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ABSTRACT

This study aimed to assess whether, in the context of communicating risk-based breast cancer screening
results, visualizations of risk information consisting of an icon array depicting quantified breast cancer risk
and simplified drawings for “qualitative” risk information (e.g. risk factors, screening frequency) offer
added value compared to a textual format presenting numerical information. An online experiment was
conducted with a 3 (information format: text with numbers — text with risk visualizations — interactive) x4
(breast cancer risk category: slightly decreased, average, slightly increased, increased) between-subjects
design. We recruited n = 1,047 women aged 40-74 years from the general Dutch population, including
413 (39.4%) with lower education and 269 (25.7%) with a family history of breast cancer. Participants
viewed hypothetical screening results. Primary outcomes were verbatim and gist comprehension of
numerical probability information and verbatim comprehension of qualitative risk information.
Secondary outcomes (e.g. affective reactions, perceived likelihood) and health literacy, numeracy, and
graph literacy were also assessed. Results showed no significant differences in comprehension between
“text with risk visualizations” and “text with numbers” formats. Verbatim comprehension of numerical
probability and qualitative risk information was worse in the “interactive” format compared to “text with
numbers” format. Those assigned to a non-average risk category exhibited lower verbatim and gist
comprehension. Overall, the visualizations tested in this study did not enhance comprehension of risk-
based breast cancer screening results compared to a text format with numerical information.
Understanding risk-based screening results may be challenging regardless of format, particularly for
people assigned to a non-average risk category.

Risk-based breast cancer screening

In the Netherlands, all women between the ages of 50-74 are
invited biennially for breast cancer screening with mammogra-
phy. If no breast abnormality is found, a woman receives a letter
stating that no abnormality was found and that she will receive
a new invitation after two years until she is 75. Although still
a subject of research, a risk-based approach may be implemented
for breast cancer screening in the future (Broeders & Paci, 2015;
Fitzgerald et al,, 2022; RIVM, 2023). Risk-based screening may
include considering risk factors such as age of first menstrual
period, family history, and breast density (Clift et al., 2022). Based
on a mammography and such risk factors, women can be classi-
fied into a breast cancer risk category which can be used to
determine, for example, the screening frequency and method.
Although there are currently no risk-based screening programs
for breast cancer, effective risk communication will be key for the
successful implementation of such programs in the future.

To make informed decisions about cancer screening parti-
cipation, people need to understand the key benefits and

potential harms. This has proven difficult, as such information
often involves complex screening statistics which can be coun-
terintuitive for lay people, such as the risk of overdiagnosis
(Hersch et al., 2018; Petrova et al., 2015; Schwartz et al., 1997).
Although it is not yet clear whether risk-based screening will
be implemented and what it will look like, the results of such
screening will in any case contain a more multifaceted risk
message. For the current study, in consultation with experts,
we assumed a risk-based screening approach in which
a woman is assigned to one of four risk categories (i.e., slightly
decreased, average, slightly increased, or increased risk of
developing breast cancer), each with a corresponding screen-
ing interval and method.

When communicating the results of risk-based screening,
in addition to information about the absence of abnormalities,
information about the classification into a risk category and
the associated recommended follow-up screening interval and
method need to be communicated. The risk communication
literature suggests that providing comparative risk informa-
tion can help people put risk information into context (Waters
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et al., 2021) but that it also has an impact on people’s risk
perception, independently of the absolute magnitude of the
probability (Fagerlin et al., 2007; Windschitl et al., 2002). For
example, in an experiment in which women received hypothe-
tical comparative risk information, participants perceived
themselves as more vulnerable when their risk was framed as
higher compared to a group whose risk was framed as lower,
even though the absolute risk was the same (Windschitl et al.,
2002). In a similar experiment in which absolute risk was also
kept the same, women were more likely to take medication
when a risk was framed as higher than average compared to
lower than average (Fagerlin et al., 2007). There is also evi-
dence that people who have more difficulty with information
use, such as those with lower health literacy or numeracy skills,
generally have more difficulty understanding health risk infor-
mation (Berkman et al., 2011; Lipkus & Peters, 2009; Reyna
et al., 2009). This raises the question of how the results of risk-
based screening can best be communicated, including to those
with lower health literacy/numeracy, especially when no
healthcare provider is involved and people interpret the infor-
mation themselves. The current study investigated the added
value of visualizations of risk information, both an icon array’
for quantified breast cancer risk and visualizations for “quali-
tative” risk information (e.g., risk factors and the recom-
mended screening plan), on comprehension compared to
textual information with numerical probability information,
with all formats designed according to evidence-based
principles.

Communicating quantitative health risk information
using visualizations

General recommendations for communicating numerical
probability information include using numbers instead of ver-
bal terms only and specifying the denominator (Bonner et al.,
2021). However, there is no simple answer to the question of
how best to communicate quantified risk. This depends on the
communication goal and information characteristics, for
example, a single number or multiple numbers when compar-
ing different treatment options (Ancker et al., 2022).
Quantified risk information in risk-based breast cancer screen-
ing indicates how many people in the relevant risk group are
expected to develop breast cancer in the coming period and
how this compares to the average breast cancer risk. Key
recommendations in this context include specifying the refer-
ence class, using a consistent reference class, and ensuring that
readers do not need to do the math themselves, for example by
explicitly stating differences in the probabilities between risk
categories (Bonner et al., 2021).

Additionally, numerical probability information can be dis-
played visually, for example through icon arrays or bar charts.
Visual formats are generally recommended to facilitate inter-
pretation of quantitative information (Trevena et al., 2021).
Visual formats can reduce the cognitive effort required to
process abstract information by making calculations and com-
parisons visually accessible (Ancker et al., 2006; Franconeri
etal., 2021). For example, graphs depicting both the number of
people affected by a risk and the total number of people at risk
help to make part-to-whole relationships visible, which in turn
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supports understanding of absolute risk magnitudes (Garcia-
Retamero & Cokely, 2017; Stone et al., 2018). When processing
numerical information, according to Fuzzy Trace Theory, two
different types of mental representations are formed: verbatim
and gist representations (Reyna, 2008; Reyna et al., 2022).
Verbatim representations concern the exact numbers and
words, that is, the literal content of the message, for example
9% risk of developing a particular disease (Reyna, 2008; Reyna
et al., 2022). These verbatim representations can also be used
for calculations, such as calculating the difference in risk
between 9% and 4% (Brust-Renck & Reyna, 2023). On the
other hand, gist representations concern the bottom-line
meaning of the information, that is, the essence of the infor-
mation (Reyna, 2008; Reyna et al.,, 2022). For example, gist
representations can include general representations, such as
the likelihood of a risk occurring, e.g., likely or unlikely, or
representations of the order of magnitude, such as more or less
(Brust-Renck & Reyna, 2023; Reyna & Brust-Renck, 2020). It
has been argued that visualizations of numerical information
can be particularly effective in supporting gist comprehension
by making patterns more immediately visible (Trevena et al.,
2021). However, there is also evidence that some visualizations
can help to improve verbatim comprehension (Garcia-
Retamero & Cokely, 2017), for example, icon arrays used to
communicate the harms and benefits of two medications (Tait
et al., 2010).

