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Background: Typically developing infants track moving 
objects with eye and head movements in a smooth and pre-
dictive way at 4 mo of age, but this ability is delayed in very 
preterm infants. We hypothesized that visual tracking ability in 
very preterm infants predicts later neurodevelopment.
Method: In 67 very preterm infants (gestational age<32 wk), 
eye and head movements were assessed at 4 mo corrected 
age while the infant tracked a moving object. Gaze gain, 
smooth pursuit, head movements, and timing of gaze relative 
the object were analyzed off line. Results of the five subscales 
included in the Bayley Scales of Infant Development (BSID-III) 
at 3 y of age were evaluated in relation to the visual tracking 
data and to perinatal risk factors.
results: Significant correlations were obtained between 
gaze gain and cognition, receptive and expressive language, 
and fine motor function, respectively, also after controlling for 
gestational age, severe brain damage, retinopathy of prematu-
rity, and bronchopulmonary dysplasia.
conclusion: This is the first study demonstrating that the 
basic ability to visually track a moving object at 4 mo robustly 
predicts neurodevelopment at 3 y of age in children born very 
preterm.

children born very preterm, i.e., with a gestational age 
< 32 wk, are at increased risk for neurodevelopmental 

impairments (1,2). In particular, these children show deficits 
in visuospatial perceptual abilities, which are not explained by 
their general intelligence level (3–5). Cognitive and neurode-
velopmental difficulties in very preterm infants can often be 
predicted already in the neonatal period, e.g., by presence of 
gray and white matter abnormalities on magnetic resonance 
imaging at term equivalent age. However, not all infants with 
brain injury will have a poor outcome, and also infants with no 
obvious neonatal brain injury may have an adverse neurode-
velopment (4,6).

Visual tracking is one of the earliest developing cognitive 
abilities which are present already soon after birth. Unless the 

object is large and moving very slowly, newborn infants pre-
dominantly use saccades. During the second month after birth, 
the ability to stabilize gaze on a moving object through smooth 
pursuit eye movements improves greatly (7) and tracking is 
achieved by a combination of head and eye movements (7,8). 
In normally developing infants, horizontal smooth pursuit 
approaches adult levels around 4 mo of age (8). The contribu-
tion of the head increases and at 5 mo infants use the head to 
follow an object more than adults (7,9). Visual tracking perfor-
mance has been investigated in a number of clinical conditions 
in childhood and later, and is associated with cognitive func-
tions as well as with psychiatric disorders (10,11).

In a population-based study of very preterm infants, we used 
a method of quantitative measurement of eye and head move-
ments in relation to a horizontally oscillating object developed 
by von Hofsten and Rosander (7,9). The study protocol at 4 mo 
included evaluation of “smooth pursuit gain”, i.e., the ability 
to keep the eyes focused on a moving object and to follow it 
smoothly, and “gaze gain” which refers to the combination of 
visual tracking through smooth pursuit, head movements, and 
saccades. To stabilize gaze on the object, eye and head move-
ments need to be coordinated in time and space. In this study, 
gain is a spatial parameter, which refers to the ratio between 
gaze, smooth pursuit or head movement amplitudes and the 
object motion amplitude. Gaze and smooth pursuit should 
optimally be stabilized on the object which gives a ratio of 1, 
a ratio less than or larger than 1 indicates that tracking ampli-
tude was smaller (undershooting) or greater than the object 
amplitude (overshooting) wich are both detrimental to track-
ing. Thus, “smooth pursuit gain”, “head gain”, and “gaze gain” 
describes how close smooth pursuit, head or gaze, respectively, 
anticipated the position of the object. The temporal parameter 
“timing of gaze” described whether the gaze was lagging or 
leading the object. To align gaze with the object motion, pre-
diction of the objects direction and velocity is required which 
also includes prediction of the sinusoidal motion.

We have previously demonstrated that very preterm infants 
in the present study population had a delayed development of 
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visual tracking at 2 and 4 mo corrected age (12). Several neo-
natal risk factors correlated with the delayed visual tracking 
ability, but only presence of periventricular leukomalacia was 
independently associated with the visual tracking performance 
(13). In the present study, we hypothesized that visual tracking 
ability at 4 mo corrected age is an early indicator of neurobe-
havioral function and correlates with later neurodevelopment, 
assessed by the Bayley Scales of Infant Development (BSID 
version III) at 3 y of age.

