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Abstract
With the advances in eye tracking, saccadic reflexes towards auditory stimuli have become an easily accessible behavioral

response. The present study investigated the development of horizontal sound localization latency quantified by saccadic

reflexes in infants and young children with normal hearing (0.55 to 5.6 years, n= 22). The subject was seated in front of

an array of 12 loudspeaker/display-pairs arranged equidistantly in an arc from −55 to+ 55° azimuth. An ongoing auditory-

visual stimulus was presented at 63 dB SPL and shifted to another randomly selected pair at 24 occasions. At each shift,

the visual part of the stimulus was blanked for 1.6 s providing auditory-only localization cues. A sigmoid model was fitted

to the gaze samples following the azimuthal sound shifts. The overall sound localization latency (SLL) for a subject was defined

as the mean of the latencies for all trials included by objective criteria. The SLL was assessed in 21 of 22 children with a mean

of 6.1 valid trials. The SLL ranged 400 to 1400 ms (mean= 860 ms). An inverse model demonstrated a significant relationship

between SLL and age (R2= 0.79, p< 0.001), reflecting a distinct reduction of latency with increasing age. No partial correlation

between SLL and sound localization accuracy was found when controlling for age (p= 0.5), suggesting that localization latency

may provide diagnostic value beyond accuracy.
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Introduction
The gaze saccadic latency towards auditory targets has not
been studied in infants and young children. Already at
birth, humans react to auditory events by turning their
heads (e.g. Morrongiello et al., 1994) or eyes (Wertheimer,
1961) in the direction of the sound source. The reaction
time towards auditory stimuli, assessed by head turns, has
been studied earlier from birth in full-term and premature
neonates to 7 months of age (review by Muir & Hains,
2004). The proportion of correct head-turns towards auditory
targets in neonates is high but with rather long latency (typ-
ically 5–8 s). The development then follows a U-shaped
function where latency first increases, and the proportion of
correct head-turns decreases, until the age of 2–3 months
when the sound lateralization ability starts to improve, and
reaction times decrease (1–2 s at 7 months). This U-shaped
development process is known from other modalities and
tasks, e.g. the neonatal stepping reflex (Gershkoff-Stowe &
Thelen, 2004), some areas of language acquisition (Pauls

et al., 2013) and theory of mind (Blijd-Hoogewys & van
Geert, 2016). There is no satisfying universal explanation
to non-linearities in development, but temporary regresses
in development might be explained by relapses in neural
organization before consolidation of acquired abilities
(Blijd-Hoogewys & van Geert, 2016). Head and eye move-
ments in infancy could also be expressions of a sub-cortical
reflex that disappears while the cortical interactions are estab-
lished. Indeed, cortical activity emerges in 2-month-old
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infants as measured by even-related potentials, however, with
longer latencies and lower amplitudes than in older age
groups (Slugocki & Trainor, 2014).

Subsequently, sound localization accuracy develops sys-
tematically as a function of age between 5 and 18 months
of age as shown by increasing acuity in head orientation to
sound (Ashmead et al., 1991; Morrongiello, 1988;
Morrongiello & Rocca, 1987). By age 5 to 6 years, localiza-
tion accuracy approaches adult performance (van Deun et al.,
2009), whereas minimum audible angles (i.e discrimination
thresholds for the angular difference between two sound
sources (Mills, 1958)) continue to decrease into adolescence
(Kühnle et al., 2013).

In children with normal hearing, hearing aids, or hearing
implants, localization accuracy or acuity has been measured
previously by, for example, using the same eye tracking
system as in the current study (Asp et al., 2016; Eklöf &
Tideholm, 2018; Johansson et al., 2019), pointing/reaching
towards or naming the sound source (Asp et al., 2015; van
Deun et al., 2009; Litovsky et al., 2013), measuring head
angle with IR-cameras (Vogt et al., 2018), or by observer-based
methods in forced-choice tasks (Grieco-Calub et al., 2008).

The visual system has been optimized for fixation by the
fovea where focus changes by saccadic eye movements
during which vision is suppressed (Carpenter & Williams,
1995). The magnitude of the saccadic reaction time, and its
variability, cannot be explained by simple conduction time,
namely synaptic delays and conduction velocity. Instead,
the process of reaching the threshold of decision is stochastic
in nature and the variability in latency reflect changes in pro-
cessing times rather than changes in afferent or efferent con-
duction time (Carpenter & Williams, 1995).

The time from external events in general to a correspond-
ing action varies from reflexes of 7 ms, as with the corneal
reflex, to several seconds, as with cognitively demanding
response tasks. An example of auditory saccadic reaction is
the mediation of gaze during unfolding language. The
subject is watching images while the saccadic behavior is
mediated by unfolding language, i.e. expressions that instruct
the subject what to look at. With eye tracking it is possible to
measure the rapid interplay between the earliest phonological
moments in the instruction and the corresponding oculomo-
tor control. The minimum saccadic reaction time was found
to be 100 ms (Altmann, 2011). The rapid change in direction
of one’s gaze towards auditory and/or visual targets is called
attentional gaze shifts, and can be completely involuntary, as
described with visual targets (e.g. the “Capture effect”
(Theeuwes et al., 1998)) or voluntarily suppressed depending
on context (Hinde et al., 2017). These reactive saccades can
be modulated by cognitive areas as shown by the effect of
instructions on saccadic response latency (Mosimann et al.,
2004). Both saccadic latency (Fischer et al., 1993) and accu-
racy (Kowler & Blaser, 1995) can be improved voluntarily.
Furthermore, saccadic reaction does not seem to show an
accuracy/latency trade-off; neither accuracy to visual

targets (Wu et al., 2010) nor auditory targets (Eklöf et al.,
2020) is increased by prolonged motor planning, an other-
wise common phenomenon called Fitt’s law (Fitts, 1966).

