JUHA PYYKKÖ

Visual Attention and
Early Cognitive
Development in
Rural Malawian Infants

Tampere University Dissertations 522

Tampere University Dissertations 522

JUHA PYYKKÖ

Visual Attention and Early Cognitive Development
in Rural Malawian Infants

ACADEMIC DISSERTATION
To be presented, with the permission of
the Faculty of Medicine and Health Technology
of Tampere University,
for public discussion in the auditorium F114
of the Arvo Building, Arvo Ylpön katu 34, Tampere,
on 14 January 2022, at 12 o’clock.

ACADEMIC DISSERTATION
Tampere University, Faculty of Medicine and Health Technology
Finland

Responsible
supervisor
and Custos

Docent Ulla Ashorn
Tampere University
Finland

Supervisor

Associate Professor Jukka Leppänen
University of Turku
Finland

Pre-examiners

Professor Melissa Gladstone
University of Liverpool
United Kingdom

Opponent

Associate Professor Christopher R. Sudfeld
Harvard T.H. Chan School of Public Health
United States

Professor Liisa Lehtonen
University of Turku
Finland

The originality of this thesis has been checked using the Turnitin OriginalityCheck
service.

Copyright ©2021 author

Cover design: Roihu Inc.

ISBN 978-952-03-2212-0 (print)
ISBN 978-952-03-2213-7 (pdf)
ISSN 2489-9860 (print)
ISSN 2490-0028 (pdf)
http://urn.fi/URN:ISBN:978-952-03-2213-7

PunaMusta Oy – Yliopistopaino
Joensuu 2021

Marley, B. et al. So much trouble in the world. Survival (1979).

iii

iv

ACKNOWLEDGEMENTS / KIITOKSET

For years I’ve been involved in various tasks at Global Health Group (a.k.a. DIH) and Infant
Cognition Lab in Tampere Center for Child, Adolescent, and Maternal Health Research – thank you
for everything – this work was carried out with you. Thank you for collaboration with College of
Medicine, University of Malawi.
Jukka Leppänen, kiitos kaikesta – toit minut mielenkiintoisen aiheen ympärille ja opastit
suurenmoisesti. Iloisen yhteistyömme kautta opin uutta ja kehitin osaamistani. ⇥ Ulla Ashorn,
kiitos tehtävistä ja neuvoista – toit esille näkökulmia, jotka lisäsivät ymmmärrystäni tieteestä ja
maailmasta. ⇥ Per Ashorn, kiitos mahdollisuuksista, haasteista, luottamuksesta ja opeista – olen
kiitollinen ollessani ollut osa tutkimusryhmääsi. ⇥ Linda Forssman, thank you for initiating my
eye-tracking journey by being involved in creating MiTrack study. ⇥ Ken Maleta, thank you for great
comments on articles and your work in Malawi. ⇥ Dana J. H. Niehaus, thank you for the South
Africa connection to enrich the data set. ⇥ Eletina Chilora, thank you for operation management
throughout the data collection in MiTrack. ⇥ Kaija Puura ja Jaakko Nevalainen, kiitos
seurantaryhmässä ja muualla esitetyistä havainnoista ja ideoista psykologiasta ja tilastotieteestä niin
väitöskirjan osalta kuin muutoinkin. ⇥ Melissa Gladstone and Liisa Lehtonen, thank you for
valuable comments and discussion on the thesis, respectively. ⇥ Lotta Hallamaa, kiitos yhteistyöstä,
esimerkin näyttämisestä sekä opastuksesta ryhmämme tilastoihin ja aineistoihin – ilman
viitoittamaasi tietä ja apuasi en olisi voinut saavuttaa asioita, jotka ovat vieneet minut tähän. ⇥
Santeri Yrttiaho, kiitos ideoista silmänliikeseurannan analysoinnissa. ⇥ Jussi Kaatiala, kiitos tärkeistä
koodeista silmänliikeseurannan tallentamisessa ja 3D-visualisoinnin toteuttamisesta. ⇥ Yin Bun
Cheung, thank you for statistical inspiration. ⇥ Thank you for all the DIH members throughout
years for being great collegues: Per, Ulla A, Lotta, Yin Bun, Basho, Jean-Jaqcues, Chilungamo,
Yuemei, Zhifei, Ulla H, Anna, Kirsi, Juho, Jaden, Tiina, Austrida, Minna, Michael, Chiza, Hanna,
Mikael, Essi, Matti, Eeli, Harmony, Enita, Mikko, Emma, Tiia, Taru, Meeri, Laura, Kevin, Eeva,
Karoliina, Otto, Rikhard, Annariina, Pieta, Yvonne, Riku, Bireshwar, and others.
Thank you for all the participating infants and their families from Malawi, South Africa, and Suomi.
Zikomo kwambiri for the team: Shaibu, Amina, Eletina, Allan, Dora, Gertrude, Grace, Viola,
Loveness, Harriet, Martin, Master, Goodwin, Saidi, Mercy, Charles, Mzunga, Jimmy, and others.
Kiitos Leppäsen ja Ashornien kautta saadusta palkasta ja apurahoista: Eemil Aaltosen säätiö, Sigrid
Juseliuksen säätiö ja Pirkanmaan sairaanhoitopiiri. ⇥ Kiitos Tampereen yliopistolle lääketieteen ja
terveysteknologian tohtorikoulun palkasta. ⇥ Kiitos Kangasalan kaupungin Björkqvistin rahastolle

