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I. Introduction

We are all born with a genetically determined depgiental program, which can be modified
by experience and learning. Both the genetic endemtrfynature”) and environmental factors
(,nurture”) influence the development of an indival. Although there is a great deal of
knowledge regarding the phylo- and ontogenetictioifys of the neocortex, the precise nature
of environmental impact on the newborn human brsistill one of the most controversial
issues of neuroscience. . Here, we introduce alag@vental model that directly compares
preterm and full-term infants with respect to theset of a particular function. Studying
preterm infants helps to clarify the nature of depmental processes that ignite the onset of a
function. Preprogrammed processes are indicateanbgquivalent time of onset in preterm
and in full-term infants, as expressed in adjustge, whereas a delayed onset time is
expected in preterm compared with full-term infamis a postnatal scale. Experience-
dependent processes are indicated by a shorter ttimsein preterm vs. full-term infants, as
expressed in adjusted age, whereas an equivaieatdf onset in preterm and in full-term
infants is expected as expressed in postnatal &gediplomatic balance between
preprogrammed and experience-dependent processdd waturally fall in between these
options.

Plasticity is the functional and structural reorgation ability of the nervous system that is
an important physiological mechanism in normal dgw@ent as well as in recovery after
neural injury. During the ontogenesis there areetimindows, when our brain develops
certain functions and it is extremely susceptilbde environmental stimuli and lack of
appropriate stimulation (i.e. deprivation) at tlaene time. This time window is called critical
period.

The leading model—-system of experience-dependeiin llevelopment is binocular vision,
also called stereopsis. Stereopsis provides aecdsgith perception by aligning the views of
the two eyes in some of the rodents and in mostivaaes, primates, and humans. The
binocular system is unique among other cognitiygacdies because it is alike across a large
number of species; therefore, a remarkable cotlectif molecular, cellular, network, and
functional data is available to advance the undadihg of human development ((Hubel,
Wiesel et al. 1977; Crowley and Katz 2000) Thidexysis also unique in its relatively abrupt
onset during ontogeny. The onset of binocular fienctollows the emergence of eye-specific
organization of the visual cortex into ocular doarine columns, which seem to develop with
the initial guidance of intrinsic molecular and attecal signals (Crowley and Katz 2000;
Huberman 2007). Later on, in a distinct phase otipment called the “critical period”, the
ocular dominance columns become particularly opealteration by extrinsic environmental
signals (Hubel, Wiesel et al. 1977). The well-defintimeline of developmental events is
another valuable characteristic of binocular vis{@engpiel and Kind 2002), persistently
bringing it into the limelight of studies on codimlasticity.

To address the origin of early plasticity of thendmular system in humans, we studied
preterm human neonates compared with full termnistaWe asked whether (1) early
additional postnatal experience, during which pratenfants have an about 2 moths of extra
environmental stimulation and self-generated movemdeads to a change in the
developmental timing of binocular function. (2) adgpendent maturation of DRDC-VEPSs,
which is similar to the maturation of P1 latenay.al longitudinal study, we performed almost
700 examinations with visual electrophysiologicathods in infants and toddlers between
2005 and 2012.



Visual evoked potentials

Visual evoked potentials (VEPS) are brain eleckrregsponses recorded over the occipital
cortex and evoked by using various repeated stiri@dPs are used in both the basic research
and clinical practice. VEPs require relativelyléitor no cooperation from the patient and it is
a noninvasive and painless technique, therefors @ppropriate for the examination of
infants. The VEP protocol is useful to avoid diiities and artifacts arising from behavioral
estimation of onset times in a preverbal populat&uch as infants. VEPs can be used in
various experimental paradigms depending on theoditine study.

Based on the temporal frequency of the stimulatiod characteristics of the response, there
are two major types of VEPs: (1) steady-state &)dréansientSteady-state VEP responses
can be registered to periodic stimuli at relativieigher repetition rate. The response consists
of series of identical sinusoid waveforms; the atage and phase of the harmonic frequency
components are approximately constant over timegydRel977; Regan 1979). transient
VEPsthe stimulus frequency is relatively low (i.e.s¢ethan 4 Hz) and the stimuli evoked
neural response returns to the baseline before nth repetition comes. The wave
morphology is usually complex and cannot be modbled single sine wave or set of a few
sine waves.

During our VEP-study we applied: (1) checkerboadersal and (2) dynamic random dot
correlograms.

. Our examinations

In the following section | describe two studiesnc& the methods in the two studies were
very similar including the subject selection, | céise subjects and methods together and then
| go into details of the study specific issues.