Findlay and Walker (1999) have proposed a model of sac-
cadic processing with two parallel processes: the WHEN
process, which produces saccade initiation (i.e. latency)
and the WHERE process, which determines saccadic ampli-
tude and direction (i.e. accuracy). The WHEN process can, in
turn, be divided into two competing processes. The first
process works by upholding fixation, despite changes in the
spatial position of attention or emerging, competing visual
or auditory targets. The second process works by disentangl-
ing fixation and eliciting a saccade. This theoretical model is
partly supported by the existence of corresponding brain
structures (Munoz & Wurtz, 1995).

The reaction time of gaze towards visual targets, and its
development with age, has been investigated. Studies have
agreed that saccadic latency to visual targets decreases expo-
nentially from birth to approximately 14–15 years of age
when it reaches adult performance (Luna et al., 2008). In
infants, reaction time decreases from more than 500 ms,
depending on eccentricity, at 1 month of age, to approxi-
mately 280 ms at 5 months of age (Regal et al., 1983). An
interesting application of how analysis of this development
can be used is the prognostic diagnostics of dyslexia during
early school age. Eye tracking analysis of saccadic behavior,
both its saccadic amplitude and temporal features, during
reading can predict future diagnosis with a 95% sensitivity
and specificity (Nilsson Benfatto et al., 2016).

Eye-saccadic reaction time towards auditory targets has not
been investigated to the same extent. For example, most studies
of auditory saccadic performance to date have focused on
adults with different studies showing means of e.g. 280 ms
(Eklöf et al., 2020), 250 ms (Zambarbieri, 2002), or 190 ms
(Zahn et al., 1978) depending on measurement method. A
study by Bucci and Seassau (2012) investigated the simple sac-
cadic response latency towards auditory targets from 6 to 15
years of age, but auditory elicited saccadic gaze latencies and
their development in infants and young children are to our
knowledge unknown. In this study we defined gaze as the com-
bination of eye and head movements when applicable.

While many appropriate methods for the assessment of
binaural hearing exist for adults (e.g. Stecker & Gallun,
2012), they are largely unavailable for a young, pre-verbal,
population. The aim here was to study whether auditory elic-
ited saccadic gaze latencies could be measured between 0.5
years and 5 years of age and to relate latency to age. We
expected the latency to decrease as a function of age.

Subjects and Methods

Subjects
The 22 participants (12 females) ranged in age from 0.55 to
5.6 years (mean (SD)= 1.6 (1.4) years). They were all born
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full term and passed the universal newborn hearing screening
(otoacoustic emissions, for details see Berninger and
Westling (2011) and Berninger (2014)).

Study Design
Sound localization latency (SLL) was estimated objectively
in infants and young children with normal hearing by
fitting a sigmoid function to resemble gaze responses as a
function of time during azimuthal sound shifts in the
frontal horizontal plane, using the same equipment, auditory-
visual stimulus, procedure, and sigmoid model as reported in
Eklöf et al. (2020). An inverse regression model was used to
study the effect of age on SLL, see the Statistical analysis
section below for details.

Sound localization accuracy for twelve of the subjects has
been published in another study (Asp et al., 2016), however
SLL of the data has not been considered before. Written con-
firmation for reuse of data in the current study was obtained
from the publisher. The study was approved by the regional
ethical review board in Stockholm, Sweden (EPN 2012/189–
31/3, 2013/2248–32). Written informed consent from accom-
panying caregiver(s) were obtained for all the subjects and
the research complied to the ethical principles of the declara-
tion of Helsinki.

Sound Localization Test
Setup. The setup is described in detail elsewhere (Asp et al.,
2016). Briefly, the setup consisted of a custom-made
auditory-visual stimulus system and an eye tracking system
(Smart Eye Pro, Smart Eye AB, Gothenburg, Sweden).

The auditory-visual stimulus system comprised 12 loud-
speakers positioned in 10° increments in a 110-degree arc
with 1.2-meter radius, with a 7” TFT-display mounted
below each loudspeaker (loudspeaker/display-pairs;
LD-pairs). A personal computer (Dell Latitude E5520, Dell

Inc, TX) routed sound to the speaker-array by means of a
multichannel external soundcard (AudioFire 12, Echo
Audio Corporation, CA) and the video by two external mul-
tichannel video mixers (VP-108, Kramer Electronics, Israel).
A custom-made software programed in MatLab (The
Mathworks, Inc, MA) handled the presentation of auditory
and visual stimuli and collected gaze data from the eye track-
ing system.

Subjects were seated in a chair supporting an upright posi-
tion, or in a caregiver’s lap if not accepting to sit by them-
selves, 1.2 meters from the LD-pairs. The loudspeakers
were vertically adjusted to ear-level.

The three-dimensional coordinates of each LD-pair was
defined in the eye tracking system as an Area of Interest
(AOI) (Asp et al., 2016). Objective detection of eye gaze inter-
sections with the AOIs were performed at 20 Hz. Each sample
contained a gaze intersected AOI (i.e. LD-pair 1 to 12) and a
time stamp, and was sent from the eye tracking system to the
presentation system by a low latency network connection for
off-line synchronization (Eklöf et al., 2020). The samples
were stored in text files and a compiled dataset can be found
at https://doi.org/10.6084/m9.figshare.12311357.v2.

Stimulus and Test Procedure. An ongoing auditory-visual sti-
mulus (a colorful cartoon movie with an accompanying
melody) was presented starting at −5 degrees azimuth at
63 dB SPL (A), as measured at the position of the subject’s
head. The auditory stimulus was filtered to resemble the long-
term frequency spectrum of speech. The filter was designed
to generate the same energy in 1/3-octave bands as the
unmodulated noise in the Hagerman sentence recognition
test (Hagerman, 1982).

A test consisted of 24 azimuthal sound shifts (trials). The
sound was shifted from the loudspeaker in the current
LD-pair to another randomly assigned loudspeaker (target)
on average every 7th second (range 5 to 9 s). A test lasted
for about 3 min if the subject managed to participate in the
full set of 24 trials. Off/On-ramping of the sound stimulus
at azimuthal shifts were accomplished by a raised cosine of
50 ms. The visual stimulus stopped 170 ms before the azi-
muthal sound shift and was reintroduced on the visual
display corresponding to the sounding loudspeaker 1.6 s
after the azimuthal sound shift. The procedure allowed acqui-
sition of gaze behavior in response to a spatial change of the
sound. Subjects were free to move their head, but head direc-
tion was not recorded. The eye gaze angle was considered
relative the room coordinates irrespective of the head
angle. Further details are described by Eklöf et al. (2020).