There is no single visual format that is best in all situations
or for all communication goals (Ancker et al., 2024a). For
example, visualization features effective at increasing compre-
hension are often not the same as features that help to change
behavior (Ancker et al., 2006; Okan et al., 2018). When only
the numerator is visually displayed, it can lead to higher
perceived anxiety, worry, and risk aversion which may in
turn lead to behavior change. In contrast, when visualizations
direct attention equally to both the numerator and denomi-
nator of a probability, comprehension is often enhanced, but
there is generally less effect on behavior change (Ancker et al.,
2006; Stone et al., 2017). Different visualization formats can
also elicit different affective responses. For example, one study
found that health risk information presented in an icon array
elicited a stronger affective response than the same informa-
tion presented as frequencies or percentages (Timmermans
et al.,, 2008). Moreover, visualizations that are not well-
designed can lead to confusion or misinterpretation (Ancker
et al., 2006; Bresciani & Eppler, 2015), highlighting the impor-
tance of design based on evidence-based principles. Such
principles include avoiding inverted or truncated scales, keep-
ing visualizations simple, and respecting common associa-
tions, such as that a higher bar graph means “more”
(Franconeri et al., 2021; Garcia-Retamero & Cokely, 2017;
Trevena et al., 2021).

To communicate quantified breast cancer risk in the con-
text of risk-based breast cancer screening, an icon array is
a potentially suitable visual format. Icon arrays, together with
bar graphs, have been widely studied and they generally seem
to support comprehension (Trevena et al., 2021; Zipkin et al.,
2014). One of the advantages of icon arrays is that the refer-
ence class, i.e., the denominator, is clearly visible (Garcia-
Retamero et al.,, 2010). The question is whether an icon array
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supports understanding of risk-based breast cancer screening
results compared to a text format with numerical probability
information when both formats are designed using evidence-
based principles.

Communicating qualitative health risk information
using visualizations

Communications about the results of risk-based breast cancer
screening involve not only quantitative information but also
qualitative risk information, such as whether no abnormality
was found, which risk factors contribute to breast cancer, and
the recommended screening plan. This information can also
be visualized. Visualizations of qualitative information
include, for example, illustrations, photographs, pictures, car-
toons, and pictograms® (Houts et al., 2006; Schubbe et al.,
2020). General advantages of such visualizations include their
ability to draw attention, structure and order information, and
enhance information comprehension and recall (Houts et al.,
2006). However, as with visualizations of numerical informa-
tion, visualizations of qualitative information can cause con-
fusion or misinterpretation (Bresciani & Eppler, 2015;
Newman & Schwarz, 2024). Design principles are therefore
important, such as the application of Gestalt principles
(Koftka, 1922), the use of simple pictograms, minimizing the
use of abstract or ambiguous symbols, and taking into account
cultural differences in symbol interpretation (Bresciani &
Eppler, 2015; Houts et al., 2006). Simplified drawings appear
to facilitate comprehension better than photographs, poten-
tially because photographs often contain more details that may
be distracting (Houts et al., 2006).

In the context of health information in general, a previous
systematic review showed that using pictures, e.g., pictograms
and cartoons, can improve patients’ knowledge and recall
across a wide range of medical topics (Schubbe et al., 2020).
In the context of cancer screening, schematic illustrations
showing how polyps grow and how sigmoidoscopy can pre-
vent cancer were found to improve understanding of the pre-
ventive aim of bowel cancer screening (Brotherstone et al.,
2006).

In the present study, we examined whether visualizations of
risk information improve understanding of hypothetical
results of risk-based breast cancer screening, relative to a text
format presenting numerical probability information, with
both formats developed in accordance to evidence-based prin-
ciples. The visualization format combined an icon array to
communicate quantified breast cancer risk with simplified
drawings representing the more “qualitative” risk information,
co-created with women in a previous study. We also aimed to
investigate the influence of assigning participants to a breast
cancer risk category on information comprehension. We
hypothesized that:

Hlaand H1b: Women exposed to text accompanied by an icon
array — as part of an information leaflet in which other risk
information is also visualized- will show better verbatim (H1a)
and gist (H1b) comprehension of the numerical probability
information (i.e., risk of developing cancer in the next 5 years)

compared to women exposed to a text format with numerical
probability information.

H2: Women exposed to text with visualizations of the “quali-
tative” risk information - as part of an information leaflet in
which other risk information is also visualized- will show
a higher verbatim comprehension of this information (e.g.,
no abnormalities found, assigned risk category, advice for
follow-up screening interval and screening method) compared
to women exposed to a text format.

Additionally, we aimed to explore whether the effects of visua-
lizations of risk information on information comprehension
differ for women assigned to different risk categories (RQ1).

Individual differences

People with lower health literacy (HL) and/or numeracy skills
generally have more difficulty understanding numerical prob-
ability information (Davis et al., 2002; Fransen et al., 2017;
Schwartz et al., 1997) and may therefore particularly benefit
from visualizations (Garcia-Retamero & Cokely, 2017;
Oudhoff & Timmermans, 2015). A recent review found some
evidence that visualizations such as icon arrays can support
comprehension of numerical information for those with lower
HL (Richter et al., 2023). For people with lower numeracy,
visualizations of numerical information may help to provide
meaning to information that would otherwise remain abstract
(Lipkus & Peters, 2009). In addition to HL and numeracy,
graph literacy (GL), defined as “the ability to understand
graphically displayed information,” has also been shown to
influence people’s understanding of visualizations. People
with lower GL may benefit less from visualizations of quanti-
tative information than people with higher GL (Galesic &
Garcia-Retamero, 2011; Okan et al., 2019; Richter et al., 2023).

Visualizations of qualitative information have also been
shown to increase comprehension for people with lower HL.
Examples include illustrations in wound care instructions and
pictograms in medication-taking instructions (Houts et al,,
2006; Schubbe et al., 2020). However, a review of visualizations
of qualitative information showed that positive effects of visua-
lizations among the less literate were only found when this
target group was involved in designing the visualizations
(Mbanda et al., 2021). Therefore, it is important to consider
the different skill levels of people in both the development and
evaluation of visualizations.

RQ2: Are the effects of visualizations of risk information on
information comprehension different for individuals with dif-
ferent skill levels in HL, numeracy, and GL?

Static visualizations and interactive features

In health communication and decision support, tools some-
times use interactive elements, such as the option to click on
different treatments and outcomes to compare treatments
(Trevena et al,, 2021). Another example is interactivity in
icon arrays (Stellamanns et al., 2017), which may help direct



attention to key information and promote more active infor-
mation processing (Okan et al., 2015). Interactive icon arrays
may therefore offer a useful approach for communicating the
results of risk-based breast cancer screening. However, icon
array interactivity has been applied differently in different
studies. For example, in one study, participants who had to
click on the correct number of icons within icon arrays exhib-
ited worse risk understanding than those who viewed a static
icon array (Zikmund-Fisher et al, 2011). In another study,
different elements of icon arrays were presented sequentially,
with explanatory labels also appearing in some conditions. The
results showed that the sequential presentation of elements did
not influence comprehension, but adding labels improved
comprehension for participants with lower GL (Okan et al,,
2015). The underlying assumption is that presenting informa-
tion sequentially may help reduce information overload, yet
most of the available studies indicate that respondents do not
perform better with interactive icon arrays compared to static
icon arrays (Ancker et al., 2024b).

