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Abstract

Multi-digit numbers are of a hierarchical nature with whole number magnitudes depending on
digit magnitudes. Processing of multi-digit numbers can occur in a holistic or decomposed
fashion. The unit-decade compatibility effect during number comparison is often used as a
measure of decomposed processing. It refers to the fact that performance is reduced when the
larger number contains the smaller unit digit (e.g. 73 vs. 26). It has been demonstrated that women
show a larger compatibility effect than men, which is in accordance with their general tendency
towards focusing on stimulus details during processing of visual hierarchical stimuli (local
processing style). Such a local processing style has been related to higher progesterone and lower
testosterone levels. One method to study individual processing styles is eye-tracking. The aim of
the present study was to examine whether sex and sex hormones (estradiol, progesterone,
testosterone) relate to eye movement behavior in the number comparison task. Unlike previous
studies we found no evidence for sex differences in the behavioral compatibility effect.
Nevertheless, women look more often and longer at individual digits and show a stronger
compatibility effect in fixation durations compared to men, while men show more saccades
between numbers than women. Estradiol and progesterone were related to fewer fixations and
shorter fixation durations and more saccades between numbers in men, but not in women.
Furthermore, the compatibility effect in the number of fixations and fixation durations was
negatively related to testosterone in women. In summary, this is the first study to demonstrate sex
differences and sex hormone influences on eye gaze behavior during number comparison.
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2This result remained significant, even if all estradiol values exceeding the group mean by more than 2 SD were excluded. Men
showed a significant negative association between estradiol and relative fixation duration (r = -.39, p =.023), while no significant
association was observed in women (r = .08, p = .65).

3This result remained significant, even if all estradiol values exceeding the group mean by more than 2 SD were excluded. Men

showed a significant negative association between estradiol and relative fixation duration (r = -.38, p =.026), while no significant
association was observed in women (r = .09, p = .62).
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1 Introduction

Arithmetic skills are an important predictor of academic achievement [16]. Accordingly,
numerical skills have been extensively researched and various models of number processing
have been proposed [15,62]. For instance, both a spatial and verbal involvement in number
processing has been postulated ([27]; Dehaene et al., 2003). Number magnitudes are
represented on a mental number line with larger numbers to the right and smaller numbers to
the left. This representation of number magnitudes constitutes a spatial format, and multiple
interactions between numerical and spatial processing have been observed [27]. Most
importantly, a strong overlap between brain areas responsible for number magnitude
processing and brain areas responsible for spatial processing is observed in the parietal
cortex [27]. Arithmetic facts on the other hand are likely stored in a verbal format (Dehaene
etal., 2003).

The number comparison task employed in the current study, is a task to assess number
magnitude processing [39], which has been related to spatial processing [27]. One of the
most prominent results regarding tasks of spatial orientation are robust sex differences
favoring men, which are likely the result of sex differences in spatial processing strategies
(for reviews see [2,42]). However, less attention has been paid to sex differences in number
processing, even though some neuroimaging studies also suggest differences in number
processing styles between men and women [6,31,43]. In a recent study we demonstrate that
spatial navigation strategies relate to processing styles during the number comparison task
[50]. In fact, sex differences in spatial navigation strategies transfer to sex differences in
number processing styles [50]. Sex differences in processing strategies are not only reflected
in the neural networks utilized to solve a task (e.g. [30]), but also in the way attentional
resources are allocated during a task, e.g. by sex differences in the focus on certain stimulus
aspects as reflected in eyefixations (e.g. [1,34]). Accordingly, sex differences in eye-
movements during spatial tasks have previously been described [1,37]. However, up to date
no study has investigated sex differences in eye movements during number processing.
Investigating different eye-movement patterns in men and women during number processing
is the most direct way to understand, which information men and women focus on when
solving numerical tasks.

Multi-digit numbers are of a hierarchical nature with whole number magnitudes being
determined by the place and value of individual digit magnitudes (e.g. 79=7 x 10 + 9).
While early models assume that the magnitude of multi-digit numbers is represented
holistically (whole number magnitude) [14,25], this account has been questioned by the
discovery of the so-called unit-decade compatibility effect during number comparison [39].
The unit-decade compatibility effect describes the fact that number comparison occurs
slower and less accurately if the smaller number contains the larger unit digit (/ncompatible
ftems, e.g. 61 vs. 27, 6 > 2, but 1 < 7) than when the smaller number contains the smaller
unit digit (compatible item, e.g. 67 vs. 21, 6 > 2, and 7 > 1). This suggests an interference of
unit digit magnitudes on number comparison performance. If number comparison was based
only on the representation of whole number magnitudes, no compatibility effect should
occur. Accordingly, a decomposed model of number processing has been formulated,
assuming that decade and unit digit magnitudes are represented separately and number
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comparison relies on the separate comparison of decade and unit magnitudes. However,
newer accounts assume that single digit magnitudes have to be processed separately to form
a holistic representation of the whole number magnitude. Accordingly representations of
both, the single digit magnitudes and the whole number magnitude are formed and can be
used in parallel during number comparison and other arithmetic processes (hybrid models;
[41,62]). If this is the case, the unit-decade compatibility effect represents a measure of how
much more likely participant’s base their comparisons on decomposed rather than holistic
magnitude representations. Since, the holistic magnitude representation depends on the
representations of digit magnitudes it may be faster during number comparison to base
decisions on digit magnitudes. However, during incompatible items, a decision based on
digit magnitudes is more prone to error, and the response may be delayed if participants
suppress the response tendency elicited by unit magnitudes and refer to holistic or decade
magnitudes instead. Accordingly, the more items participants solve based on decomposed
magnitude representations, the larger is their compatibility effect. This understanding of
multi-digit number processing opens the possibility of assessing intra- and interindividual
differences in the compatibility effect to understand, which task conditions and individual
characteristics lead to a stronger or weaker likelihood to base number processing on
decomposed magnitude representations.

