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We examined associations between mind wandering — where attention shifts from the task at hand to task-unrelated thoughts — and
learning outcomes. Our data consisted of 177 students who self-reported mind wandering while reading five long, connected texts on
scientific research methods and completed learning assessments targeting multiple depths of processing (rote, inference, integration)
at different timescales (during and after reading each text, after reading all texts, and after a week-long delay). We found that mind
wandering negatively predicted measures of factual, text-based (explicit) information and global integration of information across
multiple parts of the text, but not measures requiring a local inference on a single sentence. Further, mind wandering only predicted
comprehension measures assessed during the reading session and not after a week-long delay. Our findings provide important nuances
to the established negative link between mind wandering and learning outcomes, which has predominantly focused on rote
comprehension assessed during the learning session itself. Implications for interventions to address mind wandering during learning

are discussed.
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1 INTRODUCTION

Learning from complex texts remains a commonplace learning activity, complementing modern educational
technologies such as intelligent tutoring systems, educational games, videos, simulations, and so on. Reading
comprehension - particularly reading for understanding and learning - is also a crucially important skill for our society
at large; critical in an age of increased skepticism, mistrust, and misinformation [1, 4]. Just as a student must grapple

with multiple perspectives in making an informed decision about causes of climate change in a science class [3, 50], a



person deciding to get a cancer screening has to confront multiple sources with contradictory recommendations [14, 16,
33]. Thus, in an increasingly information-driven world and workforce, the ability to learn efficiently and effectively from
complex texts is critical for success.

Reading outcomes are determined by numerous factors including interactions among the content (the text), the
context (the task), and the individual (the reader) [49]. More specifically, outcomes are determined by what the text
provides the reader, what the reader brings to the text, and on the affordances of the reading context. Here, we focus on
one necessary (but not sufficient) component of successful reading: the ability to sustain attention during reading [8].
Specifically, lapses in attention called “mind wandering” or “zoning out” routinely occur during everyday activities with
meta-analytic estimates of approximately 30% during learning from text and video lectures [52]. Mind wandering is also
negatively correlated with learning outcomes [52] suggesting that there may be benefits to developing learning
interventions that proactively reduce its occurrence [22-24] or that automatically detect and dynamically intervene to
reengage attention and mitigate any learning deficiencies [7, 15, 32].

In addition to these technological advances, there is also a need for more basic research on the relationship between
mind wandering and learning outcomes. Specifically, as reviewed in Section 1.1, a vast majority (89%) of the studies
investigating the relationship between mind wandering and reading comprehension outcomes focus on shallow or rote
learning of factual information from the text with learning assessments occurring during reading or immediately after.
But reading is a complex task that unfolds across multiple levels: identifying characters, words, and parsing sentences,
extracting word-level meaning, representing and connecting textual elements, and incorporating prior knowledge into
a constructed mental model of the text [20, 25, 29]. Reading also extends across time. In educational contexts, the goal
of reading extends beyond comprehending the text itself, and to retaining the content of what was read over time and
transferring that knowledge to new contexts. These processes of comprehension, retention, and transfer depend on the
strength and detail of the textual representation while learning from text (henceforth reading).

Accordingly, we examine relationships between mind wandering across levels of comprehension and across different
time frames using expository (informational) texts similar to what students encounter for learning. We assess
comprehension at multiple depths including knowledge of information explicitly stated in the text (factual),
comprehension that connects ideas not implicitly stated in the text (inferencing), and comprehension that involves
integration of information across multiple pages and concepts within a text (integration). We also examine
comprehension at multiple timescales — during reading a single text, after reading a single text, after reading multiple
related texts, and after a week-long delay (retention). To our knowledge, this is the first study to examine relationships

between mind wandering and learning and retention from text across different levels of comprehension and time scales.
1.1 Background and Related Work