1. Subjects

Infants were recruited by contacting the parengslecal midwiferies or the Department of
Ophthalmology at the University of Pécs. Parenteevielly informed about the nature of the
study. For each subject, one of the parents wasiresjto sign a consent form before the
experiments. To avoid confounding factors fromnatior neurologic injury of the premature
visual system, we only included “low-risk” premagunfants, who were not affected by the
consequences of long-term respiratory treatmenteanimation and did not have major
disabilities resulting from, e.g., cerebral lesions

Beyond the VEP-examination we also performed soimgle orthoptic tests at the time of
each experimental sessidctcording to our protocol, children were examinedularly on a
monthly basis from the age of 2 to 3 months umhid onset of DRDC-VEP-s or beyond. In
total, 656 examinations were performed on 341 obild40% on preterm and 60% on term
infants. 8.5% of the sessions (56 sessions) werkeided due to the lack of cooperation from
the infants (due to sleep or refusal of wearingghes). In those cases testing was repeated a
few days later. In 6% of experimental sessions ()=sbme sort of pathology was noted in
the history or was found during examination, therefthese data were excluded from the
final analysis. The detailed inclusion criteria @hd accurate number of included subjects are
described later at the two studies.



1.a Age Terminology

Age terminology was used according to the recomrmateonl of the American Academy of

Pediatrics. (Engle 2004)

Gestational ages the time intervening between the first dayhsf tast menstrual period and

the day of birth, conventionally expressed as cetepl weeks.

Postnatal agdalso called chronological age) is the time eldpsiter birth, described in days,

weeks, or months.

Adjusted ages used to describe preterm children up to theddgeyears, and expresses the
age of the infant from the expected date of bimtbays.

2. Methods
2.a Visual stimuli

Stimuli were generated on standard personal compand presented on three 19-inch
(30x40°) cathode ray tube (CRT) computer monitcanfSung Model 957 MB; Samsung
Electronics Slovakia Ltd., Galanta, Slovakia). $gatsolution of the monitor was 320 x 240
dots and the temporal resolution was 60 Hz.

2.a.a Dynamic random dot correlogram (DRDC)

To determine the onset age of binocular functioa,used a visual evoked potential (VEP)
protocol with dynamic random dot correlograms (DRS stimuli. For dichoptic viewing,
R26 low-pass (red) and YG09 band-pass (green)igdikers (Tobias Optic) were used. The
schematic representation of the DRDC stimulus aptesentative averaged DRDC-VEP
responses are shown on Figure 1. DRDCs alternatetl8@5 Hz between binocularly
correlated and anticorrelated phases, resulting pulsating perceptn the anti-correlated
phase, images are composed of 50% red and 50% do¢zrtherefore, dark dots in the green
channel correspond to every bright dot in the rad gice versa. One dot in the image
subtended 15 min of arc, the luminance of the Ibrifghs through the filters was 5.85 + 0.33
cd/m2, and the contrast was about 80%. (Marko, kisal. 2009) DRDC stimulus, as
opposed to stereograms contains no hidden cyclopeage. The percept of a correlated
phase is a noisy surface in the plane of the mgratgort of “snowstorm” while during anti-
correlated frames “woolly” depth can be perceivéadsz, Kropfl et al. 1980). Subjects with
functional binocularity perceived a 1.875 Hz pulsat in case of monocular viewing or
without binocularity, only a 30 Hz noise was visilllternation between the two phases can
only be detected by a person who has functionabduitarity. Random dot images were
updated 60 times per second. The image change ymafirenized to the monitor refresh
cycle. Subjects with functional binocularity pene a 1.875 Hz pulsation; in case of
monocular viewing or without binocularity, only & 3z noise was visible. (Jando, Miko-
Barath et al. 2012)

2.a.b Pattern reversal (PR)

To assess the integrity of the visual pathway m studied infants, we also measured the
latency of the visual evoked response to patteversal stimuli (PR-VEP). Check size was
120 min of arc, and stimulation frequency was 1.Bz5(3.75 rev/sec). This frequency was



identical to the one used during DRDC stimulatidhe contrast was 95%, and the luminance
of the white checks was 106 + 5.04 c@/uring data analysis the P1 latency was estimated

2.b Experimental procedure

The recruitment and experimental protocols weradoord with local legislations and the

Declaration of Helsinki, and approved by the Regland Local Research Ethics Committee
at the University of Pécs. Gold-plated electrodesewplaced over the Oz (active electrode)
and Fz (reference electrode), according to therdat®nal 10-20 System for electrode

placement (Odom, Bach et al. 2009), with Ten20 ootide paste. An electrode at Cz served
as ground. Following electrode attachments, infareie placed in a comfortable child seat or
in their parent’s lap at a 0.5-m viewing distantanf the monitor. In the darkened room the
screens were the only light sources. To attract rathtain attention, a steady transparent
monocularly visible image served as a fixation objat the center of the screen. Data
acquisition was suspended during agitated or intte behavioral phases. Each DRDC-VEP
recording block lasted at least for 70 to 100 sdspor up to the limit of cooperation. Each

combined PR- and DRDC-VEP session was usually shtran 10 to 15 minutes. To notice

recording false DRDC-VEPs, monocular control triagdsre also included in the protocol if

the subject tolerated monocular covering.
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Figure 1. The generation of DRDC stimulus and repméative averaged DRDCEFP
responses obtained from an adult (A) and an infldnising the same stimulus parame
Steady state responses can be registered in bogct) the frequency of the sim&ve like
response shows an obvious doubling in infant, coetpto that of adult.