Indeed it has been demonstrated that the unit-decade compatibility effect is affected by
stimulus presentation mode [40,46] and by interindividual differences like sex [29,43,48].
For example, the compatibility effect is significantly smaller when the numbers are spaced
further apart [46,50]. Furthermore, multiple studies demonstrate a larger compatibility effect
in women [21,29,44,50] compared to men, suggesting that women use a more decomposed
processing style during number comparison.

In that respect, the number comparison task shares similarities with a task of visual
attention, i.e. the Navon paradigm [38], which assesses a person’s tendency to process
hierarchical stimuli in a global/holistic or local/decomposed fashion. The Navon paradigm
consists of global structures (for example the letter O) made up of local parts (for example
letters C) and participants are required to identify targets either at the global or local level.
During visual processing both global and local level information are processed in parallel
[23,24]. Responses are generally faster for targets at the global level (global advantage), but
this effect depends on stimulus characteristics and individual differences. A larger global
advantage effect suggests that participants process global information faster than local
information and/or are more prone to inhibit local compared to global information. Several
studies demonstrate sex differences in the Navon paradigm with a stronger tendency towards
global processing in men compared to women [4,45,54,55,57].

It has been demonstrated that participants tendency towards global or local processing
relates to cognitive processing styles in various tasks including spatial tasks [4,47,48]. For
instance during spatial navigation, women tend to use a more egocentric perspective and
focus more strongly on landmarks, when they are more prone to a local/decom- posed
processing style [48]. Furthermore, participants with a strong focus on landmarks in a
navigation task, show a stronger compatibility effect during number comparison [50]. In
fact, sex differences in spatial navigation strategies mediate sex differences in the
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compatibility effect [50]. Similarly, during number comparison tasks, women show a larger
compatibility effect if they are more prone towards a local processing style [47]. In
summary, this behavioral evidence suggests, that sex differences in the compatibility effect
emerge, because women pay more attention to individual digits than men. However, while
for spatial studies, the assumption of women’s stronger focus on landmarks has been
corroborated by eye-tracking studies [1,37], no study so far has explored sex differences in
the number comparison task using eye-tracking.

So far, only one eye-tracking study has been conducted on the number comparison task [35],
which included only 10 participants. In accordance with the hybrid model, they found that
unit-digits were fixated more often than decade-digits, an effect that was even more
pronounced in incompatible items, i.e. unit-decade-incompatibility increased unit-fixations
and decreased decade-fixations. However, no study has addressed, whether factors
influencing the unit-decade compatibility effect during number comparison also affect
participants eye-movements during the task. Specifically, no study so far has investigated
individual differences, like sex differences in eye-movement behavior during the number
comparison task. If women indeed use a more decomposed processing style, they should
show more/longer fixations on individual digits. Particularly, if incompatible items are
characterized by more/longer fixations on unit digits [35], a more decomposed processing
style in women could lead to a specific focus on unit digits, rather than decade digits.
Furthermore, it can be assumed that a holistic processing style, would lead participants to
look longer at a multi-digit number until a holistic representation of its magnitude has been
formed rather than switching gaze between numbers. If women indeed show a more
decomposed processing style, they should show more gaze switches between numbers, while
men should show more gaze switches within numbers.

For most sexually dimorphic behaviors, extensive studies assessing organizational and
activational effects of sex hormones have been conducted (see e.g. [32] for a review).
However, the role of sex hormones has hardly been explored in numerical tasks. For
example, several studies have explored the role of testosterone in spatial abilities (e.g.
[9,13,22,26], but see [20,17,52]), the role of estradiol in verbal and memory functions (e.g.
[11,64,67]) and menstrual cycle effects in spatial and verbal functions (for a review see
[61]). However, these studies have often yielded inconsistent results and also suggest that
sex hormones may play a different role for cognitive tasks in men and women. For example,
a positive association of testosterone to spatial performance has been more often observed in
women [8,18], while in men even negative associations have been observed [18,33,63,65]. It
should be noted, that most of these studies focused on rather coarse performance measures
(like accuracy or RT), rather than measures of cognitive processing styles. If sex differences
in cognitive performance are indeed routed in cognitive processing styles, it is reasonable to
assume that any sex hormone influences underlying these sex differences, might also be
found on these processing styles. Accordingly, if sex differences in cognitive processing
styles are indeed routed in participant’s attentional focus on global or local stimulus aspects,
studies on the association between sex hormones and cognitive processing styles might
profit from a direct assessment of participants attentional focus.
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Furthermore, hypotheses regarding sex hormone influences in cognitive tasks might be
better drawn from sex hormone influences observed during global-local processing.

In the Navon paradigm it has consistently been demonstrated that higher progesterone levels
relate to a stronger tendency towards local/ decomposed processing [45,49], while higher
testosterone levels relate to a stronger tendency towards global/holistic processing [45].
Given the behavioral link between global-local processing and the compatibility effect, it is
reasonable to assume, that sex hormone influences observed during global-local processing,
could also be observed for the compatibility effect. However, sex hormone associations to
the compatibility effect have hardly been investigated. Two studies assessing sex hormone
associations to the compatibility effect, observe only weak associations. In one study, the
behavioral compatibility effect was only weakly associated to the progesterone/testosterone
ratio, but not to progesterone or testosterone per se [50]. In the second study, no association
of progesterone or testosterone to the behavioral compatibility effect was observed [51].
However, sex hormones were related to hemispheric asymmetries during number
comparison as investigated with a visual hemifield experiment [51]. Accordingly, it appears
that also during number comparison, an association of sex hormones to processing styles is
hardly reflected in behavioral measures and might profit from a more direct assessment of
participants attentional focus. If sex hormones moderate cognitive processing styles via
visual-atten- tional processes (like the focus on global vs. local stimulus aspects), this
relationship might be more adequately captured by studying participant’s eye gaze rather
than reaction times. Given that progesterone relates to a more local and testosterone to a
more global processing style during the Navon paradigm, participant’s with higher
progesterone and lower testosterone levels should also show longer flxation durations on
individual digits in the number comparison task.

