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Eye-tracking parameters (fixation and pupillary
responses) have been shown to be modulated by the
aesthetic perception and evaluation of visual and
auditory artworks (e.g., paintings, music). The present
study investigated whether similar effects can be found
in visual text processing. Participants read four groups of
short sentences in which a key predictor of aesthetic
liking, i.e., familiarity, was systematically modified to
four degrees. Across all four groups, the sentences
moreover varied with regard to featuring or not
featuring meter. During reading, pupil sizes and eye
movements were recorded. Aesthetic ratings of all
sentences were collected afterwards, and the
relationships between the ratings, levels of familiarity,
meter, and eye-tracking datasets were tested. The results
showed that the rating scores were interactively
modulated by both familiarity-driven and meter-driven
fluency. Using factor analysis, we extracted two key
factors of the aesthetic appeal of the texts: an affective
and a cognitive factor. The cognitive factor comprised
the rating items ‘‘succinctness’’ and ‘‘familiarity,’’
whereas the affective factor reflected the ratings for
‘‘beauty’’ and ‘‘liking.’’ A higher cognitive factor
predicted shorter dwelling time. Moreover, the two
factors modulated the pupillary data antagonistically: A
higher affective factor predicted larger pupil dilations,
whereas a higher cognitive factor predicted smaller pupil
dilations. The study shows a possible application of the
eye-tracking method for capturing aesthetically
evaluative dimensions of processing sentences.

Introduction
Pupillary measures in empirical aesthetics
Empirical studies in aesthetics often use eye-tracking
as a means of capturing indicators of subjective
experience. In particular, pupillary responses have been

shown to reﬂect emotional arousal (Granholm &
Steinhauer, 2004) and art-elicited chills (Laeng, Eidet,
Sulutvedt, & Panksepp, 2016). Given that pupillary
dilations are spontaneous reactions and not under the
control of the respondent (Laeng, Sirois, & Gredebäck,
2012; Laeng & Sulutvedt, 2014; Loewenfeld, 1999),
they can be considered as an objective index of
aesthetic perception and evaluation. Previous studies
have found pupillary dilations to be modulated by the
aesthetic appeal of sexual stimuli (Dabbs, 1997; Hess &
Polt, 1960; Rieger & Savin-Williams, 2012), visual
artworks (Blackburn & Schirillo, 2012; Johnson, Muday, & Schirillo, 2010; Kuchinke, Trapp, Jacobs, &
Leder, 2009; Powell & Schirillo, 2011), and music
(Laeng et al., 2016).
The present study examined whether or not these
ﬁndings can be extended to linguistic stimuli, speciﬁcally to the processing of single sentences that feature
characteristics often found in proverbs, slogans and
commercial ads, and also in poetry (cf. Menninghaus et
al., 2015; Menninghaus et al., 2017).

Key theoretical hypothesis: Familiarity and
Parallelistic patterning enhance cognitive
fluency which in turn modifies aesthetic liking
Since Zajonc (1968) reported the mere-exposure
effect (e.g., more frequently presented stimuli are
preferred over less frequently presented ones), a
positive relationship between familiarity-driven ease of
cognitive processing and aesthetic liking/preference,
has been repeatedly conﬁrmed (Bornstein, 1989;
Martindale & Moore, 1988). The respective ﬁndings
have been summarized as the cognitive ﬂuency hypothesis (Reber, Schwarz, & Winkielman, 2004; Reber,
Winkielman, & Schwarz, 1998). Regarding linguistic
stimuli, it has been shown that not just familiarity (i.e.,
repeated prior exposure), but also several features of
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phonological and prosodic ‘‘parallelism’’ (such as
rhyme, meter, alliteration, etc.; for the concept of
‘‘parallelism,’’ see Fabb, 2015; Jakobson, 1960; Menninghaus et al., 2017) enhance the perceptual ease of
processing and thereby also render a sentence more
aesthetically appealing (Kuchinke et al., 2009;
McGlone & Toﬁghbakhsh, 1999; McGlone & Toﬁghbakhsh, 2000; Menninghaus, Bohrn, Altmann, Lubrich, & Jacobs, 2014; Menninghaus et al., 2015; Reber
et al., 2004).
Our study was designed to gain access to the eyetracking signature of aesthetic liking for linguistic
stimuli by tapping into the well-established potential of
the two variables familiarity and meter to modify
aesthetic liking. To this end, we used a stimulus set that
features four systematic gradations of familiarity across
four sentence categories, each comprising 40 items
(Bohrn, Altmann, Lubrich, Menninghaus, & Jacobs,
2012). At the same time, as the corpus includes both
metered and nonmetered sentences across all four
sentence categories, it also allows for investigating the
inﬂuence of regular meter on aesthetic evaluation (for
all details, see Methods, Stimuli section).
We expected that high familiarity of sentences as well
as metrical sentence patterning should enhance the
overall processing ﬂuency, and hence modulate the
perceived aesthetic appeal of language. We also
expected that correlating the eye-tracking data with the
subjective ratings for aesthetic appeal––as modiﬁed by
four degrees of familiarity and the difference meter
versus nonmeter––should allow us to detect eyemovement patterns distinctive of aesthetic liking.

Subjective ratings capturing the aesthetic
appeal of sentences
Regarding subjective ratings, we decided to collect
familiarity, succinctness, beauty, and liking ratings. We
included a Beauty rating, because beauty is the
preeminent category used for evaluating aesthetic
appeal (Augustin, Wagemans, & Carbon, 2012; Jacobsen, Buchta, Köhler, & Schröger, 2004; Knoop,
Wagner, Jacobsen, & Menninghaus, 2016). We collected Liking ratings, because liking is widely used as
the most general indicator of positive aesthetic evaluation, even in cases where beauty is not an issue (such
as in regard to horror ﬁlms). Moreover, Liking ratings
have repeatedly been shown to reﬂect the rewards of
ease of processing (cf. Silvia, 2007; Winkielman &
Cacioppo, 2001; Winkielman, Schwarz, Fazendeiro, &
Reber, 2003; see Reber et al., 2004 for a review).
Given our focus on modifying degrees of familiarity,
we followed previous studies on proverbs and other
single sentences (Bohrn et al., 2012; Bohrn, Altmann,
Lubrich, Menninghaus, & Jacobs, 2013) in also
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collecting Familiarity ratings. Finally, and again
following previous studies using proverbs (Bohrn et al.,
2012; Bohrn et al., 2013; Menninghaus et al., 2015), we
included a Succinctness rating. The German term that
we here translate as ‘‘succinctness’’ is the word
‘‘Praegnanz.’’ ‘‘The law of praegnanz’’ is the most basic
principle proposed in the earlier 20th century by
German gestalt psychology (Koffka, 1935; Wertheimer,
1923). It was so internationally successful at its time
that it paved the way for the inclusion of the word
‘‘Praegnanz’’ into English dictionaries; the German
word gestalt was likewise adopted into the English
language in this very context. Still, in order not to
alienate readers unfamiliar with this tradition, we
prefer to use the term ‘‘succinctness’’ as a decent
(though not perfect) English translation of the German
word throughout this manuscript.
Two dimensions of the meaning of praegnanz/
succinctness are particularly noteworthy here. First, a
succinct sentence, or statement, should drive home its
message in as short a form as possible, avoiding all
detours and superﬂuous pieces of information. Second,
it should leave a strong imprint/impression in the reader
not only through its meaning, but also as a distinct
verbal gestalt, i.e., by virtue of its very form, thereby
gaining access to a privileged storage in memory.
Proverbs clearly aim at these goals associated with
succinctness. The English proverbial saying ‘‘East or
West, home is best’’ is a good example of a sentence
that meet these requirements (for a detailed analysis of
this sentence as well as of a German analogue, see the
Methods, Stimuli). The saying could barely be any
shorter and more memorable. A standard variant of
this sentence would be ‘‘Whether it’s located in the East
or West, one’s own home is always the best place to
be.’’ While including expectable syntactic components
missing in the original proverb (most notably, a verb
phrase in its ﬁrst part), this normalized variant lacks
the rigid parallelistic structure of the original proverb
and consequently appears to be far less succinct and
memorable. In line with this understanding, Menninghaus et al. (2015) reported that in the assessment of
short sentences, speciﬁcally proverbs, Succinctness
ratings capture an important aesthetic appeal dimension and that German-speaking participants readily
have an intuitive understanding of the task to rate a
proverb for succinctness.
Essentially, the difference between the two sentence
variants analyzed above is what separates lexicalized
proverbs––as well as other nonlexicalized aphorisms,
slogans and commercial ads–– from ordinary sentences.
Our study tapped into the cognitive, affective, and
aesthetic implications of this very difference.
It is a key assumption of the cognitive ﬂuency
hypothesis that select dimensions of the cognitive
processing of stimuli support the emergence of aes-
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thetically evaluative responses that are of a strongly
affective nature. For obvious reasons, this applies to
Liking ratings. Beauty judgments, too, have been
considered to be strongly affective, or emotional, at
least since Kant systematically spoke of ‘‘feelings of
beauty’’ (Kant 1790/2001; for a recent account of the
emotional nature of beauty, see Armstrong & Detweiler-Bedell, 2008). By contrast, Familiarity ratings
are primarily of a cognitive nature. Similarly, we
expected that Succinctness ratings should primarily,
though not exclusively, reﬂect cognitive processing
dimensions.

