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Abstract

Background: In recent years, eye tracking has become a prominent method for learn-

ing research as it is assumed to indicate (meta)cognitive processes. However, there is

little empirical evidence for hypothesized relations between eye tracking indicators

and specific (meta)cognitive processes so that construct validity of used metrics can

be questioned.

Objectives: The main goal was to provide validity hints in order to create an empirical

basis for interpreting specific eye tracking indicators in terms of respective (meta)

cognitive processes of multimedia learning.

Methods: N = 60 students learned with multimedia instructional material. Referring

to a process model of multimedia learning, correlations between theoretically

deduced eye tracking indicators with verbalized (meta)cognitive processes of multi-

media learning captured by think-aloud protocols were examined. In addition, the

sensitivity of both process measures of (meta)cognitive processes was regarded con-

sidering the well-investigated seductive details effect of an established multimedia

instruction in a two-group design. Finally, serial mediations were calculated in order

to investigate whether both process measures complement one another in a joint

explanation of the seductive details effect.

Results and Conclusions: Eye tracking indicators and verbalized (meta)cognitive pro-

cesses did only partly correspond as it was shown by correlation and serial mediation

analyses. However, both measures were sensitive to indicate the seductive details

effect. Thus, even though the study provided insights in how validation could be pos-

sible, further systematic research will be needed for validating eye tracking indicators

of specific (meta)cognitive processes in multimedia learning.
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1 | INTRODUCTION

Theoretical frameworks on multimedia learning (e.g., cognitive-theory

of multimedia learning; CTML; Mayer, 2021) postulate diverse cogni-

tive and metacognitive processes, which are necessary for successful

learning with multimedia instruction. Thus, the question arises how to

capture these learning processes during multimedia learning.

In the last decade, eye tracking has become a popular means

for measuring learning processes in multimedia learning. Several

eye tracking studies pointed out the advantage of using this

method as eye tracking indicators unveil specific aspects of learn-

ing processes with multimedia instruction (e.g., Jarodzka

et al., 2017). Recent developments on how eye tracking can be

used in empirical studies diversified the research field, also for mul-

timedia learning research. On the one hand, there is an expanding

body of studies applying eye tracking data as pedagogical interven-

tions in the form of feedback (Kok et al., 2022) or as eye movement

modelling examples (EMME, e.g., Salméron et al., 2020; Van Marlen

et al., 2022; Xie et al., 2021). On the other hand, there exist multi-

method approaches combining eye tracking with other process

measures like, for example, EEG or electrodermal activity

(e.g., Baceviciute et al., 2021; Liberman & Dubovi, 2022). Such

mostly bimodal approaches culminate in research on multimodal

data analytics (Di Mitri et al., 2018). In those studies, eye tracking

and other process measures are applied for prognosing dependent

measures like learning outcomes in a data-driven approach. Mostly,

eye tracking data have been interpreted as general indicators of

visual attention (e.g., Alemdag & Cagiltay, 2018; Kok et al., 2022).

Yet, eye tracking studies are typically based on the established

assumption that eye movements and cognitive or metacognitive

processes are closely intertwined (see below; eye mind hypothe-

ses). Thus, the question on whether specific eye tracking indicators

can be interpreted in terms of particular cognitive or metacognitive

processes still stands to reason.

Eye tracking indicators have scarcely been interlinked empirically

with theoretically postulated cognitive or metacognitive processes

during learning, but the hitherto interpretations of eye tracking indica-

tors have mainly been based on theoretical assumptions (Alemdag &

Cagiltay, 2018). As a consequence, there is still a lack of empirical sup-

port for these postulated relations. Altogether, validated eye tracking

metrics are needed not only for explaining multimedia learning effects

(which is one core focus of multimedia learning research) but also for

supporting the interpretation of findings in related research fields

allowing to use eye tracking indicators in an evidence-based way.

The think-aloud method (Ericsson & Simon, 1993) has usually

been applied to catch learners' (meta)cognitive processes during learn-

ing in a lot of research fields besides multimedia learning as it can be

coded regarding learners' (meta)cognitive processing during task per-

formance. As think-aloud protocols are assumed to be very closely

interlinked with actual (meta)cognitive processing, think-aloud mea-

sures might provide a means to shed light on the relation of eye track-

ing indicators and the postulated multimedia learning processes from

an empirical perspective.

Referring to a process model of multimedia learning, which

introduces cognitive and metacognitive processes of learning with

multimedia instruction, the present study aimed at examining the rela-

tion between theoretically deduced indicators for multimedia learning

processes captured by eye tracking and (meta)cognitive processes

identified in think-aloud protocols. Thereby, interpretations of eye

tracking indicators concerning (meta)cognitive processes were exam-

ined from an empirical point of view. Thus, the present study elabo-

rated on validity aspects of eye tracking and think-aloud data.

Therefore, the present study exploited the well-investigated seductive

details effect (Park, Flowerday, & Brünken, 2015; Park, Korbach, &

Brünken, 2015; Sundarajan & Adesope, 2020) in order to obtain more

information about the sensitivity of both measures regarding instruc-

tional design effects. In addition, it was examined how these process

measures complement one another in an integrated serial mediation

analysis on mechanisms of action for explaining instructional design

effects.

2 | THEORETICAL BACKGROUND

2.1 | Multimedia learning

Multimedia learning can be defined as knowledge acquisition from an

instructional message, which comprises words and pictures

(Mayer, 2021). The cognitive theory of multimedia learning (CTML;

Mayer, 2021) combines several assumptions on cognitive architecture

(dual channel processing, Baddeley, 1986; dual coding; Paivio, 1986;

limited cognitive capacity; Baddeley, 1986) with the claim for active

information processing in a theoretical framework. This framework is

used for explaining instructional design effects when learning with

multimedia instructional messages by mainly focusing on cognitive

architecture. However, a process perspective on multimedia learning

can provide complement and advance explanations.

2.1.1 | A process model of multimedia learning

In CTML different cognitive processes of multimedia learning have

been introduced, that describe learning-relevant cognitive activities of

schema construction, which were based on a basic model of informa-

tion processing during learning (selecting-organizing-integration [SOI]

model; Mayer, 1996). Related models (e.g., cognitive-affective theory

of learning with media, CATLM, Moreno, 2006; Moreno &

Mayer, 2007; integrated model of text and picture comprehension,

Schnotz & Bannert, 2003; Processes of coherence formation,

Seufert, 2003) have mentioned slightly different categorizations of

multimedia learning processes. In particular, these models added

extraneous and metacognitive processes (see especially, Moreno &

Mayer, 2007). These theoretical considerations have recently been

integrated into a process model of multimedia learning, which draws a

rather complete picture on information processing during multimedia

learning (Stark et al., 2018; see Stark et al., 2020 for a more detailed
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description of the process model). The process model of multimedia

learning distinguishes five major categories, whereas the first three

build on each other in line with the SOI model (Mayer, 1996) and

CTML (Mayer, 2021).

(1) Selecting processes refer to picking relevant verbal and picto-

rial information respectively, which will be processed further (cf. May-

er, 1996, 2021). (2) After having selected the relevant information,

this information has to be understood and contextualized by organiz-

ing processes (cf. Mayer, 1996, 2021), which include three types of

coherence formation (cf. Seufert, 2003): (2a) Local coherence formation

represents cognitive processes of developing the meaning of verbal or

pictorial information parts of the learning instruction respectively

(Seufert, 2003). (2b) Horizontal global coherence formation refers to

matching processes of corresponding verbal and pictorial information,

e.g., on one slide of the learning instruction. (2c) Vertical global coher-

ence formation represents cognitive processes of bringing several

information units of the whole multimedia instruction together

(e.g., from different slides of the learning instruction). The terms hori-

zontal and vertical, which differentiate processes of global coherence

formation, were chosen on the basis of the alignment of presented

information on a perpendicular timeline. (3) In order to encode orga-

nized information, elaboration processes are needed, which can regard

the integration of organized information with prior knowledge

(i.e., integrating in CTML; e.g., Mayer, 2021) and, or the use of further

(genuine) elaboration strategies (e.g., building memory hooks). (4) With

reference to theories of self-regulated learning (e.g., Schmitz &

Wiese, 2006; Zimmerman, 2008) and CATLM (Moreno, 2006; Mor-

eno & Mayer, 2007), metacognitive processes of planning, monitoring,

and regulating are comprised in the process model due to their over-

arching function to manage the other kinds of processes. (5) Cogni-

tions that are irrelevant for achieving the learning objective are

referenced as extraneous processes (cf. Moreno & Mayer, 2007). Extra-

neous processes can occur due to private thoughts or due to subopti-

mal design elements (e.g., seductive details) of the learning

environment, for example (cf. Cognitive Load Theory, e.g., Sweller

et al., 2019). From a theoretical perspective (e.g., SOI model;

Mayer, 1996), it can be assumed that processes of selecting, organiz-

ing, and elaborating build on each other and that extraneous pro-

cesses are independent from other cognitions. However,

metacognitive processes can be assumed to cut across the other pro-

cesses or even overlapping them by guiding and managing the whole

learning process.