RESULTS
Patient characteristics ar given in Figure 1 and Table 1. Means 
and SDs for tracking parameters and BSID III subscale scores 
are given in Table 2. Figure 2a–d gives examples of visual 
tracking patterns in two infants.

Gain
Gaze gain explained a large part (22–32%) of the variance in the 
BSID III cognitive, receptive language, expressive language, and 
fine motor scores (cognition: R2 = 0.315, P < 0.001; receptive 
language: R2 = 0.224, P = 0.001; expressive language: R2 = 0.285,  
P < 0.001; fine motor: R2 = 0.218, P = 0.001). An optimal track-
ing of the object, with the gaze following the complete trajectory 
of the target without overshoot at the turning points (Figure 3a), 
was associated with higher scores on all four BSID III subscales.

Smooth pursuit gain was also significantly associated with 
the cognitive and expressive language subscales, but explained 
only around 7% of the variance (cognition: R2 = 0.069,  
P = 0.036; expressive language: R2 = 0.067, P = 0.044). The 
larger the proportion of the object trajectory that was fol-
lowed by smooth pursuit eye movements, the higher were the 
scores in these subscales (Figure 3b). Head gain was signifi-
cantly associated with the cognitive, expressive language, and 
fine motor subscales, explaining 7–11% of variance (cognition:  
R2 = 0.092, P = 0.019; expressive language: R2 = 0.071, P = 
0.039; fine motor: R2 = 0.108, P = 0.010). These data indicate 

Figure 1. Flow chart of the study group.

Infants born <32 GW in Uppsala county
2004–2007

n = 145

Infants included in the LOVIS cohort
n = 113

Visual tracking assessment
at 4 mo CA

n = 81

Final study group
BSID III at 2.5–3.5 y CVA

n = 67

Excluded/not included
Genetic syndromes n = 2
Refused/moved n = 14

Died before inclusion n = 16

Died before discharge n = 2
Refused/moved n = 19

Not contacted for visual tracking
assessment n = 11

Too fussy during assessment n = 8

Died before 2.5 years n = 2
No BSID III n = 2

Refused/moved n = 2

table 1. Characteristics of the study population

Study population, 
N = 67

Perinatal data Antenatal steroids, n (%) 46 (69%)

Cesarean section, n (%) 41 (61%)

Gestational age, weeks 28.3 (2.6)

Birth weight, g 1,162 (363)

Neonatal risk 
factorsª

Severe brain injury (IVH 3–4 and/or 
PVL), n (%)

4 (6%)

Retinopathy of prematurity any 
degree, n (%)

24 (36%)

Retinopathy of prematurity ≥3, n (%) 8 (12%)

Bronchopulmonary dysplasia, n (%) 16 (24%)

Regional cohort of 67 very preterm infants who underwent visual tracking assessment 
at 4 mo corrected age. Data are mean values (SDs) and numbers (percentages), 
respectively.
ªNeonatal risk factors in the regression analyses also include gestational age.
IVh, intraventricular hemorrhage; PVL, periventricular leukomalacia.

table 2. Visual tracking parameters at 4 mo corrected age and 
outcome at 3 y in a cohort of very preterm infants

Study population, 
N = 67

Tracking parameter Gaze gain 0.90 (0.26)

Smooth pursuit gain 0.44 (.021)

Head gain 0.28 (0.20)

Timing (s) −0.16 (0.17)

Three-year outcome Cerebral palsy, n (%) 5 (7%)

Autism, n (%) 5 (7%)

Strabismus or major  
refractive error, n (%)

12 (18%)

Visual impairment, n (%) 0 (0%)

BSID III Cognitive score 9.9 (2.3)

BSID III Receptive language 
score

10.3 (2.9)

BSID III Expressive language 
score

10.9 (3.4)

BSID III Fine motor score 11.3 (3.4)

BSID III Gross motor score 8.0 (2.6)

The table shows ratios for gaze, smooth pursuit, and head gain (optimal is 1) as well as 
for timing (s) and outcome including BSID III subscale scores. Data are mean values (SDs) 
and numbers (percentages), respectively.
BSID-III, Bayley Scales of Infant and Toddler Development version III.
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that using more head movements for tracking the object at 4 
mo was beneficial for later development (Figure 3c).