Eye-tracking studies of linguistic stimuli
Previous studies (Hess & Polt, 1960; Kuchinke et al.,
2009; Laeng et al., 2016) have reported that stronger
affective responses evoke larger pupillary dilation. As
the present study uses linguistic stimuli, effects caused
by the cognitive processing of language must also be
taken into account. The relations between oculomotor
parameters and the cognitive processing of language
have been studied for about a century (Huey, 1908; see
Clifton et al., 2016 and Rayner, 1998, for comprehensive reviews). It is widely assumed that the number of
ﬁxations and their duration reﬂect the cognitive
processing effort required by the word ﬁxated upon—
Just and Carpenter (1980) famously called this the
‘‘eye–mind assumption.’’ Not only the foveal word but
also the texts in parafoveal locations (e.g., upcoming
words) are processed orthographically, phonologically,
and semantically (Heister, Würzner & Kliegl, 2012;
Schotter, Angele, & Rayner, 2012) during a given
ﬁxation period.
The relationship between pupillary dilations and
language processing is also well-studied. Several studies
(Just & Carpenter, 1993; Schluroff, 1982; Schluroff et
al., 1986) have reported that syntactically complex and
ambiguous sentences produce larger amplitudes in
pupillary responses. Using semantic processing tasks
with different task demands (e.g., translating, shadowing, and listening), Hyönä, Tommola, and Alaja
(1995) found that more demanding tasks were associated with larger pupillary dilations. Furthermore,
language processing is dependent on a wide variety of
cognitive functions, such as sensory detection, longand short-term memory, and attention. These processing dimensions also correlate with pupillary dilations
(see Beatty & Lucero-Wagoner, 2000, for a review).
In sum, both cognitive demand and affective impact
are likely to affect oculomotor and pupillary responses
to linguistic stimuli. Based on the assumption that the
aesthetic appeal of language also has cognitive and
affective dimensions (Jacobs, 2015; Menninghaus et al.,
2015), the present study investigated how this dual
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innervation speciﬁcally applies to aesthetic language
processing.

Affective and cognitive processing modulate
pupil size differently
To start with, potentially co-occurrent affective and
cognitive innervations of the pupillary dilation make
the pupillary response waveforms more complex.
According to the cognitive ﬂuency hypothesis, easy-toread texts should in general be preferred by readers. If
so, such texts should generate smaller pupillary dilation
because they are cognitively less demanding. At the
same time, they should generate larger dilation because
they are also affectively preferred. Theoretically, these
antagonistic effects could thus cancel each other out.
However, the temporal trajectories of the affective
and the cognitive processing dimensions are likely not
to be fully convergent; each may be predominant at
different points in time, thereby precluding a cancellation of their hypothetically antagonistic effects. Speciﬁcally, the cognitive effect on pupil size is usually
detected during the actual reading (Kuchinke, Võ,
Hofmann, & Jacobs, 2007), whereas the latency of
affective inﬂuence is relatively long (Johnson et al.,
2010; Kuchinke et al., 2009). Therefore, even if the
cognitive and affective processing were to have
antagonistic effects on pupillary measurements, texts
with different cognitive demands would show different
pupillary dilation patterns over the course of time.
To capture the temporal dynamics, the present study
used polynomial-curve ﬁtting, which is often applied to
time-course pupillary data (e.g., Kojima et al., 2004;
Kristjansson, Stern, Brown & Rohrbaugh, 2009).
Pupillary response curves were ﬁtted into a twodimensional polynomial curve, and the linear and
quadratic components were estimated. Modelling the
estimated coefﬁcients as a function of aesthetic rating
scores enabled us to analyze the relationship between
the pupillary response dynamics and the aesthetic
appeal of the text.
In sum, the present study investigated the eyetracking signature of perceived aesthetic appeal in
sentence processing, with a speciﬁc focus on the
moderating roles of familiarity and meter.

Methods
Participants
Thirty-seven healthy adult volunteers took part in
the study, and data from 29 participants (23 female, six
male; one left-handed; mean age 24.7 6 3.9 years) were
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analyzed. Eight participants were excluded from the
analysis because of the large number of missing data
points (due to artefacts), excessive blinking, making
multiple error trials in the checking task (see Task
section for details), or application of a wrong setting in
the data collection. All participants were native
German speakers and had normal or corrected-tonormal vision. All experimental procedures (e.g., verbal
instructions, screen messages) were conducted in
German. None of the participants had a history of
neurological or psychiatric disorders (e.g., dyslexia). All
experimental procedures were ethically approved by the
Ethics Council of the Max Planck Society and were
undertaken with the written informed consent of each
participant.