Objective Determination of Sound Localization
Latency Using an Arctangent Function
As a model of the gaze movement during an azimuthal sound
shift, an arctangent function was fitted to the samples of gaze

Figure 1. Sound localization latency (SLL) as a function of age

for the 21 subjects for which latencies could be obtained. The

grey area depicts the 95% confidence interval of the regression.
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Figure 2. Included sigmoid functions, based on samples of intersections between eye gaze and areas of interest, for each subject. The

heading of each panel denotes the subject’s age in years. The time axis includes the auditory-only period of 1.6 s. The vertical dashed line

indicates the SLL for the subject. The subject was fixating on the previous target LD-pair which presented both auditory and visual stimuli

before the next trial in accordance with the current procedure.
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intersected AOI. The analysis window for each trial was 4.1 s
(82 samples) starting 2.5 s (50 samples) before each azi-
muthal sound shift and ended when the visual stimulus was
reintroduced, i.e. 1.6 s (32 samples) after the azimuthal
sound shift.

The time period for the transition of eye gaze from one
sound source to another coincides with distinctly increased
motor neuron firing rate of the eye muscles (cf. Sparks,
2002, p. 1). Accordingly, the abscissa corresponding to
50% of the amplitude of the fitted arctangent function was
defined as the latency T in each trial (Figure 1), i.e.
halfway through the localization response. The SLL was
defined as the mean of T across trials in a test (n≤ 24 per
test). The method is evaluated in adults and described in
detail by Eklöf et al. (2020).

Sigmoid Model Parameters. The following formula was used
to fit an arctangent function to the samples in each trial:

a(t) = a1 + (a2 − a1)∗ π

2
+ arctan(c∗(t − T))

( )
/ π

( )
(1)

where a1 and a2 (°) are continuous variables (-55° ≤ a1,2 ≤+
55°) corresponding to the gaze intersected AOI before and
after the azimuthal sound shift. The parameter determining
the slope c (s−1) is a measure of the speed when combined
with the eccentricity of the trace (0 ≤ c ≤ 130), t (s) is the
time and T (s) is the latency for each trial (T ≥ 0).

Trial Exclusion. We applied the strict criteria described and
motivated in our previous study in adults (Eklöf et al.,
2020). When the analysis window had more than 50%
sample loss before or after the loudspeaker shift (due to,
for example, insufficient tracking of gaze), the trial was
excluded from data analysis. Trials were also excluded
when the root mean square error (RMSE) of the arctangent
fit was larger than 7° (due to inconsistent eye tracking).

Trials with a T= 0 and T> 1.6 s, i.e. longer than the sound
only period, were also excluded.

One additional criterion that was not necessary in the pre-
vious study in adults (Eklöf et al., 2020) was needed in the
current study; trials where the arctangent fit of a1 and a2
was below 10 degrees (the smallest separation between two
LD-pairs) were excluded since this was indicative of a flat
response with no actual gaze shift.

Statistical Analyses
The statistical software used was R version 3.4.2 (https://
www.R-project.org/). Previous studies on development of
visually guided saccadic latencies (Luna et al., 2004)
suggest that inverse regression models best describe variabil-
ity in latencies across ages. Hence, inverse regression analy-
sis was performed to study the relationship between SLL and
age (SLL = b0 − b1 / Age), where b0 and b1 are linear regres-
sion parameters. The first parameter, b0, is the asymptote of
SLL as age increases. The second parameter, b1, is a measure
of the steepness of the inverse decay. This regression was
further established by a Boot Strapping procedure (package
boot) presented in the supplement section.

A Monte Carlo simulation was performed to assess the
effect of number of trials on SLL utilizing the snorm function
of the fGarth package to obtain values from a skewed
distribution.

A linear mixed model (package lmer) was used to study
the following fixed effects/factors on latency: angular separa-
tion between the previous LD-pair and the target LD-pair,
azimuth after shift, trial number in the test, and subject sex.
Subject was included as random factor since trials within a
subject were not independent.

Sound localization accuracy was quantified by an Error
index (EI), a normalized mean absolute error where 1.0 cor-
responds to random performance and 0.0 is perfect localiza-
tion. The responded loudspeaker was defined as the median
gaze intersection from the last 500 ms samples of the
sound-only period (Asp et al., 2016). The EI is calculated

by the following formula: EI =
∑n

i=1
| pi−ri|∑n

j=1

∑m

k=1
| pj−qk |

( )
/n
, where

the nominator accumulates the total absolute error across n
presentations p with valid responses r and the denominator
accumulates the error of all m possible responses q of the
available response space averaged across each of n presenta-
tions. A Monte Carlo simulation by Asp et al. (2016) showed
that EI= 0.72 is the lower limit of the 95% confidence inter-
val for random performance in this setup.

Partial correlations between EI and SLL and correspond-
ing significant levels were calculated using the psych
package, and repeated measures correlation with the
rmcorr package.