Timing
At 4 mo corrected age, 63 of the 67 very preterm infants 
lagged the object motion. The timing of gaze in relation to 
the object was also important for neurodevelopment and 
explained 13–23% of the variances in the cognitive and lan-
guage subscales (cognition: R2 = 0.155, P = 0.002; receptive 
language: R2 = 0.130, P = 0.005; and expressive language: R2 = 
0.225, P < 0.001) (Figure 3d).

No tracking parameter was associated with the BSID III gross 
motor subscale. The frequency of saccades was not related to 
the BSID III subscales.

Neonatal Risk Factors
Neonatal risk factors associated with the 3-y outcome and 
determined through univariate linear regressions were gesta-
tional age, degree of retinopathy of prematurity, and broncho-
pulmonary dysplasia, but not presence of severe brain injury 
(intraventricular hemorrhage 3–4/periventricular leukomala-
cia) (Table 3).

Figure 2. Examples of visual tracking recordings in two very preterm infants. Position of the smooth pursuit part of the eye movement (magenta), the 
head movement (green), the gaze (red), and the object (blue) are shown. (a,b) This infant, born at 26 gestational weeks, had gains 0.24 (smooth pursuit), 
0.08 (head), and 0.65 (gaze), respectively. The number of saccades was 2.38/s. The time difference (crosscorrelation gaze-object) was −0.192 s. In this 
subject, smooth pursuit and head movements varied in relation to the object and were both in and out of phase. (c,d) This infant, born at 31 gestational 
weeks, had gains 0.6 (smooth pursuit), 0.06 (head), and 1.16 (gaze), respectively. The number of saccades was 1.13/s. The time difference (crosscorrelation 
gaze-object) was −0.025 s. In this subject, gaze was overshooting in spite of moderate smooth pursuit and head movements. In both subjects, gaze gain 
gave the most accurate tracking, although the tracking parameters were coordinated differently to achieve that goal. At 4 mo corrected age, both infants 
were lagging the object slightly. At 3 y of age, both children had average results on all Bayley Scales of Infant Development (BSID) III subscales, except for 
the gross motor scale where they scored below average.
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Gaze Gain and Neonatal Risk Factors
When the neonatal risk factors (gestational age, severe brain 
damage, retinopathy of prematurity, and bronchopulmonary 
dysplasia) were entered into a hierarchical regression model 
together with the visual tracking data, gaze gain explained 
unique variance not accounted for by the neonatal risk factors 
(Table 4). The increase in explanatory value by gaze gain (∆R2) 
was significant. Thus, the effect of gaze gain on neurodevelop-
mental scores was not the result of clinical risk factors influ-
encing both early visual tracking ability and later development. 

This was further confirmed as gestational age was entered as 
sole risk factor in a hierarchical regression model and the 
increase in explained variance (∆R2) was still significant for all 
four BSID III subscales (significance levels (P) were found to 
be between 0.002 and 0.038)

DISCUSSION
This is the first prospective study evaluating the relation-
ship between early visual tracking and neurodevelopment. 
Our results demonstrate that integrated neural functional 

Figure 3. Regression lines for tracking parameters at 4 mo corrected age in relation to the Bayley Scales of Infant Development (BSID III) subscales at 
3 y in a cohort of very preterm infants. Quadratic and linear regression lines for four tracking parameters (x-axis) in relation to the five BSID III subscales 
(y-axis): cognition (“railway” line); receptive language (dashed line); expressive language (solid line); fine motor (dash-dotted line); gross motor (dotted 
line). (a) Gaze gain: the curved line illustrates that infants with a perfect ratio between gaze tracking and object trajectory (i.e., 1) had the best outcome. 
Failure to follow the entire course of the object, or overshooting at the turning points, gives a ratio below or over 1 which is less favorable for outcome, 
as seen through the declining curve ends. (b) Regression lines for smooth pursuit gain, where 1 represents a perfect tracking through smooth pursuit. 
For cognition and expressive language the more of the object trajectory followed smooth pursuit eye movements, the better the outcome. As no infant 
had a smooth pursuit gain above 1, it was not possible to investigate if over shooting would be associated with lower BSID III results. (c) Regression lines 
for the relationships between head gain and 3-y outcome.The more of the object trajectory that was covered, the higher were the cognitive, expressive 
language and fine motor subscale scores. Again, there was no child with a ratio above 1. (d) Regression lines for timing and outcome were significant for 
the cognitive, receptive, and expressive language subscales. The x-axis shows difference between gaze and object motion in milliseconds, with 0 for spot 
on tracking.
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development at 4 mo corrected age, as reflected by visual track-
ing ability, is significantly related to later neurodevelopment in 
very preterm infants.