Stimuli
Overview of stimuli
For the present study, we reused a set of stimuli
comprising four categories of sentences: original
Familiar Proverbs, Synonyms, and Creative Alterations
of these proverbs, and original Unfamiliar Proverbs.
This stimulus set was ﬁrst introduced by Bohrn et al.
(2012; stimuli are listed in Supplementary Figure S1).
Bohrn and colleagues performed several pretests on a
stimulus pool that originally included 800 proverbs
mostly dating back to the 19th century. They asked 14
participants to give dichotomous familiarity judgments
(‘‘known’’ or ‘‘unknown’’), and ended up selecting 40
familiar proverbs and 40 unfamiliar proverbs (judged
as ‘‘known’’ and ‘‘unknown,’’ respectively, by all of the
14 participants).
Across categories, the stimuli were controlled for
potential differences in lexical parameters (i.e., number
of words, syllables, and digits), mean word frequency,
and emotional valence. At the same time, semantic
meaning was not kept identical or near-identical
throughout all sentence variants. Rather, differences in
wording and semantic meaning were systematically
used to generate differences in perceived familiarity.
The original Familiar Proverbs (for instance, the iambic
proverb ‘‘Wer wágt, gewı́nnt,’’ which has a direct
English counterpart––‘‘He who dares, wins’’––that is,
however, not metered) make up the highly familiar end
of the spectrum while the obsolete and hence unfamiliar
proverbs make up the highly unfamiliar end. The two
other sentence categories feature complementary blends
of familiarity and nonfamiliarity.
In the Synonyms, the content of the underlying
familiar proverb is retained, while the wording is
changed. This change often implies the disruption of
meter (and/or of other rhetorical features for which we
did not separately control for want of sufﬁciently
regular occurrence). Getting back to our English
example (‘‘East or West, home is best’’), a semantically
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roughly synonymous variant would be ‘‘East or West,
home is the greatest.’’ While this variant retains
features of syntactic ellipsis, the meter is destroyed (and
in this case also the rhyme). Regarding our German
example (‘‘Wer wagt, gewinnt’’), the synonym ‘‘Wer
riskiert, gewinnt’’ (‘‘He who takes risks, wins’’) likewise
ruins the meter and the prosodic parallelism between
the two syntactic phrases, because one syllable is added
in replacing ‘‘wagt’’ through ‘‘riskiert.’’
In the Creative Alterations, the formal template of
the familiar proverb is retained and clearly recognizable, but the content is drastically changed, often in a
somewhat witty way. Thus, the variant ‘‘Wer klágt,
gewinnt’’ retains the meter (nonmetered translation:
‘‘He who sues, wins’’) and differs from the original only
with regard to two phonemes, but the original meaning
is deliberately and drastically altered. A Creative
Alteration of ‘‘East or West, home is best’’ would, for
instance, be ‘‘East or West, sex is best.’’ Again, both the
multiple parallelistic and the elliptic structures remain
in place, and the underlying lexicalized template is
readily recognizable, but the meaning is markedly
changed and hence unfamiliar.
The fourth sentence category includes completely
semantically unrelated proverbs that are no longer in
use and hence were rated as entirely Unfamiliar. Still,
regarding lexical parameters, mean word frequency,
and emotional valence, the lexical material of each of
these sentences did not differ statistically from the three
other sentences with which it was grouped into a fourcategory item.
Thus, the four sentence categories feature four
systematic gradations of familiarity. As noted earlier,
we expected that this would allow us to take advantage
of the psychological mechanism explained by the
cognitive ﬂuency hypothesis (see Introduction, Key
theoretical hypothesis): Different levels of the familiarity of the stimuli should generate different levels of
processing ease, which, in turn, should lead to
differences in perceived aesthetic appeal and potentially
correlative eye-movement patterns. Theoretically, sentences conveying a convergent meaning can differ as
strongly in beauty and succinctness as sentences that
are divergent in meaning. Therefore, if ratings for the
aesthetic appeal of sentences are used as general
predictors of eye-tracking measures (and vice versa),
differences in semantic meaning, while clearly adding
more variance to the stimuli, should not compromise
the search for correlations between the two dimensions
of sentence processing that are targeted in the present
study. Accordingly, a previous study (Bohrn et al.,
2013) has shown that Beauty ratings for semantically,
grammatically, and phonologically very diverse single
sentences consistently covary with distinctive neural
activation patterns.
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New parameter: Meter
While reusing the stimulus set of Bohrn et al. (2012),
we added a new variable to its analysis. Bohrn et al.
(2012) neither analyzed nor systematically modiﬁed any
parallelistic features of the proverbs they used. However, such features are clearly important in sentences of
the proverb type. Our English example ‘‘Eást or Wést,
hóme is bést,’’ features both meter (two metrically
identical groups, i.e. ‘‘cretics,’’ which consist of two
stressed syllables with an unstressed one in between),
rhyme (West, best), and an ongoing parallelistic series
of monosyllabic words. The German proverb ‘‘Énde
gút, álles gút’’ (which is included in our proverb set)
likewise features two groups of cretics, (identical)
rhyme and rigidly parallel word structure of the two
syntactic-prosodic cola. Multiple parallelistic patterning of this type has since been shown to inﬂuence the
cognitive and aesthetic processing of proverbs (Menninghaus et al., 2015). We here exclusively focused on
the presence versus absence of meter as an additional
covariate in our analysis, because only meter was found
across a greater number of the stimulus sentences.
Prosodic hyper-regularity due to meter has been shown
to have strong effects on both cognitive and aesthetic
processing (Menninghaus et al., 2017; Obermeier et al.,
2016; Obermeier et al., 2013;).
A repeated check of all stimulus sentences for the
presence versus absence of meter led us to retroactively
exclude four items (across all four sentence categories)
from the present study. Two of them are three-syllable
proverbs (‘‘Zeı́t ist Géld’’ and ‘‘Spórt ist Mórd’’). If
repeated, the metrical structure of these proverbs would
be identical with ‘‘Énde gút, álles gút’’ and hence feature
two cretics. As they are, however, the two sentences do
not allow for an unambiguous assignment to either the
meter or the nonmeter condition. On the one hand,
they do feature a metrical building block used in many
proverbs; on the other hand, they lack the repetition
that ﬁrst turns a single metrical foot (here, a cretic) into
an ongoing meter. For the same reason, two four
syllable-proverbs featuring a sequence of a trochaic and
an iambic foot (e.g., ‘‘Wı́ssen ist Mácht’’ and ‘‘Ráche ist
suéss’’) were also removed from the stimulus set. If
repeated, these prosodic groups could readily be
interpreted as two choriambs (each consisting of two
stressed syllables surrounding two unstressed ones),
just as in the case of other German proverbs or the
English ad ‘‘Mélts in your moúth,/ nót in your hánd.’’
However, in the absence of such repetition, it cannot be
sufﬁciently determined whether ‘‘Zeit ist Geld’’ is
actually a choriamb or simply missing any pronounced
metrical structure.
Independent of the fact that we excluded four items
across all four sentence categories, the number of
metered versus unmetered sentences was not fully
balanced across the four categories, as Bohrn et al. had
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not considered meter in their choice and experimental
modiﬁcation of sentence items. Nevertheless, we
decided to use the remaining 36 original stimuli sets of
four items each, because all additional changes we
might have performed on the set would invariably have
had negative inﬂuences on the variety of factors that
were effectively controlled and conﬁrmed not to be
different statistically across the four groups of sentences, such as lexical parameters (e.g., number of
words, digits, and syllables), mean word frequency, and
emotional valence. Furthermore, using 90% of the
original set still put us in a position to test the
replicability of the previous rating results. The ratio of
metered versus nonmetered items thus ended up being
25 versus 11 for the Familiar Proverb category, 14
versus 22 for the Synonyms, 19 versus 17 for the
Creative Alterations, and 17 versus 19 for the
Unfamiliar Proverbs.
Expected interaction between familiarity and meter in
aesthetic ratings
Bohrn et al. (2012) reported a nonlinear relationship
between familiarity and aesthetic rating scores for the
sentences that we reused in the present study. The
easiest-to-read sentences (i.e., familiar sentences) with
the lowest cognitive demand were preferred over all
other versions—i.e., over the unfamiliar rewordings of
the original proverbs, the more innovative, but also
more difﬁcult to understand, Creative Alterations of
the familiar proverbs, and wholly Unfamiliar sentences.
The authors concluded that the cognitive ﬂuency
hypothesis was supported, although this hypothesis did
not fully explain the results.
In the present study, we reexamined the interaction
between familiarity-driven ﬂuency and aesthetic ratings.
Menninghaus et al. (2015) have shown that the presence
of parallelistic features can enhance perceptual ﬂuency,
while at the same time reducing the ease of semantic
comprehension (conceptual ﬂuency). Getting back to the
English example ‘‘East or West, home is best’’ and the
German ‘‘Ende gut, alles gut:’’ The sustained parallelistic
patterning of these sentences is achieved at the expense of
omitting mandatory sentence parts (in these cases, the
verb phrases). Such ellipses are likely to render the
understanding more demanding, at least as long as the
respective sentences have not become familiar and
lexicalized as proverbs. Parallelistic structures in both
poetry and proverbs and also prose routinely imply
ellipses of this sort, albeit not necessarily as strongly as an
ellipsis of the entire verb phrase.
Importantly, such ellipses and other cognitively
demanding features often associated with highly
parallelistic sentences are actually more than just
handicaps. To be sure, as ‘‘negative prediction errors’’
in the sense of the predictive coding hypothesis of the
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human brain (Friston, 2010; Rao & Ballard, 1999), they
have been shown to be costly, as their processing
recruits extra efforts of the brain (Thierry et al., 2008).
But it is precisely this costliness that contributes to their
memorability.
In order for parallelistic sentences that come with
such cognitive handicaps to yield positive effects on
processing ﬂuency, the enhancing effects of parallelistic
patterning on perceptual (prosodic) processing must in
the end overcompensate its adverse effect on conceptual (semantic) processing ease. A previous study has
provided ﬁrst evidence for this assumption (Menninghaus et al., 2015). Accordingly, the authors suggested a
variant of the cognitive ﬂuency hypothesis that would
account for antagonistic effects (enhancing and handicapping effects) of a given rhetorical feature on
perceptual and conceptual processing ease, respectively
(for this distinction, see also Reber et al., 2004), with
perceived aesthetic appeal being dependent on the
speciﬁc interaction of these potentially antagonistic
effects. In the present study, we drew on this
framework, as we also deal with two different types of
linguistic ﬂuency: One (i.e. meter) is driven by
perceptual (prosodic) ﬂuency only, whereas the other
(i.e. familiarity) additionally, or exclusively, tends to
affect the ease of processing of familiar semantic
meaning. Given this difference in types of ﬂuency, we
examined how their interaction inﬂuences the perceived
aesthetic appeal of sentences.
Finally, Bohrn and colleagues assumed that the
Familiar Proverbs should be easiest and the entirely
Unfamiliar ones most difﬁcult to process, with the
Synonymous versions and Creative Alterations covering the middle ground. However, they did not
experimentally test this assumption. In the present
study, we tested it by comparing the ﬁxation dataset
(dwelling time), which is indicative of cognitive
processing effort, across the sentence categories. We
controlled for potential signiﬁcant differences in
stimulus brightness. For each stimulus, the number of
screen pixels that were colored with the stimulus color
(blue) were counted. The numbers of screen pixels were
compared by using one-way ANOVA, and we found no
signiﬁcant differences between the four categories, F(3,
156) ¼ 0.17, p ¼ 0.920.

Apparatus
Data were collected with an eye tracker (EyeLink
1000: SR-Research, Kanata, Canada) and two Windows PCs, one operating the eye tracker and the other
controlling the experimental procedure via Psychtoolbox3 (www.psychtoolbox.org) and Cogent Graphics
(http://www.vislab.ucl.ac.uk/cogent.php) running in
MATLAB (Version 8.5.0; MathWorks, Natick, MA).
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The eye-tracking data were sampled at 1,000 Hz. A
standard algorithm in the Eyelink software was used to
detect oculomotor events (ﬁxations, saccades, and
blinks). Saccades were identiﬁed as periods during
which an eye-movement velocity exceeded 308 (in visual
angle [VA]) per second, periods missing pupils were
classiﬁed as blinks, and the other periods were
categorized as ﬁxations. The pupil diameter was
assessed in an ellipse pupil-tracking mode with a
monocular setup (right eye). A ﬁve-point calibration
followed by a validation was conducted at the
beginning of each session, and a drift check and
correction were performed after every four trials (see
Task section for details). A chin and forehead rest was
used to stabilize the participants’ heads. Participants
were seated 67 cm away from a 24-in. screen (XL2420Z;
BenQ, Taipei, Taiwan) with a resolution of 1,920 3
1,080 pixels at 60 Hz. The same monitor was used in the
eye-tracking and postrating tasks.