v

henkilökohtaisesta apurahasta. ⇥ Kiitos Tampereen kaupungin tiederahaston toimikunnalle
painatusapurahasta.
Kiitos Tampereen yliopistolle opintopolusta. ⇥ Kiitos Tampereen yliopiston kirjastolle
materiaaleista ja opastuksista. ⇥ Kiitos MET:n HR-tiimille työ- ja resurssisopimusten laatimisesta. ⇥
Kiitos Henna Mattilalle tohtorikoulun toiminnasta. ⇥ Kiitos Jan Silanderille ja tietohallinnolle
tutkimusmateriaalien tallentamisen ja säilönnän ratkaisuista. ⇥ Kiitos Ville Koljoselle väitöskirjan
LATEX-pohjasta. ⇥ Kiitos Arvon vahtimestareille ja siivoojille. ⇥ Kiitos työlounaista
Juvenes-ravintoloille Arvo ja Lea.
Kaunein kiitos äidille, iskälle ja Timolle. Vielä kauniimpi kiitos Eevulle.
JUHA

vi

ABSTRACT

Visual attention is one of the earliest developing neurocognitive and behavioral systems in infants. Thus, its assessment has been viewed as a possible method to examine infants’ perceptual and cognitive abilities before fine motor and language skills
have started to develop and before conventional tests of cognitive function become
feasible. However, infant visual attention and its predictive value with respect to
long-term cognitive development has been less studied in low- and middle-income
countries where children’s developmental status and predictions have been based on
gestational age and nutritional status rather than direct measures of cognitive function.
This thesis presents one of the first studies applying state-of-the-art eye tracking
measures to assess infant attention as a marker of early cognitive development in
low-resource settings. The thesis was designed to assess whether early-life risk factors (i.e., gestational age, growth, maternal cognition and pyschosocial well-being,
socioeconomic status, and care practices) and visual attention are related at 9 months
and predict conventional developmental assessments at 18 months. In addition, the
thesis assessed whether a dissociation of attention to faces and patterns, previously
shown in studies in Western countries, is a characteristic of infant attention that is
consistently found in data from different cultures.
For a prospective cohort study in rural Malawi, a total of 444 newborn children
were enrolled based on their gestational aged at birth (i.e., preterm, early-term, and
full-term) and were followed up until the age of 18 months. Besides measures of earlylife risk factors, data on infant visual attention was collected at 7 and 9 months with
remote, infrared eye tracking. Traditional developmental assessments were administered at 18 months. Eye tracking measures of visual attention consisted of measures
of visual search, anticipatory attention shifts, and attention to faces. Development
at 18 months was assessed using tests of motor skills, language acquisition, socioemotional behavior, and executive functioning. Dissociation of attention to faces and
vii