2.c Data analysis
2.c.a DRDC-VEP

Brain electrical signals were amplified, band-pé&itsred between 0.5 and 250 Hz, and
sampled at 960 Hz. Signals were collected and peatewith CED 1401 Power (Cambridge
Electronic Design Limited, Cambridge, England) datauisition equipment. For DRDC-
VEPs, records were divided into 2.133-second namrapping epochs. After fast Fourier



transformation, the Fourier components of the fisgtcond, and fourth harmonics of the
stimulus fundamental frequency were used for attifejection. Fourier vectors greater than
30 pV were regarded as artifacts. This algorithfitiehtly rejected the eye blink and other
movement artifacts. If less than 10 epochs remaiméde row data ranging between 70-200
ms after artifact rejection, data were categoragdot available.
Reliability of the records and detection of cortitanocularity was assessed bycifc
statistics Tcirc is a statistical method designed to analyzeeaéing signals in the VEP
records. The Tirc statistic essentially measures response iktjathigher values point out a
clearer correlation between the stimulus and tlenbresponse. The first (i.e., 1.875 Hz),
second (i.e., 3.75 Hz), and fourth (i.e., 7.5 Hajnhonics of DRDC frequency were analyzed.
Although DRDC-VEP responses in adults at 1.875-titmadus frequency are dominated by
the first harmonic component, in infants the sigaiit component is typically found at the
second harmonic frequency. (Birch and Petrig 1996)
The level of significance for the’Eirc statistic was established at P < 0,01 (Vietod Mast
1991). T values are useful measure of response reliabhiher values represent more
reliability (i.e., clearer correlation between sfjrand response). Failure ofcitc to find
statistical significance indicates that binoculasual stimulation is independent of brain
activity.
The DRDC-VEP amplitude was defined as the doublthefsize of the Fourier vector at the
fundamental frequency. This amplitude value comwess to the peak to peak amplitude of
the DRDC-VEP in the time domain. Phases of DRDC-¥Efre calculated from the real
and imaginary part of the corresponding Fourier ponent of the DRDC-frequency as
follows:

PHASE®(rad)=arctan(xy);

where x is the real (i.e., cosine) and iy is theagmary (i.e., sine) part of the Fourier
component, whereas arctan refers to 'arcus tang@diko-Barath, Marko et al. 2014)

2.c.b PR-VEP

We carried out a similar analysis for PR-VEPs; heeve1.066 s epochs were used and the
reversal rate (i.e., 3.75 Hz) was considered tineldmental frequency. Signal reliability test

provided by T2circ was followed by a manual deteamion of the P1 peak latency. Records
not passing the T2circ test were excluded fromhiranalysis.

2.d Modelling the data

We used a least square algorithm to fit logistiections to PR-VEPP1 latencies as a function
of age, described by McCulloch at al. (McCullochib&rh et al. 1999). The logistic function
was also used to fit the cumulative distributionDRDC-VEP onset ages. For testing the
existence of a common model for preterm and fultenfants, the logistic function was fit to
the merged preterm and full-term data set. Themymresiduals were compared by one-way
ANOVA.



[I/A. The comparison of onset ages of cortical bincularity in preterm and full term
infants

1. The objective of the study

The idea of testing preterm human infants in theDBRVEP protocol came from the late
Bela Julesz, the inventor of random dot stereograiukesz and colleagues initiated the
DRDC-VEP protocol in adults and infants in the 19§Braddick, Atkinson et al. 1980);
however, the preterm study remained a plan untl.r&s stereopsis has an abrupt onset, this
function is optimal for the examination of natunerinire debate.

We asked whether early additional postnatal expeegduring which preterm infants have an
about 2 months of extra environmental stimulatiod gelf-generated movement, leads to a
change in the developmental timing of binocularction.

2. Calculation of the onset age

Infants were tested repeatedly, normally once iergvmonth, Onset age of cortical
binocularity was defined as the mean age betweenast testing day without and the first
testing day with the DRDC-VEP response. Onset agge calculated both in postnatal and
adjusted age. Using this approach the onset agdd be determined with about 1 month
accuracy.

3. Definition of the preterm and full term groups

Fifteen healthy full-term (mean birth age, 39.07.38Lwk; range, 37—-40 wk; mean birth

weight, 3,435 + 494 g) and 15 healthy preterm (mmeh age, 31.27 +3.03 week; range, 27—
34 week; mean birth weight, 1,752 + 683 g) infamége involved in our study. The postnatal
age of infants at the first session was 10.73+h4dd 11.66+ 1.09 wk for the full term and

preterm infants, respectively. Infants were tesegaeatedly, normally once in every month
(average repetition rate was: 4.92 = 0.52 wk).