Accordingly, in the present study, we utilize eye-tracking in a large sample of men and
women to address the questions of sex differences and sex hormone influences on eye-
movements during number processing. This is the second part of a larger project focusing on
sex hormone actions during number comparison (for results of the flrst part, see [51]). In
summary, we hypothesize a larger behavioral compatibility effect in women compared to
men. We expect these behavioral sex differences to be accompanied by more frequent and
longer fixations on (unit) digits in women compared to men. In addition, we expect women
to switch more often between numbers and men to switch more often within numbers.
Regarding sex hormones, we expect progesterone to relate to a larger behavioral
compatibility effect and longer fixation durations on (unit) digits, while we expect
testosterone to relate to a smaller behavioral compatibility effect and shorter fixation
durations on (unit) digits. While previous studies do not provide enough information to
formulate directed hypotheses regarding the role of estradiol, the relationship of eye-
movements to estradiol will also be explored. To address these questions, we conducted the
first eyetracking study on the number comparison task assessing the effects of sex and sex
hormones on eye-movement behavior.
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2 Methods

2.1 Participants

Participants were the same as described in Pletzer et al. [51]. 41 men and 46 women were
recruited for this study. Exclusion criteria were neurological, endocrinological or psychiatric
diseases, left-handedness, and hormonal contraception, cycle irregularities as well as cycle
related disorders like premenstrual dysphoric disorder (PMDD) in women. Since glasses
with a narrow frame or hard contact lenses can interfere with the correct detection of the
pupil, participants with glasses or hard contact lenses were also excluded. Since cycle phase
has been shown to moderate sex differences in some cognitive tasks (e.g. [44]) and sex
differences in the related Navon paradigm are restricted

to the luteal cycle phase [45], all women were tested in their luteal cycle phase (10-3 days
before the expected onset of next menses). To calculate the expected onset of next menses
the average duration of the last three cycles was added to the onset of the last menses. Onset
of next menses was evaluated in follow-up. Four men and two women did not complete the
study due to technical issues with the eye-tracker. Five women were excluded because their
next menses occurred too early or too late. Accordingly, the final sample included 39 men
and 37 women. These participants were between 18 and 32 years old with a mean age of
23.36 years in men (SD = 3.27 years) and 23.27 years in women (SD = 3.59 years). Age did
not differ significantly between men and women ((74y = 0.11, p= .91, d=0.03). An
intelligence screening using Ravens Advanced Progressive Matrices (APM) as implemented
in the Vienna Test System showed a mean intelligence quotient of 110.35 in men (SD =
9.56) and 107.86 in women (SD = 9.20). 1Q did not differ significantly between men and
women (Z72) = 1.13, p=.26, d=0.27). Furthermore, men and women did not differ
significantly in education level (Z=-1.61, p=.11) or employment status (Z=-0.58, p
=.56). The average cycle duration in women was 29.15 days (SD = 2.40 days) ranging from
24 days to 34 days. Women were on average tested on day 21.53 of their cycle (SD=3.61
days).

2.2 Ethics statement

All participants gave their informed written consent to participate in the study. All data were
processed in anonymized de-identified form. All methods conform to the code of ethics of
the World Medical Association (Declaration of Helsinki).

The institutional guidelines of the University of Salzburg (Statutes of the University of
Salzburgl) state in §163 (1) that it is necessary to seek ethical approval for research on
human subjects if the physical or psychological integrity is affected, the right for privacy or
other important rights or interests of the subjects or their dependents are confounded.
Paragraph §163 (2) states that it is the decision and responsibility of the PI to decide,
whether (1) applies to a study or not. Therefore, no ethical approval for this study was
sought out. Non-in- vasive methods were used on healthy adult volunteers, who willingly
gave their informed consent to participate. Accordingly, (1) did not apply. Data were

IThis result remained significant, even if all participants with hormone values exceeding the group mean by 2 SD were excluded
(resulting in a sample of 32 men and 31 women: F(1,61) = 5.10, p = .027).
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processed in anonymized/de-identified form. Participants were assigned a subject 1D (v001,
v002, etc.), when physically present at the lab, which was used throughout the study.

2.3 Procedure

Participants were tested in the eye-tracking laboratories at the faculty of natural sciences of
the University of Salzburg. Upon arrival, participants were greeted by the experimenter and
asked to rinse their mouth in order to remove any particles before taking saliva samples.
Then participants completed the written informed consent as well as screening
questionnaires on demographic variables, exclusion criteria and, in the case of female
participants, hormonal status. Afterwards, participants were asked to give their first saliva
sample. Participants were then seated in front of the computer screen at a viewing distance
of 58 cm held constant by a chin-and-forehead rest. After receiving task instructions, the
eye-tracker was calibrated and participants completed two number comparison tasks, one
described in the present study, the second one in [51]. Each task was preceded by 20 training
trials, followed by 200 experimental trials. Participants were asked for a second and third
saliva sample after completing each task. The Advanced Progressive Matrices (APM, [53])
was completed in the end of the study. Women additionally also filled out a pre-menstrual
symptoms screening tool (PSST, [60]). After the study, participants were debriefed and
received either course credit or a small monetary compensation for their participation.

