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Brief Communications

Visual Fixation in Human Newborns Correlates with
Extensive White Matter Networks and Predicts Long-Term
Neurocognitive Development
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Infants are well known to seek eye contact, and they prefer to fixate on developmentally meaningful objects, such as the human face. It is
also known, that visual abilities are important for the developmental cascades of cognition from later infancy to childhood. It is less
understood, however, whether newborn visual abilities relate to later cognitive development, and whether newborn ability for visual
fixation can be assigned to early microstructural maturation. Here, we investigate relationship between newborn visual fixation (VF) and
gaze behavior (GB) to performance in visuomotor and visual reasoning tasks in two cohorts with cognitive follow-up at 2 (n = 57) and 5
(n = 1410) years of age. We also analyzed brain microstructural correlates to VF (n = 45) by voxel-based analysis of fractional anisotropy
(FA) in newborn diffusion tensor imaging. Our results show that newborn VF is significantly related to visual-motor performance at both
2 and 5 years, as well as to visual reasoning at 5 years of age. Moreover, good newborn VF relates to widely increased FA levels across the
white matter. Comparison to motor performance indicated that early VF is preferentially related to visuocognitive development, and that
early motor performance relates neither to white matter integrity nor to visuocognitive development. The present findings suggest that
newborn VF is supported by brainwide subcortical networks and it represents an early building block for the developmental cascades of

cognition.
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Introduction

Neurocognitive development forms a cascade where few basic
abilities, or cognitive building blocks, of an infant comprise the
framework for later emerging more complex cognitive functions
(Rose et al., 2008). These cascades have been intensively studied
in infant cognitive research, and relevant developmental trajec-
tories have been identified from as young as few months of age to
school age (Rose et al., 2008; Braddick and Atkinson, 2011;
Brooks and Meltzoff, 2015).

However, there is a global health and societal challenge to
recognize building blocks of cognition much earlier in life, even
immediately after birth, which would have direct implications to
those >10% of newborns worldwide who are born with signifi-
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cant developmental risks, such as prematurity or birth asphyxia
(Salmaso et al., 2014). Recognizing cognitive building blocks in
the newborn would also bridge the neonatal gap, the unnecessary
split between research on newborns and older infants. The neu-
roscientific rationale for the split has been the qualitative shift
that takes place in many neuronal and behavioral functions a few
weeks after term birth in the human (Guzzetta et al., 2005; Col-
onnese et al., 2010; Hanganu-Opatz, 2010).

There is extensive literature on the development and use of
neonatal neurological assessment scales, which have evolved over
decades from combining large sets of observations or tests into
global estimates. These scales typically assess neuromotor im-
pairment (for review, see Noble and Boyd, 2012), however, it has
become increasingly clear that main individual and societal burden
from newborn compromise arises from ensuing cognitive disabili-
ties, many of which depend on visual abilities (Aarnoudse-Moens
etal., 2009). Neuropsychological studies provide ample evidence
for a link between compromised visual functions in later infancy
and other later cognitive compromises (Rose et al., 2008; Bradd-
ick and Atkinson, 2011; Brooks and Meltzoff, 2015).

In this context, surprisingly little is known about the early
origins of this visual cognitive cascade; i.e., how the fundamental
visual abilities of a newborn will carry onto later cognitive func-
tions. Both the everyday experience and the classical studies on
newborn imitation (Suddendorfet al., 2013) show that newborns
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actively seek eye contact and fixate preferentially to certain geo-
metric features, such as faces (Farroni et al., 2005). Innate visual
orientation and fixation of this kind is now assumed to arise from
large scale brain networks coordinated by superior colliculus, the
crucial driver of many holistic cognitive operations (Cang and
Feldheim, 2013).

We hypothesized that: (1) visual fixation ability of the new-
born specifically correlates with later development of vision-
related cognitive performance, and (2) integrity of white matter
networks is related to the interindividual differences in visual
behavior among infants.