1.1.1 Reading Comprehension

Reading comprehension is a complex task involving multiple levels of processing which unfold across different depths
and across time (Figure 1). According to the prominent construction-integration model, the key processes include:
perceptual intake and encoding of the words (surface code), building a literal semantic representation (textbase), and
constructing a global situation (mental) model [19, 20]. The first step, the perceptual intake and encoding, involves
extracting the words and syntactic structure from the text to form a surface code representation (Figure 1: a, b). The first
level of meaning is created by interlinking the representations to form the textbase (construction stage), which also leads

to activation of related information in long-term memory (Figure 1: ¢). Activation spreads until it settles (integration



stage), leading to emphasis of concepts that are linked to other concepts in the text or to prior knowledge, and de-
emphasis of irrelevant or inconsistent concepts. It is the inferences that are generated during this integration stage that
lead to deeper meaning of the text (i.e., the mental model or situation model — Figure 1: d-f)) [12, 13, 19, 28].
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Figure 1. Overview of the process of reading comprehension adapted from Caruso 2022 [5]. Dark grey represents bottom-up
processes, and light grey represents top-down processes.

Thus the mental model is affected by both top-down (knowledge-driven) and bottom-up (text-driven) processes [53];
both the text-based information and information from prior knowledge affect the mental model (Figure 1: light grey).
An important aspect of comprehension is to go beyond what is explicitly stated in the text to an inter-connected and
elaborated representation through inferencing and integration [13, 25, 26]. These inferences can be localized and stem
from implicit information extracted from a single sentence [36], or readers can build global inferences across a whole
page or multiple pages of text 11, 47], which we refer to as integration. Although there is some debate as which processes
are considered inferencing vs. integration, it is generally acknowledged that both are critical to comprehension [27].

Comprehension also unfolds over different time scales (Figure 1: h-n) in addition to different depths. In hundreds of
milliseconds a word can be encoded in sensory memory and stored in working memory (Figure 1: h-i), where
representations can be maintained for several seconds, prior to being consolidated into long-term memory. Prior
knowledge from long-term-memory in turn affects how information from a text is represented, processed, and
remembered (Figure 1: k-n) via inferencing and integration [27]. Additionally, subsequent reading can interfere with
memory traces of what is currently being read before it is consolidated into long term memory [37, 54], thereby affecting
the information recalled in the following days, weeks, and beyond. Memory retrieval is itself not a passive process.
Retrieving memories for a text strengthens encoding, creates new retrieval processes, and alters existing memories [17,
40]. Indeed, reading for understanding is not a simple passive process, but a complex active event which unfolds across

different time scales.



1.1.2 Mind Wandering During Reading Comprehension

Mind wandering, also called task-unrelated thought, or more commonly “zoning out” and “daydreaming”, is an
ubiquitous phenomenon [48]. It can be defined as involuntary shifts in attention from the task at hand to task-unrelated
thoughts [8], but also see [35, 46] for debates on mind wandering with intentionality. Estimates of how often mind
wandering occurs range from 30% to 50% [18, 21, 52] depending on the task, context, and individual. Although there are
some potential benefits of mind wandering on activities that require prospection and divergent thinking [34], it is
consistently negatively associated with performance for tasks that require sustained attention, such as learning. Indeed,
Wong et. al (2022)’s recent meta-analysis of 71 studies from 5890 participants on mind wandering during educational
activities reported that mind wandering occurred on average 30% of the time irrespective of activity types (video
learning, reading, in-person learning) [52]. Further, mind wandering had a negative correlation of -0.27 on assessments
of learning, which replicates results of prior meta-analyses on mind wandering and performance across a range of
learning and cognitive tasks [8, 39].

It is prudent to consider why mind wandering is negatively associated with learning outcomes. The perceptual
decoupling hypothesis [43] suggests that during mind wandering attention is decoupled from the external stimulus (e.g.,
the text) and instead is directed inward (e.g., what’s for dinner) resulting in encoding failures [43, 45] and a weakened
mental model, which in turn leads to lower comprehension outcomes. Beyond perceptual decoupling [43], which in the
case of reading affects the lower-order processes such as the surface and textbase representations, higher-order reading
processes (integration and inferencing) can also be decoupled during mind wandering. Specifically, Mills et al introduced
the idea of cognitive decoupling where readers who mind wandered failed to adjust cognitive resources with respect to
text difficulty [31]. Perceptual and cognitive decoupling have negative downstream effects: according to the cascade
model, deficits in the early processes at lower levels of comprehension cascade to deeper levels, resulting in an impaired

mental model.