This process model has been confronted with empirical data in

form of cued retrospective think-aloud protocols and proofed to be

able to capture differences in verbalized (meta)cognitive processes

that were related to differences in learning outcomes (Stark

et al., 2020): The study showed in a comparison of extreme groups

that high performing learners verbalized a smaller percentage of meta-

cognitive and selecting processes but a larger percentage of elaborat-

ing processes than low performing learners. There were no

differences in organizing or extraneous processes. However, organiz-

ing processes were not differentiated into the subcategories of local,

horizontal global, and vertical global coherence formation, so that

potential effects might have been confounded. Applying the process

model also enabled detecting differences in (meta)cognitive proces-

sing, when instructional design features of multimedia instruction

were varied (Stark et al., 2018), so it proofed to be sensitive regarding

such variations in multimedia instruction.

2.1.2 | The seductive details effect

The seductive details effect describes the detrimental effect on learn-

ing outcomes, which is caused by additional, non-redundant and inter-

esting information in a learning instruction that is related to the

learning content but irrelevant with regard to the learning goal

(i.e., seductive details; Garner et al., 1989; Harp & Maslich, 2005;

Harp & Mayer, 1998; Park, Flowerday, & Brünken, 2015;

Sundarajan & Adesope, 2020). Even though there were inconsistent

findings on the seductive details effect (e.g., Rey, 2012), there exists

consent that adding seductive details to a learning instruction affects

visual information processing with significant effects on learners'

direction of visual attention and engagement in mental model con-

struction (Korbach et al., 2017).

Here, the seductive details effect was exploited as a means to

vary (meta)cognitive processing while learning with multimedia

instruction in the present study. Previous studies that investigated

learners' eye movement in relation to the seductive details effect

showed that seductive details altered the visual focus during learning

and affected diverse eye tracking indicators (e.g., Korbach et al., 2017;

Rey, 2014; Strobel et al., 2019). Thus, the seductive details effect was

assumed to increase the demands for cognitive as well as for meta-

cognitive processes (Eitel et al., 2020) and, thereby, to provide the

possibility to test the sensitivity of process measures to create hints

for their validity.

2.2 | Eye tracking indicators of (meta)cognitive
processes

Eye tracking data provide information about the allocation of visual

attention. For the analysis of eye movements, it is assumed that the

information in the focus of visual attention is cognitively processed

(Just & Carpenter, 1976; Rayner, 1998). Hence, the analysis of the

amount and the distribution of visual attention on a learning instruc-

tion, especially when related to learning performance, can help to

understand learners' perceptual information processing (Jarodzka

et al., 2017; Mayer, 2010). There is a large variety of eye movement

measures that are assumed to be related to cognitive processing

(e.g., Alemdag & Cagiltay, 2018; Coskun & Cagiltay, 2022; Johnson &

Mayer, 2012).

Oftentimes eye tracking analyses refer to the number or duration

of fixations. Further measures are often created with reference to the

number and duration of fixations or in relation to time on task, as for

example mean fixation duration or fixation frequency (Canham &

Hegarty, 2010; Scheiter et al., 2019). For these measures, in line with

STARK ET AL. 2987

 13652729, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jcal.13051 by U

niversitaet D
es Saarlandes, W

iley O
nline L

ibrary on [06/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the so-called eye-mind hypothesis (Rayner, 1998), a longer fixation

duration or a higher number of fixations on specific Areas of Interest

(AOIs) is generally interpreted as a higher amount of visual attention

and higher cognitive engagement in the processing of the respective

information (e.g., Mayer, 2010).

Furthermore, transitions, which are shifts in visual attention

between corresponding AOIs, have already been used as a promising

indicator specifically in multimedia learning research. Especially, a

larger number of transitions from text to corresponding picture AOIs

is assumed to represent higher cognitive engagement in cognitive pro-

cesses for the integration of textual and pictorial information (Scheiter

et al., 2019). Mason and colleagues (Mason et al., 2015, 2017) showed

that specifically the time spent on an AOI subsequent to a transition

predicted learning performance and can be assumed to indicate dee-

per information processing. Consequently, specifically transitions with

a subsequent long visit duration can be assumed to indicate produc-

tive integrating processes whereas transitions with a subsequent short

visit duration can be assumed to indicate processes of redirecting

visual attention (i.e., effort regulation), specifically when the learning

instruction includes additional distractive information (Korbach

et al., 2017). Until now, no common approach has been identified

about how to differentiate transitions by means of subsequent visit

duration. The present study applied an approach using 1 s of

visit duration (Potter, 2012) to distinguish between transitions that

indicate deep processing (subsequent long visit duration) and transi-

tions that indicate redirecting processes (subsequent short visit

duration).

As the present study aimed at finding empirical support for rela-

tions between specific eye tracking indicators and (meta)cognitive

processes in multimedia learning, these processes have to be captured

by a second process measure in order to infer hints at the validity of

the eye tracking indicators. In contrast to recent research applying

multimodal learning analytics the data from both process measures

are not fused in the sense of a data-driven approach (Chango

et al., 2022; Drachsler & Schneider, 2018). The focus of the present

study was to underpin interpretations of theoretically deduced eye

tracking metrics by comparing data from different modalities (i.e., eye

tracking and think-aloud protocols) with respect to (meta)cognitive

processes instead of combining them for a holistic analysis of the

learning process (Di Mitri et al., 2018).

2.3 | Think-aloud protocols indicating (meta)
cognitive processes

An established method for capturing information on learning pro-

cesses utilizes think-aloud protocols (Ericsson & Simon, 1993; Van

Gog et al., 2009). For obtaining these protocols, participants are asked

to verbalize everything that comes to their mind while working with a

learning instruction (i.e., concurrent think-aloud procedure). Even

though this method has oftentimes be implemented in other research

fields and researchers of other disciplines have already succeeded in

successfully combining eye-tracking with the concurrent think-aloud

procedure to identify cognitive processes and strategies during task

execution (Andaloussi et al., 2021; Baß et al., 2024; Elling et al., 2012;

Van Gog et al., 2005), this method has only scarcely been implemen-

ted in studies on multimedia learning (exceptions: Jarodzka

et al., 2010; Park et al., 2020; Stark et al., 2018) and has even more

seldomly been interlinked with eye tracking data (exceptions: Gegen-

furtner & Seppänen, 2013, Stark et al., 2018).

There is a large body of research pointing at potential problems

when using the concurrent think-aloud method (e.g., reactivity with

task performance, lack of completeness of verbalizations; containing

manipulative statements instead of verbalized cognitions;

cf. Bannert & Mengelkamp, 2008; Hansen, 1991; Hyrskykari

et al., 2008). Nevertheless, until now no other method has been intro-

duced to get to know what learners are thinking while learning and

how they engage in schema construction from a qualitative point of

view with such a close assumed linkage to actual information

processing.

In most cases, think-aloud protocols are analysed referring to a

category system which is derived from prior cognitive task analysis

(Chi, 1997; Holmqvist et al., 2011; Renkl, 1997) supporting a norma-

tive perspective on required learning processes to reach a learning

goal. In the present study, the category system is based on theoretical

considerations concerning those processes that occur during multime-

dia learning (see the process model described above) so that results

are comparable between different multimedia learning studies

(e.g., with Stark et al., 2018, 2020).

