyses of participants’ frequency estimates were performed for 

each risk communication grouping. A Bonferroni correction (p = 0.05/4 = 0.0125) was 

employed. For the control condition, the test could not be computed as 100% of participants 
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provided inaccurate frequency estimates. Similarly, 93% of participants in the mechanism 

condition provided inaccurate estimates and, consequently a significant difference, χ2 (1) = 

22.53, p < 0.001, was observed between the proportion of accurate and inaccurate estimates. 

Separate tests for the probabilistic and mechanism+probabilistic conditions both revealed no 

significant difference, χ2s (1) < 0.94, ps > 0.05, between the proportion of accurate and 

inaccurate estimates in each condition (probabilistic/mechanism+probabilistic condition: 

59/51% accurate, 41/49% inaccurate).  

Tests were performed to examine whether the accuracy of participants’ frequency 

estimates in the mechanism, probabilistic, and mechanism+probabilistic conditions differed 

from participants’ estimates in the control condition. A Bonferroni correction was employed 

(p = 0.05/3 = 0.017). The results revealed that the accuracy of participants in the control and 

mechanism conditions did not differ significantly, χ2 (1) = 2.07, p > 0.05. By contrast, a 

significant difference was identified between the accuracy of participants’ estimates in the 

control and (i) the probabilistic condition, χ2 (1) = 24.72, p < 0.001, and (ii) the 

mechanism+probabilistic condition, χ2 (1) = 21.50, p < 0.001. That is, participants in the 

probabilistic and the mechanism+probabilistic conditions provided a significantly greater 

proportion of accurate risk estimates than participants in the control condition. 

 

3.5. Affective Responses, Behavioral Intentions, Comprehension, and Trust 

 For each of the four risk communication conditions, participants’ mean responses on 

the seven-point VASs are displayed in Table II. Independent measures ANOVAs were 

performed to assess whether participants’ responses varied according to the conditions. This 

identified that there was no significant difference between the four conditions in terms of (i) 

the extent to which the information in each booklet was trusted (M = 4.67, SD = 1.50) and 

understood (M = 5.76, SD = 1.26), Fs(3, 123) < 1.38, ps > 0.05, (ii) affective evaluations, 
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such as worry (M = 5.15, SD = 1.54) and fright (M = 4.74, SD = 1.68), Fs(3, 123) < 2.02, ps > 

0.05, and (iii) the likelihood of quitting drinking (M = 3.89, SD = 1.79), reducing drinking (M 

= 4.85, SD = 1.82), or reducing smoking (M = 5.07, SD = 1.77), Fs(3, 123) < 1.59 ps > 0.05. 

However, the likelihood of quitting smoking did differ significantly between the risk 

communication conditions, F(3, 123) = 3.27, p < 0.05. A Bonferroni post hoc test (p = 0.05/4 

= 0.0125) revealed that participants in the mechanism condition (M = 4.53, SD = 1.87) were 

significantly (p = 0.04) more likely to report they would quit smoking (cf. participants in the 

control condition) if they were both a heavy smoker and a heavy drinker (M = 3.30, SD = 

1.56); no other significant (ps > 0.05) pairwise comparisons were identified. 

[Insert Table II about here] 

 

4. DISCUSSION 

 Our results show that, in relation to the combined use of alcohol and tobacco, 

messages which convey evidence-based details of the underlying causal mechanism, the 

resultant probabilistic risk, or both of these, each has its own strengths in helping individuals 

to understand that the combination presents a synergistic risk. This suggests that each of these 

message contents should be selected according to the communicator’s objectives. 

Specifically, we found that the message concerning both the causal mechanism and the 

resultant risk magnitude was the only approach that led to a significant improvement in the 

veridicality (i.e., consistent with empirical data) of individuals’ risk model judgments. This 

suggests that, where the principle aim is to help individuals understand that the hazard 

combination presents a synergistic risk, the communicator should consider conveying details 

of both components. We also found that the provision of probabilistic information, either 

alone or in conjunction with mechanistic information, can lead to significant improvements in 

the extent to which individuals accurately understand the risk magnitude attributable to a 
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particular hazard combination. This indicates that messages detailing the probabilistic risk are 

most likely to be appropriate when the communicator’s sole objective is to help impart 

knowledge of the synergistic risk magnitude. Furthermore, our study suggests that a message 

detailing only the causal mechanism of the synergistic risk may be most effective in 