Figure 3. Sound localization accuracy (Error index) for all 21

subjects. The grey area depicts the 95% confidence interval of the

regression. The accuracy (Error index) of 12 of the subjects was

presented in Asp et al. (2016).
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Figure 4. The grey areas depict the 95% confidence interval of the linear regressions. While A shows SLL as a function of age for all

subjects (N= 21), B, D, and F shows the same analysis but divided in three age groups with 6-8 subjects in each age interval. C, E, G shows

the corresponding linear regression between SLL and EI in the same age intervals (B, C: ≤ 0.8 years, N= 7, D, E: >0.8 and ≤ 1.6 years, N= 8,

F, G: >1.6 years of age, N= 6)). Notably, the correlation of SLL and age is significant in each age group whereas there is no correlation

between SLL and EI. The accuracy (Error index) of 12 of the subjects was presented in Asp et al. (2016).
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Results

Sound Localization Latency Decreases as a Function of
age
The overall mean (SD) SLL was 860 (260) ms (n= 21 sub-
jects) with a range of 400–1400 ms. The SLL was found to
vary with age. Inverse regression analysis revealed a distinct
and statistically significant effect of age on SLL
(SLL = 416+ 455 / Age, R2= 0.79, p < 0.001, Figure 1).
The decrease in SLL was most pronounced before ≈ 1.5
years of age, after which the SLL seemed to decrease
slowly towards approximately 500 ms (Figure 1). The distri-
bution of the participants’ ages was normally distributed on
an inverse scale and the inverse regression was confirmed
by a Boot Strapping procedure (95% confidence interval
[320, 530 ms/year−1] with 10000 replicates, Figure S1).

Fitting of Arctangent Function
Figure 2 shows the fitted sigmoid models for included trials
for each subject in ascending age.

The mean proportion of trials that passed the inclusion cri-
teria for calculation of latency increased with age (R2= 0.52,
p < 0.001). Due to the limited number of fitted trials in chil-
dren <1 years of age, a Monte Carlo simulation was per-
formed to study the validity of the age dependency of the
SLL measure. The simulation hypothesized that the latencies
originated from the same distribution. The distribution used
for simulation resembled the distribution of latencies for
adults (Eklöf et al., 2020) which was a normal distribution
but with a skewness towards lower values, ξ= 2. A conserva-
tive standard deviation of 300 ms was chosen after consider-
ing that subjects with 5 fitted trials or more exhibited a mean
standard deviation of 230 ms (Table S1). The Monte Carlo
simulation revealed that a slope parameter of 415 ms/
years−1 or more was very unlikely (p< 0.0001, 105 simula-
tions), see histogram of the simulated slopes in Figure S2.

Figure S3 in the supplements shows all trials for all chil-
dren. Gaze intersected AOI and corresponding arctangent
functions are depicted as well as the trial latency. The youn-
gest subjects showed a gaze behavior that was more often
automatically excluded by the objective criteria, as seen in
Table S1 in the supplements. Visual inspection confirms
the validity of most of these exclusions, however the objec-
tive criteria occasionally included or excluded trials that
may had been evaluated differently by visual inspection.
As an example, one of the excluded trials (trial 6) for
subject 1 had a distinct gaze shift in the sound-only period
but the gaze shift immediately before the start of the
sound-only period resulted in exclusion by the objective cri-
teria. As another example, for subject 7 (age= 0.8 years), the
objective criteria included trial 14 although visual inspection
indicated that gaze patterns before and during the sound-only
period were unstable (Figure S3).

The Effects of Separation Between Loudspeakers,
Azimuth After Shift, Time Elapsed, and sex on Latency
Latencies for all included trials varied from 270–1500 ms (n
= 128 trials in 21 subjects). This variability was studied with
a linear mixed model with the effects of angular separation
between loudspeakers, the azimuth after a shift, and the
time elapsed during a test, on SLL. Backward reduction
with Satterthwaite’s method for calculation of degrees of
freedom resulted in no significant fixed effect (azimuth
after shift, p= 0.8; sex, p= 0.4; separation between loud-
speakers, p= 0.3; time elapsed, p= 0.1).

No Relationship Between Sound Localization Latency
and Accuracy When Controlling for age
In addition to the decrease in SLL there was a decrease in EI
(i.e. an increase in accuracy) as a function of age
(EI = 0.08+ 0.3 / Age, p < 0.0001, R2= 0.79, n= 22)
(Figure 3).

Accordingly, age had a distinct influence on both SLL and
EI. By this relationship, there was also a correlation between
SLL and EI, Figure 4A. To study whether SLL was related to
EI when controlling for the effect of age, we divided the sub-
jects in three age groups and calculated the correlation
between SLL and EI (panels B, D, and F in Figure 4) and
the correlation between SLL and age (panels C, E, and G
in Figure 4). It follows from these analyses that there was
no relationship between SLL and EI whereas the correlation
between SLL and age remained. Additionally, we examined
the relationship between accuracy and latency using partial
correlation while controlling for age. No partial correlation
existed between the SLL and EI (Rpartial= – 0.19, p= 0.51,
N= 21).

In addition, no correlation between the latency and the
corresponding absolute localization error existed in each
trial (i.e. the absolute difference in degrees between the
target azimuth and the perceived azimuth) (R2= 0.007, p=
0.4, repeated measures correlation).

Discussion
The latency of gaze shifts toward auditory targets in the
frontal horizontal plane was measured in infants and young
children between 0.5 and 5.6 years of age. Latencies
showed high variability and a distinct age-dependence,
such that SLL decreases with increasing age. Accuracy of
localization responses were also improved as a function of
age, but not associated with latencies. The demonstrated age-
dependence for latency and accuracy in the studied age range
contrasts with those found for visual stimuli (Alahyane et al.,
2016). While latencies towards visual stimuli for children
aged 5 to 42 months decreased significantly with age, the
magnitude of that decrease was much smaller (latencies
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were 290 ms at 5 months and 200 ms at 42 months) than for
the auditory targets in the current study.

We utilized a corneal-reflection eye tracking technology
that we previously have used to assess localization accuracy
in infants and young children (Asp et al., 2016), in children
with unilateral hearing loss (Johansson et al., 2019), and
cochlear implant recipients (Eklöf & Tideholm, 2018). The
method was then extended and developed to objectively
assess localization latency in adults (Eklöf et al., 2020). In
the present study, we show that the same method was appli-
cable in children. The on-going audiovisual stimulus with
azimuthal shifts, and offline objective modeling of the gaze
responses, provided a measure of latency rapidly, without
the need of manual evaluation of trials that could potentially
introduce subjective bias. Monte Carlo simulation showed
that despite a relatively low number of trials included by
objective criteria below 12 months of age, a robust age
dependency for SLL exists.