Interactive features can also relate to qualitative information.
In a review and meta-analysis of interactive features in computer-
based decision aids, one of the interactive features was content
control, i.e., the ability of users to navigate through information
and decide for themselves whether to read additional information
(Syrowatka et al., 2016). The meta-analysis showed that decision
aids with content control positively affected knowledge compared
to decision aids without content control. However, the different
components of content control had different effects on the out-
comes. For example, being able to navigate, such as with a menu
bar, hindered knowledge, while having the option for additional
information and external sources had a positive effect on knowl-
edge (Syrowatka et al., 2016). In the context of risk-based breast
cancer screening, interactive elements could allow presenting the
core information (e.g., the risk factors) and allowing users to
decide whether they want to read further explanations (e.g., an
explanation of what the risk factors exactly entail). This could
contribute to reducing information overload and increasing user
engagement, which could potentially improve comprehension
(Syrowatka et al., 2016). The current study therefore explored
the effects of interactive elements in communicating the results of
risk-based breast cancer screening on women’s comprehension.
Due to the mixed findings regarding interactive elements in
previous research, we did not formulate hypotheses.

RQ3: What are the effects of an interactive format on the
verbatim and gist comprehension of the numerical probability
information and the verbatim comprehension of the qualita-
tive risk information compared to a text format with numerical
probability information?

Additionally, because the use of risk visualizations and assign-
ment to a risk category can also affect outcomes beyond com-
prehension, such as affective reactions (Fagerlin et al., 2007;
Houts et al., 2006; Timmermans et al., 2008; Windschitl et al.,
2002), we also examined several secondary outcomes, namely;
affective reaction, perceived likelihood, affective risk assessment,
and evaluation of information materials (for details see the
Methods section).
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RQ4: What are the effects of information formats and risk
categories on affective reactions, perceived likelihood, affective
risk assessment, and evaluation of information materials?

Methods
Design

In an online randomized experiment, women from the general
Dutch population were asked to imagine themselves receiving
results from risk-based breast cancer screening with fictitious
but realistic information. We used a 3 (information format:
text with numbers - text with risk visualizations - interactive)
x 4 (breast cancer risk category: 1 — 2 (average) — 3 - 4)
between-subjects experimental design. Respondents were stra-
tified by educational level (low, versus middle/high) and ran-
domly assigned to one of the 12 conditions.

This study was exempted from extensive review by the
medical research ethics committee of Amsterdam UMC,
location VUmc (FWA00017598) following local regulatory
guidelines/standards for human subjects’ protection in the
Netherlands (Medical Research Involving Human Subjects
Act). The study was pre-registered before data collection
through the Open Science Framework on December 16
2021 at https://osf.io/r723n/?view_only=
96b98b45ca8449a3878fcdc2c652a80c. Deviations from the
pre-registration are indicated. Not all research questions
from the pre-registration are addressed in the current
manuscript. The research questions that relate to the accep-
tance of risk-based screening and the intention to partici-
pate will be addressed in another manuscript, as well as
possible differences between women assigned to different
risk categories.

Participants

Participants (N =1,047) were women from the general Dutch
population aged 40-74 without a history of breast cancer.
Participants were recruited by the online panel Motivaction
(ISO-20252, ISO-27001 certified) in December 2021. A flow dia-
gram of participant inclusion and randomization is presented in
Figure 1.

An a priori power analysis was performed for sample size
estimation. Effect sizes in studies focusing on presentations of
numerical probability information in graphs tend to be small
(Trevena et al., 2021). For the power analysis, we used a Cohen’s
fof .115 with an alpha of .05 based on previous research on the
effects of different visualizations of breast and prostate cancer
survival rates on comprehension (Recchia et al., 2020). For
a 4 x 3 factorial ANOVA with interaction effects and one co-
variate, the required sample size was 1,037 for a power of .80.”

Materials

All study materials and survey items are available on the Open
Science Framework https://osf.io/x3hzr/?view_only=
5b8e7f732ae74992aadeect32f18781f. Screening results were
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l 8289 received the invitation |

44 6943 no reaction to invitation

I 1346 accessed the survey I

205 did not want to participate

94 had breast cancer (exclusion)

| 1047 were randomized |

352 Text with
numbers

351 Text with risk
visualizations

90 risk category 1 89 risk category 1

89 risk category 2 88 risk category 2
86 risk category 3 86 risk category 3
87 risk category 4 88 risk category 4

344 Interactive

87 risk category 1
86 risk category 2
84 risk category 3
87 risk category 4

Figure 1. Flow diagram of survey participation and randomization.

presented in one of three formats: 1) text with numbers; 2) text
with risk visualizations; and 3) interactive. For each format, four
different breast cancer risk categories were created, reflecting the
categories to which women could be hypothetically assigned (see
Supplementary materials A Table Al for an overview of the
characteristics of the risk categories).

The “text with risk visualizations” format was developed in
collaboration with a UX designer based on the risk commu-
nication literature, our previous research involving interviews,
participatory design sessions, and user tests with the target
group and expert consultation (van Strien-Knippenberg,
Arjangi-Babetti, et al., 2024). After the user tests, a plain lan-
guage specialist translated the information to a reading level of
up to sixth grade. Prior to the current experiment, information
materials were pre-tested with four women.

The numerical probability information, or quantified breast
cancer risk, conveyed how many people in the relevant risk group
would develop breast cancer in the coming 5 years and how this
compared to the average risk of breast cancer. In the “text with
numbers” format, this information was presented as numbers,
communicating both the number of women expected to develop
breast cancer and those not expected to develop breast cancer, as
well as the difference with the average risk category. In the “text
with risk visualizations” this numerical information was accom-
panied by an icon array using so-called “restroom icons,” i.e.,
icons that represent schematic male or female figures. The icon
array consisted of 1,000 figures indicating how many women
would develop breast cancer in the next 5 years and how many
would not. The difference with the average risk in the icon array
was also indicated. The “text with risk visualizations” format also
included visualizations depicting qualitative elements, including
that no abnormality was found, the risk factors, and the screening
plan, ie., the time period until the next invitation and which
screening method will then apply. The communication goal of
these visualizations was to enhance understanding and give mean-
ing to the information. Figure 2 shows an example of the icon
array and visualizations of qualitative risk information.

The “interactive” format was developed by a UX designer
from our research team, using the “text with risk visualiza-
tions” as a starting point. The interactive format included

a dynamic display of the icon array whereby 1,000 icons were
shown first. After pressing a button, the time frame, the num-
ber of icons affected by breast cancer, and the difference from
the average breast cancer risk were displayed. Furthermore,
participants only saw basic information on their screen and
could decide whether they wanted to view further explanations
by pressing a button. For example, for each risk factor, parti-
cipants could decide whether they wanted more explanation
about this risk factor. This information was visible by default
in the “text with numbers” and “text with risk visualizations”
format.

Procedure

Participants received a link to an online survey from the
panel, with information about the study aim. Consenting
participants were exposed to the stimulus materials fol-
lowed by a questionnaire assessing outcome measures (see
measures). The information materials were not visible to
participants for the comprehension questions, but they
were visible when answering the other questions. Finally,
women’s GL (Okan et al., 2019), numeracy (Lipkus et al.,
2001; Schwartz et al., 1997), and HL (Pander Maat et al.,
2014; Woudstra et al., 2019) were assessed. Participants
were thanked and rewarded according to the panel’s
agreements.