influencing protective behavioral intentions. That is, a message which focuses the recipient’s 

attention on the actual cause of the synergistic risk may help that person recognize that the 

threat posed by the hazard combination can be reduced/eliminated by the removal of one of 

the hazards. Furthermore, the absence of variation in affective reactions (i.e., worry and 

fright) between the four conditions indicates that evidence-based messages concerning the 

synergistic risk may be particularly appropriate when the communicator’s motive is to 

facilitate informed decision-making rather than to arouse fear or provoke disproportionate 

precautionary behaviors. However, it should be noted that research evidence also suggests 

that the adoption of health related behaviors often follows an inversed U-shaped pattern as 

worry/perceived risk increases.(53,54) Therefore, the absence of affective reactions in our study 

could suggest that our intervention may not provoke a magnitude of worry/fear that is 

sufficient to motivate behavioral changes. Nonetheless, a balance is clearly required in the 

provocation of affective reactions because additional studies indicate, consistent with the 

inverse U-shaped pattern, that heightened fear can lead to a sense of helplessness and/or 

reluctance to adopt self-protective behaviors.(55,56) 

 Beyond the key findings mentioned above, there are additional aspects of our results 

that require further consideration and which provide useful insights into the communication 

of synergistic risks. First, the frequency estimates of participants in the two probabilistic 

conditions (cf. control condition) show that the icon arrays helped just over half of them to 

acquire precise knowledge of the risk magnitude. On one hand, this finding shows that, in 

contrast to the results of previous studies that have not employed icon arrays,(9,13) 
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probabilistic information about synergistic risks can be effectively and efficiently conveyed 

using visual aids. This relative success is consistent with other studies that have demonstrated 

the capacity of icon arrays to substantially improve the accuracy of risk estimates.(35,36) On 

the other hand, just less than half of the participants in our two probabilistic conditions did 

not make accurate risk estimates for the alcohol-tobacco combination. This highlights a 

potential limitation of the icon array approach which, according to our findings, cannot be 

attributed to differences in numerical ability. Hence, there is further scope for identifying (a) 

how probabilistic information concerning synergistic risk magnitudes may be conveyed with 

greater effectiveness and (b) what factors may moderate the comprehension of probabilistic 

information concerning synergistic risks. 

 Second, previous studies indicate that individuals are typically (a) interested to know 

what causes particular [health] problems because this can help them to identify what 

preventative action they could take, and (b) more likely to make behavioral decisions based 

on case-based, concrete information as opposed to statistical, abstract information (see 

reference 17). This could explain why participants in our mechanism condition (cf. control 

condition) reported being significantly more likely to quit smoking (i.e., the participants 

identified that removing tobacco inhibits the harmful synergy). However, this interpretation 

then presents two important questions. The first question is why did the mechanism message 

influence participants to report a greater likelihood of quitting smoking but not quitting 

drinking? We suggest that, whilst participants could identify that the removal of either 

substance would prohibit the harmful synergy, the preference for quitting smoking may be 

largely motivated by the common perception tobacco smoking is wholly deleterious to health, 

often to the extent that individuals over-estimate the harmful effects.(57,58) By contrast, 

research suggests that alcohol consumption is perceived as less risky than smoking and has 

some health benefits.(59,60) The second question raised is why the participants in the 
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mechanism+probabilistic condition (cf. control condition) did not also report being more 

likely to quit drinking? We speculate that this may have been because the probabilistic 

information attenuated the impact of the mechanism information. In particular, a ‘recency-

effect’ may have been elicited in which the latter part of the message became dominantly 

salient in the minds of the participants, reducing the impact of the mechanism information.(61) 

Equally, the probabilistic information may have served to decrease the perceived threat posed 

by the alcohol-tobacco interaction, because the icon array may have been effective at 

highlighting that the proportion of heavy smokers and drinkers unaffected by esophageal 

cancer was larger than the affected proportion; similarly, other scholars have noted that 

communication formats which effectively highlight both the affected and unaffected 

populations in this manner may lead to a decrease in perceived risk.(62,63) Whatever the cause 

of this finding, our results suggest that those wishing to communicate information about 

synergistic risks using mechanistic+probabilistic message contents should be mindful of how 

latter aspects of the message may impact upon the effects of previous aspects.  