2.4 Number comparison task

The same task as in Pletzer et al. [46] was used. Two two-digit numbers were presented
vertically above each other at the vertical midline of the monitor in white on a black
background. Numbers comprised a visual angle of 2.96° in height and were spaced 6.91°
(dense spacing) or 14.74° (sparse spacing) apart. Trials with dense and sparse spacing were
randomized as a manipulation control, since previous studies indicate effects of spacing on
the behavioral compatibility effect [46,50]. Participants were asked to decide which number
was larger by pressing a response button as quickly and accurately as possible. They were
asked to press the upper response button, if the upper number was larger and the lower
response button, if the lower number was larger. Numbers remained on the screen until the
participant responded, but disappeared after a maximum presentation time of 3 s. Each trial
was preceded by a fixation cross, presented for 1.5 s. Among items with dense and sparse
spacing, 20 were so called within-decade trials, in which both numbers contained the same
decade digit (e.g. 71 vs. 75). These trials were included as recommended by Nuerk et al.
[39] to avoid a strategy of focusing only on decade digits. Among the remaining trials half
were compatible, i.e. the larger number contained the larger unit digit (e.g. 86 vs. 53; 8 > 5,
6 > 3), the other half was incompatible, i.e. the larger number contained the smaller unit
digit (e.g. 83 vs. 56; 8 > 5, 3 < 6). The order of trial presentation was randomized. Problem
size, decade distance and parity was matched across conditions as described in Pletzer et al.
[46]. Reaction times (RT) and accuracy were recorded for each item.

2.5 Eye-tracking

Eye-tracking was performed with EyeLink 1000 desktop mount system (SR Research,
Ontario, Canada; sampling rate of 1000 Hz). The eye tracker was calibrated and validated by
a 9-point calibration routine. The criterion for successful calibration was an average error of
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less than 0.5° of visual angle (M= 0.35°, SD = 0.08). The fixation cross at the beginning of
each trial (also) served as a fixation control. If the eye tracking system did not detect a
fixation on the fixation cross, the system was re-calibrated. This feature ensured constant eye
tracking accuracy throughout the experiment. Regions of interest were defined around the
unit and decade digit of each number. Dependent variables were the number of fixations on
unit and decade digits, fixation duration on unit and decade digits and the number of eye
movements (saccades) between digits of the same number, as well as digits of different
numbers. All variables were considered in relationship to reaction time, since participants
who took longer to respond to items also had more time to look at digits. Accordingly,
relative fixation durations are reported in percent reaction time and number of fixations as
well as eye movements as number of fixations or number of saccades per second.

2.6 Statistical analysis

Statistical analysis was performed via IBM SPSS Statistics (version 26). Behavioral data
(RT and accuracy), fixation durations and eye movements (saccades) were analyzed using
mixed ANOVAs with the between-subjects factor sex (men vs. women) and within-subjects
factors for the different conditions. These are described in detail in the respective paragraphs
of the results section. Effects of spacing were replicated for behavioral variables, but not
considered further for fixations and eye-movements due to the low number of fixations in
items with sparse spacing. To evaluate the relationship of sex hormones to dependent
variables and the compatibility effect irrespective of and in interaction with sex, the group-
standardized hormone levels were entered as covariates in the ANOVAs described above (for
details, see results section). Data are openly available at http://webapps.ccns.sbg.ac.at/
OpenData/.

2.7 Hormone analysis

Three saliva samples were collected throughout the study. One in the beginning, after
participants rinsed their mouth and filled in the informed consent and screening
questionnaires. One between tasks and one in the end. Since the e;min respectively. Prior to
analysis the three samples of one participant were pooled, as recommended by the ELISA
kit instructions, to obtain a more stable measure of the hormone level throughout the test
session. Pooling has the advantage that fluctuations in hormone release and saliva
production.are accounted for, but may - in the case of testosterone - have the disadvantage
that diurnal changes or pulsatile variations of potential functional relevance are averaged out.
The pooled samples were analyzed using the respective DeMediTec (http://
www.demeditec.com) salivary ELISA Kits for testosterone, progesterone and estradiol
(DES6644, DES6633, DES6622). According to the kit instructions, sensitivity is 1.4 pg/ml
for estradiol, 5 pg/ml for progesterone and 2.2 pg/ml for testosterone. As calculated from
assay controls, inter-assay CV was on average 2.1% for estradiol, 7.1% for progesterone and
5.6% for testosterone. All samples were assessed in duplicates and assessment was repeated
for samples showing coefficients of variation (CV) above 25% or exceeding the group mean
by more than 3 standard deviations. As a limitation it should be noted that ELISAs have
been discussed to provide inflated estimates in the lower range [58]. Hormone values
exceeding the group mean by more than 3 standard deviations were considered outliers and
dismissed from analysis. This concerned one female progesterone value and one male
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estradiol value. In addition, to ensure that hormonal association were not attributable to
outliers, all analyses were rerun, after excluding all hormone values exceeding the group
mean by more than 2 standard deviations. This concerned 4 male and 5 female estradiol, as
well as 6 male and one female progesterone values. Since the same results were obtained,
results of the larger sample are reported, but results of the more stringent outlier correction
are added as footnotes.

Mean hormone values for men and women are displayed in Table 1. As outlined in Pletzer et
al. [51], estradiol did not differ significantly between men and women (t(72) = -1.06, p= .29,
d=-0.25). This is not unusual, since estradiol levels only reach peak-levels in women during
the pre-ovulatory cycle phase [50,59]. Testosterone was significantly higher (t73) = 10.57, p
<.001, d= 2.44) and progesterone significantly lower (t72) = -6.87, p<.001, d=-1.59) in
men compared to women. All hormone levels were highly inter-correlated in both men and
women (all r>0.39, all p<.05), with the exception of estradiol and testosterone in men (r=
0.13, p= .44, compare [51]).