Measures

Table 1 presents the questions used to assess all primary and
secondary outcomes. The answers considered correct for the
comprehension questions are provided in Supplementary
material A, Tables A2 and A3. “Don’t know” answers were
considered incorrect. The background characteristics mea-
sured were: age, education level (highest diploma obtained),
medical education, awareness of BC screening, family history
of BC, prior invitation to BC screening, and BC screening
participation. All questions were reviewed by a plain lan-
guage specialist and pre-tested among four women.



Your risk explained

P> Risk category 3 means that:

In the next 5 years, about 980 out of 1,000 women in this category will
not develop breast cancer.
20 out of 1,000 women will develop breast cancer.

That is 5 more than with an average risk

Now In 5 years

20 will develop breast
cancer in category 3

980 will not develop breast cancer
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SCREENING PLAN

We did not find any indications of breast cancer and you were
categorized in risk category 3. Therefore, you will receive a new
invitation for breast cancer screening after 1 year. You will then be
invited for a mammography.

MAMMOGRAPHY & questionnaire

A mammography is an X-ray of the breast. Your breasts are
placed on a plate and compressed with another plate. The photo
tells us if there are any indications of breast cancer.

Re-categorization

Each time you participate in the screening, we again evaluate
which risk category you are categorized in.

Are you categorized in a different category? Then you may be
examined more frequently, or less frequently. Or you may be
screened using a different procedure.

Reliability MRl & mammography
The mammography result is almost certain but it can never give
100% certainty. Unfortunately, especially dense breast tissue can
make it hard to see breast abnormalities with a mammography.
Women with very dense breast tissue are therefore invited for an
MR, instead of a mammography.

SCREENING UNTIL THE AGE OF 75

The breast cancer screening will stop at the age of 75 years. You
will not be invited anymore from that age.

Figure 2. Example of a static quantitative risk visualization (left panel) and a qualitative risk visualization (right panel) for the third risk category.

Primary outcomes

We used a set of measures related to what is often called “gist
comprehension” and “verbatim comprehension” in the risk
communication and decision-making literature. This distinc-
tion stems from Fuzzy Trace Theory (Reyna, 2008), which
postulates that gist comprehension -the underlying bottom-
line meaning of the information- is especially important for
decision making, and that verbatim comprehension -
the details of the information- are important for extracting
the right gist.*

Verbatim comprehension of numerical probability informa-
tion (used for Hla). Two open-ended questions to assess
whether participants remembered the exact absolute risk cor-
responding to their risk category as well as the exact difference
from the average risk, e.g., “The chance of developing breast
cancer within 5 years for my risk category is ... out of 1,000
women.” Items were based on previous research measuring
verbatim comprehension (e.g., Hawley et al., 2008; Tait et al,,
2010) and tailored to the context of the current study. Answers
were coded as correct when exactly correct (1 = correct; 0=
incorrect) and summed to form a composite score, with higher
values indicating better comprehension.

Gist comprehension of numerical probability information
(used for H1b). Two multiple-choice questions assessing
understanding of the bottom line meaning of the assigned
risk category relative to the average risk, e.g., “What does the
result mean? The result means that my chances of developing
breast cancer within 5 years are less than/the sameas/greater

than/I don’t know the chances of an average woman.” Answers
were coded as 1 (correct) or 0 (incorrect) and summed, with
higher scores representing better comprehension. Using items
with one correct response builds on previous work using
a similar approach to assess gist comprehension (Blalock &
Reyna, 2016; Reyna & Brust-Renck, 2020; Smith et al., 2015).

Verbatim comprehension of the qualitative risk information
(used for H2). Six multiple-choicequestions related to the
different risk concepts (e.g., whether an abnormality was
found, the risk category, the corresponding screening plan
and method, and risk factors). For example, “What was in
the screening plan? In 1/2/4 year I will receive an invitation
for breast cancer population screening/I don’t know.” Answers
were coded as 1 (correct) or 0 (incorrect) and summed, with
higher scores representing better comprehension.

Secondary outcomes

Affective reaction. 10 items of the Short PANAS (Kercher,
1992) to measure participant’s affective reaction after reading
the results leaflet. Half of the items measure Positive Affect
(PA) and half Negative Affect (NA) on a 5-pointscale (1 = very
slightly or not at all, 5 =extremely). Two items were added
based on previous research (van Strien-Knippenberg et al,,
2022), i.e., worried and overwhelmed.

Perceived likelihood®. Two items adapted from Ockhuysen-
Vermey et al. (2008) reflecting a cognitive evaluation of the
risk information provided (7-pointscale). For example “After
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Table 1. Questions associated with the primary and secondary outcomes.

Variable Item(s) Scale/Response categories
Primary Verbatim comprehension ® The chance of developing breast cancer within 5 .. out of 1000 women/I don't know
outcomes  of numerical years for my risk category is
probability information ® The results leaflet states how many out of 1000 .. more/fewer/as many women in my risk group will
women will develop breast cancer within 5 years develop breast cancer compared to the average risk/I
at an average risk. What is the difference with don’t know
YOUR risk group?
Gist comprehension of ® What does the result mean? The result means less than/the same as/greater than/I don't know
numerical probability that my chances of developing breast cancer
information within 5years are ... ... the chances of an aver-
age woman
® Anna is classified in risk group 2 (average risk of Anna/I/Our risk is the same/l don't know
developing breast cancer within 5 years).
Compare Anna’s risk with your risk in the results
leaflet. Who has the greatest risk?
Verbatim comprehension ® What does the result say? An abnormality was found/No abnormality was found/I don’t
of the qualitative risk know
information ® |n which risk category are you classified? Risk category 1/2 (average risk)/3/4/1 don't know
® Do you have very dense breast tissue according Yes/No/I don't know
to the result?
® What was in the screening plan? In 1/2/4 years | will receive an invitation for the breast cancer
population screening/I don't know
® What else was in the screening plan? | will A mammography/an MRI/I don’t know
receive an invitation for:
® Which factors are related to getting breast can- An unhealthy weight/smoking/never been pregnant/using
cer? You can tick multiple answers deodorant/big breasts/first menstruating period at a young
age/dense breast tissue/a higher age/wearing an underwired
bra/breast cancer in your family
Secondary  Affective reaction Below are some words that describe different feelings 1 (very slightly or not at all) — 5 (extremely)
outcomes and emotions. We want to know how you are feeling

after reading the information. Please read each word
and indicate to what extent you feel this way.

® Alert (PA) ® Determined (PA)

® Excited (PA) ® Upset (NA)

® Enthusiastic (PA) ® Scared (NA)

® Nervous (NA) ® Afraid (NA)

® |[nspired (PA) ® Worried

® Distressed (NA) ® Overwhelmed
Perceived likelihood (]

After reading the result how likely do you think it
is that you will develop breast cancer in the next
5years?
® What do you think is the risk of developing
breast cancer in the next 5 years?
After reading the result, to what extent are you
worried about the risk of developing breast
cancer in the next 5 years?
® After reading the result, to what extent do you
feel anxious about the risk of developing breast
cancer in the next 5 years?
Evaluation of information What do you think of the way the results leaflet is

Affective risk appraisal (]

material presented?
® Enjoyable ® Pretty
® (Creative ® Understandable
® (learly

1 (very unlikely) — 7 (very likely)

1 (very small risk) — 7 (very big risk)

1 (not worried at all) — 7 (very worried)

1 (not anxious at all) — 7 (very anxious)

1 (strongly disagree) — 7 (strongly agree)

reading the result, how likely do you think it is that you will
develop breast cancer in the next 5 years?”