 Third, the concept of ‘synergistic risk’ is quantitatively defined (i.e., the risk 

attributable to the hazard combinations exceeds the sum of the risk attributable to each 

constituent hazard). Hence, it would seem reasonable to suggest that individuals with lower 

numerical skills may be less adept at understanding this particular risk concept. However, in 

contrast to this proposition, our results indicate that an individual’s numerical ability does not 

necessarily moderate whether he/she understands, either pre or post intervention, that a 

hazard combination presents a synergistic risk. Consistent with the findings of Bonnin-Scaon 

et al. and Hampson, Andrews, Barckley, Lee and Lichtenstein, our study suggests that such 

an understanding is moderated by access to opportunities to effectively learn about the 

interaction of the hazards and the resultant synergistic effects, rather than to the unique 

characteristics of the individual.(14,64) Importantly, this highlights that the 
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mechanism+probabilistic message employed in our study may represent part of a valuable 

model of how many individuals could be helped to make better informed decisions about the 

risk attributable to combined hazards. 

Fourth, we suggested above (see Section 1.2.2.) that it was possible that the diagrams 

of the biological mechanism alone may enable individuals to infer that a synergistic risk 

model is attributable to the alcohol-tobacco combination. However, our results do not support 

this proposition. This suggests that, whilst previous studies show that simplified diagrams 

alone can aid the generation of inferences, the participants in the mechanism condition may 

have lacked the necessary knowledge to infer that the mechanism increases the risk 

synergistically. More specifically, the diagrams alone may have helped the participants to 

understand that the mechanism increases the risk of esophageal cancer, but did not provide 

sufficient information to help our participants to understand that the increase in risk is greater 

than the sum of the risk attributable to the two substances operating alone. This interpretation 

of our findings is supported by evidence from Moravcsik and Kintsch who found that the 

accuracy of the inferences that individuals can draw from educational materials is often 

influenced by additional knowledge possessed by the learner.(65) 

Finally, our messages only conveyed details of the synergistic risk of developing 

esophageal cancer for smokers/drinkers. Consequently, it could be argued that the relative 

effectiveness of our mechanism+probabilistic message may not be replicable for messages 

concerning other hazard combinations that also present synergistic risks. However, our 

results suggest that the effectiveness of combining the mechanistic and probabilistic 

messages, compared to using either of these messages alone, is attributable to its capacity to 

enable individuals to specifically identify that there is a relationship between the ‘cause’ and 

‘effect’ components respectively depicted in each message. As there appears to be little 

reason to conclude that the ability to identify such a relationship is specific to the likelihood 
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of developing esophageal cancer for people who use alcohol and tobacco, it seems reasonable 

to assert that the relative effectiveness of our mechanism+probabilistic message should be 

replicable for other hazard combinations. In support of this argument, research evidence from 

Butcher and Kintsch indicates that educational materials, which use diagrams and supporting 

text to communicate technical concepts, are particularly effective at facilitating holistic 

comprehension via the integration of separate inferences drawn from multiple information 

sources.(38,66) Furthermore, research also shows that the ability to achieve holistic 

comprehension from multiple messages featuring diagrammatic/pictorial representations can 

occur across a range of disciplines, such as engineering and human anatomy, and, therefore, 

this ability does not appear to be domain- and/or content-specific.(38,67) 

 

4.1 Limitations and Future Directions 

 Our study has some limitations that could be addressed in future research. First, whilst 

there are legitimate reasons to believe that our use of a well-educated sample does not limit 

the generalizability of our findings to other populations (see section 2.1) we would still 

encourage researchers to conduct future studies that assess the effectiveness of our messages 

using a variety of populations. This may help to identify whether there are any individual or 

socio-demographic characteristics (which currently remain undetected by extant research) 

that may moderate the comprehension of synergistic risks. Similarly, because our sample 

consisted mainly of individuals who were not smokers and drinkers we acknowledge that (a) 

we cannot determine whether our messages would influence the behavioral intentions of 

individuals who do smoke and drink, and (b) the sample (cf. smokers and drinkers) may have 

been less likely to demonstrate a strong affective reaction to our messages. Second, we 

presented our messages using specific visual formats because extant studies have highlighted 

the efficacy of these particular approaches. However, we acknowledge that other formats 
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could prove more effective and/or efficient and that this is something future studies could 

assess. For example, researchers might explore whether the efficiency of Bonnin-Scaon et 

al.'s intervention could be improved by using a single interactive computer-based chart to 

communicate risk, rather than manually presenting numerous cue-configuration cards to 

individuals across several training sessions. Third, we suggested above that a ‘recency effect’ 

may explain why there was no effect of the mechanism information on likelihood of quitting 

when followed by probabilistic information. A future study could reverse the order of the 

presentation of probabilistic and antecedent information to test this proposition. Finally, the 

risk messages we employed were designed to empirically assess the extent to which each 

specific message would enable the recipient to infer that the combination presents a 

synergistic risk. Therefore, it is promising to recognize that the efficacy of these messages 

may be further enhanced by additional information, which provides more explicit information 

concerning the fundamental purpose of the communication. 