3 Results

3.1 Behavioral results

To evaluate the effects of sex, compatibility and spacing on RT and accuracy, 2 x 2 x 2
ANOVAs were performed with the within-subjects factors ‘compatibility’ (compatible vs.
incompatible) and ‘spacing’ (dense vs. sparse) and the between-subjects factor sex (men vs.
women). Behavioral data are summarized in Table 2.

3.1.1 Reaction time—There was no significant main effect of sex on RT (F(1,74)) =
0.39, p= .53, 77 = 0.005). We observed highly significant main effects of compatibility (F
(1.74)) = 128.28, p< 001, 77 = 0.63) and spacing (F (1,74) = 196.64, p< .001, 77 =0.73) .
Compatible items were solved faster than incompatible items. Items with dense spacing
were solved faster than items with sparse spacing. There was a significant interaction of
compatibility*spacing (H1,74) = 5.56, p=.02, 77 = 0.07). The compatibility effect was
larger, when numbers were spaced closer together. All other interactions were non-
significant (all F<1).

3.1.2  Accuracy—There was no significant main effect of sex on accuracy (£ (1,74) =
0.95, p= .33, 77 = 0.01). We observed highly significant main effects of compatibility (F
(1,74) = 94.57, p< 001, 77 = 0.56) and spacing (A1,74) = 7.76, p=.007, 77 = 0.10).
Accuracy was higher for compatible than incompatible items and for sparse compared to
dense spacing. There were no significant interactions (all ~values < 2.26, all p-values >
0.13).

3.2 Eye-tracking results

3.2.1 Relative number of fixations—Relative number of fixations refers to how often
participants looked at unit or decade digits proportional to their reaction time, i.e. per
second. To evaluate whether sex and compatibility affected how often participants looked at
unit and decade digits, a 2 x 2 x 2 mixed ANOVA was performed with the within-subjects
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factors “digit’ (unit vs. decade) and ‘compatibility’ (compatible vs. incompatible) and the
between-subjects factor sex (men vs. women). The number of fixations per second is
depicted in Fig. 1A.

We observed a significant main effect of sex on relative number of fixations (A1 74) = 5.11,
p=.03, 77=0.07) with women looking more often at the digits than men. The main effects
of compatibility and digit were not significant (both /1 74y < 0.27, both p> .63, both 1P <
0.003). There was a significant interaction between compatibility and digit (F¢(1,74)) = 4.65,
p=.03, 77=0.06). While for compatible items participants looked more often at units than
decades, for incompatible items participants looked comparably often at decades and units.
The interactions of compatibility*sex and digit*sex, as well as the 3-fold interaction of
compatibility*digit*sex were non-significant (Fs< 1.2).

3.2.2 Relative fixation duration—Relative fixation duration refers to how long
participants looked at unit or decade digits proportional to their reaction time (in percent).
To evaluate whether sex and compatibility affected how long participants looked at unit and
decade digits, a 2 x 2 x 2 mixed ANOVA was performed with the within-subjects factors
‘digit’ (unit vs. decade) and ‘compatibility’ (compatible vs. incompatible) and the between-
subjects factor sex (men vs. women). Relative fixation durations are depicted in Fig. 1B.

We observed a significant main effect of sex on relative fixation duration (£~ (1 74) = 5.89, p
=.02, 72 = 0.07) with women looking longer at the digits than men. The main effect of
compatibility was highly significant (F 1 74) = 16.75, p < .001, 77 = 0.19), with shorter
fixation durations for compatible items compared to incompatible items. The main effect of
digit was non-significant (£ (1 74y = 0.17, p= .68, 77 = 0.002), suggesting that overall
fixation duration was comparable for unit and decade digits. There was a significant
interaction between compatibility and digit (F¢(1,74) = 7.04, p= .01, 77 = 0.09). While for
compatible items participants spent a comparable amount of time looking at units and
decades, for incompatible items participants looked longer at decades compared to units.
Furthermore, there was a significant interaction between compatibility and sex (£ (1,74) =
5.46, p =02, P = 0.07)1with a larger compatibility effect on relative fixation durations in
women compared to men. The interaction of digit*sex as well as the 3-fold interaction of
compatibility*digit*sex were non-significant (Fs< 1).

3.2.3 Eye-movements (Relative number of saccades)—To evaluate eye-
movements, the pattern of saccades between digits was addressed. To that end, it was
evaluated how often per second participants switched their gaze between unit and decade
digit of the same number (switches within) and how often per second they switched their
gaze between digits of different numbers (switches between). To evaluate whether sex,
compatibility or spacing affected how often participants switched within or between
numbers a 2 x 2 x 2-ANOVA was performed with the within-subjects factors ‘compatibility’
(compatible vs. incompatible) and ‘switches’ (within vs. between) and the between-subjects
factor sex (men vs. women). Saccades are depicted in Fig. 2.

There was no significant main effect of sex on saccades (F 1,74y = 0.50, p = .48, 77 =0.007).
The main effects of compatibility (£ (1 74) = 43.64, p<.001, 77 = 0.37) and switches (F@,74)
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= 277.87, p<.001, 72 =0.79) were highly significant with more saccades in compatible
items than in incompatible items and between different numbers than within the same
number. The interaction of switches*sex was significant (£~ (1 74) = 6.35, p= .01, 77 =0.08).
While women exhibited more saccades within the same number than men, men showed
more saccades between different numbers than women. Furthermore, the interaction of
compatibility*switches was significant (£~ (1 74y = 12.53, p=.001, 77 = 0.15). Saccades
within the same number were comparable between compatible and incompatible items,
while there were more saccades between different numbers in compatible than in
incompatible items. The 2-fold interaction compatibili- ty*sex (£ 1,74y = 0.90, p = .35, 7=
0.01) and the 3-fold interaction (£ (1,74) = 3 .17, p= .08, 77 = 0.04) were non-significant.