4. Results

4.a DRDC-VEP

Onset ages of binocular function based on DRDC-Y#dponses are shown in Fig. 3. On the
adjusted age scale, the two developmental cuneesar-overlapping. Onset time is 1.99 mo
for preterm and 3.50 for full-term infants [Stude(®8) = 4.46, P < 0.001; Kolmogorov—
Smirnov (KS) test: P=0.0011]. As expressed in PlgAeterm and full-term groups have
overlapping developmental functions, and onset giare 4.07 mo for preterm and 3.78 mo
for full-term infants [Student t(28) = 0.578, P 50; KS test: P = 0.5886, not significant].
This pattern of results clearly indicates that tevelopmental timing of the onset of the
DRDC-VEP response is experience-dependent and mgirqgrammed in the tested age
ranges. Preterm infants make almost full use ofetktea stimulation time, and the evoked
response to binocular correlation appears at ardiecdame time after birth as in full-term
infants. Since the first, or higher than secondmumaic components rarely showed
significance, we considered and accepted the existef the second harmonic component as
an ultimate marker of DRDC positive response (e&istence of cortical binocularity). The
phases for full terms and preterms were signifigadifferent from each other [F(2,3098) =
34.36; P < 0.001] at the onset of DRDC responsegjesting an age-dependent processing



time of DRDC-VEPs. This suggests an age dependaniration of DRDC responses similar
to that of PR-VEPs.
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Figure 2. Results of the DRDC-VEP experiment. (A)n@lative distribution of the onset
times of DRDC evoked VEP responses in preterm (daely coloring) and full-term (light
grey coloring) infants on an adjusted age scalets Depresent the percentage of the
population presenting DRDC response at a parti@gar, with a logistic curve fitting. Onset
age of each population is estimated by the agehathwb0%of the infants are responding to
DRDCs. The preterm population has an earlier ooséhis scale. (B) Data represented on a
PNA scale. Estimated onset age is alike for pretana full-term infants. This pattern of
results clearly indicates experience-dependentldpreent of cortical binocularity. (Jando,
Miko-Barath et al. 2012)

4.b PR-VEP

Maturational curves for P1 latency in the PR-VE§pmnse are shown in Fig. 4.
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Figure 3.Results of the PR-VEP experiment. (A) Distributioh P1 wave latencies as a
function of adjusted age. Dots represent individuaéasured at different ages, with a logistic
curve fitting. The greatest change in developmetdepest part of the curve) occurs at the
same age in preterm (dark grey) and full-term {ligley) infants. B. Data represented on a
postnatal age scale: the maturation of preterrntafis delayed. This pattern of results clearly
indicates preprogrammed development of the PR-\d@spanse.



On the adjusted age scale, the two curves fullylapeand the most rapid change occurs at
1.52 months for preterm and at 1.50 mo for fulttteinfants [F(80)=0.0159; P=0.9, not
significant]. On the postnatal age scale, pretench fall-term groups have non overlapping
curves, with the most rapid change at 3.40 mo ffetgpm and at 1.62 mo for full term infants
[F(80)=56.1; P < 0.0001], with a 1.78 mo differermmween groups, which corresponds to
the mean gestational age difference (1.79 mo) dmtwour preterm and full-term groups.
This pattern of results is exactly the opposit¢hefone for DRDC-VEP and indicates that P1
latency in the PR-VEP response is not determinedxperience; it is fully preprogrammed.
The timing of cell maturation and myelination ottkisual pathways, as indicated by this
response latency, is not advanced by the extraikttian time in preterm infants. The results
are in agreement with the literature, and cleargmdnstrate that VEP latencies are
independent of visual experience. (Roy, Barsoum-sipet al. 1995)

[I/B. The post-onset maturation of DRDC-VEP in preerm and full term infants

1. The objective of the study

In our previous study we noted that the DRDC-VERgghat the onset ages of binocularity
are not the same for preterm and full-term infastigjgesting age dependent maturation of the
DRDC-VEP phase. To study the nature of this matumatve examined the phase of DRDC-
VEP in a retrograde manner on our data recordegidast 2007 and 2012.

The objectives of the present study were:

(1) to examine DRDC-VEP phases in preterm andtéuth infants as a function of age after
the onset age of binocularity;

(2) to determine whether DRDC-VEP phases dependvisnal experience or are an
experience-independent developmental process; and

(3) to study the relationship between DRDC-VEP phad PR-VEP P1 peak latencies.

2. Definition of the preterm and full term groups

From the data of approximately 650 sessions, dai@ whosen according to the following
inclusion criteria:

(1) Presence of statistically significant DRDC-VE&RJ PR-VEP responses.

(2) Lack of major internal, neurological, or orgarmphthalmologic symptoms. For the
preterm group, no or at most stage |l retinopathgrematurity. No history of intraventricular
hemorrhage or periventricular leukomalacia.