1.2 Contribution, Novelty, and Hypotheses

Research indicates that mind wandering negatively correlates with reading comprehension, but most studies (63 out
of 71 samples in Wong’s (2022) meta-analysis [52]) assessed factual memory of the text (rote comprehension) rather
than deeper levels of comprehension involving inferencing and integration. Of the studies that focused on inference-
level comprehension, correlations with mind wandering ranged from -.02 to -.40, a very wide range. Although Wong et
al. do not provide a clear definition of what they consider inference-level assessments, examination of the primary
studies reveals that these assessments mainly test for integration across multiple sentences [2, 30, 38, 42]. Overall, the
small number of studies focusing on deeper levels of comprehension is surprising considering an important goal of
learning is to construct meaningful representations connecting different textual elements and going beyond what is
stated in the text by elaborating based on prior knowledge. Indeed, Wong et al. end with a call for action regarding the
importance of providing clearer definitions of assessment type and more studies examining inferencing and integration
with text comprehension and mind wandering [52]. Additionally, most studies assess comprehension during reading or
immediately after, but never at a longer delay, which is surprising as reading is primarily for the purpose of retention
and transfer. The strength of the relationship between mind wandering and reading comprehension at different depths
and across time is currently unexamined.

We address these critical gaps by investigating the relationship between mind wandering and learning with
assessments targeting (1) different depths of comprehension and (2) different time onsets between the initial encoding

and subsequent learning assessments. We utilized a large dataset of 177 participants who read five long, connected



expository texts while also indicating the occurrence of mind wandering during reading. We assessed rote (factual),
inference (local integration), and deep (global integration) comprehension at four time points: during reading, after
reading each text, after reading all texts, and at least seven days after reading.

We hypothesize (Hypothesis 1) that mind wandering will be negatively associated with comprehension based on the
principles of perceptual and cognitive decoupling discussed earlier and consistent with numerous prior works. However,
our critical hypothesis (Hypothesis 2) is that the strength of this relationship will be moderated by the depth and time
of the comprehension assessment. Specifically, because comprehension where deficits at lower levels (textbase) cascade
and affect subsequent deeper-level processing (inference and integration), as proposed by the cascade model of
inattention, mind wandering will be more negatively associated with deeper assessments (inference/integration
compared to shallower levels of comprehension (rote assessments — Hypothesis 2a). A competing hypothesis, however,
is that because a literal encoding of the text is needed to answer rote assessments, any nonencoded information due to
mind wandering cannot be subsequently retrieved from memory. Conversely, prior knowledge and heuristic processing
can still aid the readers to fill in gaps for assessments targeting deeper levels of comprehension. Thus, the correlation
between mind wandering and comprehension will be weaker for deeper comprehension compared to rote assessments
(competing Hypothesis 2b). Lastly, we do not provide a hypothesis with respect to associations between mind wandering

and comprehension assessed at different time scales, instead consider this to be an exploratory research question.

2 METHODS
2.1 Data Source

2.1.1 Participants

Data was collected as part of a larger study investigating neurophysiology during reading comprehension. Only
aspects applicable to current study are discussed here. Participants (N= 177, age 23 * 7 years, 68.3% female, 76% white,
10% Asian, 7 % Hispanic, 4% other, <1% Black or African American, <1% Native Hawaiian or Pacific Islander) were
students from a large public University in the Western US. Each participant was compensated $20/hour for the duration
of the study (143 + 26 minutes), and an additional $10 for completing the follow-up survey emailed a week after their
participation day. Compensation was via Amazon gift cards. All procedures were approved by the Institutional Review

Board (IRB) and all participants provided written informed consent.