3.3 Hormone results

In order to evaluate, whether sex hormones relate to performance, fixations or eye
movements during the number comparison task, estradiol, progesterone and testosterone
were standardized for each sex and entered as covariates in the ANOVAs described above.
Since sex hormone levels differ substantially between men and women, standardization was
performed separately for each sex, such that higher values represent higher values relative to
the respective sex. That way, the association of sex hormones to performance, eye-
movements and the compatibility effect therein, can be assessed independent of and in
interaction with sex.

3.3.1 Relationship of sex hormones to performance—Neither reaction times nor
accuracy were related to sex hormones and sex hormones did not interact with sex or
compatibility in their relation to performance (all F<2.12, all p= .15).

3.3.2 Relationship of testosterone to relative number of fixations—
Testosterone was not significantly related to the relative number of fixations (F 1 71) = 0.24,
p= .63, 77 = 0.003), but showed a significant three-fold interaction with the compatibility
effect and sex on relative number of fixations (~ (1 71) = 4.70, p= .03, 77 = 0.06; Fig. 3A). In
women, the compatibility effect was significantly smaller, the higher their testosterone levels
(r75) = -0.36, p=.03), while in men a nonsignificant association was observed (7 (3g) = 0.11,
p=.50). Testosterone did not interact with digit or sex and no higher order interactions were
observed (all F<2.93, all p=.09).

3.3.3 Relationship of testosterone to relative fixation durations—Testosterone
was not significantly related to relative fixation durations (~ 1 71) = 0.51, p= .48, 7=
0.007), but a trend interaction with the compatibility effect on relative fixation durations was
observed (F (1,71) = 3.68, p= .06, 77 = 0.05, Fig. 3B). The compatibility effect was
significantly smaller, the higher participants testosterone levels (7 (7s) = -0.31, p=.007).
This relationship was significant in women (r=-0.37, p=.03), but not in men (r=-0.07, p
=.69).

3.3.4 Relationship of estradiol to relative number of fixations—Estradiol

showed no significant relationship to the relative number of fixations across groups (F (1,70)
=1.83, p=.18, 77 = 0.03), but a significant interaction with sex was observed (F,70=
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4.69, p= .03, 77 = 0.06; Fig. 4A). In men, the relative number of fixations was significantly
lower the higher their estradiol levels (7 37) = -0.42, p= .01),2 while in women a non-
significant association was observed (7 (37) = 0.09, p = .59). No other interactions with
estradiol were observed (all #<0.80, all p= .37).

3.3.5 Relationship of progesterone to relative number of fixations—
Progesterone showed no significant relationship to the relative number of fixations across
groups (F (1,70) = 1.53, p= .33, 77 =0.02) and only a trend interaction with sex (A1,70) =
3.07, p= .08, 77=0.04; Fig. 4B). In men, relative fixation duration was significantly lower
the higher their progesterone levels (7 3g) = -0.37, p=.02), while in women a non-
significant association was observed (1 (3) = 0.06, p = .74). Progesterone did not interact
with digit or compatibility and no higher order interactions were observed (all < 1.50, all p
>.22).

3.3.6 Relationship of estradiol to relative fixation duration—Estradiol showed no
significant relationship to relative fixation durations across groups (~ (1 70) = 1.89, p= .17,
77 = 0.03), but a significant interaction with sex was observed (F(1,70)=6.93, p= .01, 7=
0.09; Fig. 4C). In men, relative fixation duration was significantly lower the higher their
estradiol levels (rz7)=-0.44, p= .007),3 while in women a non-significant positive
association was observed (7 (37) = 0.15, p=.39). No other interactions were observed (all ~
<0.75, all p=.39).

3.3.7 Relationship of progesterone to relative fixation durations—Progesterone
showed no significant relationship to relative fixation durations (F 1,70y = 2.02, p = .16, 7=
0.03), but showed a significant interaction with sex (F 1,70y = 5.70, p = .02, 77 = 0.08; Fig.
4D). In men, relative fixation duration was significantly lower the higher their progesterone
levels (7 3g) = -0.42, p= .008),% while in women a nonsignificant positive association was
observed (7 (3g) = 0.11, p=.51). Progesterone did not interact with digit or compatibility and
no higher order interactions were observed (all F<1.42, all p= .23).

3.3.8 Relationship of sex hormones to saccades—Neither estradiol, nor
progesterone, nor testosterone showed a significant relationship to saccades and there were
no significant interactions between experimental factors and sex hormones (all ~< 3.85, all
p>.05), with the exception of a significant 3-fold interaction of switches*sex*estradiol (F
(1,70) = 7.46, p=.008, 77 = 0.10). Bivariate correlations revealed that this interaction
resulted from the fact that in men, there was a negative correlation between estradiol and the
number of saccades within the numbers (7 (37) = -0.39, p=.02), but a non-significant
positive association to saccades between the numbers (/737 = 0.27, p=.11), while the
opposite pattern was observed in women (within: 7 (37y = 0.17, p= .31, between: 7 (37y=
-0.31, p=.06; compare Fig. 5).