Most of the first visits were scheduled betweendbeond and sixth postnatal months. After
the first year, some of these infants were examymseally and followed up to 5 years of age.
A total of 128 healthy full-term (mean birth age.3% 1.21 weeks; range, 37-41 weeks;
mean birth weight: 3419.2 + 532 g), and 47 heajihgterm (mean birth age 32.2 + 3.33
weeks; range, 25-36 weeks; mean birth weight: B7/#3638.1 g) infants and toddlers
participated in the present study, which can banegd as an independent source of samples

3. Results

Eighty-nine percent of infants successfully comgdeboth DRDC- and PR-VEP recordings
for the first time of each visit. Sessions wereatoded as unsuccessful if no or poor-quality
data could be recorded due to poor attention ayidg(rather in infants older than 7 months)
or sleepiness (infants younger than 2 months afstelyl age). Because the first, or higher than
second, harmonic Fourier components became signifionly in infants older than 6 to 7



months, we considered and accepted the existenceneofsignificant second harmonic
component as an ultimate marker of significant DRZEP response (i.e., existence of
cortical binocularity). For this reason, only thexend harmonic was included in further data
analysis, except in adults and children older thayear. In total, 86 and 156 measurement
sessions were included in the final analysis ingone and full term infants, respectively.
Figure 4 shows representative averaged DRDC-VERno&dult and a preterm infant. The
first nine traces on the left panel show a preterfant who was examined approximately
once every 4 weeks for a year and then followegagly until the age of 5. According to the
T circ statistic, the DRDC stimulus had no effecttba EEG in the top two VEPs and in
cases of monocular controls (dotted curves). Thentnwas presumably lacking binocularity
at the youngest two ages. The statistically sigaift DRDC-VEP traces recorded in different
ages are consistently reproducible (3.3-16 montbs), show a gradually changing
characteristic: there is an obvious counterclockwihase shift, and the responses in the
younger ages show an obvious frequency doubling. fiégquency doubling of the response
disappears at age 5, when the fundamental frequaitye stimulus dominates the electrical
response of the brain, as in adulthood. All infdBP responses were found significant for the
second harmonic component except the 5-year traweh showed significance for the first
harmonic component, similar to adults. The boldreuepresents a typical DRDC-VEP of an
adult control subject with intact stereovision; tiesponse was found significant for the first
harmonic component (fundamental frequency) only.

Figure 5. top two panels summarize all DRDC-VEPsgisaas a function of age plotted with
two complementary age scales. DRDC-VEP phase gleddnges with age from the onset
ages of binocularity, until it asymptotes at aro@td30 adjusted weeks. When preterm and
full-term DRDC-VEP phases are plotted as a functibadjusted age there is a better overlap
between preterm and full-term data points (Figo, right) in comparison with the plot as a
function of postnatal age (Fig. 3, top left). Irder to explore age related changes in detalil,
linear and non-linear models were applied. The geniear correlation and regression
model showed statistically significant but pooreln correlation for each group (preterm and
full-term infants) for both age calculation metho¢mdjusted and postnatal ages). The
regression coefficients @Rwere slightly higher for preterm infants but diot exceed 0.24 in
any group vs. age combinations indicating thatlilear model insufficiently describes the
relationship between ages and phases. Conversehlinear models performed much
better.The best logistic fits were achieved fottgma infants when adjusted ageS<R68) or
postnatal ages (R0.52) were used as independent variables, whicta isignificant
improvement compared to the linear model. For tieiin infants the nonlinear approximation
did not show significant improvement#0.12 for adjusted and’R0.11 for postnatal ages).
When preterm and full-term infant data was modébggther, a common logistic fit could be
established as a function of adjusted<(®5). The overall maturation process of P1 peak
latency can be seen in Figure 5 bottom two paméig;h show the very same data set in the
two complementary, postnatal and adjusted agessqade like in the top panels. The longest
P1 peak latencies (260-318 ms) could be recordedeterm or very young full-term infants
between 1.8 and 3.0 adjusted weeks (i.e., immata). The P1 peak latency decreased
gradually until 15 to 16 adjusted weeks, when titericy reached the adult-like values at
approximately 95 ms (i.e., mature state). Nonlidegistic curve fitting and residual analysis
confirmed that the maturation of this particulavelepmental index could be modeled by a
single logistic function when the adjusted scals wsed (R 35~.08, P=0.2996, R=0.9195)
and a common model could not be established if wata plotted on the postnatal age scale
(F135~148.84, P < 10_25,%R 0.5542). The inflection point of the logistic ftion, which
corresponds to the developmental window center, gixsn at 7.22 adjusted weeks. These
results are compatible with the literature.
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Figure 4.Representative averaged DRDC-VEP respobDs¢a were obtained at different ages
from preterm infant and an adulteft: Averaged DRDC-VEP traces. Letters “A” and “C”
mark the anticorrelated and correlated phases @fDRDC stimulus, respectively. The
alternation rate of the two phases (i.e., stimfitagquency) was 1.875 Hz. Postnatal ages are
marked on the left side for the traces. Dottedesad circ statistic showed no significance
(i.e., no binocularity) or the response was recdrdering monocular viewing as a control.
Solid traces: T circ statistic shows significant phase-lock to gtienulus (i.e., binocularity
exists). In all solid traces, the second harmooimmponent of the stimulus (i.e., 3.75 Hz) was
significant, except at the age of 5 and in the ads&n adult, where the first harmonic (i.e.,
1.875 Hz) was significant. Bold trace: Normal adedintrol DRDC-VEP response. Traces
marked as 2, 2.3, 4.3, 4.8, 5.3, 8.3, and 17 mowtre recorded from preterrithe right
panelshows the vectographic representation of the DRIEE-records seen on the left. The
vectors are averaged Fourier vectors of the firsthe second harmonic of the stimulus
frequency derived from at least 30 epochs. The @dihe circles at the tip of the vectors
represent the confidence intervals of the averagovs at P=0.99, derived from thé dirc
statistic. First panel: Vectographic plot of the@ed harmonic component of the first two
dotted VEP traces. The average vectors are NULtovgcshowing that the stimulus has no
significant effect on the response. Second parted: SEcond harmonic components of preterm
infant's VEPs (4.3-17). Circles do not contain tn@in, therefore the DRDC-VEP is phase
locked to the stimulus, and the second harmonggsificantly present in the response. We
can observe a counterclockwise phase shift of vieeage vectors from the youngest age (4.3
months) to the oldest age (17 months). Third pdriest harmonic Fourier component in the
5-year-old preterm child’s and adult’s control DRIMEPs.