Stark et al. (2018) investigated effects of an emotional text design

on learning outcomes, eye tracking data and cued retrospective think-

aloud protocols. The think-aloud protocols were coded using the pro-

cess model of multimedia learning mentioned above. Results showed

that the applied process model was sensitive to group differences

caused by the variations in the instructional design of the learning

program. However, eye tracking and think-aloud data were not

related to each other. An experimental study by Park et al. (2020)

showed that the seductive details effect did not interfere with the

think-aloud method. Even though effects of the seductive details on

the content of the think-aloud protocols were not regarded in that

study, results underline that the seductive details effect can be used

as instructional design effect for the purpose of the present study.

2.4 | Deducing eye tracking indicators of specific
(meta)cognitive processes

Even though recent eye tracking studies used the analysis of scan-

paths or gaze patterns to investigate (meta)cognitive processes

(e.g., Bühler et al., 2024; Stark et al., 2024; Tjon et al., 2023), the use

of simple eye tracking indicators is widespread in research on multi-

media learning as they are easy to calculate. In this research field, met-

rics based on fixations, visits and transitions are thereby assumed to

indicate specific (meta)cognitive processes (Alemdag & Cagiltay, 2018;

Coskun & Cagiltay, 2022). However, their validity has not yet been

investigated, which might be one reason why eye tracking researchers

2988 STARK ET AL.
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face the critique to choose arbitrary and sometimes inappropriate

measures (Orquin & Holmqvist, 2018). The present study displays one

attempt to theoretically deduce eye tracking indicators of specific

(meta)cognitive processes and to generate hints at the validity of

these variables. On the basis of the process model of multimedia

learning (see above), the specific multimedia learning processes were

regarded in the present research. The choice for specific eye tracking

indicators for (meta)cognitive processes of multimedia learning was

based on theoretical considerations and deductions. In addition,

results of previous studies that investigated effects of instructional

elements in multimedia learning on eye tracking indicators provided

hints at potential eye tracking indicators for specific (meta)cognitive

processes.

As introduced above, selecting processes refer to picking relevant

elements, which are recognized and potentially further processed into

working memory. Even though previous studies often referred to

measures like time to first fixation for particular AOIs (cf. Alemdag &

Cagiltay, 2018), it can be argued that selecting processes do also

occur after a first fixation, so that from our point of view all potential

selecting processes can only be indicated by regarding the number of

all fixations (cf. Alemdag & Cagiltay, 2018) on relevant information as

a fixation indicates (by definition) that attention is allocated at some

point.

Alemdag and Cagiltay (2018) showed that hitherto used measures

for organizing processes in general mostly referred to total fixation

durations on AOIs. These measures were chosen in line with the

eye-mind hypothesis that longer fixation times refer to more deep

processing of the fixated information. For the present study, which

differentiated between different kinds of organizing processes, fixa-

tion duration on relevant AOIs was used to match processes of local

coherence formation because it is a local measure referring to informa-

tion processing of specific areas.

In line with previous studies (e.g., Scheiter et al., 2019), transitions

were considered to indicate horizontal coherence formation. With

respect to the work of Mason and colleagues (Mason et al., 2015;

Mason et al., 2017), only transitions with a subsequent long visit dura-

tion (>1 s) were associated with higher learning gains. Consequently,

only those transitions were used for measuring processes of horizon-

tal coherence formation in the present study.

The process model of multimedia learning assumes in line with

the SOI model (Mayer, 1996) a hierarchical model with selecting being

a prerequisite for organizing processes. In the same line of argumenta-

tion, it can be argued that vertical coherence formation processes can

only follow successful processes of local coherence formation and,

especially, horizontal coherence formation. Thus, the visit duration

subsequent to a transition (cf. horizontal coherence formation) was

considered to indicate cognitive activity for contextualizing informa-

tion in a larger nexus by bringing several information units together

(Malone et al., 2020) that is, vertical coherence formation processes.

Elaborating processes indicate deep cognitive processing. In pre-

vious studies, mean fixation duration on relevant information has

been used as an indicator for diverse aspects of information proces-

sing like for local coherence formation or even cognitive load

measurement (Alemdag & Cagiltay, 2018). Even though, there are crit-

ical issues concerning the validity of mean fixation duration and the

way it indicates cognitive processing, however, this measure seems

appropriate as indicator for overall cognitive activity for task elabora-

tion (Amadieu et al., 2009).

Controlling and redirecting information processing as well as self-

monitoring are active metacognitive processes to activate and maintain

cognitive effort for learning activities (De Bruin et al., 2020). Thus,

metacognition can be related to the regulation and redirection of

visual attention (Usher & Schunk, 2018). As outlined above, transitions

with a subsequent short visit duration (<1 s) represent quick changes in

the allocation of visual attention to potentially redirect visual atten-

tion to essential processing (Korbach et al., 2017). Thus, they can be

assumed to indicate metacognitive activities during learning.

Finally, the fixation time outside the relevant information in rela-

tion to total gaze time, i.e., the percentage of irrelevant fixation time, is

assumed to indicate extraneous processing in contradiction to relevant

fixation time, which has already been used in other studies as indica-

tor of generative (i.e., relevant; Moreno & Mayer, 2007) processing

(e.g., Knörzer et al., 2016). With respect to the eye-mind hypothesis

(Just & Carpenter, 1976) the fixation time outside the relevant AOIs

shows the amount of time when the visual attention is not actively

directed to cognitive processing of learning-relevant information.

2.5 | Research questions and hypotheses

The aim of the present study was to provide empirical support for the

linkage of eye tracking indicators with (meta)cognitive processes of

multimedia learning. Therefore, besides learning performance as depen-

dent measure and eye tracking as process measure also think-aloud

protocols were used for measuring (meta)cognitive processes during

multimedia learning, which were deduced from the above-mentioned

process model of multimedia learning (Stark et al., 2018). Further,

exploiting the well-established seductive details effect, a two-group

design with learners studying a multimedia instruction that either con-

tained seductive details or did not, aimed at examining the sensitivity of

both process measures. In addition, the linkage of both process mea-

sures as mediators of the seductive details effect as an instructional

design effect was investigated in order to shed light on whether these

process measures complement one another for explaining mechanisms

of action of instructional design effects. This procedure also allowed to

test the robustness of postulated relations between both measures.

The following research questions and hypotheses were formulated:

RQ1. Relationship between eye tracking and

think-aloud data. To what extent are the eye tracking

indicators related to specific verbalized (meta)cognitive

processes in think-aloud protocols? Positive correlations

between eye tracking indicators and corresponding

think-aloud categories were postulated. In addition, it

was hypothesized that these relations were robust

against instructional design effects.

STARK ET AL. 2989

 13652729, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jcal.13051 by U

niversitaet D
es Saarlandes, W

iley O
nline L

ibrary on [06/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



RQ2. Sensitivity regarding the seductive details effect.

To what extent is the seductive details effect reflected

not only in learning outcomes, but also in eye tracking

and think-aloud data?

It was assumed that learners who received the multimedia

instruction with seductive details showed lower learning success.

Concerning visual attention, it was assumed that learners who

received the multimedia instruction with seductive details showed

less visual attention for the processing of relevant information and

higher visual attention for extraneous processing reflected in lower

respectively higher values of the related eye tracking indicators. Con-

cerning the verbalized (meta)cognitive processes it was assumed that

learners who received the multimedia instruction with seductive

details showed a smaller percentage of verbalized selecting, elaborat-

ing, organizing and metacognitive processes and a larger percentage

of verbalized extraneous processes.

RQ3. Serial mediation of the seductive details effect by

process data. To what extent do eye tracking and think-

aloud data complement one another to mediate the

seductive details effect? Therefore, corresponding indi-

cators of both methods were regarded in serial media-

tion analyses, whereof the conceptual serial mediation

model is displayed in Figure 1.

In general, it is assumed that the seductive details effect is medi-

ated by eye tracking indicators as a first stage mediator and their cor-

responding verbalized (meta)cognitive processes obtained from the

think-aloud protocols as a second stage mediator. This order of medi-

ating variables was chosen by referring to Helle (2017), who pointed

out that speech production is delayed to visual processing. Even

though, the significance of mediating effects is hypothesized, the

question whether one process measure or the combination of process

measures will contribute more to the mediation is investigated in an

explorative manner.