Affective risk appraisal. Two items assessing worry and anxi-
ety about breastcancer risk, adapted from Cameron and Reeve
(2006), for example, “After reading the result, to what extent
are you worried aboutthe risk of developing breast cancer in
the next 5 years?” Items were rated on a 7-point scale.

Evaluation of information material. Five items of the subscales
attractiveness and comprehensibility of the Website Satisfaction
Scale adapted for the present study (WSS; 7-point scale ranging
from strongly disagree to strongly agree) (Bol et al.,, 2014). An

example is “understandable” in response to the question “What
do you think of the way the results leaflet is presented?”

Individual differences

Numeracy was assessed using Schwartz et al.’s 3-item scale
(Schwartz et al., 1997), with the first question formulated as in
Lipkus et al. (2001). Health literacy was assessed with the 13
multiple-choice items of the SAHL-D (Woudstra et al., 2019).
Graph literacy was measured with the four items of the Short
Graph Literacy (SGL) Scale (Okan et al., 2019). Answers were
coded as 1 (correct) or 0 (incorrect) and summed for each
variable, with higher scores representing higher numeracy/HL/
GL skills.



Attention and realism check
Effort®. One question to assess how carefully participants
looked at the information materials (7-point scale ranging
from very carefully to not at all carefully). “Have you looked
carefully at the result folder?”

Time spent®. Registration of the time women spent reading
the stimulus material.

Realism check. One item based on Gudde Kuiper et al. (2012)
assessing how well someone could identify with the informa-
tion (7-point scale ranging from totally disagree to totally
agree). “I could well pretend that this result folder was about

»

me.

Statistical analysis

Analyses with comprehension asoutcome were performed
with cumulative odds ordinal logistic regression with propor-
tional odds due to the ordinal nature of the comprehension
variables with limited possible outcomes (i.e., ranging from
0-3 and 0-7)”. Assumption testing of proportional odds was
tested by the full likelihood ratiotest comparing the fit of the
proportional odds model to a model with varying location
parameters. Multicollinearity was assessed by looking at the
condition index. To assess the effects of HL, numeracy, and
GL, models with one of these variables were compared with
models with all three variables included, i.e., nested models
were used. The model with the lowest Akaike Information
Criterion (AIC) was reported. Also, models with interaction
terms were performed. When not significant, interactions were
removed from the final model. Secondary outcomes were
analyzed using two-way ANOVAs with information format
and risk category as independent variables. Analyses were

Table 2. Participant characteristics per information format.

¥ (7)=2.71,
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performed using SPSS version 26 and significance levels were
set at p <.05.

Results
Sample characteristics

A total of 1,047 women participated (age 58.2 + 9.3 years), of
whom 431 (39.4%) had a lower educational level. Participant
characteristics are displayed in Table 2.

Effects of visualizations on verbatim comprehension of
numerical probability information (H1a, RQ1-3)

The number of correct answers to the individual items
assessing comprehension of numerical probability infor-
mation is provided in Supplementary materials A Table
A2. The final ordinal logistic regression model with ver-
batim comprehension of numerical probability informa-
tion as dependent variable included information format,
assigned risk category, educational level, and numeracy.
No interaction effects were found. The model without
interactions significantly predicted comprehension over
and above the intercept-only model y°(7)=216.68 p
<.001. The assumption of proportional odds was met,
p=.910. Information format had
a statistically significant effect on respondents’ verbatim
comprehension of numerical probability information,
Wald x*(2) =21.85, p<.001. Contrary to our hypothesis,
there were no significant differences between those
exposed to the “text with risk visualizations” format and
the “text with numbers” format, Wald y°(1)=2.66, p
=.103. The results of the analysis are displayed in
Table 3 and Supplementary materials B.

Text with numbers Text with risk visualizations Interactive Total
Characteristic (n=352) (n=351) (n=344) (n=1,047)
Age (years), mean + SD 57.4+9.1 59.4+95 57.7+9.2 58.2+9.3

Education®, n (%)

Low

Middle/high
Medical education, n (%)
Heard of BC screening, n (%)
Family history BC, n (%)

137 (38.9%)
215 (61.1%)

3 (94%)
346 (98.3%)

Yes 96 (27.3%)

No 234 (66.5%)

Don’t know 22 (6.3%)
Ever had an invitation, n (%)

Yes 266 (75.6%)

No 76 (21.6%)

Don’t know 10 (2.8%)
Participation in BC screening (when invited), n (%)

Yes 249 (93.6%)

No 17 (6.4%)

Don't know -
Health literacy (HL), M+ 5D [l range 0-13P 9.74+28
Numeracy, M + SD [range 0 - 3] 1.62+1.1
Graph literacy (GL), M + SD [range 0 — 4° 1.97 £ 1.1

140 (39.9%)
211 (60.1%)
39 (11.1%)
349 (99.4%)

136 (39.5%)
208 (60.5%)

29 (8.4%)
338 (98.3%)

413 (39.4%)
634 (60.6%)
101 (9.6%)

1033 (98.7%)

89 (25.4%)
240 (68.4%)
22 (6.3%)

84 (24.4%)
238 (69.2%)
22 (6.4%)

269 (25.7%)
712 (68.0%)
66 (6.3%)
275 (78.3%)

281 (81.7%) 822 (78.5%)

72 (20.5%) 62 (18.0%) 210 (20.1%)
4 (1.1%) 1(0.3%) 15 (1.4%)
263 (95.6%) 256 (91.1%) 768 (93.4%)
12 (4.4%) 23 (8.2%) 52 (6.3%)

- 2 (0.7%) 2 (0.2%)
9.91+28 9.82+29 9.82+28
155+1.0 154+1.1 15711
192+1.0 18111 190+ 1.1

Abbreviation: BC breast cancer.

%low education is a maximum of a pre-vocational secondary education degree; high education is a minimum of a secondary vocational education degree (Centraal

Bureau voor de Statistiek, 2021).
PHigher scores represent higher HL/numeracy/GL.
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Interactive format (exploratory analysis)

Those exposed to the “interactive” format exhibited worse
verbatim comprehension of the numerical probability infor-
mation compared to those exposed to the “text with numbers”
format, OR .48 (95% CI [.35, .65]), Wald Xz(l) =21.49,p <.001.

The influence of the assigned risk category and numeracy
The assigned risk category had a statistically significant effect,
Wald y°(3) =46.60, p <.001. Women assigned to risk cate-
gories 1, 3, or 4 (i.e., slightly decreased, slightly increased, or
increased risk), exhibited worse verbatim comprehension of
the numerical probability information compared to women
assigned to risk category 2 (average risk). An increase in
numeracy was associated with an increase in the odds of
having a better comprehension, OR 2.03 (95% CI [1.78,
2.32]), Wald x*(1) = 109.84, p <.001.