The most important result was that early visual tracking abil-
ity predicted cognitive, language, and fine motor development 
in these children. Gaze gain was the tracking parameter closest 
associated with the BSID III subscales. Smooth pursuit gain, 
head gain, and timing of gaze to object motion was related to 
several BSID subscales. In the regression analysis, gaze gain 
increased the predictive ability of neonatal risk factors for cog-
nitive, receptive, and expressive language subscale scores, as 
well as for the fine motor subscale.

Keeping gaze fixed on a target requires sustained atten-
tion (11) since both temporal and spatial aspects of tracking 
have to be precise in order to stabilize the image on the retina 
(7,14). Visual feedback is too slow to control this system and 
to generate synchronized behavior and therefore the veloc-
ity and direction of the object has to be predicted (9,14,15). 
In contrast to typically developing infants, who usually dem-
onstrate a lead of gaze relative to the object of 70 to 100 ms 
(16), a lead was present only in 4 of the 67 very preterm 
infants. However, the smaller the lag the better the develop-
mental outcome, underlining the importance of adequate 
timing of gaze to object.

Successful tracking depends on the ability to coordinate sac-
cades, smooth pursuit, and head movements into precise gaze 
gain and timing. Smooth visual tracking relies on smooth pur-
suit as well as on head movements (17). If smooth pursuit is 
poorly developed, head movements can compensate for this 
at moderate target velocities. It is therefore important not to 
restrain the movements of the head in the assessment, as this 
might compromise the gaze tracking.

Visual identification of objects and actions is important for 
the capability to communicate around them, and thus develop-
ment of language accompanies that of visual processing (18). 
Our results are in line with those of Ellis et al. (19) who found 
that the ability to anticipate a visual sequence at 6 mo predicted 
receptive and expressive vocabulary at 2 y.

Fine motor function is dependent on eye-hand coordination, 
which matures early in life; at 4 mo, the child reaches success-
fully for both moving and stationary objects (20). When reach-
ing, the child prepares to grasp the object by predictive timing 
of opening and closing of the hand (21). These adjustments are 
visually guided and it was therefore expected that early visual 
skills should be closely related to fine motor abilities.

The gross motor subscale showed no significant relation-
ship with early visual tracking ability. The visual mechanisms 
required for gross motor development may differ from those 
underlying cognitive and language functions. Another possi-
bility is that the BSID III gross motor subscale relies less on 
visual tracking abilities since no moving objects are included 
among the tasks at this age level. In the Swedish EXPRESS 
study, a national population-based study of infants born before 
27 gestational weeks, the gross motor subscale identified fewer 
children with disability at 2.5 y corrected age (prevalence 7%) 
than the other BSID III subscales (prevalence 11–15%) (22). 

It was also the only subscale in the present study that was not 
associated with clinical risk factors.

Visual attention and ability to follow moving targets, as 
assessed early in life through direct observation, has previously 
been shown to be associated with 12-mo outcome in preterm 
infants (23). In addition, cortical visual function measured 
with visual event-related potentials responses to visual fixa-
tional shifts at 3–7 mo corrected age predicted results on the 
Griffiths scale at 2 y of age (3). Fixational shifts were delayed in 
very preterm infants without diagnosed brain damage and the 
authors suggested that evaluation of visual functioning might 
be a sensitive indicator of later subtle neurodevelopmental 
problems. Recently, neonatal visual fixation was demonstrated 
to predict visuomotor performance at 2 y, and visual reasoning 
at 5 y of age (24).