3 | METHOD

3.1 | Sample and design

The present sample originally consisted of N = 60 university students

from the department of psychology (age: M = 21.7 years, SD = 2.8,

88% female) who took part voluntarily in the present study. Five par-

ticipants had to be excluded from the analyses because their think-

aloud protocols were not recorded properly or their sample quality of

the eye tracking procedure was too low. Finally, N = 55 data sets

(age: M = 21.5 years, SD = 2.8, 89% female) were considered for the

analyses.

A one-factorial design with two groups was applied by varying

the factor seductive details (with vs. without).

3.2 | Material

The multimedia instruction dealt with the structure and function of the

ATP synthase molecule and has already been used in previous studies

(e.g., Korbach et al., 2017; Park et al., 2020; Stark et al., 2018). It con-

sisted of 11 slides presenting a combination of text and static picture

on 10 of the 11 slides, whereas the first slide comprised only text infor-

mation. The multimedia instruction was presented on a 17-inch laptop

computer screen with a resolution of 1920 � 1080 pixel.

Learning time was partly standardized: A minimum time for each

slide was predefined from data of previous studies using the same

learning instruction. A forward button appeared after the minimum

time in the lower right corner of the respective slide. There was no

maximum time for avoiding interferences with the think-aloud proce-

dure. It was not possible to go backwards during working with the

multimedia instruction.

The seductive details group received additional text and picture

information on 4 of the 11 slides (slides 2, 3, 4, and 9) about the usage

and benefits of ATP for humans and animals (cf. Korbach et al., 2017;

Park et al., 2020). This information was neither necessary nor helpful

to understand the learning content or to reach the learning goal (see

Figure 2). The seductive details were chosen by interestingness, irrele-

vance, concreteness, conciseness, emotionality and by reference to

the relevant topic (Garner et al., 1989) and they have already been

applied in previous studies using the same learning instruction

(e.g., Park et al., 2020).

3.3 | Measures

Learning performance. Learning performance was measured by a learn-

ing performance test consisting of 27 items (Cronbach's α = 0.83)

with item difficulties in the range of 0.20 < pi <0.80. The test included

15 closed-ended (e.g., “The matrix is …”—the inside of the

F IGURE 1 Postulated serial mediation model.
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mitochondrium; the intermembrane space; a united cell structure in

tissues; the space outside the mitochondrium) and 12 open-ended

questions (e.g., Describe the term “proton-motive force.”). The

closed-ended tasks were scored with one point for each correct

answer and the open-ended response tasks with one to three points

according to the number of aspects that were necessary for a correct

response (max. 30.5 points).

Eye tracking. A Tobii �2-60-compact eye tracker was used for

recording the gaze behaviour during the learning phase. A remote

eye tracking setting was used in order to avoid eye tracking data

from being affected by movements of the participants' during

working on the multimedia instruction. The system was calibrated

immediately before the recording started, using a nine-point cali-

bration. The calibration results were visually checked and only par-

ticipants with proper hits on all nine calibration points and a

deviation below 35 pixels were included. One participant had to be

excluded because the system could not be calibrated with suffi-

cient accuracy. The analysis of gaze behaviour was conducted

using Tobii-Studio software and fixations were identified using the

Tobii fixation filter settings with a duration threshold of 100 ms, a

velocity threshold of 35 pixel and a distance threshold of 35 pixel.

The total sample quality of the gaze recordings was analysed to

ensure high data quality and served as control variable in the pre-

sent study to ensure comparability of recordings between the

groups. Sample quality was calculated as the ratio of gaze duration

and learning time with a total sample quality over 78% (M = 93.0,

SD = 2.9). For the analysis of gaze behaviour Areas of Interest

(AOIs) were set for the learning relevant textual and pictorial infor-

mation on each slide. Because time on task was not constant, indi-

cators were calculated per second as frequency or relativized by

learning time or total gaze. Table 1 provides an overview over the

computed eye tracking indicators in line with the theoretical

considerations.

F IGURE 2 Screenshot of the learning program, with and without seductive details.

TABLE 1 Deduced eye tracking indicators for specific (meta)
cognitive processes.

(Meta)
cognitive
process

Eye tracking
indicator

Computed eye tracking
variable

Selecting Number of fixations Total number of fixations

relativized by time-on-task

that is, fixations per

second

Organizing:

Local

coherence

formation

Fixation duration Sum of all fixation

durations relativized by

time-on-task

Organizing:

Horizontal

coherence

formation

Number of

transitions with long

subsequent visit

duration

Total number of transitions

with a subsequent visit

duration >1 s relativized by

time-on-task that is,

transitions (>1 s) per

second

Organizing:

Vertical

coherence

formation

Visit duration

subsequent to

transitions

Sum of all visit durations

subsequent to transitions

relativized by time-on-task

Elaborating Mean fixation

duration

Mean value of all fixation

durations

Metacognitive

processes

Number of

transitions with short

subsequent visit

duration

Total number of transitions

with a subsequent visit

duration <1 s, relativized

by time-on-task that is,

transitions (<1 s) per

second

Extraneous

processes

Percentage of

irrelevant fixation

time

Sum of all fixation

durations outside the

learning relevant AOIs

relativized by total gaze

duration (i.e., total gaze

time of a participant)
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Think-aloud protocols. All participants were instructed following

Hak et al. (2004) to verbalize their thoughts during the learning pro-

cess (cf. Park et al., 2020). As part of the instruction, participants

received an example of an appropriate verbalization of thoughts and

had to verbalize their own thoughts for an example as well. If neces-

sary, participants had the opportunity to practice verbalization. The

think-aloud protocols were recorded together with the gaze behav-

iour by Tobii Studio software and transcribed for qualitative analyses.

In case that participants did not verbalize any thoughts for 30 s, the

instructor reminded them to do so. The protocols were analysed

applying deductive qualitative content analysis (Mayring, 2015). As

coding units, sense-making segments of different lengths from few

words to a full sentence were identified.

Control measures. The following learning prerequisites and process

variables served as control measures: (1) Prior knowledge was mea-

sured by nine items about the topic of ATP (Cronbach's α = 0.67). Five

of them were in closed-ended format (e.g., “What is the main function

of ATP?”—storage of phosphate; generation of an electrochemical

gradient; storage of Adenosine; storage of energy) and four of them

as open-ended questions (e.g., Please explain the meaning of the term

“Synthesis”). (2) Visuospatial working memory capacity was measured

by the Corsi Block tapping task (Schellig & Hättig, 1993). The length

of the block sequence increased until participants produced three fails

in row. The maximal sequence length with at least two correct trials

indicated the individual visuospatial block span. (3) Spatial ability was

measured by a standardized paper-folding and card-rotation test

(Ekstrom et al., 1976). (4) Learning motivation was measured with the

subscales intrinsic motivation (four items; Cronbach's α = 0.83) and

external regulation (four items; Cronbach's α = 0.85) from the Situa-

tional Motivation Scale (SIMS; Guay et al., 2000). (5) In addition, as

learning time was not restricted, time on task served as control

measure.

3.4 | Category system

The category system (cf. Stark et al., 2020) consisted of the following

categories, which were considered for deductive analysis of the think-

aloud protocols. These categories were directly inferred from the pro-

cess model of multimedia learning (see Section 2.1.1). Five of the

think-aloud protocols were analysed by two independent coders

reaching a reliability of κ = 0.72.

Selecting. The first step for information processing is selecting rel-

evant information in words and pictures that will be further pro-

cessed. At this stage, relevant information is perceived (e.g., by

reading text passages) but not yet related to other chunks of informa-

tion (e.g., “Now, on the picture, I'm seeing the stiff part and the rotat-

ing part.”; [participant]16:[paragraph]8; “…and the rotation enforces

changes in the head part [citing the written text]”; 28:17).
Organizing. Understanding and contextualizing selected informa-

tion can be subsumed under the category organizing. Three different

organizing processes were distinguished: (1) Processes of local coher-

ence formation referred to cognitive processes dedicated at

comprehending information of verbal or pictorial information respec-

tively (“So, synthesis means the formation of ATP [rephrasing the

text]”; 21:9; “There you see, how it is built”; 07:8). (2) Matching pro-

cesses between verbal and pictorial information were considered as

processes of horizontal global coherence formation (“and, thereby, the
movable parts are opened, the axis and that part, there below”
15:41–42). (3) Vertical global coherence formation referred to contextu-

alizing information of the learning program with reference to the

whole topic like bringing information from different screens of

the learning program together (“Okay, so, O- L-, and T-conformation

[summarizing information from three different slides]”; 21:18). In con-

trast to previous research (Stark et al., 2018), the three organizing cat-

egories were analysed distinctively as they refer to qualitatively

different processes.