2.1.2 Materials & Procedure

The main study occurred in a research lab with eye tracking and neurophysiological sensing not discussed further
here.

Prior Knowledge. Before beginning the reading task, participants completed a prior knowledge assessment
consisting of six concepts and their definitions, all of which relate to scientific methods subsequently covered in the
reading. Participants had to match the six randomly ordered definitions with the six randomly ordered concept names
(Placebo, Dependent Variable, Confound, Control Group, External Validity, and A priori). Correct answers were
summed, with the highest score of six (all terms matched correctly) and the lowest score of zero (no items matched
correctly).

Texts. The reading material consisted of five expository texts on the topic of behavioral research methods: Bias,
Hypotheses, Causal Claims, Validity, and Variables. Each text was around 1000 words split into 10 pages (screens of

text). The five texts were presented in a random order to each participant (while the 10 pages within a given text were



always presented in the same order for that text). The texts were specifically designed to be suitable yet slightly advanced
for college students with a mean Flesch-Kincaid grade level of 13.2 [10]. Participants then read through the texts one
page at a time, using a key to advance to the next page, but were unable to move back to already-read pages. The average
time spent reading a text was 5.5 minutes (1.8 SD), with a total average reading time of 27 minutes (8.1 SD).

Mind Wandering. We used the probe-caught method to track mind wandering; this method has been extensively
validated in the literature [44, 51]. Specifically, before beginning the reading task, participants were given the definition
of mind wandering and informed they would be probed to self-report whether they were mind wandering or not while
reading. Specifically, we used the following instructions.

“At some points during reading, you may realize that you were not thinking about what you are actually reading, but
were thinking about something else altogether. This is called “zoning out”. We’re interested in such zone-outs and you will
sometimes be asked to report if you have zoned out while reading. Please be as honest as possible about reporting zoning out.
It is perfectly natural to zone out while reading. Responding that you were zoning out will in no way affect your progress in
this study, so please be completely honest with your reports”.

After reading the instructions, participants were given the following multiple-choice question to verify they
understood mind wandering and how to identify it. If an incorrect response was chosen, then the participant was
informed they answered incorrectly, were once again shown the definition of zoning out, and were given another try

until they answered correctly.

Which below is an example of zoning out?

A) When you accidentally choose the wrong answer in a text

B) When you fall asleep while reading a boring book

C) When you find yourself thinking about something other than the task at hand (correct)
D) When you struggle to understand the text

Probes occurred twice per text on pseudorandom pages, when participants pressed the key to advance from page P
to page P + 1. Specifically, participants were prompted with a question asking if they were mind wandering on the
previous page (P) and were given “yes” or “no” answers to choose from. Each participant received ten mind wandering
probes over the course of reading, two per text. The average MW rate across participants in the study was 47.0% (24.8%),
which was higher than the 30% estimate from the Wong meta-analysis [52], but likely due to the length of the reading
session.

Comprehension/Learning Assessments. Three types of assessments were designed to assess different levels of
comprehension. They consisted of: 1) rote questions that consisted of a four-item multiple choice targeting factual
knowledge explicitly presented in the text; 2) inference questions consisting of a statement reflecting either a true or
false inference that can be made by extracting implicit information from a specific single sentence on the page; and 3)
integration questions consisting of a four-item multiple choice question targeting deep, integrative knowledge across
multiple pages. See Table 1 for examples of each question type. Comprehension questions were developed and refined
by researchers with the guidance of an instructor of a behavioral research methods undergraduate course. We used
crowdsourcing via Mechanical Turk to iteratively modify and calibrate the questions to the desired difficulty: items with
greater than 20% accuracy or less than 80% accuracy (reflecting potential floor and ceiling effects, respectfully) were

either discarded or adapted until mean accuracies for all comprehension questions were within this range.



Table 1. Examples of the three different comprehension questions. Text is taken directly from the reading were possible and
summarized and in cases where it cannot fit into the table.