Materials and Methods

Participants

This study consisted of two independent newborns groups recruited pro-
spectively for large clinical studies in Children’s Hospital, University of
Helsinki, Finland. Group 1 was the primary study cohort that underwent
neuroimaging and neurodevelopmental follow-up until 2 years of cor-
rected age. It originally included 85 consecutive extremely preterm in-
fants [born before gestational age (GA) of 28 weeks], as well as 22 term
controls recruited between May 2006 and September 2008. The present
study included those 57 newborns (42 preterm and 15 full-term; 17
females) who had successfully undergone all tests reported here. Babies
lost to follow-up did not differ significantly with respect to their newborn
test scores [visual fixation (VF) Pearson Chi = 0.76, df = 2, p = 0.679;
gaze behavior (GB) Pearson Chi = 2.26, df = 3, p = 0.519]. Group 2
served to validate the findings in a ~30 times larger cohort and over two
times longer neurodevelopmental follow-up (Heinonen et al., 2008).
This cohort (total n = 2193, including 658 healthy controls) was
population-based recruitment in 1985-1986 from the neonatal wards of
seven maternity hospitals in Helsinki area, and it represents the whole
spectrum of GA and neonatal adversities. For the present analysis, we
included infants (n = 1410; 948 hospitalized [278 (19.8%) of them pre-
terms] and 462 controls) that were successfully followed up, and were not
found with obvious congenital anomalies or chromosomal abnormal-
ities. Both studies were approved by the relevant Ethics Committee of
the Helsinki University Hospital, and all parents gave their informed
consent.

Newborn assessment
Newborn assessments at term age [Group 1: mean 41.7 = 1.7 (SD) weeks
conceptional age; Group 2: mean 39.6 * 2.2 weeks conceptional age]
were performed in a dimly lit room after feeding, with the infant lying
supine, supported at 30—45° angle, in alert state (eyes open, observed
motor activity, no crying). In both study groups, the best performance of
the infant was recorded. The test can be repeated, if needed, until the
clinician is subjectively convinced that the child is at the desired vigilance
state and performing at his/her best. Notably, this may lead to somewhat
better average performance measures than what could be found without
repeating the test. However, this standard practice of clinical research is
used to avoid underestimating infant’s performance due to erratically
fluctuating vigilance, which is the main challenge in all newborn studies.
Group 1. We extracted two items from the six item subsection called
Orientation and Behavior in the standard Hammersmith Neonatal Neu-
rological Examination scale (Guzzetta et al., 2005). The selected items
give a qualitative estimate of VF and GB, which in the test form are
named “visual orientation” and “alertness,” respectively. For VF, we used
the following rating: 1 = will not respond to stimuli; 2 = looks but
briefly; 3 = looks at stimuli but loses them; 4 = keeps interest in stimuli;
and 5 = does not tire. For GB, we used the following rating: 1 = does not
follow or focus on stimuli; 2 = stills, focuses, follows to side but loses
stimuli; 3 = follows horizontally and vertically, but no head turn; 4 =
follows horizontally and vertically and turns head; and 5 = follows in a
circle. We used the standard black and white bull’s eye target presented in
front of infant’s face, moving first slowly horizontally, from side to side,
then vertically, and finally in an arc. For comparison, we took movement
score that assesses infant’s ability to raise head while lying prone: 1 = no
response; 2 = rolls head over but chin not raised; 3 = raises chin and rolls
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the head; 4 = brings head and chin up; and 5 = brings and keeps head
and chin up.

Group 2. We tested visual fixation with a red woolen ball that was
slowly moved horizontally in the central field, and the performance was
scored as good (focuses and follows >30°) or poor (all the others). In
addition, newborn spontaneous motor movements were qualitatively
scored into three categories: 1 = normal; 2 = mildly abnormal; and 3 =
clearly abnormal.