Elaborating. Information that has been selected and organized is

to be encoded and stored in long-term memory by elaborating the

information. Here, processes of connecting the learnt information to

prior knowledge (“Yes, that is what I remember from school: Mito-

chondria are the powerhouses of the cells…”; 21:16–17) as well as

genuine elaboration processes or strategies like building memory

hooks (“Looks like a flower”; 12:16) were considered for this

category.

Extraneous processes. All processes irrelevant to achieve the learn-

ing objective can be regarded as extraneous processes (“still a bad

graphic”; 25:90; “I just had to sneeze”; 27:43). In case of the present

study also all processes regarding the seductive (i.e., irrelevant) infor-

mation of the learning program were subsumed under this category.

Metacognitive processes. Processes of monitoring as well as plan-

ning behaviour were coded using this category (“First, I'll read the text

to have and overview”; 7:3; “But I don't understand, what this change

of conformation is”; 26:13). Whereas the other categories cannot

overlap by definition, metacognitive processes often refer to other

cognitive processes (e.g., [un]successful organizing processes) so that

overlapping was allowed with this category (e.g., “[…] now I under-

stand where the F0 component should be”; 7:18; “True, it always has

three Ps. I just forgot. […]”; 35:25).
In order to keep the analyses independent from different learning

times and the respective length of think-aloud protocols, proportions

of verbalized processes were computed (number of codings in one

category divided by total number of codings). The total number of cod-

ings was used as additional control measure.

3.5 | Procedure

The participants were tested in individual settings in the eye tracking

lab. First, they were informed about the experimental procedure and

informed consent was obtained before they started to participate in

the study. The study started with a demographic questionnaire, fol-

lowed by the tests of visuospatial working memory capacity and of

spatial ability as well as by the questionnaire for learning motivation.

After the prior knowledge test, the think-aloud method was

instructed. Then, the eye tracking system was calibrated and the
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recording of gaze behaviour and verbalizations started immediately

after the calibration and before the presentation of the learning

instruction. Participants were able to proceed individually in the learn-

ing instruction when forward buttons appeared after a minimum read-

ing time for each slide with learning time not being restricted. The

recording of gaze behaviour and verbalizations was stopped after

the last slide of the learning instruction and before the post test for

learning performance was conducted.

3.6 | Methodical remarks

Especially for variables which are bounded by zero (e.g., think-aloud

data), normality of the data could not be assumed so that robust test

statistics or bootstrapping was used. Thus, for all analyses, conven-

tionally, α = 0.05 served as level of significance when applicable or

bootstrapped bias corrected and accelerated (Bca) 95% confidence

intervals (CI) were regarded. To provide the possibility of replicating

the results, the same starting point for the Mersenne twister (5289,

random choice) was implemented.

All statistical procedures were calculated using the IBM SPSS Sta-

tistics (Version 27). In order to test the postulated relations between

eye tracking indicators and think-aloud data (RQ1), the bivariate Pear-

son correlation coefficients between indicators for specific (meta)cog-

nitive processes of both methods were computed and interpreted

referring to 1000 bootstrap samples and Bca 95% CI. Then, the sensi-

tivity regarding the seductive details effect (RQ2) was examined. Inde-

pendent t-tests with 1000 bootstrap samples were used for detecting

potential differences in control measures and learning performance.

For correlated data, Hotelling's trace statistics in multivariate analyses

were calculated for eye tracking and think-aloud data respectively.

These tests were followed-up by independent t-tests with 1000 boot-

strap samples regarding each dependent measure for comparing the

two experimental conditions with each other.

For investigating the potential of both process measures for

explaining mechanisms of work of the seductive details effect (RQ3),

the regression-based approach for conditional process modelling

(Hayes, 2018) was applied in IBM SPSS Statistics (Version 27). Sepa-

rate serial mediation models were computed with two mediators in a

row (model 6). Here, the eye tracking indicators served as first stage

mediator and the corresponding think-aloud indicator as second

stage mediator according to methodological considerations that the

verbalization follows the (meta)cognitive processes indicated by gaze

behaviour (Helle, 2017). For these analyses, all outcome and mediat-

ing variables were z-standardized and the group variable was contrast

coded with �1 and +1. Similar to previous analyses, 1000 bootstrap

samples were used to test direct paths of the mediation models in

IBM SPSS Statistics (Version 27). A total of 10,000 bootstrap samples

was used to test indirect paths of mediation in line with recommenda-

tions by Hayes (2018) using his macro. In order to have all mediation

models based on the same bootstrapped sample, seed was set to

5289 (random choice). The second regression model as part of the

mediation analyses with the think-aloud category as criterium and the

eye tracking indicator and the group variable as predictors also pro-

vided evidence regarding the second part of RQ1 referring to the

robustness of correlations.

4 | RESULTS

4.1 | Relationships of eye tracking indicators and
think-aloud categories

The assumptions concerning the relations of eye tracking indicators

and specific verbalized (meta-)cognitive processes of think-aloud pro-

tocols were only partially confirmed by the results of the correlation

analyses (see Table 2). In accordance with the assumptions, the eye

tracking indicators for horizontal coherence formation and vertical

coherence formation as well as for extraneous processes showed pos-

itive correlations with the respective think-aloud variables. In contrast

to the assumptions, the number of fixations was positively but not sig-

nificantly related to verbalized selecting processes, fixation duration

was not related to verbalized local coherence formation processes,

and eye tracking indicators for elaboration and metacognitive pro-

cesses showed no correlations with their corresponding think-aloud

categories.

Further, it has to be noted that the intercorrelations of eye track-

ing indicators were mostly significant with correlation coefficients

with absolute values in the range 0.15 < jrj < 0.85 (Table 2). As a con-

sequence, whereas some indicators shared almost no variance others

shared up to 72% of variance. The intercorrelations of the think-aloud

variables were partly significant. Whereas local coherence formation

had no significant relations to the other variables, selecting had sub-

stantial negative correlations to vertical coherence formation, elabo-

rating and metacognitive processes sharing up to 34% of variance. In

addition, horizontal coherence formation was negatively related to

elaborating and metacognitive processes, which in turn were related

positively.

The think-aloud categories vertical coherence formation, elabora-

tion, and metacognitive processing had substantial positive correla-

tions and extraneous processes a substantial negative correlation with

learning performance. Regarding the eye tracking indicators, horizon-

tal and vertical coherence formation (i.e., number of transitions with

long subsequent visit duration and visit duration subsequent to transi-

tions) showed significant positive correlations and for extraneous pro-

cesses a negative correlation with learning performance.

4.2 | Sensitivity regarding the seductive details
effect

There were no significant between-group differences in the control

measures prior knowledge, spatial ability, and working memory capac-

ity. In addition, the two groups did not differ significantly in time on
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task, sample quality, and the total number of coded segments of the

think-aloud protocols (see Table 3).

As predicted, the group learning without seductive details outper-

formed the group learning with seductive details significantly(see

Table 3).

Regarding eye tracking variables as dependent measures, Hotell-

ing's trace statistics revealed a significant difference between the two

groups, T = 2.63, F(7, 47) = 17.63, p < 0.001, η2 = 0.72. Subsequent

t-tests showed significant results for the eye-tracking indicators with

an overall lower visual processing activity for the seductive details

group except for mean fixation duration as an indicator for elaborat-

ing, for which the between-group difference was not significant (see

Table 3).