Gaze-saccadic behavior is a natural response to external
events and tasks, with a lifetime of “training”. Eye tracking
allows for detailed recording of saccadic behavior. When
used with equipment that provides freedom of head move-
ments, as in the current study, the test situation allows
quite natural behavior despite being in the laboratory.
Oculomotor tasks are known to follow repeatable patterns
of brain activation of large parts of the brain (Carpenter &
Williams, 1995). Hence, the many features of saccadic beha-
vior can provide insight into normal and pathologic develop-
ment of different brain areas and functions, see for example a
review by Hutton (2008). The simple saccadic response task
in the current study included natural and intuitive responses.
This eliminated the need of verbal instructions and made
assessment of sound localization behavior in infants and
young children possible without prior conditioning.

Sound localization accuracy is thoroughly investigated in
children with normal and impaired hearing (Asp et al., 2015,
2016; Ausili et al., 2019; Eklöf & Tideholm, 2018;
Grieco-Calub et al., 2008; Litovsky et al., 2013; Nordlund,
1964). The rapid and objective test described here quantified
accuracy and latency (e.g. WHERE and the WHEN pro-
cesses) of horizontal sound localization in the same task.
Wickelgren (1977) and Fitts (1966) argue that analysis of
behavioral responses should not only consider accuracy but
also take latency into account. Accordingly, the accuracy/
latency trade-off can hide differences in effort between con-
ditions. This trade-off, however, might not hold true for sac-
cadic response latency as found in studies of both visual
targets (Wu et al., 2010) and auditory targets (Eklöf et al.,
2020) since there was no increase in accuracy with increased
latency. Similar to the decrease in SLL across ages, the
accuracy (i.e. EI) was modeled by an inverse fit (R2= 0.74,
p < 0.0001), reflecting increasing accuracy with increasing
age. Including adult data (Asp et al., 2016) in the modeling
of development of accuracy resulted in a lower asymptote
(EI = 0.055+ 0.34 / Age, R2= 0.89, p< 0.0001, n= 26).

Similar results were found for the SLL when we included
adults with normal hearing (age range: 18–40 years, n= 8)
from a previous study (Eklöf et al., 2020). The yielded
model of the latency resulted in the following formula:
SLL = 310+ 540 / Age (R2= 0.88, p< 0.001, n= 29).

We found no partial correlation between EI and SLL when
controlling for age (p= 0.51) which suggests that accuracy
and latency follows different trajectories in different individ-
uals. A positive partial correlation would have indicated that
subjects with high accuracy also would have responses with
short latency. On the other hand, had the partial correlation
been negative, it would have indicated that subjects with
high accuracy would tend to show longer latencies. The
lack of partial correlation indicates that accuracy and
latency may reflect different aspects of development.
Concludingly, either of the measures can be used to deter-
mine typical development in children with normal hearing,
whereas one might speculate that certain pathological condi-
tions might be easier to detect using the latency measure. The
latency and accuracy, and its relationship, remains to be
studied in clinical cohorts.

Conclusions
Auditory elicited saccadic gaze latencies may be objectively
assessed in children between 0.5 and 5 years of age, but laten-
cies are challenging to obtain before 1 years of age. SLL
decreases significantly as a function of age, from about 1 s
at 6 months of age to about 500 ms at 3 years of age. The
decrease is most pronounced before ≈1.5 years of age. The
results suggest that SLL can be used as a behavioral
measure of binaural processing in infants and young children.

Acknowledgments
We wish to thank Åke Olofsson for programing the MatLab inter-
face for localization. We would like to acknowledge the continued
research at the Scientific Center for Advanced Pediatric
Audiology (SCAPA), Karolinska Institutet, Karolinska University
Hospital. The study was presented on ARO 2019, 42nd
Midwinter Research Meeting, Association for Research in
Otolaryngology, Baltimore, MD, 2019.

Declarations of Interests
No conflicts of interest to declare.

ORCID iD
Martin Eklöf https://orcid.org/0000-0002-2196-9780

Supplemental Material
Supplemental material for this article is available online.

References
Alahyane N., Lemoine-Lardennois C., Tailhefer C., Collins T.,

Fagard J., & Doré-Mazars K. (2016). Development and learning

8 Trends in Hearing

https://orcid.org/0000-0002-2196-9780
https://orcid.org/0000-0002-2196-9780


of saccadic eye movements in 7- to 42-month-old children.
Journal of Vision, 16(1), 6. https://doi.org/10.1167/16.1.6

Altmann G. T. M. (2011). Language can mediate eye movement
control within 100 milliseconds, regardless of whether there is
anything to move the eyes to. Acta Psychologica, 137(2), 190–
200. https://doi.org/10.1016/j.actpsy.2010.09.009

Ashmead D. H., Davis D. L., Whalen T., & Odom R. D. (1991).
Sound localization and sensitivity to interaural time differences
in human infants. Child Development, 62(6), 1211. https://doi.
org/10.2307/1130802

Asp F., Mäki-Torkko E., Karltorp E., Harder H., Hergils L.,
Eskilsson G., & Stenfelt S. (2015). A longitudinal study of the
bilateral benefit in children with bilateral cochlear implants.
International Journal of Audiology, 54(2), 77–88. https://doi.
org/10.3109/14992027.2014.973536

Asp F., Olofsson Å., & Berninger E. (2016). Corneal-reflection eye-
tracking technique for the assessment of horizontal sound local-
ization accuracy from 6 months of age. Ear and Hearing, 37(2),
e104–e118. https://doi.org/10.1097/AUD.0000000000000235

Ausili S. A., Backus B., Agterberg M. J. H., John van Opstal A., &
van Wanrooij M. M. (2019). Sound localization in real-time
vocoded cochlear-implant simulations with normal-hearing lis-
teners. Trends in Hearing, 23, 233121651984733. https://doi.
org/10.1177/2331216519847332

Berninger E. (2014). Letter to the editor regarding ‘otoacoustic
emissions in newborn hearing screening: A systematic review
of the effects of different protocols on test outcomes’.
International Journal of Pediatric Otorhinolaryngology,
78(11), 2022. https://doi.org/10.1016/j.ijporl.2014.07.028