Task
The experimental procedure consisted of two parts,
the eye-tracking part and the subsequent rating part. In
the eye-tracking part, all data were collected in a dark
room. At the beginning of the experiment, participants
were instructed about the tasks and familiarized with
the eye tracker. They sat comfortably, adjusting the
height of the desk and chair. To minimize the effect of
the pupillary light reﬂex (PLR), the intensity of the
stimulus color (blue) was adjusted to be the same as
that of the background color (dark yellow with RGB
[50, 50, 0]) for each participant, using the ﬂicker
photometry method (Bartels & Zeki, 2006: http://www.
vislab.ucl.ac.uk/cogent.php). All items presented in the
experimental procedures that followed (e.g., instructions, ﬁxation cross, stimulus, rating scales) were
colored with the same intensity of blue, against the
dark yellow background with RGB [50, 50, 0].
The task design largely followed Bohrn et al. (2012).
Each participant completed eight sessions, each consisting of 20 trials. A session started with a ﬁve-point
calibration followed by a validation, and drift check
and correction were performed after every four trials.
Each trial comprised three phases: the ﬁxation (1,000
ms), stimulus (4,000 ms), and task (1,500 ms) phase. In
the ﬁxation phase, participants focused on a ﬁxation
cross (0.88 3 0.88 in VA) presented at the central
position of the ﬁrst word of the stimulus that would
follow. Next, the stimulus (center-aligned one-line
diction; Arial; 30 pt.; height 1.08, width varying from
5.28 to 24.98) was presented at the center of the screen,
accompanied by another ﬁxation cross (0.88 3 0.88) at
3.58 below the text. Participants were instructed to read
and understand the stimulus silently and to avoid
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Figure 1. Schematic representation of a trial in the eye-tracking part (upper) and the post-reading rating part (bottom). The stimuli
and background colors are shown in black and white in the figure, instead of blue and yellow, for better visibility.

rereading (and hence regressions) as much as possible.
They were also instructed to focus on the ﬁxation cross
below the text after ﬁnishing the reading. Throughout
the manuscript, we call this postreading ﬁxation an
‘‘ending ﬁxation.’’ While the majority of readingrelated eye-tracking studies applies a method in which
the stimuli disappear immediately after participants
stop reading (e.g., Fernández, Shalom, Kliegl &
Sigman, 2014), we applied this ‘‘ending ﬁxation’’
method to keep the presentation time of the stimuli
constant (4,000 ms). Since we planned to apply the
curve-ﬁtting method to the pupillary waveforms (see
Methods, Pupillary data section), we needed to obtain
a dataset containing the same number of data points
for all trials. In the task phase, participants performed
a semantic categorization task for each stimulus. A
category cue (‘‘everyday life,’’ ‘‘health and well-being,’’
‘‘love and relationship,’’ or ‘‘work and success’’) was
presented on the screen with the choices of no or yes
(‘‘N / Y’’), and participants indicated whether or not
the stimulus ﬁtted into that semantic category by
pressing a button within a response period of 1,500 ms,
during which the category cue was shown. The results
of the semantic categorization task were not analyzed
further, since the main purpose of the task was to keep
participants engaged with the stimuli and motivate the
language processing. A schematic representation of a
trial is shown in Figure 1. Note that, although
participants were instructed to read and understand the
stimuli, they did not perform any explicit tasks, such as

making decisions or giving aesthetic evaluations while
the stimuli were presented (the main time window of
the data analysis). Each participant completed a total
of 160 trials (20 trials 3 8 sessions), responding to the
160 stimuli, which were each presented once and in
randomized order. The eye-tracking part took approximately 20 to 25 min (varying by resting time
between sessions).
In the subsequent rating part, each participant
provided four explicit aesthetic judgments (posthoc
ratings) for each sentence category. For the reasons
explained in the Introduction, we collected Beauty,
Liking, Familiarity, and Succinctness ratings. An
additional goal in collecting the Familiarity ratings was
to conﬁrm that the categorization of the Familiar
versus Unfamiliar Proverbs was valid.
Participants rated each stimulus on 7-point Likert
scales; the Beauty and Succinctness ratings ranged from 1
(e.g., not beautiful at all) to 7 (e.g., very beautiful), and the
Liking and Familiarity ratings ranged from 3 (e.g., I do
not like it at all) toþ3 (e.g., I like it very much). No further
instructions were given concerning the deﬁnition of the
four ratings. Following the studies by Bohrn et al. (2012)
and Menninghaus et al. (2015), the anchor-points of the
ratings for Beauty and Succinctness (þ1 to þ7) differed
from those used for Liking and Familiarity (3 toþ3). To
check participants’ full engagement in the task, a dummy
task was inserted after every 20 þ/6 trials (seven trials in
total) in which, instead of the stimulus, an instructional
message such as ‘‘Please select the third option from the
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right for all ratings’’ was presented (the location, e.g.,
‘‘third from the right,’’ was randomly chosen from seven
options). To safeguard the good quality of the data,
participants who made errors in more than one of these
trial tasks were excluded from the analysis. The entire
experimental procedure (eye-tracking and rating parts)
was completed within 90 min.

Behavioral data processing
First, the rating scores were averaged across
participants. To visualize the variance patterns across
the rating scales, we plotted probability density maps
(Figure 2). For each rating, each stimulus category,
and each of the meter conditions (presence vs.
absence), we estimated probability density using
Kernel distribution with a bandwidth of 0.5 for the
smoothing window (we used 0.5 since the difference
between two adjacent levels is one, see also a manual
for likert function of R software; https://cran.rproject.org/web/packages/likert/likert.pdf). When the
ratings for a stimulus were nested, the Familiarity
ratings were not distributed normally. Therefore,
Kendall’s Tau coefﬁcient, which is applicable to
nonnormal datasets, was calculated to conﬁrm the
relationships between the ratings. Kendall’s method
was used here, but not a Spearman correlation,
following the method used by Bohrn et al. (2012).
Next, the effect of the stimulus category and the
presence of meter on the rating score were tested by using
a linear mixed-effect model (LMEM). The LMEM is
often applied to behavioral and eye-tracking data (e.g.,
Demberg & Keller, 2008; Hohenstein, Laubrock &
Kliegl, 2010). Each rating score (Beauty, Succinctness,
Liking, and Familiarity) was subjected to LMEM with
the ﬁxed factors Category (four levels: Familiar Proverbs, Synonymous versions, Creative Alterations, and
Unfamiliar Proverbs) and Meter (two levels: meter
present vs. absent) and the interaction term between
these factors. To take individual differences into account,
a random intercept and random slopes (for all ﬁxed
predictors) were entered in the model for each participant
(the LMEM introduced here is named ‘‘Model A’’). The
model was estimated using a maximum likelihood (ML)
method from the Statistics and Machine Learning
Toolbox running in MATLAB. Estimated ﬁxed coefﬁcients of ﬁxed predictors were tested for the null
hypothesis that the coefﬁcients are equal to zero using a t
test; we also assessed whether or not the predictor made a
signiﬁcant contribution to the model. Pairwise comparisons were conducted using Tukey-corrected tests.
As strong correlations between the ratings give rise
to a multicollinearity problem when they are entered as
predictors into the same regression model, we scrutinized these for underlying patterns using the axis-
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factoring method (factor analysis) with promax rotation. Factor analysis allows reducing dimensions of the
subjective rating data (Beavers et al., 2013; Costello &
Osborne, 2005). The original dataset (144 stimuli 3 29
participants) with four variables (Beauty, Succinctness,
Liking, and Familiarity scores) was used as input, and
two principle factors were extracted which we named
Affective and Cognitive factor, respectively (see Results, Behavioral results). The factor scores of the two
extracted factors were calculated for each trial for each
participant and used in the following analysis. We
performed the factor analysis using SPSS software
(Version 23.0.0.0; IBM, Armonk, NY).

Eye-tracking data processing
Fixation and saccadic data
In the stimulus phase (4,000 ms) of each trial, we
calculated (a) the total duration of a ﬁxation
(dwelling time, including reﬁxations) located in a
region of analysis (ROA), and (b) the number of
regressive saccades which were performed (i.e.,
launched and landed) within the ROA. The ROA was
deﬁned as a rectangular area covering the entire
sentence line with a margin of 0.58 (in VA; half the
size of the stimulus height) along all four sides. To
test the inﬂuence of the stimulus category and the
presence of meter, the dwelling time and regressive
saccades were separately regressed by the LMEM
(Model A). We also tested the effect of the rating
scores (as broken down to the factor scores, see
below) on the dwelling time and regressions, using
another model (Model B) with two ﬁxed covariates,
the Affective factor and the Cognitive factor scores, a
ﬁxed factor, Meter (two levels: meter present vs.
absent), and the interaction terms between each
covariate and Meter. The model also had two random
predictors: Participant and Category (four levels:
Familiar Proverbs, Synonymous versions, Creative
Alterations, and Unfamiliar Proverbs).
Apart from the analysis using LMEM, approximate reading times were calculated using the ﬁxation
dataset. To prevent participants from rereading and
keep the duration of stimuli constant, each stimulus
was presented with a ﬁxation cross beneath it (see
Task section for details). For each trial, we determined the latency of the ﬁrst ﬁxation spotted near the
ﬁxation cross (also called the ‘‘ending ﬁxation’’); this
provides rough information about the time taken to
read the stimulus. The ending ﬁxation was deﬁned as
a ﬁxation meeting the two following criteria: (a) The
average location of the ﬁxation is lower than 1.88 (in
VA; half the distance from the text to the ﬁxation
cross), and (b) a saccade just before the ﬁxation is in
the right-to-left direction (starting from the text’s
end). In the following sections, we report the results
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Figure 2. Probability density plots shown for each stimulus category and presence versus absence of meter. Vertical lines are drawn at
the mean value of each distribution. Character(s) attached to the category name indicate that the average rating score of the
respective category is significantly different from the scores of the other category(-ies) referred to by the initial characters (F ¼
Familiar Proverbs; S ¼ Synonyms; C ¼ Creative Alterations; U ¼ Unfamiliar Proverbs). Asterisks within the figures indicate significant
differences dependent on the presence versus absence of meter.

for all trials, independent of the presence versus
absence of an ending ﬁxation of the above-deﬁned
type (see Results, Fixation and saccades data section
and Discussion, Limitations section for more details).
However, to identify potential differences, we performed additional analyses using the trials with
ending ﬁxations only (see Additional analysis section
in the Supplementary materials, and Supplementary
Figures S4–S6 and Supplementary Tables S8–S10).