 

5. CONCLUSION 

 Our study has addressed a need to identify message content that is both effective and 

efficient in helping individuals to understand a synergistic risk. Importantly, our results 

highlight the specific merits and potential weaknesses of using messages that convey 

information about the mechanistic and/or probabilistic components of this risk concept. 

Specifically, messages that explain both components may provide the most effective 

approach for enabling individuals to understand both the risk model and magnitude 

attributable to specific hazard combinations. Furthermore, in comparing our results with 

those obtained in previous studies, it appears that the particular visual format employed may 

also influence the effectiveness of messages that convey probabilistic information about 

synergistic risks. Our findings can be utilized in the development of a general model for 
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communications concerning synergistic risks and, therefore, can contribute to improving the 

important risk-related decisions that individuals make concerning combined hazards. 

However, further research is still needed to explore alternative approaches that can help 

individuals to understand the increasing number of synergistic risks that are being identified 

by the scientific community. 
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TABLES AND FIGURES 

Table I. Participants’ risk model judgments concerning the risk of developing esophageal cancer for individuals who are both heavy smokers 

and heavy drinkers. Judgments shown for each of the four risk communication conditions. 

Condition Risk Model Judgments  

Sub-Additive Additive Synergistic Total 

Control 11 6 13 30 

Mechanism 7 8 17 32 

Probabilistic 6 3 19 28 

Mechanism + Probabilistic 3 5 29 37 

Total  27 22 78 127 
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Table II. Mean ratings (standard deviations) in response to questions concerning the risk of developing esophageal cancer for individuals who 

are both regular smokers and regular drinkers. 

 
Risk Communication Materials Reviewed 

  

Question (in abbreviated form) 
Control 

(n = 30) 
Mechanism 

(n = 32) 
Probabilistic 

(n = 28) 

Mechansim+ 

Probabilistic 
(n = 37) 

Overall 

Mean 
(N = 127) 

Worried if regular smoker and drinker? 

(1 = Not at all worried, 7 = Extremely worried) 
4.63 (1.40) 5.56 (1.65) 5.29 (1.58) 5.11 (1.47) 5.15 (4.74) 

Frightened if regular smoker and drinker? 

(1 = Not at all frightened, 7 = Extremely frightened) 
4.23 (1.38) 5.06 (1.70) 4.82 (1.79) 4.81 (1.76) 4.74 (1.68) 

Quit smoking if regular smoker and drinker? 

(1 = Not at all likely, 7 = Extremely likely) 
3.30 (1.56) 4.53 (1.87) 4.54 (1.92) 4.05 (1.72) 4.10 (1.81) 

Quit drinking if regular smoker and drinker? 

(1 = Not at all likely, 7 = Extremely likely) 
3.40 (1.48) 4.13 (1.98) 4.11 (1.69) 3.92 (1.90) 3.89 (1.79) 

Reduce smoking if regular smoker and drinker? 

(1 = Not at all likely, 7 = Extremely likely) 
4.63 (2.06) 5.47 (1.67) 5.36 (1.55) 4.86 (1.74) 5.07 (1.77) 

Reduce drinking if regular smoker and drinker? 

(1 = Not at all likely, 7 = Extremely likely) 
4.57 (1.89) 4.88 (1.90) 5.25 (1.67) 4.76 (1.83) 4.85 (1.82) 

Understood Risk Communication Materials? 

(1 = Not at all easy to Understand, 7= Extremely easy to understand) 
5.63 (1.35) 5.66 (1.07) 6.18 (1.02) 5.62 (1.46) 5.76 (1.26) 

Trusted Risk Communication Materials? 

(1 = Not at all trustworthy, 7 = Extremely trustworthy) 
4.37 (1.73) 4.63 (1.48) 4.96 (1.53) 4.73 (1.31) 4.67 (1.50) 
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Figure 1. Three simplified diagrams illustrating the hypothesized causal mechanism 

underlying the synergistic risk of esophageal cancer attributable to the combined use of 

alcohol and tobacco. 
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1. A cross-sectional view of the tissue lining of the esophagus. 