Effects of visualizations on gist comprehension of
numerical probability information (H1b, RQ1-3)

The final ordinal logistic regression model with gist compre-
hension of numerical probability information as dependent
variable included information format, assigned risk category,
educational level, numeracy, and an interaction effect between
numeracy and risk category. This model significantly pre-
dicted the gist comprehension of numerical probability infor-
mation over and above the intercept-only model x°(10) =
265.00, p <.001. The assumption of proportional odds was
not met, XZ(IO) =51.04, p <.001. The results for the third and
fourth risk categories should be interpreted with caution (for
details see Table 3). Contrary to our hypothesis, information
format did not affect respondents’ gist comprehension of
numerical probability information, Wald y°(2) = .68, p =.710.

Table 3. Results of the ordinal logistic regression models for the verbatim and gist comprehension of the numerical probability
information and the comprehension of the qualitative risk information involved in the multifaceted risk message.

OR 95% Cl of OR p-value
Verbatim comprehension of numerical probability information
Information format [text format as reference]
Text with risk visualizations 78 .58-1.05 .103
Interactive A48 .35-.65 <.001
Risk category [risk category 2 as reference]
Risk category 1 34 24-48 <.001
Risk category 3 42 .30-.60 <.001
Risk category 4 40 .28-57 <.001
Numeracy 2.03 1.78-2.32 <.001
Education level [middle/high as reference]
Low 72 .55-.95 .019
Gist comprehension of numerical probability information
Information format [text format as reference]
Text with risk visualizations 1.04 .78-1.39 .806
Interactive .92 .69-1.23 572
Risk category [risk category 2 as reference]?
Risk category 1 37 .20-.68 .001
Risk category 3 .09 .05-.17 <.001
Risk category 4 .08 .04-.15 <.001
Numeracy 1.05 .84-1.31 .684
Numeracy * Risk category [risk category 2 as reference]
Numeracy * Risk category 1 1.69 1.22-2.32 .001
Numeracy * Risk category 3 2.12 1.53-2.92 <.001
Numeracy * Risk category 4 2.09 1.50-2.91 <.001
Education level [middle/high as reference]
Low .58 45-75 <.001
Comprehension of the qualitative risk information involved in the multifaceted risk message
Information format [text format as reference]®
Text with risk visualizations 77 .59-1.00 .052
Interactive 51 .39-.66 <.001
Risk category [risk category 2 as reference]®
Risk category 1 76 .56-1.03 .080
Risk category 3 43 .32-59 <.001
Risk category 4 30 .22-40 <.001
Numeracy 1.56 1.40-1.74 <.001
Education level [middle/high as reference]
Low .61 A8-77 <.001

Note. OR = Odds Ratio; Cl = Confidence Interval.

The assumption of proportional odds was not met, as assessed by a full likelihood ratiotest comparing the fit of the proportional odds
model to a model with varying location parameters, y’(10) = 51.04, p < .001. Interpretations of separate binomial logistic regression
on cumulative dichotomous dependent variables showed that the odds ratios for the binomial logistic regression may not be
tenable for the third risk category (i.e., 3.47 and 8.48) and fourth risk category (i.e., .24 and .56). Therefore, the results for these risk
categories should be interpreted with caution.

PThe assumption of proportional odds was not met, as assessed by a full likelihood ratio test comparing the fit of the proportional
odds model to a model with varying location parameters, x°(35) = 90.54, p <.001. Interpretations of separate binomial logistic
regression on cumulative dichotomous dependent variables showed that the odds ratios for the binomial logistic regression may not
be tenable for the information format text with risk visualizations (i.e., lowest odds ratio .34 and highest .85) and the interactive
format (i.e., lowest odds ratio .22 and highest .89). Therefore, these results should be interpreted with caution.

“The odds ratios for the binomial logistic regression may not be tenable for the first risk category (i.e., lowest odds ratio .60 and highest
2.03), third risk category (i.e., lowest odds ratio .75 and highest 4.36), and fourth risk category (i.e., lowest odds ratio .26 and highest
1.22). Therefore, these results should be interpreted with caution.



Interactive format (exploratory analysis)

There were no significant differences between those exposed to
the “interactive” format and those exposed to the “text with
numbers” format.

The influence of the assigned risk category and numeracy
The assigned risk category had a statistically significant effect,
Wald y°(3) = 85.54, p<.001. Women assigned to risk cate-
gories 1, 3, or 4 (i.e., slightly decreased, slightly increased, or
increased risk), exhibited worse gist comprehension of the
numerical probability information compared to women
assigned to risk category 2 (average risk). There was
a significant interaction between numeracy and risk category,
Wald y*(3) = 27.35, p < .001. The interaction showed that with
a higher level of numeracy, comprehension was higher for the
first, third and fourth risk categories than expected based on
the main effects of numeracy and risk category.

Effects of visualizations on verbatim comprehension of
the qualitative risk information (H2, RQ1-3)

The number of correct answers to the individual items asses-
sing verbatim comprehension of qualitative risk information is
provided in Supplementary materials A Table A3. The final
ordinal logistic regression model with verbatim comprehen-
sion of qualitative risk information as dependent variable
included information format, assigned risk category, educa-
tional level, and numeracy. No interaction effects were found.
The model without interactions significantly predicted the
verbatim comprehension of the qualitative risk information
over and above the intercept-only model y*(7) =204.31, p
<.001. The results of this model are displayed in Table 3 and
Supplementary materials B Figure B3. The assumption of
proportional odds was not met, y°(35) = 90.54, p <.001. The
results for the text with risk visualizations and the interactive
information formats should be interpreted with caution just as
the results for the first, third, and fourth risk categories (for
details see Table 3). Information format had a statistically
significant effect on respondents’ comprehension of the quali-
tative risk information, Wald y°(2) = 25.10, p <.001. Contrary
to our expectations, there were no significant differences
between the “text with risk visualizations” format and the
“text with numbers” format, Wald Xz(l) =3.77, p=.052.

Interactive format (exploratory analysis)

Those exposed to the “interactive” format showed worse compre-
hension compared to those exposed to the “text with numbers”
format, OR .51 (95% CI [.39, .66]), Wald Xz(l) =24.70, p <.001.

The influence of the assigned risk categories and numeracy
The assigned risk category had a statistically significant effect,
Wald y*(3) = 70.03, p < .001. Women assigned to risk categories
3 or 4 (i.e,, slightly increased or increased risk), exhibited worse
comprehension compared to women assigned to risk category 2
(average risk). An increase in numeracy was further associated
with an increase in the odds of having a higher comprehension,
with an odds ratio of 1.56 (95% CI [1.40, 1.74]), Wald Xz(l) =
63.32, p <.001.
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Secondary outcomes (RQ4)

No main effects of format and assigned risk category or inter-
actions between these factors were found on respondents’
affective reaction.

There was a main effect of risk category on perceived like-
lihood, F(3,1035) = 19.10, p < .001, partial #° = .05. Pairwise com-
parisons showed a significant difference between all risk
categories, except between risk categories 3 and 4 (i.e., slightly
increased and increased risk). Perceived likelihood was lowest for
those in risk category 1 (2.83 +.08) followed by the average risk
category (3.24+.08), risk category 4 (3.58+.08), and 3
(3.59 £.08).

We also found a main effect of the assigned risk category on
affective risk appraisal, F(3, 1035) = 23.08, p <.001, partial #°
=.06. Pairwise comparisons showed a significant difference
between all risk categories, except between risk categories 3
and 4. Risk appraisal was lowest for those in risk category 1
(2.73 £.09) followed by risk category 2 (3.12£.09), 3 (3.51
+.09), and 4 (3.71 £.09).