Hotelling's trace statistics revealed a significant effect, T = 3.24,

F(7, 47) = 21.77, p < 0.001, η2 = 0.76 regarding the think-aloud indi-

cators of (meta)cognitive processes as dependent variables and group

as between-subject factor. Subsequent t-tests (see Table 3) showed

significant between-group differences in the variables horizontal

coherence formation, vertical coherence formation, and extraneous

processes. There were no significant between-group differences in

the dependent measures selecting, local coherence formation, elabo-

rating, and metacognitive processes. Hence, seductive details seemed

to not affect those processes. However, learning with seductive

details led to less processes of horizontal and vertical coherence for-

mation as well as to more extraneous processes in comparison to

learning without seductive details.

TABLE 3 Means and standard deviations for both groups as well as results of group comparisons using t tests with 1000 bootstrap samples
and 95% bias corrected and accelerated confidence intervals.

Variable

noSD (n = 27) SD (n = 28)
t(53) p

Bootstrap
d

M SD M SD
Mean
difference 95% CI [LL, UL]

Control measures

Prior knowledge 3.2 2.2 2.4 1.9 1.57 n.s. 0.87 �0.18, 2.03 0.42

Time-on-task (s) 778.3 265.7 932.9 345.3 �1.86a n.s. �154.52 �326.21, 33.03 �0.50

Spatial ability 69.5 15.1 69.2 13.1 0.08 n.s. 0.30 �8.30, 8.21 0.02

Working memory capacity 5.9 0.8 5.7 0.8 1.15 n.s. 0.25 �0.18, 0.66 0.31

Learning motivation (intrinsic) 4.1 1.2 4.3 1.0 �0.74 n.s. �0.23 �0.88, 0.35 �0.20

Learning motivation (extrinsic) 2.4 1.4 2.3 1.3 0.40 n.s. �0.15 �0.61, 0.96 0.11

Sample quality (%) 93.1 2.6 92.8 3.3 0.42 n.s. 0.33 0.98, 1.73 0.11

Number of codings 44.7 25.4 54.5 25.5 �1.43 n.s. �9.80 �22.68, 3.53 �0.38

Learning performance 16.8 5.8 13.1 5.1 2.55 0.014 3.76 0.75, 6.91 0.69

Eye tracking indicators

Number of fixations 2.4 0.4 2.0 0.3 3.95 <0.001 0.40 0.19, 0.58 1.07

Fixation duration 80.8 14.5 68.3 9.3 3.83 <0.001 12.52 5.42, 18.61 1.03

Number of transitions with long

subsequent visit duration

0.04 0.02 0.03 0.01 3.17a 0.003 0.01 0.005, 0.02 0.86

Visit duration subsequent to transitions 14.1 5.8 10.5 4.1 2.66a 0.011 3.60 0.80, 6.59 0.72

Mean fixation duration 0.3 0.1 0.3 0.1 �0.11 n.s. �0.002 �0.03, 0.03 �0.03

Number of transitions with short

subsequent visit duration

0.06 0.02 0.05 0.02 2.82 0.007 0.02 0.01, 0.03 0.76

Percentage of irrelevant fixation time 5.5 4.6 19.1 5.6 �9.86 <0.001 �13.59 �16.22, �10.96 �2.66

Think-aloud category

Selecting (%) 0.26 0.18 0.28 0.15 �0.30 n.s. �0.01 �0.09, 0.07 �0.08

Organizing: LCF (%) 0.08 0.08 0.06 0.06 0.96 n.s. 0.02 �0.02, 0.05 0.26

Organizing: HCF (%) 0.25 0.11 0.18 0.08 2.65 0.010 0.07 0.01, 0.13 0.72

Organizing: VCF (%) 0.13 0.10 0.09 0.07 2.00 0.050 0.04 0.001, 0.09 0.54

Elaborating (%) 0.06 0.07 0.04 0.05 1.12 n.s. 0.02 �0.01, 0.05 0.30

Metacognitive processes (%) 0.20 0.17 0.18 0.14 0.33 n.s. 0.01 �0.06, 0.10 0.09

Extraneous processes (%) 0.02 0.03 0.17 0.06 �11.60a <0.001 �0.15 �0.17, �0.13 �3.09

Abbreviations: CI [LL, UL], confidence interval with lower and upper limit; HCF, horizontal coherence formation; LCF, local coherence formation; noSD,

group without seductive details; SD, group with seductive details VCF, vertical coherence formation; VD, visit duration.
aAdjusted degree of freedom due to significant Levene test of homogeneity of variances.
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4.3 | Serial mediation with data from eye tracking
and think-aloud protocols

Serial mediation models (cf. Figure 1) were computed to examine to

what extent eye tracking indicators and verbalized (meta)cognitive

processes complement one another when investigating mechanisms

of work of the seductive details effect. Table 4 shows the results of

the included regressions with 1000 bootstrap samples. Results regard-

ing tests of the indirect regression paths are displayed in Table 5.

Replicating the results of the group comparisons, there were sig-

nificant regression models with the eye tracking indicators as depen-

dent measures except for mean fixation duration as the indicator of

elaborating processes (Table 4). Results of the regressions with think-

aloud variables as dependent measures were not as consistent as

expected: Only direct paths between the eye tracking and think-aloud

variables of horizontal coherence formation as well as the direct effect

of the group variable on extraneous processes substantial. Regres-

sions on learning outcomes were significant showing that the group

variable in combination with both process measures accounted for

substantial variance in learning outcomes whereas a look at the direct

paths revealed inconsistent findings: The direct effect of the group

variable on learning outcomes was significant in the models of select-

ing, local coherence formation, and elaborating. The path from the

eye tracking variable to learning outcomes was only significant in

the model for horizontal and vertical coherence formation respec-

tively. The direct path from the second stage mediator that is, the

think-aloud variable to learning outcomes was substantial for local

coherence formation and elaborating.

Tests of indirect paths of the regression models revealed no serial

mediation of the seductive details effect when regarding correspond-

ing eye tracking and think-aloud variables as serial mediators for all

confidence intervals included zero. Only the following indirect paths

in simple mediations were substantial with zero not being included in

the confidence interval: The eye tracking indicators for horizontal and

vertical coherence formation, mediated the seductive details effect,

respectively. The think-aloud variable for extraneous processes also

led to a substantial simple mediation of the seductive details effect.

Thus, the seductive details effect could be explained by the eye track-

ing indicators for horizontal and vertical coherence formation as well

as verbalized extraneous processes: Seductive details caused lower

learning outcomes due to less transitions with long subsequent fixa-

tion duration lower visit duration after transitions, and more verbal-

ized extraneous processes. Total effect sizes of indirect paths were

only significant for the model comprising the process measures of ver-

tical coherence formation.

5 | DISCUSSION

The main goal of the present study was to examine the relation of eye

tracking metrics and (meta-)cognitive processes in order to provide an

empirical basis for interpreting specific eye tracking indicators in

terms of particular (meta)cognitive processes of multimedia learning.T
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Therefore, with reference to a process model of multimedia learning,

eye tracking indicators were theoretically deduced. The study exam-

ined relations between eye tracking indicators and verbalized (meta)

cognitive processes of multimedia learning captured by think-aloud

protocols. As instructional design effects constitute a primary aspect

in multimedia learning research, the sensitivity of both process mea-

sures of (meta)cognitive processes was regarded considering the well-

investigated seductive details effect of an established multimedia

instruction. In a last step, serial mediations were calculated in order to

investigate whether both process measures complement one another

in a joint explanation of the seductive details effect.

There were no significant between-group differences in the con-

trol measures pointing at a high internal validity of the study. In sum,

it has to be admitted that the results regarding the postulated hypoth-

eses were rather disillusioning. However, they can be turned into

implications for future research further that pursues the goal to trian-

gulate process measures of (meta)cognitive processes of multimedia

learning.