11
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Figure 5.Top panels:The relationship between age and DRDC-VEP phasBO@VEP
phases of the"® harmonic Fourier components (i.e., 3.75 Hz) of BRDC fundament
frequency (i.e., 1.875 Hz) are plotted in rads dsnation of adjusted and postnatal sge
weeks.Bottom panelsThe relationship between age and PR-VEP P1 peakdas.Square
represent preterm, while circles indicate teitm infants. The solid curves represent
common logistic fit to the merged preterm and falim data set. For both DRDZEP
phases and P1 peak latencies common logistic dilddoe established when the adjusted age
scale was used. Dashed line arrows project to th& mtense point of the development

so calleddevelopmental windows centert® the @e scale. The framed values above
arrows show the exact values for the developmevitedlows centers in weeks.

According to Figure 6, a linear correlation existstween P1 latencies and DRDC-VEP
phases (R=0.45; F(1,240)=172.1; p<0.0001). The regressiam#gn can be seen in Figure
6.

12
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Figure 6. The correlation between P1-peak latemtly RRDC-VEP phases. The scatter plot
includes all preterm and full-term subjects wherdRDC-VEP response and PR-VEP
response were recorded simultaneously in the sassos. DRDC-VEP phase is plotted as a
function of P1 latencies. The squares represeréenone whereas the circles represent full-
term infants. The line indicates a common linegression line fit to the data set.’&®.45;
F(1,240)=172.1; p<0.0001).

I, Discussion
A. Effect of precocious visual experience in preten infants

We demonstrated that two indicators of normal Jislewvelopment present widely different
patterns in response to extra stimulation timeuman infants born approximately 2 months
before term. The onset age of binocular functienm&asured by the visual evoked response
to dynamic random dot correlograms (DRDC-VEP), appdo be at around the same time
after birth in preterm (4.07 months) and full-te(@78 months) infants. PR-VEP latency is
not affected by premature birth, demonstrating tha&t maturation of the visual pathway
follows a preprogrammed developmental course. Desfhie immaturity of the visual
pathway, binocular function, involving cortical pessing, seems to be open for experience-
dependent changes right after birth even in prereatdants.

Past work on the visual development of pretermnisgWeinacht, Kind et al. 1999) has not
demonstrated experience-dependent cortical devaopnso clearly. The lack of

conclusiveness in earlier studies is mainly attable to the less abrupt onset of the
previously studied mechanisms, which makes cormhssimore difficult to be drawn,

although indications that development is affectgdvhriations in visual experience exist.
With respect to the development of binocular fumttin other vertebrates, experience
dependency is rarely tested under normal stimulatiocumstances, such as in our study.
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Preterm studies are not reasonable to considéosetspecies that are born with closed eyes
and have a relatively short gestational period.(degrets, cats). The most commonly used
experimental manipulations, mimicking naturally watng human clinical conditions, are
dark rearing, monocular form deprivation (by limgi the view of one eye), or induced
misalignment of the two eyes. These usually leadeteersible reorganization of cortical
ocular dominance columns in the critical period ey Wiesel et al. 1977; Crowley and Katz
2000; Sengpiel and Kind 2002; Huberman 2007)

It is assumed that the numerous molecular mechanisimcovered with the above
manipulations reveal processes that normally astabimodify and stabilize) synaptic
connections in the visual cortex. Although oculamihance columns may not directly be
linked to binocular function (Cumming and Parker9Zp column formation generally
precedes the onset of the critical period and gpsis in those species where the columns
exist (Hubel, Wiesel et al. 1977; LeVay, Wiesel at 1980; Crowley and Katz 2000;
Huberman 2007). Both classic and modern studiegastithe view that neural activity driven
by visual experience is essential for transforntimg early rudimentary cortical connectivity
patterns into a mature network in all of the stddwertebrate species (Sengpiel and Kind
2002). The development of human ocular dominandenoo formation is not known;
however, our results indicate that the mechanismmsrtg on the critical period and stereopsis
are flexibly timed by external stimulation.