There was a main effect of format on the evaluation of
information material, F(2, 1035) = 4.20, p =.015, partial #°
=.01. Pairwise comparisons showed a more positive evaluation
for the “interactive” format (5.58 £ .06) compared to the “text
with numbers” format (5.33 £.06), p =.012.

Attention and realism check

No main effects of format and assigned risk category or inter-
actions between these factors were found on respondents’
effort (smallest p-value =.25), suggesting that self-reported
carefulness in reviewing the materials did not differ signifi-
cantly across experimental conditions.

Similarly, the time spent reading the stimulus materials did
not differ significantly across presentation formats or assigned
risk categories (smallest p-value =.32). However, there were
extreme outliers, defined as values lying more than 3xIQR
above the third quartile or below the first quartile. After
removing these outliers there was a main effect of format,
F (2, 955) =4.430, p=.012, partial 112= .009. Time spent was
lowest in the interactive format (232.01 + 6.60) compared to
the text with risk visualizations format (258.15 + 6.45). There
were no differences in time spent between the text with num-
bers format (238.08 + 6.50) and the other two formats.

There was a main effect of risk category on the realism
check, F(3, 1035) =4.510, p <.005, partial 112= .013. Pairwise
comparisons showed that participants reported being less able
to identify with the information presented for risk category 4
(5.49 £ .08) as compared to risk category 1 (5.84 +.08) and risk
category 2 (5.85 £.08).

A correlation matrix of the variables treated as continuous
variables is included in Supplementary materials C Table C2.

Discussion

In this experimental study, we investigated whether visuali-
zations of quantitative and qualitative risk information could
improve women’s understanding of information about
hypothetical risk-based breast cancer screening results,
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relative to a text format with numerical probability informa-
tion in a frequency format, with all formats designed based
on evidence-based principles. Specifically, we examined the
effect of visualizing quantified breast cancer risk using an
icon array and visualizing more “qualitative” risk informa-
tion using simplified drawings co-created with women in
a previous study. The impact of different risk categories was
also investigated. We found that the tested visualizations did
not improve comprehension of the information. Moreover,
exploratory analyses revealed that the interactive format
hindered verbatim comprehension of numerical probability
information and qualitative risk information. Our results
also showed that women assigned to risk categories other
than the average risk category exhibited worse
comprehension.

A potential explanation for the absence of a significant
effect of icon arrays representing breast cancer risk on under-
standing numerical probability information may be that our
“text with numbers” format was also designed using evidence-
based principles for communicating numerical information.
For example, the “text with numbers” format used an X per
1,000 format with a 5-year reference class (Trevena et al., 2021)
and aimed to reduce cognitive effort by explicitly stating the
difference between the assigned and the average risk category
(Bonner et al., 2021). Previous studies have shown that icon
arrays can facilitate comprehension by making part-to-whole
relationships, calculations, and comparisons visible (Ancker
et al., 2006; Garcia-Retamero & Cokely, 2017; Stone et al,,
2018). Since we also included such elements in the “text with
numbers” format, e.g., making part-to-whole relationships
clear -albeit without a visualization-, there may be no addi-
tional benefit from adding an icon array. The structured pre-
sentation of numbers in this format may also have been
important. This would be in line with previous research on
prostate cancer screening where no increase in comprehension
was found between presenting structured information in so-
called “fact boxes” and adding icon arrays to this information
(McDowell et al., 2019), and research on presenting survival
rates for breast cancer treatments, where visual formats had no
added value on comprehension compared to a well-designed
structured numerical textual format (van Strien-Knippenberg,
Timmermans, et al., 2024). Similarly, a study among counse-
lees with a family history of breast cancer found no difference
in comprehension between women presented with their breast
cancer risk in a frequency format with or without an icon array
(Henneman et al., 2013). Yet, it should be noted that the way
the visualizations were designed could also have influenced the
results. Although we co-created the information with women
from the target group, in collaboration with a UX designer,
and based on evidence-based principles and guidelines for
communicating numerical probability information, it is possi-
ble that a different representation of the icon array would have
yielded different results.

Another explanation may relate to the amount and poten-
tial complexity of the information in our stimulus materials.
Recall of the numerical probability information was not opti-
mal in all formats. Almost 40% of women answered both gist
comprehension questions correctly and an average of 13%
answered both verbatim comprehension questions correctly.

This may be because breast cancer screening, like most other
cancer screening, involves small absolute disease risks, known
to be difficult to understand (Ancker et al., 2006).
Furthermore, in the context of breast cancer screening,
women are known to expect higher absolute probabilities
(Buxton et al., 2003; de Jonge et al., 2009; Jones et al., 2011),
possibly hindering comprehension. In addition, it may well be
that visualizations have positive effects when larger probabil-
ities are involved (Trevena et al.,, 2021) because larger prob-
abilities can be displayed using icon arrays with a smaller total
number of icons (e.g., 10 or 100 instead of 1,000). For example,
research has shown that a 2% probability displayed in an icon
array influences people’s risk perception, but a 0.2% probabil-
ity displayed in an icon array does not (Fraenkel et al., 2018).
At the same time, another study found that the effects of
visualizations displaying only numerators (vs. both numera-
tors and denominators) on increasing risk perception and risk
aversion were reduced for larger probabilities (Okan et al,
2020). Further research is needed on the role of probability
size on outcomes including comprehension and risk percep-
tion across different numerical and visual displays. Another
aspect is that the icon array was added to textual information,
increasing the amount of information to process and possibly
offsetting any positive effect on comprehension. The current
study contribute to the growing literature indicating that icon
arrays cannot be assumed to consistently enhance comprehen-
sion. Their effectiveness seems to depend on specific design
features, the cognitive demands of the task, and the broader
context in which they are presented.

Concerning visualizations of more “qualitative” risk infor-
mation, prior studies show that they can support comprehen-
sion of medical information (Brotherstone et al., 2006;
Schubbe et al,, 2020). In our study, however, visualizing, for
example, the screening result, risk factors, and the screening
plan did not increase comprehension. The amount and com-
plexity of the information may have also have contributed, as
comprehension was generally low across formats, with an
average of 3.75 correct answers out of 6 for verbatim compre-
hension of qualitative risk information.

In the “interactive” format, the icon array was presented
dynamically and initially only basic information was displayed
on the screen, with respondents being able to choose whether
to see additional information by pressing a button. This format
was associated with worse verbatim comprehension of the
numerical probability information compared to the “text
with numbers” format. A recent secondary analysis of
a systematic review showed that there is no strong evidence
that interactivity or animation is more effective than static
visualizations in supporting comprehension of numerical
probability information (Ancker et al., 2024b). However,
there is some evidence that adding dynamic elements specifi-
cally designed to promote active information processing can
enhance risk comprehension (Okan et al., 2015). One possible
explanation for the absence of a positive effect of our dynamic
icon array on comprehension is that the different elements
appeared on the screen quickly one after the other. As a result,
the respondents’ attention may not have been sufficiently
focused on the various components. A possible explanation
for the detrimental impact of the interactive format on



comprehension of qualitative risk information is that the
“interactive” format may have required additional cognitive
effort in deciding whether or not to click for more details,
which may have hampered comprehension. Furthermore, after
removing outliers, defined as values lying more than 3xIQR
above the third quartile or below the first quartile, participants
spent less time on the interactive format than on the text with
risk visualization format. However, self-reported carefulness in
reviewing the materials did not differ between formats.