5.1 | Relations between eye tracking indicators
and verbalized (meta)cognitive processes

The results only partly confirmed the assumed relations between eye

tracking indicators and verbalized (meta)cognitive processes. The

eye tracking indicator and corresponding think-aloud variable for

extraneous processes showed a substantial high positive correlation

as assumed. There were substantial positive correlations between the

eye tracking indicators of horizontal and vertical coherence formation

and their respective corresponding think-aloud variables. However, it

has to be noted for both measures, that even higher relations were

detected between these eye tracking indicators and other than the

assumed corresponding think-aloud measures. Thus, a potential non-

correspondence of eye tracking indicators and think-aloud categories

can be discussed. Also for the eye tracking indicators of all other pro-

cesses except for mean fixation duration, which did not have any sub-

stantial correlations to think-aloud variables, substantial correlations

were detected with other than the assumed corresponding think-

aloud variables. For instance, the number of transitions with a short

subsequent fixation duration did not correlate substantially with

metacognitive processes as expected but showed a very high correla-

tion with horizontal coherence formation processes, which contradicts

the assumption that only transitions with longer subsequent fixation

times would be beneficial to such processes (cf., Mason et al., 2015).

One explanation for the mismatch of eye tracking indicators and

think-aloud protocols in contrast to previous studies (cf., Baß

et al., 2024) might be that the operationalization for verbal reports

and observable gaze was on a different behavioural level. With

respect to the complexity of the learning task, it is questionable

whether participants could introspect and verbalize their cognitions

on the same level and with the same granularity as gaze behaviour

was recorded, so there might be a gap for unconscious cognitive

(Jarodzka et al., 2015) as well as metacognitive processes (Wirth

et al., 2020). However, most notably, from an empiricist's perspective

post-hoc explanations for detected relations might be a way to re-

think the postulated relations, however, this procedure would not be

in line with good scientific practice. In addition, then, operationaliza-

tions of multimedia learning processes and eye tracking indicators

might risk to lack a theoretical basis.

The results of the correlation analysis can also be interpreted in a

more positive light. The analyses revealed high intercorrelations

between eye tracking indicators, which is quite usual for eye tracking

studies that refer to more than one eye tracking variable. However,

the relations of the eye tracking indicators to learning performance

and think-aloud variables were not as highly consistent as one would

assume when referring to the high intercorrelations that might have

TABLE 5 Tested indirect effects for the serial mediation models.

Model

Tested indirect paths

SD ! 1st m ! LO SD ! 2nd m ! LO
SD ! 1st
m ! 2nd m ! LO Total indirect path

β

95% CI
[LL, UL] β

95% CI
[LL, UL] β

95% CI
[LL, UL] β

95% CI
[LL, UL]

Model 1: Selecting 0.14 [�0.17, 0.47] �0.05 [�0.30, 0.04] 0.04 [�0.02, 0.22] 0.13 [�0.17, 0.46]

Model 2: Local coherence formation �0.19 [�0.05, 0.43] 0.09 [�0.07, 0.36] �0.01 [�0.12, 0.10] 0.27 [�0.01, 0.58]

Model 3: Horizontal coherence

formation

�0.30 [�0.69, �0.07] 0.11 [�0.01, 0.37] 0.05 [�0.00, 0.27] �0.14 [�0.50, 0.18]

Model 4: Vertical coherence formation �0.29 [�0.67, �0.06] �0.05 [�0.22, 0.02] �0.02 [�0.13, 0.01] �0.36 [�0.76, �0.10]

Model 5: Elaborating �0.01 [�0.01, 0.03] �0.09 [�0.34, 0.04] �0.00 [�0.01, 0.03] �0.09 [�0.32, 0.06]

Model 6: Metacognitive processes �0.07 [�0.34, 0.12] �0.02 [�0.22, 0.10] �0.01 [�0.10, 0.03] �0.10 [�0.41, 0.12]

Model 7: Extraneous processes 0.24 [�0.62, 0.77] �0.66 [�1.45, �0.05] �0.11 [�0.50, 0.06] �0.53 [�1.53, 0.34]

Note: significant indirect paths are printed in bold letters.

Abbreviations: CI [LL, UL], confidence interval with lower and upper limit; LO, learning outcomes; m, mediator; SD, seductive details (with vs. without); β,

standardized values.
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suggested that all eye tracking indicators would measure similar pro-

cesses due to the shared variance and, thus, showing similar correla-

tions to other measures. Thus, the results suggest that the eye

tracking indicators indeed did measure qualitatively different (meta)

cognitive processes and the diverse relations can help to shed light on

the essence of what the eye tracking variables might actually indicate

in future studies. Such studies could exploratively search for relations

(e.g., by means of data mining) or systematically investigate

differences by further exploiting multimedia learning effects

(e.g., split-attention effect) with clear assumptions on (meta)cognitive

mechanisms at work in order to be able to infer causal relations. Espe-

cially the latter procedure, which straightforwardly goes in line with

the paradigm of multimedia learning research methodology, provides

a means to generate validity hints of eye tracking indicators besides a

correlative convergent validity approach using another process mea-

sure of the same constructs, which was chosen in the present study.

Regarding the robustness of relations of eye tracking and think-

aloud data, i.e., the second regression models of the mediation ana-

lyses with the think-aloud variables as criterium, only for horizontal

coherence formation the eye tracking indicator predicted the think-

aloud variable besides group affiliation. Thus, this relationship can be

regarded to be robust against the seductive details effect as one rep-

resentative of instructional design effects in multimedia learning.

However, it has to be kept in mind that most correlations were not

substantial even when they were not controlled for the impact of

variations of the learning instruction. Thus, it is difficult to infer

interpretations regarding the robustness of relations when relations

remain similarly around zero when controlling for the seductive

details effect. Future studies with larger sample sizes might then also

refer to further hints at the robustness of relations (e.g., residual

analyses).

5.2 | Sensitivity regarding the seductive details
effect

The results confirmed the seductive details effect with a lower learn-

ing performance for the seductive details group, which is in line with

most studies on seductive details (e.g., Kienitz et al., 2023; Park

et al., 2020). In addition, the eye-tracking indicators were sensitive to

the seductive details effect, which was also the case in hitherto

research (e.g., Korbach et al., 2016). There was an overall lower visual

processing activity for the seductive details group except for mean

fixation duration as an indicator of elaboration processes, where no

between-group difference was detected. It must be considered that

with respect to the different explanations for the seductive details

effect (Rey, 2012) not all (meta)cognitive processes must be affected.

However, in line with the null correlation with learning outcomes, it

can be argued, that the eye tracking indicator for elaboration pro-

cesses (i.e., mean fixation duration) might not function as it had been

assumed. Future studies can disentangle these speculations by inves-

tigating another instructional design effect with an assumed impact

on elaboration processes.

Concerning the sensitivity of the think-aloud method regarding

the seductive details effect, assumptions were only confirmed regard-

ing effects for extraneous processing and partially confirmed for orga-

nizing processes. The results indicated no differences in verbalized

selecting, local coherence formation, elaborating and metacognitive

processes. The large difference in the amount of verbalized extrane-

ous processes can be explained by having declared the seductive

details as irrelevant information following their definition. As a conse-

quence, this between-group difference can be regarded as manipula-

tion check underlining the effectiveness of the seductive information.

There were no effects of the seductive details on selecting processes

and on local coherence formation maybe because those local pro-

cesses can refer to either the textual or the pictorial information of

the learning program. Even though a category split in line with the

multimedia processes mentioned in CTML (Mayer, 2021) might have

been possible from a coder's point of view, the category system would

not remain balanced considering size of the categories, which should

be the case in qualitative content analysis (e.g., Mayring, 2015).

Finally, the seductive details did not impact the amount of verbalized

elaboration processes. On the one hand and in line with the previous

argumentation, a consolidation of subcategories (integrating processes

with prior knowledge vs. genuine elaboration processes) might have

hided a potential seductive details effect. On the other hand, this

result corresponds to the non-effect on the eye tracking indicator for

elaboration. Indicators for global organizing processes (horizontal and

vertical) were affected by the seductive details. Thus, the seductive

details impaired integration processes concerning text-picture integra-

tion on one slide of the learning instruction as well as with informa-

tion integration from different slides of the learning instruction.

Mediation analyses were conducted in order to investigate to

what extent eye tracking and think-aloud data complement one

another regarding the explanation of the seductive details effect. As

mediation analyses refer to a regression-based, and thus correlative

approach, the results were comparable of those of the correlation

analyses, where for most corresponding variables non-substantial cor-

relations were detected. Thus, the results showed no serial mediation

with both process measures in a row and only single mediations with

the eye tracking indicators of horizontal and vertical coherence forma-

tion as well as with the think-aloud variable extraneous processes. As

outlined above, a discussion of these results would remain speculative

as long as the validity of the eye tracking indicators is still

questionable.