Neurodevelopmental outcome tests
Group 1. The infants were assessed at 2 years of corrected age using the
standard Griffiths Mental Developmental Scales, and we analyzed here
the subscales with vision-related functions: eye-hand coordination
(Gvmi; e.g., building bricks or drawing objects) and visual performance
(Gvis; patchwork, puzzles). In addition, total locomotor score (Gmot)
was taken to assess interactions between visual and motor domains.
Group 2. The infants were assessed at 5 years (56 months) of age using
the Columbia Mental Maturity Scale that measures visual reasoning skills
(ViR; section called “nonverbal cognitive reasoning skills”). Visual-
motor integration (VMI) was assessed using Beery Visual-Motor Inte-
gration test (Beery, 1982) that assess copying of geometrical figures.

MRI imaging and analysis

Total of sixty infants (49 born preterm) were imaged using Philips
Achieva 1.5T scanner (Philips Medical Systems) with an 8-channel
phased array head coil. Whole brain diffusion tensor imaging (DTT) was
performed using a single-shot echo planar imaging sequence in 15 non-
collinear diffusion weighted directions three times for each subject. Used
repetition time was the shortest possible; echo time: 58 ms, slice thick-
ness: 2 mm, field-of-view: 224 mm, matrix: 128 X 128 with voxel size
1.75 X 1.75 X 2 mm?>, b value: 700, number of averages: 1, and SENSE
factor: 2. After visual review, six datasets (5 preterm) were rejected due to
severe motion artifacts.

Preprocessing included conversion of DTI data to 4D NIFTI files,
corrections for motion and eddy currents using FMRIB’s Software
Library (FSL v5.0; Smith et al., 2004) Diffusion Toolbox (FDT v3.0), and
creating individual brain masks with Brain Extraction Tool (BET v2.1).
Diffusion tensors were estimated voxelwise using a robust RESTORE
algorithm (Changetal., 2005) as implemented in UCL Camino Diffusion
MRI Toolkit (Cook et al., 2006) and the resulting tensor eigenvalues were
used to calculate fractional anisotropy (FA) images. Tract Based Spatial
Statistics (Smith et al., 2006; Smith and Nichols, 2009) workflow sug-
gested in FSL’s user guide with skeleton threshold 0.15 and study-specific
target image was used to perform voxelwise analysis of 45 infants (35
preterm) that also had VF test information available. Spearman rank
correlations were searched with FSL’s randomize using ranked FA and VF
values with ranked GA as covariants (Kersbergen et al., 2014). Group
differences were also computed between infants with good versus poor
VF result. Mean FA values within the skeleton were calculated in four
symmetric regions-of-interest (ROIs; see Fig. 2): (1) posterior ROI (n =
7979 FA skeleton voxels), consisting of optic radiation and posterior
limbs; (2) frontal ROI (n = 8154); (3) superior ROI (n = 8802), includ-
ing middle part of superior longitudinal fasciculi; and (4) corpus callo-
sum ROI (n = 4120), which was selected more strictly to only include
midline white matter structures.

Statistical analyses

Statistical analyses were conducted in SPSS Statistics for Windows
(v19.0; IBM) using ANOVA, MANOVA (models with multiple depen-
dents), two independent samples ¢ test and Pearson x? test. In addition,
we used categorical regression analysis with optimal scaling to search for
underlying trends in relationships that may escape linear analysis. The
outcome variable (GVMIi) was defined in ordinal scale and the indepen-
dent variable (VF) was defined in nominal scale to allow seeing possible
nonmonotonic relationships as well. Significance level was set at p <
0.05.

Results

Half of the infants in Group 1 showed good fixations (VF score 4,
n = 29), and the other newborns either lost fixation (score 3; n =
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Figure 1. Relation of newborn VF and GB to neurocognitive outcomes at 2 and 5 years. A, Gvmi at 2 years (Group 1) according to newborn VF and GB scores (mean = confidence interval 95%).