Pupillary data: Preprocessing
Pupillary data were analyzed using MATLAB.
Possible distortions of the pupil size measurements,
which could be caused by the gaze position, were
corrected by using trigonometry algorithms as suggested
by Gagl, Hawelka, and Hutzler (2011) and Hayes and
Petrov (2016; see Supplementary Figure S2 for details).
Corrected pupillary data were divided into 5,000-ms
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epochs covering the stimulus phase (4,000 ms) and the
preceding ﬁxation phase (1,000 ms). We used the
manufacturer’s standard algorithms with default settings
to detect the blinking periods, and we discarded and
linearly interpolated the pupillary data for those periods
using the values measured 50 ms before and after each
identiﬁed blink. The interpolated pupil time series were zscored, based on the average and SD of the pupil
diameter across the entire time series, and low-pass
ﬁltered (third-order Butterworth, 4 Hz, with the parameters following de Gee, Knapen, & Donner, 2014). Next,
we baseline-corrected the data, using the 500-ms period
preceding stimulus onset as the baseline. To test the
global effects of the stimulus category on pupillary
dilation and rating scores, as well as the effects of the
presence of meter on the pupillary measures, the baselinecorrected pupillary data were averaged across the time
window (stimulus phase: 4,000 ms) and then subjected to
the LMEMs (Model A and Model B). For visual
inspection, we also averaged them for each stimulus
category and each rating score and plotted the pupillary
waveforms (see Results, Pupillary data section).
Pupillary data: Polynomial curve fitting
To capture the dynamics of the pupillary responses,
the response curve (during the stimulus phase: 4,000 ms)
was ﬁtted into a two-dimensional polynomial curve for
each trial of each participant. We performed the analysis
in two steps. First, using MATLAB’s ‘‘polyﬁt’’ function,
the coefﬁcients for the polynomials (linear and quadratic) were calculated for each trial, such that the
function best ﬁts (in a least-squares sense) the observed
pupillary response curve in the trial. To evaluate the
accuracy of ﬁtting, polynomial curves were drawn by
using estimated coefﬁcients, which were averaged
between trials and subjects (Supplementary Figure S3).
Second, each of the calculated coefﬁcients (for the linear
and quadratic components) was subjected to the
LMEMs (Model A and Model B) separately. We
thereby tested whether the quadratic/linear feature of the
pupillary response curve was signiﬁcantly modulated by
the stimulus category, the presence of meter, and/or the
perceived aesthetic appeal of the texts.

Results
Behavioral results
Kendall’s Tau coefﬁcients showed that the postreading rating scores were signiﬁcantly correlated
between all pairs of the ratings (all p values , 0.001;
Supplementary Table S1). In particular, the Beauty and
Liking ratings correlated very strongly (s ¼ 0.81). These
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results closely replicated those of the study by Bohrn et
al. (2012).
The LMEMs and multiple comparisons revealed
that the scoring patterns were similar for the Beauty
and Liking ratings (see Figure 2a and 2c and
Supplementary Table S2a and S2c): The Familiar
Proverbs scored higher than all other categories, the
Unfamiliar ones received the second highest scores, and
the other stimulus types (Synonymous and Creative
Alteration of proverbs) received the lowest scores. The
presence of Meter modulated the Beauty and Liking
scores only when the stimuli belonged to the Creative
Alteration category (the interaction term between the
Creative Alteration category and Meter was signiﬁcant
in the LMEMs, and the pairwise comparisons that
followed showed a signiﬁcant difference); it did not
have a general effect on the rating scores (i.e., the main
effect of Meter was not signiﬁcant). On the Succinctness rating (see Figure 2b and Supplementary Table
S2b), the Familiar Proverbs scored highest, the
Unfamiliar Proverbs received the second highest score,
and the Synonyms and Creative Alterations received
the lowest score.
Regarding the Succinctness ratings, the Meter factor
heightened the scores for Creative Alterations and
Unfamiliar Proverbs (the interaction terms in the
LMEMs and the multiple comparisons show the
signiﬁcance), but not for the Familiar Proverbs and
Synonyms. Finally, regarding the Familiarity rating
(see Supplementary Figure S2d and Supplementary
Table S2d), the Familiar Proverbs scored highest and
the Unfamiliar ones scored lowest, suggesting that the
categorization was reasonable. The Creative Alterations scored as low in Familiarity as the Unfamiliar
ones. Furthermore, the presence of meter signiﬁcantly
increased the Familiarity score for Creative Alterations, whereas it reduced the score for the Familiar
category. We thus replicated the ﬁnding of Bohrn et al.
(2012) that the Familiar Proverbs scored very highly on
Succinctness and Familiarity; the distribution patterns
were heavily skewed in a positive direction (see Figure
2b and 2d). In contrast, Familiarity ratings for the
other three categories (Synonyms, Creative Alterations,
and Unfamiliar Proverbs) yielded negatively skewed
distribution patterns. This implies that the Succinctness
and Familiarity ratings accounted for a greater portion
of the differences between the four categories than the
other two ratings.
We used factor analysis on the four rating-data sets
to create factors which could subsequently be used as
predictors in the regression analysis. First, the factor
analysis was run without any speciﬁcation of the
number of factors (exploratory method). Three factors
were extracted with eigenvalues 2.72, 0.70, and 0.38,
and these explained 68.1%, 17.4%, and 9.4% of the
overall variance, respectively. The maximum factor
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Figure 3. (a) Average dwelling time shown for each stimulus category and presence versus absence of meter. (b) Average number of
regressive saccades shown for each stimulus category and presence versus absence of meter. Error bars indicate the SEs. The results
of pairwise comparisons are represented by horizontal bars (p , 0.05, Tukey corrected).

loadings were also inspected (0.87, 0.67, and 0.27; see
Supplementary Table S3). The eigenvalue of the second
factor, 0.70, failed to meet the Kaiser criterion (Kaiser,
1960), the popular cut-out threshold for factor extraction, which suggests that factors with an eigenvalue
greater than one (.1.0) be taken as primary factors.
However, our choice of the two-factor model seems
reasonable for three reasons. First, the explained
variance and the maximum loading factor declined
considerably in the third factor (Supplementary Table
S3). Second, the two-factor model is in good ﬁt with
our theoretical assumptions advanced in the Introduction, Subjective ratings section, namely, that familiarity
and succinctness judgments are of a more cognitive
nature, whereas beauty and liking judgements are
widely considered as being more affective. Third,
several studies suggest limitations of the Kaiser
criterion (for reviews, see Beavers et al., 2013; Costello
& Osborne, 2005), showing that the application of the
criteria could overextract or underextract an appropriate number of factors.
Therefore, the factor analysis was run again, this
time with the speciﬁcation that the number of factors to
be extracted be two. The extracted factors explained
85.5% of the overall variance (primary factor: 68.1%,
secondary factor: 17.4%; see Supplementary Table S4).
A factor-loading matrix and the correlation between
factors are shown in Supplementary Table S4. There is
a clear discrimination between the primary (I) and
secondary (II) factors, the former showing remarkably
high factor loadings for the Beauty (0.94) and Liking
(0.83) ratings and the latter high loadings for the
Succinctness (0.67) and Familiarity (0.72) ratings. The
other factor loadings were 0.21 or less.
Because Liking is by its very deﬁnition an affective
judgment and Beauty has time and again been analyzed
for its affective implications and qualities (Armstrong
& Detweiler-Bedell, 2008; Schindler et al., 2017), the
primary (I) factor was labeled as the ‘‘Affective’’

(emotional) factor. Similarly, because Familiarity is the
prime variable underlying the cognitive ﬂuency hypothesis of aesthetic judgment and Succinctness
(praegnanz) is a key driver of an image’s or message’s
cognitive strikingness (cf. the ‘‘law of praegnanz’’;
Koffka, 1935; Wertheimer, 1923), the secondary (II)
factor was labeled as the ‘‘Cognitive’’ factor. The factor
scores for each factor are henceforth referred to as the
‘‘Affective score’’ and the ‘‘Cognitive score.’’ Notably,
the inter-factor correlation is still high (0.73); this may
cause problems of multicollinearity when the two
factors are used as regressors in the same model (see
Discussion, Limitations section, for details).