Berninger E., & Westling B. (2011). Outcome of a universal
newborn hearing-screening programme based on multiple
transient-evoked otoacoustic emissions and clinical brainstem
response audiometry. Acta Oto-Laryngologica, 131(7), 728–
739. https://doi.org/10.3109/00016489.2011.554440

Blijd-Hoogewys E. M. A., & van Geert P. L. C. (2016).
Non-linearities in theory-of-mind development. Frontiers in
Psychology, 7, 1970. https://doi.org/10.3389/fpsyg.2016.01970

Bucci M. P., & Seassau M. (2012). Saccadic eye movements in chil-
dren: A developmental study. Experimental Brain Research,
222(1–2), 21–30. https://doi.org/10.1007/s00221-012-3192-7

Carpenter R. H. S., &Williams M. L. L. (1995). Neural computation
of log likelihood in control of saccadic eye movements. Nature,
377(6544), 59–62. https://doi.org/10.1038/377059a0

Eklöf M., Asp F., & Berninger E. (2020). Sound localization latency
in normal hearing and simulated unilateral hearing loss. Hearing
Research, 395, (108011). https://doi.org/10.1016/j.heares.2020.
108011

Eklöf M., & Tideholm B. (2018). The choice of stimulation strategy
affects the ability to detect pure tone inter-aural time differences
in children with early bilateral cochlear implantation. Acta
Oto-Laryngologica, 138(6), 554–561. https://doi.org/10.1080/
00016489.2018.1424999

Findlay J. M., & Walker R. (1999). A model of saccade generation
based on parallel processing and competitive inhibition.
Behavioral and Brain Sciences, 22(4), 661–674. https://doi.
org/10.1017/S0140525X99002150

Fischer B., Weber H., Biscaldi M., Aiple F., Otto P., & Stuhr V.
(1993). Separate populations of visually guided saccades in
humans: reaction times and amplitudes. Experimental Brain
Research, 92(3), 528–541. https://doi.org/10.1007/BF00229043

Fitts P. M. (1966). Cognitive aspects of information processing: III.
Set for speed versus accuracy. Journal of Experimental
Psychology, 71(6), 849–857. https://doi.org/10.1037/h0023232

Gershkoff-Stowe L., & Thelen E. (2004). U-Shaped changes in
behavior: A dynamic systems perspective. Journal of
Cognition and Development, 5(1), 11–36. https://doi.org/10.
1207/s15327647jcd0501_2

Grieco-Calub T. M., Litovsky R. Y., & Werner L. A. (2008). Using
the observer-based psychophysical procedure to assess localiza-
tion acuity in toddlers who use bilateral cochlear implants.
Otology & Neurotology: Official Publication of the American
Otological Society, American Neurotology Society [and]
European Academy of Otology and Neurotology, 29(2), 235–
239. https://doi.org/10.1097/mao.0b013e31816250fe

Hagerman B. (1982). Sentences for testing speech intelligibility in
noise. Scandinavian Audiology, 11(2), 79–87. https://doi.org/
10.3109/01050398209076203

Hinde S. J., Smith T. J., & Gilchrist I. D. (2017). In search of ocu-
lomotor capture during film viewing: implications for the
balance of top-down and bottom-up control in the saccadic
system. Vision Research, 134, 7–17. https://doi.org/10.1016/j.
visres.2017.01.007

Hutton S. B. (2008). Cognitive control of saccadic eye movements.
Brain and Cognition, 68(3), 327–340. https://doi.org/10.1016/j.
bandc.2008.08.021

Johansson M., Asp F., & Berninger E. (2019). Children with con-
genital unilateral sensorineural hearing loss: Effects of late
hearing aid amplification—A pilot study. Ear and Hearing,
41(1), 55–66. https://doi.org/10.1097/AUD.0000000000000730

Kowler E., & Blaser E. (1995). The accuracy and precision of sac-
cades to small and large targets. Vision Research, 35(12), 1741–
1754. https://doi.org/10.1016/0042-6989(94)00255-K

Kühnle S., Ludwig A. A., Meuret S., Küttner C., Witte C.,
Scholbach J., Fuchs M., & Rübsamen R. (2013). Development
of auditory localization accuracy and auditory spatial discrimina-
tion in children and adolescents. Audiology and Neurotology,
18(1), 48–62. https://doi.org/10.1159/000342904

Litovsky R. Y., Ehlers E., Hess C., & Harris S. (2013). Reaching for
sound measures: An ecologically valid estimate of spatial
hearing in 2- to 3-year-old children with bilateral cochlear
implants. Otology & Neurotology: Official Publication of the
American Otological Society, American Neurotology Society
[and] European Academy of Otology and Neurotology, 34(3),
429–435. https://doi.org/10.1097/MAO.0b013e31827de2b3

Luna B., Garver K. E., Urban T. A., Lazar N. A., & Sweeney J. A.
(2004). Maturation of cognitive processes from late childhood to
adulthood. Child Development, 75(5), 1357–1372. https://doi.
org/10.1111/j.1467-8624.2004.00745.x

Luna B., Velanova K., & Geier C. F. (2008). Development of eye-
movement control. Brain and Cognition, 68(3), 293–308. https://
doi.org/10.1016/j.bandc.2008.08.019

Mills A. W. (1958). On the minimum audible angle. The Journal of
the Acoustical Society of America, 30(4), 237–246. https://doi.
org/10.1121/1.1909553

Morrongiello B. A. (1988). Infants’ localization of sounds along the
horizontal axis: Estimates of Minimum audible angle.
Developmental Psychology, 24(1), 8–13. https://doi.org/10.
1037/0012-1649.24.1.8

Morrongiello B. A., Fenwick K. D., Hillier L., & Chance G. (1994).
Sound localization in newborn human infants. Developmental