Question Text From the Reading Answers
Type
Rote “When the person asking the Please select the best answer to the question: How did the
question was behind a wall so that experimenters prevent the horse from seeing the person asking
Hans could not see these small questions?
gestures, the horse could not pick A) By placing the horse on the other side of a wall (correct)
up on what the correct answer B) By fitting blinkers to the horse
might be and therefore could not C) By putting a veil over the questioner's face
answer questions correctly” D) By making the horse and questioner face in opposite directions
The text states that there was a wall between the horse and the person, it
does not mention any of the other options.
Inference “The second [scenario where it is Is the statement true or false?
justifiable to employ correlational “Random assignment would not be possible for a study with gender as
design] is when it would be theindependent variable.”
unethical, infeasible or impossible A) True (correct)
to randomly assign subjects to B)False
groups” Gender, by nature, is not something that you can assign to a person and
therefore random assignment of gender in an experiment is impossible.
Note that this information is not contained directly in the text but must
be inferred.
Integration Page 2: Developing a new measure  Please selected the best answer to the question: Which of the following

that might correlate highly with
intelligence, how this relates to
convergent and divergent validity.

Page 6-7: External validity and how
most research subjects are college
students

Page 8: Defines content validity and
gives an example.

could be a reason why a measure of intelligence lacked content validity?
A) All of the questions relate to mathematical and verbal skills, but none
of the questions relate to spatial skills (correct)

B) It lacks face validity

C) It correlates strongly with an existing measure of working memory
D) Most of the data was collected using white, affluent college students
between the ages of 18 and 24

This question requires the reader to apply the definition of content validity
from the text to a new example.

Comprehension assessments were administered at four different time points, but not all question types were
administered at each time point due to limits on the total item pool (See Figure 2): (A1) “During” text occurring
immediately after reading the corresponding page, all questions types were administered; (A2) “After Each” occurring
after an individual text was read, only Rote and Inference questions were administered; (A3) “After All” occurring once
all five texts were completed, all question types were administered; (A4) “Delay” occurring a minimum of seven days
after the reading session, only Rote and Inference were administered. Questions appeared in the order: Rote, Inference,
Integration to reflect the increasing levels of processing. The mind wandering probes always occurred immediately prior
to the “During” assessments to allow participants to be as accurate as possible in responding to the mind wandering
probes. Each comprehension assessment type was administered twice per text at the given time point.

The selection of pages to trigger comprehension questions was pseudorandom with some basic constraints (i.e., no
questions on page 1 or on adjacent pages) but the specific questions administered to a participant were pseudorandomly

selected from a main question pool without repetition for the “During”, “After Each”, and “After All” time points. Thus,



each participant received a different set of questions at different pages for these three time points. However, all
participants received the same delayed assessment with some overlap in pages assessed at earlier time points (while the
questions were randomized between participants for the first three time points, Delay questions were not since there

was a single survey sent out to all participants a week later).

Text5 |\
Text4 |\
Text3 \
Text 2\
Text 1

Assessments Assessments Assessments Assessments
“During” texts immediately “After Each”  “After All” texts “Delayed” > 1 week
text
Al A2 A3 A4
Rote X X X X
Inference X X X X
Integration X X

Figure 2. Four different time points and the types of comprehension questions asked at each. Black boxes indicate assessments
within the pages of a text (grey boxes), and colors indicate the five individual texts (and subsequently the corresponding text of the
assessment questions).

2.2 Analytical Approach

We used multilevel ordinal regression at the text-level using the c/mm function from the R package ordinal [6], with
the number of correct answers per text as the outcome variable (answered no questions correctly: 0, answered one out
of the two questions correctly: 1, answered both questions correctly: 2). Participant and the Text (categorical variable
indicating one of the five texts) were included as random intercepts (more complex random effect structures resulted in
convergence errors). Text-level mind wandering rate (ordinal, answered no to both mind wandering probes while
reading the text: 0, answered yes to one mind wandering probes: 1, answered yes to both mind wandering probes: 2)
was included in a three-way interaction (which also includes all two-way interactions) with comprehension type
(categorical for rote, inference, and integration), and time (a factor indicating “During”, “After Each”, “After All”, or
“Delay”, with “During” as the reference variable). We also controlled for two variables: the order each text was presented
to the participant (fatigue effects) and pre-test scores (to account for prior knowledge). Overall, the equation takes the

form:

Correct ~ Mind Wandering * Question Type * Time + Text Order + Prior Knowledge + (MW]|Participant) + (1|Text)



Results for the ordinal mixed effects models are given in odds ratios, where a significant odds ratio above 1 indicates
a positive predictor, and less than 1 indicates a negative predictor. Odds ratios are an effect size metric, so a value of
1.22 means that one unit increase in that predictor would make it 1.22 times more likely to result in an increase in
comprehension scores. We probed significant trends with the emtrends function from the emmeans package in R [41]. A
false discovery rate (FDR) was used to adjust for multiple testing for each set of trends. Additionally, a two-tailed p <

0.05 criterion was used.

3 RESULTS

3.1 Descriptive Statistics and Correlations

We first examined subject-level correlations (Table 2) between the comprehension assessments, mind wandering,
and prior knowledge. We calculated the proportion correct for each comprehension assessment for each participant, as
well as the average mind wandering rate for each participant. Comprehension scores ranged from 1.13 (out of 2) to 1.51
reflecting accuracies of 57% to 7% with a mean of 69%. On average, integration scores (1.14 or 57%) were lower than rote
and inference scores, which were on par (1.41 or 70%). Overall, however, there do not appear to be floor- or ceiling-
effects.

1. Mind
Wandering (0-2) 094 0.0
2. Prior o
Knowledge (0-6) 416 115 021
Rote (0-2)
3. "During" 151 036  -0.26"* 0.40**
4. "After Each" 142 034 -0.21* 0.28"  0.45**
5. "After All" 1.35 042 -0.18* 0.42**  0.49** 0.50**
6. "Delay” 1.34 041 -0.22** 0.41** 0.44* 0.35"* 0.46™*
Inference (0-2)
7. "During" 1.50 029  -0.21**  0.29** 043" 035" 045"  0.28*"
8. "After Each" 1.44 0.27 -0.24** 0.19* 0.17* 0.19* 0.23** 0.24™* 0.24™*
9. "After All" 1.46  0.28 -0.18* 0.20* 0.16* 0.20** 0.27** 0.32** 0.10 0.14
10. "Delay” 1.26  0.30 0.00 0.15 0.08 -0.02 0.13 0.07 0.08 0.01 -0.01
Integration (0-2)
11. "During" 113 037  -0.22** 036" 0.50* 043" 0.50**  0.35** 039"  0.21"*  0.23"*  0.09
12. "After Each" 1.15 037  -0.31** 0.29"*  0.39** 0.22** 0.37** 0.37** 0.23** 0.16* 0.15* 0.14  0.21**

Table 2. Means (M), Standard Deviations (SD) and Pearson Correlations between Mind Wandering, Prior Knowledge, and
Comprehension assessments, * indicates p < 0.05. ** indicates p < 0.01. Ranges are shown next to each variable heading. Numbers
are given to each label on the right and correspond to the numbers on the top of the table.

Correlations between comprehension assessments were a mean of 0.22, suggesting the different assessments captured
related but unique variance. As expected, mind wandering was negatively correlated with all comprehension
assessments (mean r = -.20) except for inference items assessed at Delay, which incidentally was also weakly correlated
with the other comprehension measures. Prior knowledge was negatively correlated with mind wandering (r = -0.21)

and all comprehension measures (mean r = 0.29), indicating the importance of controlling for it.