Ab, Ad, Findings from categorical regression analysis (Q, quantifications; estimated = 95% confidence intervals). Q, Quantifications of Gvmi. B, ViR and VMI at 5 years (Group 2) according to
newborn VF scores. €, Models combining visual and motor performance (left, Group 1; right, Group 2) show the preferential relationship from newborn VF to visual cognitive outcomes. DQ,

Developmental quotient. Significant findings are indicated with an asterisk.

25), or only looked briefly without genuine fixation (score 2; n =
3). We hence combined scores into two groups, good and poor
VF, respectively. GB findings were analyzed with original scores
due to wider variability (n = 8 for score 2; n = 16 for score 3, n =
27 for score 4, and n = 6 for score 5). Comparison of VF scores
according to background details showed no difference between
preterm and full-term subgroups (Pearson x> = 1.47,df = 2,p =
0.48) or genders (Pearson x* = 4.28, df = 2, p = 0.118). Further
analysis showed that neither gender or full-term birth was signif-
icantly associated to GVmi when added in to the same model with
VF, hence subsequent analysis was performed considering the
whole Group 1 together. In the Group 2, good VF was seen more
often in girls than boys (Pearson y* = 18.54,df = 1 p < 0.001), as
well as in controls compared with hospitalized infants (Pearson
X2 = 9.60, df = 2 p < 0.01). However, combined models showed
that VF has independent relationship to outcomes (ViR: VF main
effect F = 10.28,df = 1, p = 0.001; Vmi: VF main effect F = 5.51,
df = 1, p = 0.019), even after adding gender and hospitalization
status.

Newborn visual abilities predict visual-motor performance at
2 years

Newborns with good VF showed significantly better Gvmi per-
formance at 2 years of age compared with those with poor VF
(F=11.3,df = 1, p = 0.001, R%dj = 0.16; Fig. 1Aa). The

difference in mean Gvmi scores between the groups was notable
(observed means poor = 85.9, good = 93.0) and overall amount
of shared variance was at least moderate (R 2adj = 0.16). More-
over, VF was independently and significantly related to Gvmi
(F = 10,775, df = 1, p = 0.002) even if GA was added to the
model. We also analyzed post hoc the three original VF scores for
a possible scaling relationships with later Gvmi by modeling it
using categorical regression analysis with optimal scaling, and we
found the relationship significant (8 = 0.48, p = 0.003; Rzadj =
0.19; Fig. 1Ab). Newborns with different GB scores showed no
significant differences in Gvmi results at 2 years without (F =
0.73,df = 3, p = 0.54; Fig. 1Ac) or with GA (F = 0.39,df = 3,p =
0.76). However post hoc inspection using categorical regression
with optimal scaling suggested a modestly significant relation-
ship (8 = 0.40, p = 0.06, R*adj = 0.09; Fig. 1Ad).

Newborn visual abilities are not reflected in visual
performance at 2 years

Comparison of Gvis results at 2 years showed no significant dif-
ference between newborns who had good versus poor VF without
(F=12.57,df =1, p = 0.12) or with gestation age (F = 2.29, df =
1, p = 0.14). Further categorical regression analysis using all three
VF scores was nonsignificant as well (F = 1.40, df = 3, p = 0.25).
In addition, infants with different newborn GB showed no signif-
icant differences in Gvis results at 2 years neither alone (F = 0.44,
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A Visual Fixation (VF)

Figure2.
FA values of FA skeleton voxels within each region of interest (ROI, blue boxes).

df = 3, p = 0.73) or in a model with GA (F = 0.68,df = 3,p =
0.57). Hence, the tested visual functions in newborns do not
appear to carry on to Gvis performance at 2 years.