Eklöf et al. 9

https://doi.org/10.1167/16.1.6
https://doi.org/10.1167/16.1.6
https://doi.org/10.1016/j.actpsy.2010.09.009
https://doi.org/10.1016/j.actpsy.2010.09.009
https://doi.org/10.2307/1130802
https://doi.org/10.2307/1130802
https://doi.org/10.2307/1130802
https://doi.org/10.3109/14992027.2014.973536
https://doi.org/10.3109/14992027.2014.973536
https://doi.org/10.3109/14992027.2014.973536
https://doi.org/10.1097/AUD.0000000000000235
https://doi.org/10.1097/AUD.0000000000000235
https://doi.org/10.1177/2331216519847332
https://doi.org/10.1177/2331216519847332
https://doi.org/10.1177/2331216519847332
https://doi.org/10.1016/j.ijporl.2014.07.028
https://doi.org/10.1016/j.ijporl.2014.07.028
https://doi.org/10.3109/00016489.2011.554440
https://doi.org/10.3109/00016489.2011.554440
https://doi.org/10.3389/fpsyg.2016.01970
https://doi.org/10.3389/fpsyg.2016.01970
https://doi.org/10.1007/s00221-012-3192-7
https://doi.org/10.1007/s00221-012-3192-7
https://doi.org/10.1038/377059a0
https://doi.org/10.1038/377059a0
https://doi.org/10.1016/j.heares.2020.108011
https://doi.org/10.1016/j.heares.2020.108011
https://doi.org/10.1016/j.heares.2020.108011
https://doi.org/10.1080/00016489.2018.1424999
https://doi.org/10.1080/00016489.2018.1424999
https://doi.org/10.1080/00016489.2018.1424999
https://doi.org/10.1017/S0140525X99002150
https://doi.org/10.1017/S0140525X99002150
https://doi.org/10.1017/S0140525X99002150
https://doi.org/10.1007/BF00229043
https://doi.org/10.1007/BF00229043
https://doi.org/10.1037/h0023232
https://doi.org/10.1037/h0023232
https://doi.org/10.1207/s15327647jcd0501_2
https://doi.org/10.1207/s15327647jcd0501_2
https://doi.org/10.1207/s15327647jcd0501_2
https://doi.org/10.1097/mao.0b013e31816250fe
https://doi.org/10.1097/mao.0b013e31816250fe
https://doi.org/10.3109/01050398209076203
https://doi.org/10.3109/01050398209076203
https://doi.org/10.3109/01050398209076203
https://doi.org/10.1016/j.visres.2017.01.007
https://doi.org/10.1016/j.visres.2017.01.007
https://doi.org/10.1016/j.visres.2017.01.007
https://doi.org/10.1016/j.bandc.2008.08.021
https://doi.org/10.1016/j.bandc.2008.08.021
https://doi.org/10.1016/j.bandc.2008.08.021
https://doi.org/10.1097/AUD.0000000000000730
https://doi.org/10.1097/AUD.0000000000000730
https://doi.org/10.1016/0042-6989(94)00255-K
https://doi.org/10.1016/0042-6989(94)00255-K
https://doi.org/10.1159/000342904
https://doi.org/10.1159/000342904
https://doi.org/10.1097/MAO.0b013e31827de2b3
https://doi.org/10.1097/MAO.0b013e31827de2b3
https://doi.org/10.1111/j.1467-8624.2004.00745.x
https://doi.org/10.1111/j.1467-8624.2004.00745.x
https://doi.org/10.1111/j.1467-8624.2004.00745.x
https://doi.org/10.1016/j.bandc.2008.08.019
https://doi.org/10.1016/j.bandc.2008.08.019
https://doi.org/10.1016/j.bandc.2008.08.019
https://doi.org/10.1121/1.1909553
https://doi.org/10.1121/1.1909553
https://doi.org/10.1121/1.1909553
https://doi.org/10.1037/0012-1649.24.1.8
https://doi.org/10.1037/0012-1649.24.1.8
https://doi.org/10.1037/0012-1649.24.1.8


Psychobiology, 27(8), 519–538. https://doi.org/10.1002/dev.
420270805

Morrongiello B. A., & Rocca P. T. (1987). Infants’ localization of
sounds in the horizontal plane: Effects of auditory and visual
cues. Child Development, 58(4), 918. https://doi.org/10.2307/
1130532

Mosimann U. P., Felblinger J., Colloby S. J., & Müri R. M. (2004).
Verbal instructions and top-down saccade control. Experimental
Brain Research, 159(2), 263–267. https://doi.org/10.1007/
s00221-004-2086-8

Muir D., & Hains S. (2004). The U-shaped developmental function
for auditory localization. Journal of Cognition and
Development, 5(1), 123–130. https://doi.org/10.1207/
s15327647jcd0501_12

Munoz D. P., & Wurtz R. H. (1995). Saccade-related activity in
monkey superior colliculus. I. Characteristics of burst and
buildup cells. Journal of Neurophysiology, 73(6), 2313–2333.
https://doi.org/10.1152/jn.1995.73.6.2313

Nilsson Benfatto M., Seimyr G. Ö., Ygge J., Pansell T., Rydberg A.,
& Jacobson C. (2016). Screening for dyslexia using eye tracking
during reading. PLOS ONE, 11(12), e0165508. https://doi.org/
10.1371/journal.pone.0165508

Nordlund B. (1964). Directional audiometry. Acta Oto-Laryngologica,
57(1–2), 1–18. https://doi.org/10.3109/00016486409136942

Pauls F., Macha T., & Petermann F. (2013). U-shaped development:
An old but unsolved problem. Frontiers in Psychology, 4, 301.
https://doi.org/10.3389/fpsyg.2013.00301

Regal D. M., Ashmead D. H., & Salapatek P. (1983). The coordina-
tion of eye and head movements during early infancy: A selec-
tive review. Behavioural Brain Research, 10(1), 125–132.
https://doi.org/10.1016/0166-4328(83)90158-4

Slugocki C., & Trainor L. J. (2014). Cortical indices of sound local-
ization mature monotonically in early infancy. European
Journal of Neuroscience, 40(11), 3608–3619. https://doi.org/
10.1111/ejn.12741

Sparks D. L. (2002). The brainstem control of saccadic eye move-
ments. Nature Reviews Neuroscience, 3(12), 952–964. https://
doi.org/10.1038/nrn986

Stecker C., & Gallun F. (2012). Binaural hearing, sound localiza-
tion, and spatial hearing. In Translational perspectives in audi-
tory neuroscience: normal aspects of hearing (pp. 387–438).
Plural Publishing.