Eye-tracking results
Fixation and saccades data
We used the LMEMs (Model A and Model B) to
regress the average dwelling time (see Figure 3a and
Supplementary Table S5a) and number of regressive
saccades (see Figure 3b and Supplementary Table S5b).
For the dwelling time data, the stimulus category factor
was signiﬁcant in Model A: Familiar Proverbs had the
shortest dwelling times and the Unfamiliar ones the
longest, with the other sentence types ending up in
between. The Meter factor had general inﬂuence on the
dwelling time; dwelling times were shorter for metered
than nonmetered stimuli (the meter factor was significant in Model A in Supplementary Table S5a). The
posthoc tests revealed a signiﬁcant difference of
dwelling times for metered and nonmetered Unfamiliar
Proverbs, but not for the other sentence categories
(Figure 3a), indicating that the meter inﬂuence was
particularly salient for the Unfamiliar sentence variants.
The signiﬁcant inﬂuence of the Meter factor was also
evident in Model B (Model B in Supplementary Table
S5a); in this model, dwelling times were in general
shorter for metered than nonmetered stimuli. More
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interestingly, Model B showed that the Cognitive
factor, as a ﬁxed covariate, had a signiﬁcant negative
inﬂuence on the dwelling time (b ¼ 123.21), whereas
the Affective factor did not have a signiﬁcant effect.
The stimulus category also modulated the number of
regressions signiﬁcantly (Model A of Supplementary
Table S5b): Familiar Proverbs had the fewest regressions and the Unfamiliar ones the highest number of
regressions, with the other sentence types ending up in
between. However, we did not ﬁnd signiﬁcant effects of
Meter and aesthetic appeal (as measured by the
Affective and the Cognitive factor) on the regressions.
Average stimulus reading time was estimated by
detecting the ending ﬁxation. The ending ﬁxation was
successfully detected, on average, for 70.2% of the trials
per participant. In the other trials, participants either
kept reading or remained ﬁxating on the respective
sentence until the end of the stimulus phase. As already
indicated, we here report the results for all trials.
Additional analyses performed on the trials with ending
ﬁxation only (70.2% of all trials) did not show major
differences compared to the overall results (see
Additional analysis section in the Supplementary
materials, Supplementary Figures S4–S6 and Supplementary Tables S8–S10, and Discussion, Limitations
section). The average reading time calculated from the
70.2% of the trials was 2.8 s (SD ¼ 0.3 s).
Pupillary data: Visual inspection and average size
We averaged the preprocessed pupillary waveforms
for each stimulus category and each rating score (see
Figure 4). They showed several common features: rapid
mydriasis and following miosis in the very early period
of the stimulus phase (from 0 to 750 ms; possibly
corresponding to the PLR), separation of the waveforms (for each category or each rating score) after
around 750 ms, mild miosis (at around 750 to 2,500
ms), and a following mydriasis phase (after 2,500 ms).
The separated waveform for each stimulus category
(Figure 4a) showed a clear correspondence to the
ﬁxation data: For the Unfamiliar Proverbs, which had
the longest dwelling times, the smallest pupil size was
observed; for the Familiar Proverbs, which had the
shortest dwelling times, we observed the largest pupil
size. Responses to the other two sentence types covered
a middle ground. The pupillary response waveforms for
the aesthetic ratings (Figure 4b through e) also diverged
for the respective rating scores after 750 ms, but the
pattern was not as clear as the waveforms for the
stimulus category (Figure 4a), possibly because multiple underlying factors were simultaneously operative
and caused a mixed response of miosis and mydriasis.
To capture the global effect of the stimulus category,
the aesthetic appeal, and the presence versus absence of
meter on the pupil size, we used the LMEMs to regress
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the average pupil size (see Figure 5a and Supplementary Table S6). In Model A, the Category factor was
marginally signiﬁcant: The pupil size for Familiar
Proverbs was smaller than for Unfamiliar ones (Model
A in Supplementary Table S6). The Meter factor did
not predict any signiﬁcant modiﬁcation. In Model B,
the two ﬁxed covariates, the Affective and the
Cognitive factor, showed (marginally) signiﬁcant
modulations on the average pupil size (see Supplementary Table S6). Furthermore, the estimated coefﬁcients pointed to opposite roles of these two covariates
(Affective score: b ¼ 0.106, Cognitive score: b ¼
0.111), indicating that they modulated the pupil size
in an antagonistic fashion.
Pupillary data: Polynomial curve fitting
We further investigated these data using the curveﬁtting method. The pupillary waveforms from the
stimulus presentation period were ﬁtted into a twodimensional polynomial curve for each trial. The
polynomial curves were drawn using estimated coefﬁcients (Supplementary Figure S3); they conﬁrm that the
curvatures in the original waveforms (Figure 4) were
adequately captured by polynomial coefﬁcients. Subsequently, we regressed the estimated coefﬁcient vectors
separately for the linear and quadratic components,
using the LMEMs. The linear component of the
pupillary waveforms was modulated antagonistically
by the Affective factor and the Cognitive factor of
processing the stimuli (Affective score: b ¼ 0.076,
Cognitive score: b ¼ 0.094; see Model B in Supplementary Table S7a).
Regarding the quadratic component, the Unfamiliar
Proverbs showed signiﬁcantly smaller components than
the other three sentence categories (see Figure 5c and
Model A in Supplementary Table S7b). This corresponds to the actual pupillary waveforms visualized in
Figure 4a; the pupillary data after 750 ms in Unfamiliar
Proverb category showed relatively milder miosis
compared to the other three categories. The Meter
factor modulated the quadratic component signiﬁcantly (see Model A and Model B in Supplementary
Table S7b), indicating that the metered stimuli generated pupillary response curves with steeper slopes than
the nonmetered ones.

Discussion
The present study investigated the relations between
eye-tracking parameters (ﬁxations and pupil measurements), familiarity, meter (hyper-regular prosody), and
the perceived aesthetic appeal of four sentence variants
that are all based on the template of proverbs. We report
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Figure 4. Pupillary waveforms averaged across 29 participants, for (a) each stimulus category, (b) Beauty ratings, (c) Succinctness
ratings, (d) Liking ratings, and (e) Familiarity ratings. The negative time window corresponds to the fixation phase, the time zero is
stimulus onset, and the positive time window corresponds to the stimulus phase. The data were baseline corrected using the fixation
phase (500 to 0 ms) as baseline.

two major ﬁndings. First, the ratings for subjectively
perceived aesthetic appeal––as measured by Beauty,
Succinctness (Praegnanz), and Liking ratings––are
modulated by the interaction of two factors: the level of
familiarity and the presence versus absence of meter.
This corroborates previous results that either focused on
ratings of familiarity only (Bohrn et al., 2012) or on
meter effects only (Menninghaus et al., 2015), but not on
their interaction, and that also did not include eyetracking measures. Second, and even more importantly,
we provide evidence that both the affective and the
cognitive dimensions of the perceived aesthetic appeal of

the sentences modulate the eye-tracking parameters.
Speciﬁcally, we found that the two dimensions inﬂuenced the pupillary data antagonistically. We further
discuss each ﬁnding in the following subsections.

Interaction of familiarity- and meter-driven ease
of processing
Previous studies have used Beauty and Liking
ratings as umbrella terms that broadly capture perceived aesthetic appeal. The present results conﬁrm that
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Figure 5. (a) Average pupil size (z-scored), (b) estimated linear component, and (c) quadratic component of the pupillary response
curve during the stimulus phase, shown for each stimulus category and presence versus absence of meter. Error bars indicate the SEs.
The results of pairwise comparisons are represented by horizontal bars (p , 0.05, Tukey corrected).

the two ratings are closely correlated (s ¼ 0.82;
Supplementary Table S1). Replicating the study of
Bohrn et al. (2012), we observed a nonlinear correlation
between aesthetic rating scores and familiarity-driven
ease of processing (Figures 2a and 2c and Supplementary Table S2a and S2c): The Familiar Proverbs were
liked most among all categories, supporting the
cognitive ﬂuency hypothesis.
The Unfamiliar original Proverbs ranked second in
the Beauty and Liking ratings. At the same time, they
had the lowest level of familiarity and longest dwelling
time, suggesting that they are most difﬁcult to
understand and hence cognitively most challenging.
This ﬁnding implies that familiarity-driven ease of
processing alone by no means predicts aesthetic liking
in a linear fashion. Rather, our results are in line with
the study by Menninghaus et al. (2015), which
experimentally modiﬁed a set of 30 unfamiliar proverbs
and showed, regarding four versions of the same
unfamiliar proverbs, that higher rather than lower
cognitive demand went in tandem with the highest
scores for both Beauty and Succinctness. The underlying rationale was that only the original proverbs
feature meter and rhyme, and that meter and rhyme
speciﬁcally enhance prosodic ease of processing, while
often simultaneously rendering semantic understanding
more demanding. After all, meter and rhyme exert
signiﬁcant constraints on both word choice and word
order; their implementation therefore often requires a
choice of words with less than optimal semantic ﬁt and
noncanonical syntactic order (e.g., inversion, ellipses;
Fitzgerald, 2007; Leech, 1969; Levin, 1962; Rice, 1997;
Youmans, 1983; see also the example given in Stimuli,
New parameter section). Still, these cognitive down-