Visual tracking ability relies on the function of the dorsal 
neural pathway, where information about spatial relationships, 
motion perception and control of motor actions are integrated 
with attention, motives, and comprehension (3,25). At 4 mo of 

table 3. Regressions between neonatal risk factors and 
neurodevelopmental outcome

BSID III

Gestational 
age

Retinopathy of 
prematurity

Bronchopulmonary 
dysplasia

Severe brain 
injury

R2 P R2 P R2 P R2 P

Cognition 0.151 0.001 0.198 0.001 0.110 0.007 0.014 0.356

Receptive 
language

0.057 0.056 0.089 0.016 0.066 0.039 0.004 0.631

Expressive 
language

0.084 0.020 0.127 0.004 0.080 0.023 0.002 0.696

Fine motor 0.094 0.013 0.091 0.015 0.148 0.002 0.000 0.993

Gross motor 0.024 0.220 0.027 0.195 0.022 0.238 0.018 0.282

Regressions between neonatal risk factors and Bayley Scales of Infant Development (BSID 
III) subscale scores at 3 y of age in a population of 67 very preterm infants. Summary of 
effect sizes (R2) and significance levels for univariate regressions. Presence of severe brain 
injury (IVh3-4/PVL) was not associated with outcome. Bold numbers indicate P < 0.05.

table 4. Relation between neonatal risk factors, gaze gain, and 
neurodevelopment at 3 y

BSID III

Neonatal risk 
factors

Neonatal risk 
factors and 
gaze gain Difference

R2 P R2 P ∆R2 ∆P

Cognition 0.271 0.002 0.386 0.000 0.114 0.010

Receptive language 0.130 0.105 0.271 0.009 0.140 0.010

Expressive language 0.179 0.028 0.326 0.002 0.147 0.006

Fine motor 0.195 0.018 0.284 0.006 0.089 0.047

Gross motor 0.055 0.536 0.056 0.797 0.000 0.990

hierarchical regression models comparing explanatory value between a model of 
neonatal risk factors (gestational age, severe brain injury, retinopathy of prematurity, 
bronchopulmonary dysplasia) with a model of the same risk factors but also including 
gaze gain, and the difference (Δ) between the two models. R2 is the proportion of 
the variance explained by each model and ΔR2 depicts how much more of outcome 
variance is explained through adding gaze gain to the model. Significance levels (P) are 
given for the proportion of variance explained as well as for the increase in explanatory 
value (ΔP). Bold numbers indicate P < 0.05.

Volume 80  |  Number 1  |  July 2016      Pediatric ReSeaRCh 39



Copyright © 2016 International Pediatric Research Foundation, Inc.

Articles         Kaul et al.

age, cortical processing of motion is still dominated by the direct 
pathway from retina to pulvinar and middle temporal area. For 
smooth pursuit, it is assumed that the frontal eye field is critical, 
as well as cerebellar areas via pontine nuclei. Subcortical nuclei 
(superior colliculus and substatia nigra) are also crucial for eye 
movements (18,26). Lesions in these subcortical areas and basal 
ganglia give severe effects on eye movements (27). In addition, 
the prefrontal cortex is involved in predictive aspects of tracking 
(8). Retinopathy of prematurity and diffuse or localized white 
matter injury are prevalent in very preterm infants, and these 
conditions may affect the dorsal pathway and the maturation of 
both the pulvinar to middle temporal visual area and the pri-
mary visual pathways (26–28). It was shown in very preterm 
infants that reduced occipital cortical volumes at term equiva-
lent age were associated with poor visual motion perception at 2 
y of age (29). Abnormal visual tracking ability is present in many 
behavioral and psychiatric disorders, such as autism, attention 
deficit hyperactivity disorder, developmental coordination dis-
orders, and dyslexia (3,4,10,26,30), which also constitute a risk 
for children born very preterm. Visual tracking assessments and 
longitudinal follow-up studies may contribute to an increased 
understanding of the relation between neurodevelopmental pro-
files, and behavioral and psychiatric disorders in these children.