It is remarkable that the available 2 months ofagtimulation in preterm human infants lead
to a clear advantage in cortical detection of bimaccorrelation. Despite the immaturity of
the visual pathways, which is demonstrated by timeutation independent P1 latency in our
study, the visual cortex is ready to accept envirental stimulation right after birth. The
results suggest that the developmental processesging the onset of binocular function are
not preprogrammed and that the mechanisms turmngtereopsis are experience-dependent
in humans.

The onset age of binocular function, as measurethéyisual evoked response to dynamic
random dot correlograms (DRDC-VEP), appears totlmaund the same time after birth in
preterm (4.07 months) and full-term (3.78 month&mts. PR-VEP latency is not affected by
premature birth, demonstrating that the maturatainthe visual pathway follows a
preprogrammed developmental course. Despite theatomity of the visual pathway, clearly
demonstrated by the PR-VEP latencies, our DRDC-W&R show that the visual cortex is
remarkably ready to accept environmental stimutatight after birth. This early plasticity
makes full use of the available extra stimulatiometin preterm human infants and results in
an early onset of cortical binocularity. Accorditg our data, the developmental processes
preceding the onset of binocular function are nmppgrammed, and the mechanisms
turning on stereopsis are extremely experiencetpd in humans.
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B. The post-onset maturation of DRDC-VEP in pretermand full term infants

This is the first study describing age-dependeangies in the DRDC-VEP phases in infants
after the onset ages of binocularity, implying decion in response timing.

The most important new findings are as follows:

(1) Although DRDC-VEP responses in adults at 1.Bz5stimulus frequency are dominated
by the first harmonic component, in infants thengigant component is typically found at the
second harmonic frequency; first and fourth harmm@omponents are never present before 6
months of adjusted age. The first harmonic compbbeocomes significant at older ages only.
(2) The second harmonic component of the DRDC-VE® d counterclockwise phase shift
with age. The age effect is mild in full-term baobust in preterm infants.

(3) Despite the weak correlation between age an® YEases in full-term infants, curve
fitting and analysis of residuals reveals that anemn logistic function can model the
adjusted age-related VEP phases in the mergedrpreted full-term infant groups, but the
common model failed for postnatal age scale. Tleietbpmental pattern suggests that the
marked counterclockwise phase shift in preterm nitsfais rather a preprogrammed
developmental process, not influenced by extraalisyperience.

(4) The nearly identical DW centers on the adjusigd (i.e., 6.98 and 7.22 weeks for the
DRDC-VEP phase and P1 peak latencies, respectisatyyest that these two developmental
indicators mature in the same developmental window.

(5) Finally, the correlation between the P1 pedknay and DRCD-VEP phase suggests a
common underlying developmental mechanism.

1. Development in preterm versus full-term infants

Comparison of the development in preterm and it infants is a basic experimental
model which allows for the effect of experience-elggeence of a visual function to be studied.
Preterm birth may affect the structural and fun@iomaturation of vision in many different
ways; shorter intrauterine residence might delagvan deprive the development of the visual
system, whereas earlier onset of visual experieneg accelerate maturation of certain
functions. When the development of a function itedained purely byntogenetidactors,
which are timed to the date of conception (i.eg #uditional visual input has no impact),
preterm infants are expected to show the same a@wental pattern as full-term infants
when data is plotted as a function of adjusted @gewversely, development of an extremely
experience dependefunction shows overlap when its parameter is ptbis a function of
postnatal age, and shows diversity when adjustedsagsed. (Jando, Miko et al. 2012, Roy et
al. 1994, Bosworth, Dobkins 2008, Bosworth, DobKiG§9)

2. Experience dependent and independent visual ddgpment

In the present study we report a counter clockwisiét of DRDC-VEP phase in preterm
infants after the onset ages of cortical binoctyfaf?hase data show a better overlap between
preterm and full-term infants when adjusted age wssd. When comparing the P1 peak
latency between preterm and full-term groups, aiaant overlap is found when data were
plotted as a function of adjusted age, very siyilty the phase data. The results regarding
the P1 maturation are in accord with previous figdi (Roy, Barsoum-Homsy et al. 1995;
Jando, Miko-Barath et al. 2012), indicating thatyedecrease of P1 peak latency and DRDC-
VEP phases are mainly determined by preprogrammedhamisms and extra visual
experience has no accelerating effect. The iddntieselopmental pattern of DRDC-VEP
phase and P1 peak latency maturation suggesteatoyn between the two parameters.
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Indeed we found close correlation between DRDC-\EBses and P1 peak latency, which
suggest that the changes of these developmentahtots may share common underlying
neural mechanisms.