Newborn visual fixation relates to wide changes in white
matter integrity

Voxel-based comparison of infants with different VF perfor-
mance disclosed statistically significant differences in FA values
throughout the white matter. Almost half (48%; n = 62,535 vox-
els) of the voxels in the FA skeleton exhibited significantly higher
FA values in the infants with good VF. The differences were
spread over all areas (Fig. 2) with no visually apparent spatial
emphasis, neither notable asymmetry between hemispheres (left
47%; right 49%). Analysis of mean FA level (n = 45 infants) in
our deliberately unselective, large ROIs showed mutually compa-
rable increases with better VF; frontal: r = 0.43, p = 0.003; pos-
terior: r = 0.54, p < 0.001; superior: r = 0.47, p = 0.001; corpus
callosum: r = 0.52, p < 0.001. The global nature of FA findings
was also supported by the significant correlations between all
ROIs (p < 0.001 for all comparisons; r ranging from 0.51 to 0.87).
Correlations with newborn GB were much weaker, with only
0.2% of voxels (Fig. 2) found significant, located within the optic
radiation. A post hoc analysis with higher significance threshold
(p < 0.1) showed markedly more voxels (11%; n = 14,590 vox-
els), around the same areas, suggesting that also GB has micro-
structural correlates, however, within more delimited locations.

Newborn visual fixation predicts visual functions at 5 years
Group 2 was used to validate findings in a much larger dataset
with nearly 30 times more newborns, more diverse backgrounds,
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and much longer cognitive follow-up. Prior studies have indi-
cated developmental tailing off of early effects in developmental
cascades (Claas et al., 2011). In this context, we found it particu-
larly interesting that visual-motor performance was significantly
better at 5 years in children with good newborn VF (¢t = 3.511,
df = 1400, p < 0.001, mean VMI 7.2 = 2.3 vs 6.6 = 2.2 in good vs
poor VF, respectively; Fig. 1Ba). Moreover, visual reasoning was
also significantly better in children who had good VF when new-
born (t = 4.875, df = 1408, p < 0.001; mean ViR points 49.3 =
12.3 vs 44.8 = 12.6 in good vs poor VF, respectively; Fig. 1BD).
Finally, we assessed how much inclusion of GA into the model
would affect prediction by newborn VF. As expected, GA itself
was predictive (VIR F = 1.92, df = 21, p = 0.007; VMI F = 2.25,
df =21,p =0.001), but VF also retained an independent effect on
ViR (F = 2.944, df = 1, p = 0.086; VMI was no more significant).

Modality preference in the early neurocognitive development

In addition to above findings, it could be also possible that early
VF is a more general surrogate marker of development, especially
because VF alone was found to covariate with later motor perfor-
mance (Gmot; F = 7.27,df = 1, p < 0.01, R? = 0,10). Therefore
we used models with combined performance data (Fig. 1C): In
Group 1, VF was significantly related GVmi, but only marginally
to motor functions; however, newborn motor performance was
only significantly related to later motor function. This model
accounted for at least moderate amount of the variance (GVmi
scores, Rzadj = (0.19; Gmot scores, Rzadj = 0.42). These findings
were comparable in Group 2 where newborn VF was significantly
related to VMI and Vir, but also to the motor performance. How-
ever, newborn motor performance was significantly related only
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to motor performance, but not to ViR or VMI at 5 years. These
findings together suggest preferential prediction of later cogni-
tion by newborn VF, although VF may partly also predict later
motor performance; however, newborn motor performance is
not predictive of later visual cognition. To complement these
findings, we also studied structural correlates of newborn motor
performance, and found none of the voxels in the whole FA skel-
eton to significantly correlate with newborn motor performance
scores.

Discussion

Here we report that newborn’s visual abilities show highly signif-
icant relationship with white matter integrity and later emer-
gence of visual cognitive functions. Our observation is in full
agreement with prior studies that have indicated relative impor-
tance of early visual functions over shorter developmental time
scales or in smaller study populations (Wallace et al., 1995; Cioni et
al., 2000; Ricci et al., 2011). Present findings extend prior knowledge
by showing that already the newborn ability to maintain fixation, or
visual attention, is significantly related later visual cognition, and this
ability relates to remarkably wide correlates in brain white matter
microstructure.