4This result remained significant, even if all progesterone values exceeding the group mean by more than 2 SD were excluded. Men
showed a significant negative association between progesterone and relative fixation duration (r = -.36, p = .04), while no significant
association was observed in women (r = .11, p = .51).
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4 Discussion

The aim of the present study was to examine the effects of sex and sex hormones on eye
movement behavior in the number comparison task. The behavioral compatibility effect
(faster reactions to compatible compared to incompatible items) is often used as a measure
of a decomposed processing style during number processing. It has previously been
demonstrated that women show a larger compatibility effect than men, indicating a more
decomposed processing style in women than in men. Therefore, it was hypothesized that
women show longer fixation durations on individual digits, specifically longer fixations on
unit digits than men. Furthermore, it was assumed that saccades in men, who supposedly
show a more holistic processing style, would be more frequent between digits of the same
numbers. Vice versa, saccades in women were assumed to be more frequent between digits
of different numbers. Furthermore, the relationship of sex hormones to these measures was
explored. Specifically, we hypothesized that higher progesterone and lower testosterone
levels would relate to a longer fixation duration on individual digits, explaining the sex
differences in fixation durations.

First of all, it is noteworthy, that unlike previous studies [21,29,44,50], we found no
evidence for sex differences in the behavioral compatibility effect in the current study.
Likewise, no sex differences were observed in the compatibility effect in the hemifield
number comparison task employed in the first part of this study on the same sample [51].
There are two explanations for this finding. On the one hand, there seems to be a ceiling
effect in performance, since accuracy is high and reactions are quite fast in both men and
women. On the other hand, sex differences in the behavioral compatibility effect seem to be
of moderate effect size and may thus only be observed consistently in very large samples
[29] or under difficult conditions like in an MRI environment [44].

Nevertheless, women show more fixations and longer relative fixation durations on digits,
and a stronger compatibility effect in relative fixation durations than men. This is in line
with our hypothesis and the assumption of a more decomposed processing style in women.
Longer fixation durations in women have also been reported for other stimulus materials
[1,37], supporting the assumption that women take in their visual environment in more detail
than men. However, the stronger compatibility effect in fixation durations in women was
mostly attributable to decade digits rather than unit digits, which is contrary to our
expectation and previous results by Moeller et al. [35]. Unlike Moeller et al. [35] we found
more fixations on unit digits in compatible items and longer fixations for decade digits in
incompatible items. There are some methodological differences between our study and the
study by Moeller et al. [35], which may contribute to the different findings. First, the study
by Moeller et al. [35] included only ten participants and did not differentiate between male
and female participants. Second, even though the average number of fixations was also low
in the study by Moeller et al. [35], it was still higher than in the present study. This may be
due to the fact that they did not restrict the presentation time of numbers to a maximum of
three seconds, allowing participants to react more slowly and take a closer look at numbers.
There is no information on fixation durations in eye fixation behavior in the study by
Moeller et al. [35]. Even if the number of fixations on units was larger, they may still have
been shorter than fixations on decades. A possible explanation for longer fixations on
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decades in incompatible trials may be a compensation mechanism. Participants become
aware of the interference between decade and unit information, they know that the decades
provide the correct answer and thus deliberately focus on decade digits to solve the trial.
This is in line with the overall high accuracy, even on incompatible items.

Furthermore, contrary to our hypothesis, men show more saccades between digits of
different numbers, while women show more saccades between digits of the same number.
This may be attributable to the same compensation mechanism as women’s longer fixations
on decades. Saccades within the same number may serve the purpose to resolve the conflict
arising from unit and decade information. Likewise, in combination with short fixation
durations, saccades between the different numbers may actually serve holistic processing. In
that case, men’s eyemovement behavior suggests that less time is spent on processing the
magnitudes of individual digits (short fixation durations on digits), while more time is spent
comparing the approximate magnitudes of the whole numbers (more saccades between
numbers). However, it is also possible that in fact men do show less holistic processing
during number comparison than women. Based on the fact that the compatibility effect
relates to global-local processing only in women, we recently argued, that the compatibility
effect may represent different cognitive mechanisms in men and women [47]. While the
compatibility effect appears to reflect the likelihood of using decomposed over holistic
number representations during number comparison in women, it is possible that in men it
reflects the likelihood of using unit representations in addition to decade representations
without referring to holistic number representations at all. If that is the case, it makes sense
that men would spend more time comparing individual differences between numbers rather
than within numbers. The assumption that the compatibility effect reflects different
mechanisms in men and women, may also explain, why all hormones were differentially
related to the number of fixations, relative fixation durations, and estradiol also to saccades,
in men and women.

First, testosterone was negatively related to the compatibility effect in the number of
fixations and fixation durations. This is in line with our assumptions and previous studies
demonstrating that higher testosterone levels relate to a stronger focus on global rather than
local aspects of hierarchical stimuli ([45]; Scheuringer & Pletzer, 2017). However this
association was observed in women only, which at first sight questions the assumption that
men spend less time looking at individual digits in incompatible items due to their higher
testosterone levels. One possibility is that testosterone modulates the compatibility effect in
fixations only in the lower range, while a ceiling effect is reached in the higher range. This is
in line with an increasing literature suggesting that the effects of sex hormones are dose-
dependent (e.g. [5,19,28]) and accordingly non-linear (e.g. [36]), often resulting in different
associations in men and women (e.g. [8,18]). As an example, a positive association of
testosterone to spatial abilities is often only observed in women [8,18], while in men even
negative associations have been observed [18,33,63,65].