Theeuwes J., Kramer A. F., Hahn S., & Irwin D. E. (1998). Our eyes
do not always go where we want them to go: Capture of the eyes
by new objects. Psychological Science, 9(5), 379–385. https://
doi.org/10.1111/1467-9280.00071

van Deun L., van Wieringen A., Van den Bogaert T., Scherf F.,
Erwin Offeciers F., Van de Heyning P. H., Desloovere C.,
Dhooge I. J., Deggouj N., Raeve L. D., & Wouters J. (2009).
Sound localization, sound lateralization, and binaural masking
level differences in young children with normal hearing. Ear
and Hearing, 30(2), 178–190. https://doi.org/10.1097/AUD.
0b013e318194256b

Vogt K., Frenzel H., Ausili S. A., Hollfelder D., Wollenberg B.,
Snik A. F. M., & Agterberg M. J. H. (2018). Improved direc-
tional hearing of children with congenital unilateral conductive
hearing loss implanted with an active bone-conduction implant
or an active middle ear implant. Hearing Research, 370, 238–
247. https://doi.org/10.1016/j.heares.2018.08.006

Wertheimer M. (1961). Psychomotor coordination of auditory and
visual space at birth. Science (New York, N.Y.), 134(3491),
1692. https://doi.org/10.1126/science.134.3491.1692.a

Wickelgren W. A. (1977). Speed-accuracy tradeoff and information
processing dynamics. Acta Psychologica, 41(1), 67–85. https://
doi.org/10.1016/0001-6918(77)90012-9

Wu C.-C., Kwon O.-S., & Kowler E. (2010). Fitts’s law and speed/
accuracy trade-offs during sequences of saccades: Implications
for strategies of saccadic planning. Vision Research, 50(21),
2142–2157. https://doi.org/10.1016/j.visres.2010.08.008

Zahn J. R., Abel L., & Dell’Osso L. F. (1978). Audio-ocular
response characteristics. Sensory Processes, 2(1), 32–37.

Zambarbieri D. (2002). The latency of saccades toward auditory
targets in humans. Progress in Brain Research, 140, 51–59.
https://doi.org/10.1016/S0079-6123(02)40041-6

Abbreviations:

SLL Sound localization latency
AOI Area of interest
EI Error index
LD-pair Loudspeaker/Display-pair

10 Trends in Hearing

https://doi.org/10.1002/dev.420270805
https://doi.org/10.1002/dev.420270805
https://doi.org/10.1002/dev.420270805
https://doi.org/10.2307/1130532
https://doi.org/10.2307/1130532
https://doi.org/10.2307/1130532
https://doi.org/10.1007/s00221-004-2086-8
https://doi.org/10.1007/s00221-004-2086-8
https://doi.org/10.1007/s00221-004-2086-8
https://doi.org/10.1207/s15327647jcd0501_12
https://doi.org/10.1207/s15327647jcd0501_12
https://doi.org/10.1207/s15327647jcd0501_12
https://doi.org/10.1152/jn.1995.73.6.2313
https://doi.org/10.1152/jn.1995.73.6.2313
https://doi.org/10.1371/journal.pone.0165508
https://doi.org/10.1371/journal.pone.0165508
https://doi.org/10.1371/journal.pone.0165508
https://doi.org/10.3109/00016486409136942
https://doi.org/10.3109/00016486409136942
https://doi.org/10.3389/fpsyg.2013.00301
https://doi.org/10.3389/fpsyg.2013.00301
https://doi.org/10.1016/0166-4328(83)90158-4
https://doi.org/10.1016/0166-4328(83)90158-4
https://doi.org/10.1111/ejn.12741
https://doi.org/10.1111/ejn.12741
https://doi.org/10.1111/ejn.12741
https://doi.org/10.1038/nrn986
https://doi.org/10.1038/nrn986
https://doi.org/10.1038/nrn986
https://doi.org/10.1111/1467-9280.00071
https://doi.org/10.1111/1467-9280.00071
https://doi.org/10.1111/1467-9280.00071
https://doi.org/10.1097/AUD.0b013e318194256b
https://doi.org/10.1097/AUD.0b013e318194256b
https://doi.org/10.1097/AUD.0b013e318194256b
https://doi.org/10.1016/j.heares.2018.08.006
https://doi.org/10.1016/j.heares.2018.08.006
https://doi.org/10.1126/science.134.3491.1692.a
https://doi.org/10.1126/science.134.3491.1692.a
https://doi.org/10.1016/0001-6918(77)90012-9
https://doi.org/10.1016/0001-6918(77)90012-9
https://doi.org/10.1016/0001-6918(77)90012-9
https://doi.org/10.1016/j.visres.2010.08.008
https://doi.org/10.1016/j.visres.2010.08.008
https://doi.org/10.1016/S0079-6123(02)40041-6
https://doi.org/10.1016/S0079-6123(02)40041-6

	 Introduction
	 Subjects and Methods
	 Subjects
	 Study Design
	 Sound Localization Test
	 Setup
	 Stimulus and Test Procedure

	 Objective Determination of Sound Localization Latency Using an Arctangent Function
	 Sigmoid Model Parameters
	 Trial Exclusion

	 Statistical Analyses

	 Results
	 Sound Localization Latency Decreases as a Function of age
	 Fitting of Arctangent Function
	 The Effects of Separation Between Loudspeakers, Azimuth After Shift, Time Elapsed, and sex on Latency
	 No Relationship Between Sound Localization Latency and Accuracy When Controlling for age

	 Discussion
	 Conclusions
	 Acknowledgments
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