3.2 Model 1: Rote, Inference, and Integration Comprehension During and After Reading

To compare the effects of mind wandering on the three levels of comprehension depth we examined the two time
points at which all three assessments were administered: “During” and “After All” (n = 5,211 cases). Of particular interest
is the three-way mind wandering x comprehension depth X assessment time interaction along with the two-way mind
wandering x comprehension depth and mind wandering x assessment time interactions. Of these, there was only a
significant two-way interaction between mind wandering and comprehension depth. Consequently, we examined the
relationship between mind wandering (independent variable) and comprehension outcomes (dependent variables) for
different comprehension types (moderator). As shown in Figure 3, mind wandering was a significant negative predictor
of integration (B = -.16 [-.24, -.08]) and rote (B = -.16 [-.24, -.08] comprehension), but not inference (B = -.04 [-.12, .04])
comprehension. In terms of comparisons of the slopes, both integration and rote comprehension were on par (p = .983)

and significantly (p = .034) higher than inference comprehension.
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Figure 3. Trends for correct as mind wandering increases for each comprehension type: Rote, Inference, and Integration, over all four
assessment timings. Y axis are in log odds.

In terms of the random effects, the between-participant variance (tooParticipantiD) was .10 and the between-text variance
(tooText) was .08. The intra-class correlation (ICC) measures the proportion of variance explained by the nesting factors,
in this case ParticipantID and Text and was .14, suggesting that 14% of the variance in comprehension outcomes was
explained by the ParticipantID and Text grouping. The marginal R? indicates the proportion of variance explained by
the fixed effects (10.6%), and the conditional R? is the proportion of the variance explained by the fixed and random
effects (23%).



3.3 Model 2: Inference and Rote Comprehension During, After Each, After All, and Delayed

To compare the effects of mind wandering over additional time points, we also fit a model that focused on Rote and
Inference comprehension, which were administered at all four time points: “During”, “After Each”, “After All”, and
“Delayed” (n = 6765 cases). Once again, there were significant two-way interactions for mind wandering x
comprehension, but there was also a significant mind wandering x time interaction, but no significant three-way
interaction. As shown in Figure 4, mind wandering was a significant negative predictor of rote (B = -.15 [-.21, -.09]) but
not inference (B = -.04 [-.10, .02]) comprehension (rote had a significantly steeper slope than inference, p = 0.002),

replicating results from Model 1 at these two additional time points.

g Q.7-
e o
Q
O
5
]
c
(o]
7
5
S Comprehension Type
5 08
g = Inference
O
5 Rote
(2]
C
S
k3]
°
g 0.5
©
Q
[
£
GTU Gfb 1.0 5 2?0

Mind Wandering

Figure 4. Trends for correct comprehension as mind wandering increases for each comprehension type: Rote, Inference, over all four
assessment timings. Y axis are in log odds.

Next, we also examined the relationship between mind wandering (independent variable), and comprehension
outcomes (dependent variable) for different times (the moderator). As shown in Figure 5, mind wandering was a
significant negative predictor for comprehension assessed during (B = -.13 [-.21, -.05]) reading, after reading each text
(B =-.14 [-.22, -.06]), and after reading all texts (B = -.08 [-.17, -.01]), but not after a week-long delay (B = -.02 [-.10, .07]).
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Figure 5. Model 2: Trends for correct comprehension as mind wandering increases for each time point at which comprehension was
assessed. Y axis are in log odds.

4 DISCUSSION

Our study examined the effect of mind wandering on comprehension outcomes on a large dataset of students who
read five long, connected, informational texts. We tested the readers’ ability to effectively extract information from and
connect ideas in the text at varying degrees of depth and delay (including up to a week later). In what follows, we

summarize our main findings, implications, along with limitations and directions for future work.

4.1 Main Findings

We found that mind wandering occurred on 47% of pages on which it was measured, which is a higher than the
average meta-analytic estimate of 30% that Wong et al found when reviewing 71 studies [52]. The somewhat higher rate
might be attributed to the fact that the learning task was long (spanning more than an hour) and challenging, but might
also be attributable to the lab setting (see below).