3. DRDC-VEP phase, P1 peak latency and response #m

There is a general agreement that a decreasensidrd P1 peak latency or an analogous shift
in steady state VEP phase can be explained byesh@$ponse time and/or faster retino-
cortical processing of the visual information. (BedL988) In the present study, we found an
opposite (i.e., counter clockwise) phase shift RIEC-VEP phase and a decrease in P1 peak
latency as a function of age, which suggests gibdsiaorter response time and faster retino-
cortical and may be intracortical visual informatigprocessing in the brain during
development.

It is known that the thickness of the myelin shdaithhly affects the conduction velocity of
the neuronal signals in nerves (Huxley and StampéW9); thus myelination during
development presumably accelerates signal tranemiagsd reduces response time (Atkinson
1984). A number of anatomical and physiologicadstes demonstrated that myelination is
not completed in the infant’s brain at the timebath and intense myelination takes place
during early postnatal life (Magoon and Robb 198kgecelj 2003). The process of
myelination begins at around the 28"agestational week and is terminated between 1 and 2
years of age ((Tsuneishi and Casaer 1997; Bre@8éB;2Vladan, Jan et al. 2005).

Myelination is less intense at the beginning, betdmes rapid at around the™@gestational
week (Huppi, Warfield et al. 1998); resulting inanlg adult-like P1 latencies at around the
15" adjusted age week, followed by a long-drawn-ot¢rley decrease (Roy, Barsoum-
Homsy et al. 1995). Besides myelination, severhkofactors add to the maturation of P1
including retinal development, synaptogenesis agdeldpment of synapses (Magoon and
Robb 1981; Roy, Barsoum-Homsy et al. 1995).

The marked acceleration of DRDC-VEP phases obséarnvétke preterm infants in this study
could be explained by the same factors that re@icpeak latency. The mild effect seen in
full-term infants could be due to the later onsgg¢saof binocularity. By the time the cortex
becomes mature and susceptible for binocular séiioul (i.e., able to generate DRDC-VEP
responses) the intense myelination period is ajreadhpleted in full-term infants; therefore
the acceleration of the DRDC-VEP phases cannotbv@osly detected. In preterm infants
the cortex becomes mature for binocular stimulaéibearlier adjusted ages, when the intense
myelination period is not yet complete. In this lgastage, the binocular information
processing system works with slower response timng as the myelination progresses,
DRDC-VEP phases show marked acceleration that earabily observed, as it was followed
up in this study.

IV. Conclusions

The onset age of binocular function, as measurethéyisual evoked response to dynamic
random dot correlograms (DRDC-VEP), appears totlmaind the same time after birth in
preterm (4.07 months) and full-term (3.78 montih&mts. PR-VEP latency is not affected by
premature birth, demonstrating that the maturatainthe visual pathway follows a
preprogrammed developmental course. Despite theatomity of the visual pathway, clearly
demonstrated by the PR-VEP latencies, our DRCD-4&R show that the visual cortex is
remarkably ready to accept environmental stimutatight after birth. This early plasticity
makes full use of the available extra stimulatiometin preterm human infants and results in
an early onset of cortical binocularity. Accorditg our data, the developmental processes
preceding the onset of binocular function are nmppgrammed, and the mechanisms
turning on stereopsis are extremely experiencesuipd in humans.
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According to the literature, the onset ages of biharity coincides with the beginning of the

critical period, therefore premature birth presuipahifts the critical period to younger ages.
(Birch 2012) The stimulating effect of extra visuaput underlines the necessity of early
visual intervention in cases of amblyopia and othsual impairments to reduce the duration
of abnormal visual experience. Our findings alspgast that the intervention should be timed
to adjusted, rather than post natal age in pretefants.

The counter clockwise phase shift of DRDC-VEPs thedrapid decrease of PR-VEP P1 peak
latencies observed in this study occur at neaiytidal postconceptual (i.e., adjusted) ages.
This phase change is most probably due to the slwelopmental factors that result in the
decrease of P1 peak latency. Both the phase stifPa peak latency are likely footprints of
myelination and gradually faster retino-corticalafbe intracortical) processing of binocular
information in the visual system. Both developmémdicators PR-VEP P1 peak latency and
DRDC-VEP phase show a developmental pattern thggesis an intrinsic, experience-
independent developmental process in the backgrolihé most important underlying
mechanism is presumably the intense myelinatidh@bptic nerves and tracts in the first 16-
18 postnatal weeks. The phase change is robustmature infants because of the earlier
onset of binocularity. In most full-term infantsetiphase shift cannot be detected because the
binocularity appears when the early phase of th& nayelination period is over.
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