In the present study, only four infants were diagnosed with 
severe brain injury, and probably due to this low number, there 
were no significant associations between neonatal brain injury, 
visual tracking parameters, and 3-y outcome. A limitation was 
that no cerebral magnetic resonance images were performed 
in the neonatal period, and consequently mild to moderate 
white matter injury may not have been detected. However, cra-
nial ultrasound examinations were performed by experienced 
pediatric radiologists at 35–36 gestational weeks and near term 
these examinations should be able to identify major white mat-
ter injury associated with adverse outcome (31,32).

Conclusions
The present data demonstrates that visual tracking ability at 4 
mo corrected age, and especially gaze gain, is an independent 
predictor of later neurodevelopment in very preterm infants, 
explaining around 30% of cognitive function and expressive 
language function at 3 y of age. Gestational age was found to 
be an important and independent risk factor where low gesta-
tional age predicts low performance on BSID. Cognitive testing 
at school age could confirm the sustainability of the tracking 
results over time. Further studies are required to investigate 
whether measures of tracking ability should be included in the 
clinical routine for a better assessment of early neurological 
functioning. A visual tracking recording is clinically feasible, 
since it is quick to perform and not distressing for the infant 
and could be readily interpreted by a trained nurse or physician.

METHODS
Subjects
The LOngitudinal VISual follow-up of visuomotor development 
(LOVIS) study population included all very preterm infants in the 
County of Uppsala born at Uppsala University Hospital between 
January 2004 and December 2007 (12). A total of 145 very preterm 

infants were eligible for the study; Figure 1 describes the steps for 
inclusion of the 67 infants who had visual tracking assessments at 4 
mo corrected age and later follow up with the BSID III. The gesta-
tional age ranged from 22 + 2 to 31 + 6 wk and birth weight from 
520 to 2,030 g. Cranial ultrasound was performed at least twice in 
the neonatal period, at 2–7 d and at 35–36 gestational weeks, and 
all infants were regularly screened for retinopathy of prematurity. 
Bronchopulmonary dysplasia was defined as need for additional oxy-
gen at 36 gestational weeks. Clinical routines have been described 
previously (13). The final study group did not differ from the initial 
LOVIS cohort neither in perinatal characteristics nor in the BSID III 
scores. The study was approved by the Regional Ethics committee at 
Uppsala University (Ups 03-665). Parental consent was collected for 
the clinical examinations and for the visual tracking assessments.

Visual Tracking Assessments
The child was placed securely in a baby seat inside a white cylinder 
(1 m diameter and 1 m high), and thereby shielded from distractors. 
A happy face (7 cm diameter) with a camera at its nose moved hori-
zontally according to a sinusoidal pattern at 0.25 Hz along a track on 
the inside of the cylinder surface (Figure 4). The camera made it pos-
sible to observe the child via a monitor, in order to ensure wellbeing 
and attention to the task. Two amplitudes of object motion were used, 
12.5° and 25° of visual angle, and each trial lasted 35 s.

Horizontal eye movements were recorded through electro-oculog-
raphy (DatAid, Umeå, Sweden) (see refs. (7,9) for detailed descrip-
tion). Miniature skin electrodes (Beckman, Grass technologies, West 
Warwick, RI) were placed at the outer canthi and the ground at the 
ear lobe or the forehead. A preamplifier was placed on the head of 
the infant, to minimize drift and noise. The electro-oculography was 
calibrated for each infant and the precision of eye position measure-
ment was 0.4°.

Infants could move their heads rather freely during the trials. The 
movements of the head and the object were measured by an opto-
electronic camera system (Qualysis Proreflex, Gothenburg, Sweden) 
utilizing infrared light and small (diameter 5 mm) passive reflective 
markers. Measurement frequency was set to 240 Hz in synchrony 
with the electro-oculography. All infants tracked the object. In the 
rare case that an infant temporarily lost attention this section of track-
ing was not included in the analysis.