5.3 | Methodical remarks on using eye tracking
data for measuring (meta)cognitive processes

As outlined above, eye tracking researchers might face the critique of

choosing inappropriate metrics (Orquin & Holmqvist, 2018).

Of course, also the indicators chosen in the present study must be

reflected against the background of this critique, especially because

the results were not as consistent as expected. For some of the indi-

cators further theoretical reflections regarding their validity and

STARK ET AL. 2999

 13652729, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jcal.13051 by U

niversitaet D
es Saarlandes, W

iley O
nline L

ibrary on [06/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



further systematic investigations of their validity are needed. In sum,

the results showed that eye-tracking indicators can be related to ver-

balized cognitive processes but at the same time these relations seem

to be less specific as assumed (Alemdag & Cagiltay, 2018). There were

no unique correlations between eye-tracking indicators and verbalized

cognitive processes and the results of the mediation models sug-

gested that cognitive processes were rather partially represented by

the chosen indicators of gaze behaviour. Moreover, both methods

share a similar problem that is the differentiation of mandatory and

higher order cognitive processes respectively successful or unsuccess-

ful processing activity within one indicator or category. For example,

fixation frequency and verbalized horizontal coherence formation pro-

cesses both were reduced by seductive details, but both showed a

correlation around zero to learning performance and the partial corre-

lations rather suggested that a lower fixation frequency as well as a

lower percentage of verbalized processes was related to higher learning

performance. With respect to exact process modelling the operationali-

zation of these measures seems to be insufficient. As the present study

used comparatively global eye movement indicators in accordance with

the global category system and the given drawbacks, a separate analy-

sis for text and picture processing might provide better information

about local processing activities. However, using global indicators and

categories paid attention to possible delays between visual information

processing and speech production (Helle, 2017). As a consequence, the

cued retrospective think-aloud method (Jarodzka et al., 2010) could be

an optimization of the present study because it does alter neither the

learning task, nor the needed time for task accomplishment, nor the

visual focus of attention with respect to the learning task (Stark

et al., 2020). From a different perspective, learning instructions that are

designed to enhance specific (meta)cognitive processes could also solve

the problem. Specifically, adequately designed AOIs, which directly pro-

vide information on the kind of which specific (meta)cognitive process

was needed for their understanding, could allow interpreting estab-

lished metrics like fixation duration or transitions also on a local level

(Fan et al., 2022). Aligning gaze behaviour and verbal reports for a more

detailed or even event related analyses could be achieved by imple-

menting less complex, smaller, or small sequenced learning instructions

in combination with the experience sampling method (Bühler

et al., 2024). On a more holistic level and in correspondence with the

nature of global processes, the analysis of partial or full scanpath data

based on visits, saccades and revisits (Tjon et al., 2023) could be a

promising approach, specifically when (meta)cognitive processes can be

operationalized by a unique sequence of visits. With respect to the

results of the present study, it seems also plausible that (meta)cognitive

processing should be captured as a combination of different metrics or

the combination of different states in one metric that can be identified

as process related gaze patterns (Stark et al., 2024).

5.4 | Limitations and future research

As already outlined above, the use of the seductive details effect for

testing the sensitivity of the process measures did also bring along a

major limitation to the present study. Following the definition of

seductive details, they are assumed to induce extraneous processing.

Thus, effects and relations of indicators for extraneous processes

measured either by the think-aloud procedure or eye tracking must be

regarded as manipulation check and further generalizing interpreta-

tions remain speculations.

Regarding the use of the category system, it has to be noted that

the total number of codings was relatively low when linked with time-

on-task. Thus, there may be an underestimation of (meta)cognitive

processes. Some participants had problems either to verbalize their

thoughts generally or to keep their verbalization level high throughout

the whole learning time. In addition, a lot of cognitions during learning

occur rather unconsciously and thinking-aloud always faces the cri-

tique of a potential loss of information due to filtering by participants.

Especially local coherence formation might underlie these restrictions.

As a consequence, these processes might even be more underesti-

mated which might explain that the percentage of codings for local

coherence formation is lower than for global (horizontal and vertical)

coherence formation. In addition, it is an inherent limitation of the

applied process model that metacognitive processes overlap with cog-

nitive processes per definition. Thus, it can be questioned to what

extent cognitive processes (e.g., selecting) can be analysed separate

from metacognitive processes, which are dedicated at guiding

learners' attention and regulating their effort invested.

With regard to verbalized processes it has to be noted that pro-

portions of codings in particular categories were integrated in the ana-

lyses for good reason (non-standardized learning time). However,

another pattern of results could have been detected if absolute values

were considered. The same issue accounts for eye tracking measures

where frequency values and other relativized measures were used.

Regarding data of the think-aloud protocols, even deeper insights

could have been enabled by qualitative analyses of individual cases as

with quantification of coded segments a loss of information cannot be

avoided.

As a limitation of the methodological approach of serial mediation

analysis for integrating eye tracking and think-aloud data, it has to be

noted that it does not reach the noble goal of really putting together

eye movements and speech production. A time stamp analysis could

be one of the next steps in a research program to further shed light

on direct links between eye tracking data and specific cognitions in

general. Such a kind of analysis would provide more fine-grained

results and could be another validation approach in future studies.

Regarding the dissatisfying results of the mediation analyses it also

has to be stated that even if eye tracking indicators and think-aloud

categories corresponded, results of the mediation analyses could

potentially show a similar picture because the mediating variables

would share a larger amount of variance and might be confounded.

This is a major limitation to the use of serial mediation as drawn infer-

ences often remain speculative.

In addition, the validation approach applied in the present study

must be discussed. Here, the theoretical deduction of the eye tracking

indicators was used in order to ensure construct validity specifically

face validity and content validity. In the empirical part, correlations
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with learning outcomes and especially the aspect of convergent valid-

ity was regarded. Therefore, the think-aloud method was used as a

second process measure of (meta)cognitive processes. It has to be

argued that also the think-aloud method and the applied category sys-

tem, even though already used in multimedia research, had not been

validated from a strict empirical perspective in advance. Thus, the

question arises how much inference can be drawn from the given

results as both process measures should still undergo validation

processes.

Further research is needed to identify differential indicators that

help to link eye tracking and data of think-aloud protocols in valida-

tion studies. One point to start from would be to use a less complex

learning instruction and a learning task that allows precise operationa-

lization of necessary cognitive processes with regard to the achieve-

ment of the learning goal on a more basic level. Moreover, the design

of the learning instruction should allow the analysis of eye movements

with regard to all cognitive processes, including global processes like

vertical coherence formation. However, not only experimental

research is needed in order to systematically investigate whether

established multimedia effect (e.g., the split-attention effect) have cor-

responding effects on eye tracking and verbal data, but also correla-

tional validation studies can generate evidence for discriminant

validity of corresponding eye tracking and verbal data.

5.5 | Implications

The study mainly provides implications for research as it can be

regarded to be a baseline study with more focus on internal than

external validity. Besides already addressed research desiderata, the

study showed how innovative ways of validating can be implemented.

This implication cannot only be applied to multimedia learning but also

other fields of educational research, as well as for further develop-

ments regarding multimodal learning analytics. In addition, the study

underlines the necessity of incorporating a process perspective as it

helps to understand how learners deal with learning instruction. Multi-

modal learning analytics provide a promising approach to align differ-

ent kind of process data for a holistic analysis of learning processes in

relation to observable learning behaviour. However, it also has been

considered how different process measures provide information on

diverse levels of granularity, that there always is a loss of information

when analysing multimodal data, and the extent to which analyses

remain speculative as interpretations are needed because of rather

indirect indicators for learning processes.

Even though implications for practice were not the major intent

of the present study, it can be concluded that also for practitioners, it

is crucial to analyse learning processes by means of using as much

process information as possible. In practice, mainly observations but

also verbal reports like think-aloud procedures can be applied. Analys-

ing these data can help identifying learning gaps, ill designed aspects

of learning materials and settings, and, therefore, optimizing and fos-

tering learning. However, practitioners should also keep in mind the

limitations of process data analysis as they can never draw a real com-

plete picture of learning.
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