sides of implementing meter and rhyme schemes were
overcompensated by the meter and rhyme-driven
beneﬁts, as these render the cognitively more demanding sentence versions more succinct, more beautiful,
and also more persuasive than the less demanding
versions.
Our ﬁndings regarding the Unfamiliar Proverbs used
as the fourth sentence category in the present study can
be readily explained along these lines. After all, both
Familiar and outdated, and hence Unfamiliar, proverbs
heavily rely on parallelistic patterns as message
enhancement devices (Menninghaus et al., 2015) and
are therefore likely to score highly in our aesthetic
ratings, while simultaneously requiring high cognitive
processing effort. Precisely this cognitive adverse effect
of making a sentence both more parallelistic and more
succinct–which in Familiar Proverbs is alleviated or
even erased by virtue of their repeated prior exposure––
is indicated by the fact that these original Unfamiliar
Proverbs show the longest dwelling time among all
categories (see Eye-movement data reﬂect the cognitive
processing of language). The fact that, in our study, the
Familiar Proverbs still scored more highly in aesthetic
ratings than the Unfamiliar ones is therefore likely to
be entirely due to their familiarity.
The ﬁnding that the two modiﬁed variants of
proverbs (proverb Synonyms and Creative Alterations)
scored lower in aesthetic ratings than both Familiar
and Unfamiliar original proverbs is also in line with the
assumptions mentioned above. Both types of proverb
modiﬁcations reactivate the syntactic and semantic
template of the underlying original proverb while at the
same time deliberately departing from its familiar
wording. This experience of deviation constitutes a
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marked negative prediction error known to exert extra
demand on cognitive processing (Pickering & Garrod,
2007). At the same time, the modiﬁed proverb variants
featured meter (and other rhetorical features, such as
rhyme and syntactic parallelism) to a lesser degree than
the original proverbs, be they familiar or unfamiliar. As
a result of both the mismatch experience and the
reduced level of rhetorical features, both kinds of
modiﬁed proverb variants had lower aesthetic ratings
than the two original kinds of proverbs.
Influence on Succinctness ratings
Succinctness ratings were higher for metered than for
nonmetered sentences that are particularly low in
familiarity (i.e., Creative Alterations and Unfamiliar
Proverb categories; see Figure 2b and Supplementary
Table S2b). In the study by Menninghaus et al. (2015),
the presence of meter also had a positive effect on
succinctness. However, this likewise applied––and even
to the most pronounced degree––to the original
proverbs. We suggest two reasons for this divergence in
ﬁndings. The ﬁrst and preeminent reason is that
Menninghaus et al. (2015) exclusively used nonfamiliar
proverbs dating back to the 19th century; hence, the
study could not possibly report reduced Succinctness
ratings for highly familiar metered compared to highly
familiar nonmetered proverbs. Moreover, the study
compared original metered proverbs with experimentally altered nonmetered versions, whereas the present
study did not perform within proverb-comparisons for
proverbs of the same content, but compared genuine
proverbs of different content which were either metered
or not.
Secondly, the ﬁnding may also allow for another
explanation. According to the cognitive ﬂuency hypothesis, familiarity and parallelistic patterning separately enhance ease of processing, the former in
accordance with the mere exposure-effect, and the
latter because parallelistic diction renders the perceptual (mostly prosodic) processing of sentences more
smoothly and hence facilitates it. At the same time,
many ‘‘successful’’ proverbs––i.e., those that ended up
becoming lexicalized––do not feature meter. 34 of the
80 original proverbs (Familiar or Unfamiliar) included
in the original stimulus set of Bohrn et al. (2012) are
actually nonmetered.
In the English language, a preliminary inspection of
a collection of proverbs suggests that the percentage of
nonmetered proverbs appears to be even higher than in
German. This implies that levels of succinctness
characteristic of successful proverbs do not mandatorily require meter. Hence well-accepted proverbs without meter are likely to reach similar levels of
succinctness by way of other properties. They can
feature alliterations and other parallelistic features
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which we did not systematically include in our analysis.
They can also enhance succinctness by rhetorical means
other than parallelistic patterning, for instance, by
employing striking metaphors.
Influence on Beauty and Liking ratings
Meter also had an effect on the Beauty and Liking
ratings, albeit less generally than on the Succinctness
ratings (Figure 2a and 2c in Results, Behavioral
section). Speciﬁcally, a signiﬁcant difference between
the presence and absence of meter was exclusively
found for sentence variants in the Creative Alteration
category––the category that involves a particularly
striking semantic deviation from the underlying familiar proverbs. Genuine proverbs stress the importance of
both moral and social values and of concrete rules of
behavior (their lessons being, for instance, ‘‘work
hard,’’ ‘‘don’t be lazy,’’ ‘‘be honest,’’ etc.). Many of
these rules are not exactly objects of liking, but rather
of norm compliance; therefore, they are occasionally
followed only unwillingly, and certainly not with
enthusiasm. In this regard, the original proverbs (both
Familiar and Unfamiliar) are not different at all, and
the Synonymous variants of the original proverbs are at
most marginally different.
The Creative Alterations, by contrast, are enjoyable
both for their creativity and for giving the conventional
lessons taught by proverbs a decidedly antiauthoritarian twist. They are, in other words, the only sentence
variants in our study that offer rewards that are at least
remotely comparable to reading an original work of
literature. A study on humoristic verses (Menninghaus
et al., 2014) has shown that the presence versus absence
of meter in these verses signiﬁcantly increases liking
and humor ratings. The humor underlying the anticonventional Creative Alterations of proverbs draws on
similar resources. This may explain why meter here also
pushed the affective factor to higher levels.
Moreover, the latent evocation of Creative Alterations of a proverb is likely to proﬁt from the double
support of both converging syntax and converging
prosody, the latter particularly in cases of metered
prosody. This double bond to the original, yet
semantically distorted, template should be more
effective than a single associative bond. Given that
meter has been shown to facilitate memory retrieval
(Tillmann & Dowling, 2007), it should in these cases
have an additional facilitating effect on the spontaneous recall of the original proverbs. Following the
cognitive ﬂuency hypothesis, this facilitation effect
driven by meter should translate into both higher
perceived familiarity (Figure 2d) and higher perceived
aesthetic appeal (Figure 2a and 2c), thus explaining the
two signiﬁcant meter effects found speciﬁcally for the
Creative Alterations.
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Influence on Familiarity ratings
Metered Familiar Proverbs scored lower in Familiarity than those without meter (Figure 2d). Here we
offer two possible explanations for this ﬁnding which
seems counterintuitive at ﬁrst sight. One potential
source of the reduced perceived familiarity found for
the metered proverbs may be the very nature of rigidly
metered diction. Such diction by deﬁnition deviates
from standard language use. As a result, if participants
responding to the familiarity question do not focus on
the familiarity of the sentence as a lexicalized expression, but on the familiarity of the special type of diction
it employs, then the proverbs are actually, by virtue of
their ‘‘artiﬁcial’’ meter, less familiar than nonmetered
language use.
Another explanation could, inversely, understand
the reduced Familiarity ratings for metered proverbs as
a negative effect of the relatively high frequency of
rhymed and/or metered sentences among German
proverbs. To the extent that meter is a highly
expectable feature rather than an exceptional virtue
(which applies to German proverbs), proverbs that are
successful and lexicalized without relying on meter are
likely to feature less generic and hence more individualized wording. In this sense, nonmetered proverbs
could be more unique than metered ones, and precisely
this higher distinctiveness compared to the metered
standard could well support a better storage in memory
and hence higher Familiarity ratings.
Summary of the rating data
In sum, in this study we provide the ﬁrst evidence
that both familiarity- and meter-driven ease of processing interactively inﬂuences ratings for aesthetic
appeal. In line with Menninghaus et al. (2015), we
emphasize that the perceived ﬂuency of sentence
processing cannot be explained by a single property of
the sentences. Rather, perceived ﬂuency is driven by a
complex interaction of semantic, syntactic, and prosodic features and the level of familiarity with a
sentence. All of these processing dimensions underlie
the overall perceived processing ease and inﬂuence the
perception of aesthetic appeal. In the following
subsections, we discuss how perceived ﬂuency and
perceived aesthetic appeal correlate with the eyetracking measures we collected.