Overall, we found that mind wandering negatively correlated with comprehension and learning outcomes, with a
mean rof -.20, consistent with the Wong et al. (2022) meta-analysis. However, this relationship was moderated by both
the type and time of the comprehension assessments. Specifically, mind wandering was a significant negative predictor
of rote and integration comprehension with similar effect sizes. This is inconsistent with Hypothesis 2a which would
predict that mind wandering would have stronger effects on deeper levels of comprehension. Our competing hypothesis
(Hypothesis 2b) predicted that mind wandering might have less of an effect on deeper level comprehension due to
readers ability to utilize prior knowledge and heuristic processing, but this was also not supported. Instead, only
inference level assessments had differential (i.e., null effects) with mind wandering. Recall that the inference assessments

targeted implicit information from a single sentence on a page, instead of across multiple sentences or pages
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(integration). Our working hypothesis is that learners could have relied on their constructed mental models, prior
knowledge, or reasoning to answer these questions despite mind wandering. But future work is needed to further explore
this surprising null effect.

Lastly, we found that mind wandering negatively predicted comprehension assessed during reading, after each text,
and after reading all texts, but not for comprehension assessed a week later. This suggests that mind wandering is
primarily associated with deficiencies with initial encoding and mental model construction, but not with subsequent
processes of consolidation into long-term memory. This finding highlights the need for more research which examines
comprehension not only at different depths, but also different time scales, which is largely overlooked in the literature
[52].

4.2 Implications

This research can improve current efforts to develop computational models of mind wandering and comprehension.
Various models have been developed to detect mind wandering using eye gaze while reading [9, 15, 32], and some have
even been applied in real-time. Hutt et al, for example, used gaze to detect mind wandering and launch interventions to
reengage students when mind wandering was detected [15]. Similarly, Mills et al prompted readers to self-explain missed
concepts if mind wandering was detected and re-read if needed [32]. The design of optimal interventions in both these
examples can benefit from a deeper understanding of the relationship between mind wandering and different types of
comprehension outcomes. For instance, the lack of a relationship between mind wandering and local inferencing
compared to rote and integration assessments suggests that interventions might instead be tailored to improve these
later outcomes.

Many systems designed to mitigate mind wandering and its outcomes also fail to account for long-term
comprehension, even though this is a key goal when such systems are deployed in the classroom. If more is known
regarding this relationship, the online prompts to the reader can be optimized to improve retention, not solely
comprehension during reading. Indeed, the Mills et al study above found benefits of real-time detection and mitigation

of mind wandering on comprehension assessed a week after reading rather than immediately after reading.

4.3 Limitations & Future Work

Our study has some limitations. First, the lab setting of our experiment might have changed participants behavior
compared to how they would act in more ecologically valid settings. Specifically, participants were wearing several
neural and physiological sensors as well as masks to adhere to COVID safety procedures. This might have resulted in
discomfort and unnatural behaviors while reading, which in turn might lead to somewhat higher rates of mind
wandering. Second, the study did not administer all question types at all time points due to a limited item pool, which
restricted our analysis across time for different depths of comprehension. Specifically, integration questions were only
provided during and immediately after reading and not after each text or at the delayed time point. Lastly, the
participants only read one set of texts, so it is not known if these results would generalize to new texts or different types
of comprehension assessments. Future research is needed to replicate results with different texts and in different contexts

and with expanded assessments.

5 CONCLUSION

Learning from texts is a complex cognitive process critical to most educational activities and is a process that unfolds

over different depths and different time scales. Attending to the text is key when encoding and integrating information,
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yet a major gap in the literature is that the vast majority of studies examining the relationship between mind wandering
and comprehension outcomes focus on rote (factual) memory of the text assessed during or immediately after reading.
Given that deeper levels of processing and retention over time are highly valued learning outcomes, our study was the
first to include an expansive set of comprehension assessments at different depths and time. Our findings indicate that
the relationship between mind wandering and comprehension was complex in that it was moderated by both the depth
of comprehension assessment (no effects for local inferencing but similar effects for rote and global integration
assessments) and time course of assessment (no effects for assessments after a week-long delay). These non-intuitive
effects have important implications for theories of the role of mind wandering during reading comprehension and for

interventions that aim to improve learning from text by detecting and combatting mind wandering as it occurs.
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