The cognitive cascades from basic abilities in infants to later
executive functions in childhood are extensively explored begin-
ning from later infancy onwards (Rose et al., 2008; Brooks and
Meltzoff, 2015); however, developmental trajectories beginning
from the neonatal period are much less studied. Such work is
broadly challenged by the qualitative shift after neonatal period at
multiple levels of brain functions, ranging from molecular mech-
anisms (Vanhatalo et al., 2005; Hanganu-Opatz, 2010) to neuro-
nal network behaviors (Colonnese et al., 2010; Omidvarnia et al.,
2014), as well as in neurobehavioral performance (Guzzetta et al.,
2005). Neurodevelopmentally, this represents the shift from pre-
critical period with experience-independent maturation to criti-
cal period with increasingly stronger experience-dependence
(Feller and Scanziani, 2005; Espinosa and Stryker, 2012). It is
conceivable, that the earliest fundamental brain mechanism re-
quired at the onset of experience-dependent development in-
clude sensory attention, especially vision, the key sense in later
cognitive development (cf. Johnson and de Haan, 2010).

Our findings are in agreement with prior studies reporting
relationship between newborn visual functions and FA levels
within optic radiations (Bassi et al., 2008; Groppo et al., 2014);
however, our whole brain analysis discloses significantly wider
structural correlates to newborn visual abilities, at least to VF.
Our diffuse, near global changes in white matter structures do not
directly confirm any particular functional neuroanatomical en-
tity. However, comparison of our findings to recent experimental
work on the early neurocognitive networks offers an intriguing
anatomical parallel: During early phases of neurocognitive devel-
opment, tectal structures including superior colliculus (SC)
(Johnson and de Haan, 2010; Maior et al., 2012) are thought to
control brain wide networks (Krauzlis et al., 2013), which as a
whole overlap largely with our present FA findings. The earliest
visual fixation and preference to geometric features, in particular
to faces, is mediated subcortically by tectal level rather than by
striatal pathways. Recent studies suggest SC seats the networks of
early multisensory and cross-modal integration (Filippetti et al.,
2013) via overlaid topographic maps, in addition to SC receiving
direct visual input, subserving oculomotor control, and provid-
ing a central role in early attentional modulation (Cang and Feld-
heim, 2013; for review, see Krauzlis et al., 2013). Together, our
findings are compatible with an idea that the newborn VF links to

Stjerna et al. @ Newborn Visual Fixation

cognitive development by relying on this early neonatal connec-
tome (Ball et al., 2014; van den Heuvel et al., 2014): first, integrity
in those subcortical networks is necessary for the earliest visual
fixation and attention. Second, the same networks operate as the
fundamental core for later emerging higher cognitive functions.
Our observed lack of relationships between newborn motor per-
formance and brain microstructure or visual cognitive develop-
ment are both in agreement with the idea that SC-related wide
networks are preferentially implicated in cognitive development.

Visual function as a part of newborn neurological screening is
routinely done by qualitative assessment of VF and GB akin to
our study (Guzzetta et al., 2005); however, more complex visual
examination scales have also been developed (Cioni et al., 2000;
Riccietal., 2011). The presently assessed VF alone showed stron-
ger prediction of later visual performance than GB, a more com-
plex visual performance. Although many fundamental visual
abilities can be observed already at early preterm age (Ricci et al.,
2010), we are not aware of strong prior evidence for their rela-
tionship to cognitive development before later infancy (Johnson
and de Haan, 2010). Intriguingly, a detailed comparison to prior
literature (Cioni et al., 2000; Ricci et al., 2011) does not suggest
any better developmental prediction by the composite scores from
the published, much more elaborated tests of visual function.

In conclusion, the present observations are fully compatible
with the idea that newborn’s ability to VF likely comprises a
significant early building block in the upcoming cascades of
higher cognitive development. The underlying neurocognitive
mechanisms deserve extensive studies; however, we also envision
a possibility to design newborn cognitive biomarkers based on
better quantitation of infant’s visual behavior. Such advance
would hold promise for progressing mechanistic understanding
of partitioned cognitive development, as well as for benchmark-
ing future early therapeutic interventions.
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