Eye-movement data reflect the cognitive
processing of language
The oculomotor parameters, the dwelling time and
regression data, show a linear-pattern relationship with
familiarity-driven ease of processing (Figure 3 and
Model A in Supplementary Table S5a and S5b).
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Among the four sentence categories, Familiar Proverbs
had the shortest dwelling times and the fewest
regressions, and Unfamiliar ones the longest dwelling
times and the highest number of regressions. Synonymous versions and Creative Alterations of the familiar
proverbs ended up between these extremes, presumably
because as novel variants of familiar proverbs they are
neither completely familiar nor completely unfamiliar.
This ﬁnding conﬁrms that the stimuli in each category
systematically exerted different levels of cognitive
demand. Please note that the stimuli were controlled
for potential differences in lexical parameters, mean
word frequency, and emotional valence (see Stimuli,
Overview section). Hence any differences that we
observed between the four sentence categories are not
accounted for by these factors.
The results for the dwelling times are in line with the
classic study by Ehrlich and Rayner (1981) which
showed that sentences containing a less predictable
word (in our case, Synonyms and Creative Alterations)
generate longer dwelling times. The results shown for
the regressive saccades also corroborate previous
studies suggesting that the number of regressions
increases when readers struggle or fail to identify a
word (Pollatsek & Rayner, 1990; Shebilske, 1975),
when they experience comprehension failure associated
with high-level syntactic and semantic processes in
understanding a text (Bouma & DeVoogd, 1974; Just &
Carpenter, 1980; Shebilske, 1975; Shebilske & Fisher,
1983), or when they process more cognitively demanding texts (Shreve, Lacruz, & Angelone, 2010).
Importantly, we instructed participants to avoid
making regressions during reading as much as possible
(see Task section). However, despite this instruction,
we did ﬁnd the number of regressions to be modulated
signiﬁcantly by stimulus category such that the less
familiar and hence more demanding sentence categories
elicited more regressions. This indicates that the
differences in textual characteristics were powerful
enough that the readers could not fully suppress or
control the potential effects on regressive saccades.
Additionally, we showed that the dwelling times
were reduced for metered compared to nonmetered
stimuli (Figure 3a and Supplementary Table S5a).
Contrary to what was found for the aesthetic evaluations, the beneﬁcial effect of meter-driven ﬂuency on
the dwelling time parameters seems limited; it was
exclusively found for Unfamiliar Proverbs. This may
indicate that the familiarity of the syntactic and
semantic sentence templates of the original proverbs––
that underlie all Synonyms and Creative Alterations
and are reactivated while processing these two modiﬁed
versions––is by itself so strong a predictor of processing
ﬂuency (as measured by dwelling time) that meter does
not add to it anymore. This provides the ﬁrst eyetracking evidence that regular meter enhances pro-
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cessing ﬂuency. Moreover, the difference was more
pronounced for the category of completely Unfamiliar
Proverbs compared to the three categories containing
proverbs of three gradations of Familiarity. This result
shows an interaction of meter- and familiarity-driven
ﬂuency such that the effect of one source of ﬂuency
(here, Familiarity) on dwelling time parameters can
override, or even cancel out, the effect of another
potential source of ﬂuency (here, meter) on the same
dependent variable.
Regarding the relationship between the rating scores
and dwelling times, the factor analysis and LMEM
(Model B in Supplementary Table S5a) offer an
interesting result. They show that the Cognitive score
has a negative effect on the dwelling time: As the
Cognitive factor (i.e., Familiarity and Succinctness
ratings) increases, the dwelling time decreases. This is in
line with the cognitive ﬂuency hypothesis: Easier-toread texts, which require shorter dwelling time for
semantic comprehension, are more aesthetically appealing.
In sum, we found that oculomotor parameters of
sentence reading are systematically modulated by our
experimental modiﬁcation of Familiarity in four
gradations (familiarity-driven ﬂuency) as well as by the
presence versus absence of Meter (i.e., meter-driven
ﬂuency). Speciﬁcally, combined high ratings for Familiarity and Succinctness (i.e., the Cognitive factor)
predict lower dwelling time, thus conﬁrming the
cognitive ﬂuency hypothesis also on the level of eye
movement parameters.

Dynamic modulation of pupillary response by
the aesthetic appeal of the stimulus sentences
The most obvious result in the pupillary data is the
modulation by the stimulus category at around 500 to
3,500 ms after stimulus onset. The waveforms are clearly
distinct for each category (Figure 4a); this signiﬁcant
difference between the sentence categories is also
reﬂected in the quadratic component of the response
curve (Figure 5c and Supplementary Table S7b). The
pattern was similar to that obtained for the eyemovement parameter, i.e., we found a linear relationship
with familiarity-driven ease of processing. This conﬁrmed that not only the eye-movements, but also the
pupil size reﬂected the amount of cognitive load.
Remarkably, the extracted Affective and Cognitive
factors each evoked different pupillary dilation patterns. The LMEM on the average pupil size and linear
component of the response curve (Model B in
Supplementary Table S7a) showed that the two factors
had antagonistic inﬂuences. The Affective scores
increased the pupil size (b ¼ 0.105, p ¼ 0.023) and linear
component (b ¼ 0.076, p ¼ 0.006), whereas the
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Cognitive scores decreased them (pupil size: b ¼0.112,
p ¼ 0.063, linear component: b ¼ 0.094, p ¼ 0.001).
This implies that the overall size and dilation of the
pupil (the slope) while reading increased when the
respective sentence evoked positive aesthetic appreciation (with a high Affective factor score), but decreased
when it primarily reﬂected cognitive ﬂuency (easy to
read, with a high Cognitive factor score). This dual
innervation of the two aesthetic appeal factors generated the complex waveforms (Figure 4b through e).
Importantly, we used the LMEM with random
intercepts and slopes for each stimulus category and
participant, thereby ruling out the possibility that the
effects were due to the intervention of the stimulus
category and/or individual differences.
Summing up, our study’s principal ﬁnding is that
sentences differing in perceived aesthetic appeal as
measured by subjective ratings also produced signiﬁcantly different pupillary response curves over the
course of time. The subjective aesthetic ratings were in
accordance with both the cognitive ﬂuency hypothesis
(Reber et al., 2004; Reber et al., 1998; Reber &
Schwarz, 1999) and the expectation that aesthetic
appeal also relies on some departure from more
common language use (Giora et al., 2004; Miall &
Kuiken, 1994; Miall & Kuiken, 1998; Shklovsky, 1917)
and hence may also involve higher cognitive effort
(Menninghaus et al., 2015). Taken together, these
ﬁndings suggest two partly antagonistic sources underlying aesthetic appeal. Consistent with these behavioral ﬁndings, the affective and cognitive
dimensions of the perceived aesthetic appeal yielded
contradictory effects on the objective measure of pupil
dilation, as well.
Throughout the history of aesthetics, the production
and response to artworks have both been conceived as
involving an ongoing antagonism between reason
(learned skills, cognitive and technical abilities) and
affective engagement (often treated under the rubrics of
‘‘passion,’’ ‘‘enthusiasm,’’ and even ‘‘frenzy’’ and
‘‘madness’’). Nietzsche’s antagonism of the ‘‘Apollonian’’ and the ‘‘Dionysian’’ (Nietzsche, 1872 [trans. 2000])
famously emphasized that the two poles––for all their
antagonism––do not designate two separable entities,
but co-occur in different combinations in individual
artworks. Our ﬁndings suggest that the pupillary
dilation of readers may reﬂect both sides of this
antagonism in the processing of single sentences.

Limitations
First, the major limitation of the present study is the
limited presentation time of the stimulus (4,000 ms). A
replication of our results with longer sentences/texts is
clearly called for.
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Second, the ending ﬁxation was not successfully
detected for 29.8 % of all trials. We suggest two
possible reasons for this result: (a) Participants forgot
or disregarded the instruction, ‘‘please ﬁxate on the
ﬁxation cross beneath the text after you have ﬁnished
reading;’’ or (b), the respective stimuli were cognitively
so challenging for them that they could not but keep
reading until the end of each trial. To be sure, our
additional analyses (see Results, Fixation and saccades
data section, Additional analysis section in the Supplementary materials, and Supplementary Figures S4–
S6 and Supplementary Tables S8–S10) show that the
results for the data with ending ﬁxations do not show
major differences from the overall results. Still, the
absence of ending ﬁxations in nearly 30% of the trials
does call for further investigation.
Another limitation is the unavoidable multicollinearity issue in the LMEM regression analysis. The two
nonindependent factor scores, for Affective and Cognitive factors, were used as predictors. However, as
already discussed in the Introduction, it is not realistic
to assume that the two predictors––the affective and
cognitive aspects of the perceived aesthetic appeal of
the stimulus sentences––could actually be independent
from one another. After all, we can hardly be
emotionally affected by sentences without some level of
cognitive understanding. Use of nonsubjective aesthetic
measures of the texts, such as certain linguistic features
correlated to the text’s aesthetic appeal, would be a
possible solution to this problem, one that is worth
testing in the future.

Conclusion
The present study aimed to identify characteristic
features of eye-tracking parameters (the pupillary and
ﬁxation dataset) that reﬂect the aesthetic appeal
dimensions of single sentences of the proverb-type. The
two dimensions of aesthetic appeal, the Affective and
the Cognitive factor, inﬂuenced both the ﬁxation and
the pupillary measures in distinct and signiﬁcant ways.
In line with the cognitive ﬂuency hypothesis, a higher
Cognitive factor predicted shorter dwelling times and
smaller pupil dilations. By contrast, a higher Affective
factor predicted larger pupil dilations. Moreover, our
study reveals that a signiﬁcant interaction of familiarity-driven and meter-driven ease of processing inﬂuences perceived aesthetic appeal. Extending previous
ﬁndings by Menninghaus et al. (2015) and Bohrn et al.
(2012), our study thus provides a comprehensive
account of the complex and nonlinear interaction of
processing ﬂuency and aesthetic appreciation, and
illustrates a possible application of the eye-tracking
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method as an objective and convenient measure
capable of capturing the aesthetic appeal of language.
Keywords: pupillary response, eye-tracking, aesthetic
appeal, language processing
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