2. Small deposits of alcohol stick to the tissue lining of the 

esophagus. 

3. Tobacco toxins stick to the alcohol deposits and penetrate 

the tissue lining. 
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Figure 2. Three icon arrays illustrating, respectively, the number of individuals who will 

develop esophageal cancer amongst a population of 100 heavy smokers, 100 heavy drinkers, 

and 100 individuals who both smoke and drink. 
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Figure 3. Participants’ risk model judgments concerning the risk of developing esophageal 

cancer for individuals who are both heavy smokers and heavy drinkers. Judgments shown for 

each of the four risk communication conditions and with the participants’ sub-additive and 

additive risk model judgments collapsed into one category labeled as ‘Non-Synergistic’. 
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Figure 4. Participants’ frequency estimates concerning the likelihood of developing 

esophageal cancer for individuals who are both heavy smokers and heavy drinkers. Estimates 

displayed in dichotomous categories of accurate (+/- 2 of the 29/100 likelihood reported by 

Zambon et al., 2000) vs. inaccurate, and shown for each of the four risk communication 

conditions. 
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FOOTNOTES 

 

1. To address concerns that dichotomous splits can be associated with problems, such as loss 

of power, researchers have recently adopted an analytical approach that maintains numeracy 

as a continuous variable.(50,51) Using the SPSS macro "PROCESS", we conducted a 

moderation analysis with numeracy (the moderator) as a continuous mean-centered variable, 

risk communication as the independent variable, and risk model as the binary (i.e., synergistic 

vs. non-synergsitic) dependent variable.(52) Consistent with our hierachical loglinear analysis, 

the moderation analysis revealed no significant main or interaction effects for numeracy (cs < 

-0.13, ps > 0.27). Furthermore, we repeated the 3-way loglinear analysis (risk model x risk 

communication x numeracy) using a trichotomous split for numeracy: low numeracy (score 

of 6 or less; n = 39), medium numeracy (score of 7 or 8; n = 56) and high numeracy (score of 

9; n = 32). Again, there was no significant moderating effect for numeracy (χ2s (6) < 4.25, ps 

> 0.64). Moreover, using "PROCESS", we also conducted a moderation analysis with 

numeracy (the moderator) as a continuous mean-centered variable, risk communication as the 

independent variable, and frequency estimate as the continuous dependent variable. 

Consistent with the hierachical loglinear analysis, the moderation analysis revealed no 

significant main or interaction effects for numeracy (cs < 0.12, ps > 0.47). We also repeated 

the 3-way loglinear analysis (accuracy x risk communication x numeracy) using a 

trichotomous split for numeracy: low numeracy (score of 6 or less; n = 37), medium 

numeracy (score of 7 or 8; n = 56) and high numeracy (score of 9; n = 31). Again, there was 

no significant moderating effect for numeracy (χ2s (6) < 4.62, ps > 0.59). 
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2. We recognized that a +/-2 criteria for an ‘accurate’ estimate provided participants with 

only a very small margin for error. We, therefore, repeated our three-way loglinear analysis 

(accuracy x risk communication x numeracy) but deemed estimates from 24 to 34 (i.e., +/-5) 

to be accurate and all other estimates deemed inaccurate. Consistent with the analysis using 

the +/- 2 criteria, this identified a significant main effect for accuracy, χ2 (1) = 9.44, p < 0.01. 

The main effect for accuracy was attributable to the greater proportion of participants, across 

the whole sample, who provided inaccurate (64%) rather than accurate (36%) frequency 

estimates, χ2 (1) = 9.32, p < 0.01. Again, the main effect for accuracy was qualified by a two-

way interaction between accuracy and risk communication, χ2 (3) = 43.66, p < 0.001. 

Consistent with the original analyses, chi-square analyses identified that frequency estimates 

in both the control condition and the mechanism condition were predominantly inaccurate 

(93% and 90% inaccurate, respectively), χ2s (1) > 19.19, ps < 0.001, and the frequency 

estimates in both the probabilistic condition and the mechanism+probabilistic were 

predominantly accurate (37% and 38% inaccurate, respectively); again, the difference 

between the proportion of accurate/inaccurate estimates was not significant in either of these 

latter two conditions, χ2s (1) < 2.19, ps > 0.05. 