Second, estradiol was related to fixation durations and eye-movements in men but not in
women. In men, higher estradiol levels were related to fewer fixations, shorter fixation
durations and fewer saccades between digits of the same number. Instead men with higher
estradiol levels showed more saccades between the two different numbers. In sum, estradiol,
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but also progesterone, seems to increase the eyemovement pattern observed for men on
average. Please note that the association to progesterone was not simply due to a high
interrelation between estradiol and progesterone levels in men, as it survived controlling for
estradiol via partial correlations. Given the discussion of sex differences in eye-movement
patterns above, this may suggest a more holistic processing strategy in men with higher
estradiol levels. It may however also suggest that men with higher estradiol levels are less
likely to form holistic magnitude representations and thus spend more time comparing the
individual digits. The fact that men with higher estradiol levels show more male-typical eye-
movement patterns may be explained by the fact that estradiol is a metabolite of
testosterone. Accordingly, some testosterone actions are transmitted via estradiol receptors
and it has been suggested that some male-typical behaviors are in fact supported by estradiol

(e.g. [56]).

However, a multitude of biological mechanisms may contribute to the fact that sex hormones
relate differentially to behavioral, neuronal and eye-movement patterns in men and women.
First, sex hormone receptors are expressed at different levels between men and women,
which may contribute to differential sensitivity for certain hormones and explain the dose-
dependent effects observed in various studies. Second, a variety of sex differences exist
between neurotransmitter systems (e.g. [10,12,66]), which are sensitive to modulation by sex
hormones [3]. Given these differences in the neurophysiology of men and women, it cannot
be expected that sex hormones show the same effects in men and women. Third, sex
hormones are produced in different locations for men and women (e.g. [7]), assigning them
differential functionality. Our results also show that we cannot reduce the role of estradiol
and progesterone to making someone more “femalelike” and the role of testosterone to
making someone more “male-like”, since the associations to estradiol and progesterone
obviously go in the opposite direction. It is however possible, that we find a modulation by
estradiol and progesterone in men and a modulation by testosterone in women, due to
differential functionality of these hormones. The fact that estradiol and progesterone are not
the primary reproductive hormones in men, may allow them to assume other functions,
while the opposite may be the case for testosterone in women.

Importantly, it can be pointed out, that we observed no relationship of sex hormones to
overall reaction times or accuracy or the overall behavioral compatibility effect. Rather sex
hormones relate to eyemovements during number processing, which were assessed to
capture basic visual attentional processes during number processing. It can thus be
speculated that sex hormones relate to number processing via at- tentional mechanisms, i.e.
by modulating what participants focus on, either by affecting bottom-up mechanisms in the
visual system or by affecting top-down mechanisms of attentional control in the brain.

In summary, this is the first study to demonstrate sex differences in eye gaze behavior during
number comparison and the first study to show a relationship of sex hormones to eye
movement behavior in cognitive tasks. Accordingly, this study adds to the growing evidence
that sex differences and sex hormone influences in visual attention contribute to sex
differences and sex hormone influences in cognition.
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Fig. 1.

Number of fixations per second (A) and relative fixation duration (in% reaction times, B) for
unit and decade digits in men and women. Women looked more often and longer at any
digits than men, particularly at decade digits in incompatible items. Error bars represent

standard errors. RT = reaction times.
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Fig. 2.

Number of saccades within and between numbers per second. There were more saccades
between than within numbers. Men showed more saccades between numbers, women more
saccades within numbers. Error bars represent standard errors.
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Fig. 3.

Relationship of testosterone to the compatibility effect in the number of fixations per second
(A) and relative fixation durations (B). The higher the testosterone levels, the lower was the
compatibility effect in the number of fixations and relative fixation durations, in women, but
not men. The compatibility effect was calculated by subtracting relative fixation durations
for compatible items from relative fixation durations for incompatible items.
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Fig. 4. Relationship of estradiol and progesteroneto number of fixations per second and relative

fixation durationsin men and women.

In men, estradiol and progesterone were negatively related to number of fixations and
relative fixation duration. The higher estradiol and progesterone levels, the less and the
shorter did men look at numbers. In women, a non-significant positive association was
observed. Note that all hormone outliers, exceeding the group mean by more than two
standard deviations, were removed from the figure for illustrative purposes.
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Fig. 5. Relationship of estradiol to saccadesin men and women.
In men, estradiol was negatively related to saccades within numbers, but positively to

saccades between numbers. In women, non-significant associations were observed. The
higher estradiol levels, the less did men switch their gaze between digits of the same number
and the more they switched between the two different numbers. Note that all estradiol
outliers, exceeding the group mean by more than two standard deviations, were removed
from the figure for illustrative purposes.

Physiol Behav. Author manuscript; available in PMC 2021 June 10.




s1dLIOSNUBIA JoLINy sispund JINd 8doin3 g

s1duosnuBIA Joyiny sispund JINd edoin3 g

Schulte et al.

Table 1
mean hormone valuesin men and women

Men Mean SD Women Mean SD

Estradiol [pg/ml] 4.06 113 448 2.14
Progesterone [pg/ml]  86.65**  63.28 220.17 100.72
Testosterone [pg/ml]  120.82°** 29.78 59.19 19.51

Aok

significantly different from women p < .001
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Table 2
Reaction time and accuracy for each category in men and women
Reaction times . . - .
compatible incompatible Compatibility effect  Accuracy compatible Incomp. Comp. effect
men dense  667.07 £ 174.72 720.14 +202.84  53.07 £57.65 .99 +£0.02 96+0.04 .04£0.04
sparse  714.89 + 204.95 74594 +185.94 31.05+ 37.12 .99 +0.01 97+0.03 .03+0.03
women dense  690.04 + 110.60 744,01 +113.35 53.98 +45.43 .99 +0.02 95+0.04 .04+0.04
sparse  730.86 + 122.76 774.37 £115.67 43.51+41.18 1.00+0.01 96+0.04 .04+£0.04
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