Although our study suggests that interactive formats may
not necessarily be well-suited to support understanding, it is
worth noting that studies focusing on the same target group
show that women wanted layered information when receiving
results of risk-based breast cancer screening (van Strien-
Knippenberg, Arjangi-Babetti, et al., 2024). In the current
study, people also had a more positive evaluation of the “inter-
active” than the “text with numbers” format, despite poorer
performance with the “interactive” format. This mismatch
between user evaluations and understanding is in line with
previous literature showing that people’s preferences for pre-
sentation formats are not always aligned with comprehension
(Gaissmaier et al., 2023; Garcia-Retamero & Cokely, 2017).

The hypothetical risk category to which people were
assigned also affected information comprehension, with those
assigned to a risk category deviating from the average breast
cancer risk exhibiting a worse gist and verbatim comprehension
of the numerical probability information. For gist comprehen-
sion, this effect was more prevalent for those with lower numer-
acy, which may be related to the fact that more numerical
information had to be processed in the risk categories deviating
from the average. However, women’s likelihood perceptions
and affective risk appraisal were lowest among those in the
below-average risk category and highest in the above-average
risk categories, suggesting they did grasp the meaning of the
risk categories to some extent. Participants assigned to above-
average risk categories exhibited worse comprehension of qua-
litative risk information than those assigned to the average risk
category. These differences may be related to the fact that the
information for the average risk category most closely matches
what is currently provided in population-based breast cancer
screening. Perhaps an information leaflet is not sufficient to
help women fully understand the concept of risk-based screen-
ing, including risk factors and risk category assignment. For
example, previous research in the context of risk-based screen-
ing has shown that those assigned to risk categories higher than
the average risk would like to get in touch with a healthcare
provider (Rainey et al., 2020; Taylor et al., 2023; van Strien-
Knippenberg, Arjangi-Babetti, et al., 2024).

Limitations and future research

A study strength is that we investigated visualizations of both
quantitative and qualitative risk information in one total pack-
age of information, resembling information provision in breast
cancer screening in practice (e.g., RIVM, 2025). This similarity
with practice contributes to the ecological validity of the study.
The visualizations were compared to a textual format with
numerical probability information developed in co-creation
with women from the target group and based on evidence-
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based principles. Comprehension of both the numerical prob-
ability information and qualitative risk information was
assessed, although it should be noted that the combined use
of the visualizations of quantified risk and more qualitative
risk information prevents us from examining the effect of the
icon array and qualitative risk visualizations separately. Future
research could focus on the separate effects of both visualiza-
tions in risk-based screening. In doing so, it is important to use
evidence-based design principles and communication guide-
lines and to have the visualizations designed by a professional
designer. For visualizations of qualitative risk information, it
would also be interesting to investigate the impact of designs
that reduce the amount of textual information, as visualiza-
tions requiring little textual explanation appear to be more
effective than those requiring more textual explanation
(Schubbe et al., 2020).

Concerning the use of “interactive” formats, future research
could focus on what information should be displayed by
default and what should be provided as additional informa-
tion. Subsequently, it could be investigated what -additional-
information is actually viewed and in what order, for example
by registering how people click through the information or by
eye-tracking or think-aloud interviews. In addition, future
research into “interactive” formats should explicitly focus on
how such formats can best promote active information
processing.

Regarding the concept of information comprehension, it is
important to note that what comprehension entails varies in
risk communication and decision making research, has been
measured with different measures, and can involve different
tasks (Ancker et al., 2022). For example, what we call “verbatim
comprehension” in this study could also be referred to as
“recall” and what we call “gist comprehension” as “cognitive
activities” (Ancker et al., 2022). It should also be noted that
verbatim comprehension of the qualitative risk information
was measured in this study with multiple choice questions,
whereas verbatim comprehension of the numerical probability
information was assessed with open-ended questions. Gist
comprehension of numerical probability was measured with
two multiple-choice questions with one answer coded as cor-
rect for each item. While several studies used a similar
approach (e.g., Blalock & Reyna, 2016; Reyna & Brust-Renck,
2020; Smith et al., 2015), others assessed gist comprehension
differently, for example, using statements where people rate
their agreement a given statement on a scale (e.g., Reyna &
Brainerd, 2011), or by accepting a specified range around the
exact number when coding responses (Okan et al., 2025). Gist
comprehension of the qualitative risk information was not
measured, due to the fact that there is currently no paradig-
matic way to do so. Future research could benefit from the
development of more consistent measures of gist comprehen-
sion and its various components, such as categorical represen-
tations and ordinal representations of relative magnitudes
(Brust-Renck & Reyna, 2023). In this regard, the taxonomy
of outcome measures proposed by Ancker et al. (2022) should
also be considered to promote consistency in naming and
measurement across studies.

In this study, various interaction effects with numeracy
were also investigated. However, this study may not have
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been sufficiently powered to investigate the three-way interac-
tion information format xrisk category xnumeracy. Moreover,
initial power calculations were based on factorial ANOVA
designs, while ordinal logistic regression analyses were per-
formed. This may have affected the power.

Another strength of this study is that we used informa-
tion materials based on how risk-based breast cancer
screening might look in the future, although this implied
that women did not receive their actual risk, but
a hypothetical risk. Another limitation concerns the sam-
ple’s representativeness, as approximately 25% reported
a family history of breast cancer. However, sensitivity ana-
lyses excluding all women who reported a family history of
breast cancer yielded a similar pattern of results, see
Supplementary materials C, Table Cl. It should also be
noted that more than 90% of the participants had partici-
pated in breast cancer screening, while the national average
in the Netherlands is just over 70% (Bevolkingsonderzoek
Nederland, 2024).

Conclusion

The visualizations of risk information used in this study,
consisting of both an icon array and visualizations of qua-
litative risk information, did not significantly enhance com-
prehension of risk-based breast cancer screening results
compared to a text format with numerical probability infor-
mation. All formats used in this study were developed based
on evidence-based design principles and guidelines for
communicating numerical probability information.
Presenting the information in an “interactive” format hin-
dered comprehension. Regardless of the format, compre-
hension of risk-based screening results seems to be
difficult. Women assigned to a risk category other than
the average risk category exhibited worse comprehension
of the information compared to women assigned to the
average risk category.

Notes

1. An icon array is a visual representation of numerical information
using repeated icons, where subgroups are differentiated by vary-
ing colors to depict a ratio.

2. A pictogram refers to a pictorial symbol for a word or phrase.

3. Instead of ANOVAs, ordinal logistic regression analyses were
performed which may have affected the power of the analyses.

4. Within the risk communication literature, comprehension is
a broad concept that is measured with different measures and
can involve different tasks. What we call “verbatim compre-
hension” - measured when participants no longer saw the
stimulus materials- has also been called “recall.” What we call
“gist comprehension” has also been classified under “cognitive
activities” in a recent taxonomy of outcome measures (Ancker
et al., 2022).

5. Referred to in the pre-registration as “cognitive risk appraisal.”

Referred to in the pre-registration as “attention check.”

7. This approach deviates from our pre-registration, which outlined
the use of ANOV As. Following further statistical consultation, we
opted to analyze the comprehension variables using a more appro-
priate approach that preserves their ordinal nature, rather than
treating them as interval data.
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