Neurodevelopmental Assessment
Neurodevelopmental follow up with the BSID III, performed at 29–41 
(median 32) months’ corrected age, was part of the standard clinical 
routine. The BSID III assesses the child’s abilities within five subscales 
(mean = 100, SD = 15): cognition, receptive language, expressive lan-
guage, fine motor, and gross motor functions. The cognitive subscale 
includes tasks such as shape perception, complexity of play behavior, 
simple visual logic, and comparisons. The receptive language sub-
scale is based on identifying objects and actions in pictures, while 
the expressive language subscale is obtained through observation, 

Figure 4. Experimental set up. Infant tracking the happy face inside the 
cylinder.
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naming of, and conversations around pictures. In the fine motor 
tasks, the child is asked to stack and string blocks and to handle a 
pencil and scissors. Stability, coordination, and balance are targeted 
in the gross motor tasks.

All children were tested by a licensed psychologist, who was blind 
to the results of the early visual tracking performance but could not, 
due to the clinical circumstances, be blind to gestational age.

Ophthalmological Assessment
Ophthalmologic and orthoptic assessment was performed at 30 mo 
corrected age (33). In the present study, 64 of the 67 children were 
examined at 2.5 y, two at 6.5 y, and one at 1 y corrected age. Four chil-
dren had strabismus and eight had major refractive errors in at least 
one eye (defined as myopia of < −3 diopters hypermetropia > +3 diop-
ters, astigmatismus ≥ 2 diopters, and/or anisometropia ≥ 2 diopters). 
Four of the latter children were wearing glasses at the examination. No 
child was visually impaired, i.e., blind or only able to fixate a torch when 
tested binocularly, regardless of degree of retinopathy of prematurity.

Data Analysis
Data from electro-oculography and Qualysis were synchronized to 
obtain data of head and eye movements in relation to the moving 
object. The analysis was performed by FYSTAT designed for time 
series (DatAid, Umeå, Sweden) or Matlab (Mathworks, Natick, MA). 
Gaze gain, smooth pursuit gain, head gain, and timing of gaze, were 
calculated from the average of the high and low amplitude trials (7,9). 
Before the calculation of smooth pursuit, the saccades exceeding 40°/s 
were eliminated from the eye movement data (7).

Gaze gain and head gain were defined as their spatial position rela-
tive to that of the object. The smooth pursuit gain was defined as its 
spatial position to head slip, i.e., the difference between head and 
object positions or the proportion of the target trajectory that needs 
to be covered by the eye to obtain perfect gain.

Timing (phase) was calculated by cross correlations, where the time 
difference between gaze and object motion was estimated (Figure 2). 
Finally, the number of large saccades (>100°/s) were counted from the 
eye velocity file.

Statistical Analysis
Statistical analysis was carried out with IBM SPSS Statistics, version 
20.0. Armonk, NY, and graphs were created in GNU Octave 3.8.1. 
(Open source).

Similar to findings in the EXPRESS study (22), the BSID III lan-
guage and motor subscales in this study differed in mean and SDs as 
compared to BSID III reference data (Table 1). Therefore, we used the 
results of each subscale in the analysis instead of language and motor 
indexes.

Associations between tracking parameters and BSID III results 
were analyzed through hierarchical regression models and effect 
size (R2) and significance levels (P values, two-tailed) were noted. 
Quadratic regression models were used for evaluating relationships 
between gaze gain and the BSID III subscales since both too low and 
too high gaze gain values means suboptimal tracking. All remaining 
parameters were analyzed with linear regression.

To test if adding gaze gain to a model of neonatal risk factors 
increased the capacity to predict neurodevelopmental outcome, a lin-
ear hierarchical regression analysis was conducted. To adjust for the 
nonlinear relationship between gaze gain and the BSID III sub scores, 
the gaze variable was squared. Gaze gain was then entered both as 
squared and nonsquared in step two of the hierarchical regression 
model. Following common praxis to include 1/10 as many covari-
ates as subjects, this meant that four neonatal risk factors could be 
entered into the first step of the hierarchical regression model. These 
risk factors were selected among factors of known relevance for neu-
rodevelopment (34). Several of the neonatal risk factors were highly 
correlated with each other and collinearity diagnosis showed that 
birth weight and gestational age were too strongly interdependent to 
be entered into the same regression analysis. The degree of prematu-
rity (gestational age) was selected as being more relevant for the study, 
along with bronchopulmonary dysplasia, retinopathy of prematurity, 
and severe brain injury (presence of intraventricular hemorrhage 3–4 
and/or periventricular leukomalacia).
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