patterns was assessed by analyzing attention disengagement times in a pooled data
set including a total of 637 infants aged 6–9 months from three studies conducted in
Finland, Malawi, and South Africa.
Gestation age groups did not differ on their visual attention scores. Correlation
coefficients between early-life risk factors and visual attention scores were low (-0.17–
0.14). Also, correlation coefficients between risk factors or visual attention and later
development were low (-0.10–0.19). On cross-cultural analysis, delayed disengagement occurred on 52% of face trials compared to 4% of pattern trials, demonstrating
a clear attentional bias for faces. The analyses further showed that the likelihood of
delayed disengagement from faces was statistically dissociable from the likelihood of
delayed disengagement from patterns.
In conclusion, preterm birth, nutritional status, or other early-life risk factors
were not associated with the 9-month visual attention in rural Malawi. Also, early
visual attention or early-life risk factors were not associated with 18-month developmental attainment. These results do not support the use of current measure of visual
attention as a predictor of development in rural Malawian infants till 18 months of
age, but leaves open the possibility that associations are detected at older ages. Analyses on disengagement times provided evidence for cross-cultural similarities in infants’ attentional bias for faces, and suggested variations in this bias are independent
of variations in attention to non-face patterns. The results also showed that the distinction between faces vs. patterns was robust compared to other factors that affect
infant attention (i.e., facial expression, face identity, and habituation).
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TIIVISTELMÄ

Näönvarainen tarkkaavaisuus on yksi varhaisimmin kehittyvistä neurokognitiivisista ja käyttäytymisen järjestelmistä pikkulapsilla. Sen arviointia on siten pidetty
mahdollisena menetelmänä pikkulasten havaintokyvyn ja kognitiivisten kykyjen
tutkimiseen. Näönvaraisen tarkkaavaisuuden varhaiskehityksen testaaminen voisi
tarjota kiehtovan mahdollisuuden ennustaa lapsen kehitystä ennen kuin hienomotoriset ja kielelliset taidot ovat alkaneet kehittyä. Imeväisten näönvaraista tarkkaavaisuutta ja sen pitkäaikaisia vaikutuksia ei kuitenkaan ole juurikaan tutkittu länsimaista poikkeavissa kasvuympäristöissä, joissa tyypilliset kehitysennusteet ovat perustuneet raskauden kestoon ja ravitsemustilaan.
Tämän tutkimuksen tarkoituksena oli selvittää silmänliikkeiden rekisteröintiin
perustuvan menetelmän käyttöä lasten näönvaraisen tarkkaavaisuuden ja kehityksen arvioinnissa matalan tulotason maissa. Tutkimuksessa arvioitiin varhaiselämän
riskitekijöiden (raskauden kesto, kasvu ja perheolot) vaikutusta näönvaraiseen tarkkaavaisuuteen 9 kuukauden iässä ja sekä riskitekijöiden että näönvaraisen tarkkaavaisuuden yhteyttä kehitystestien tuloksiin 18 kuukauden iässä. Lisäksi tutkimuksessa
selvitettiin, onko tarkkaavaisuus kasvoihin erotettavissa tarkkaavaisuudesta muihin
visuaalisiin kuvioihin 6–9 kuukauden ikäisillä lapsilla eri kulttuureissa.
Seurantatutkimukseen valittiin raskauden keston perusteella yhteensä 444 vastasyntynyttä lasta, joita seurattiin 18 kuukauden ikään asti. Varhaisten riskitekijöiden lisäksi pikkulasten näönvaraisesta tarkkaavaisuudesta kerättiin aineistoa 7 ja
9 kuukauden iässä. Myöhemmin lapsia arvioitiin perinteisillä kehitysmittareilla 18
kuukauden iässä. Näönvaraisen tarkkaavaisuuden testit koostuivat visuaalisesta etsinnästä, ennakoivista huomionmuutoksista ja huomiosta kasvoihin. Kehitystä 18 kuukauden iässä arvioitiin motoristen taitojen, käytetyn sanaston, sosioemotionaalisen käyttäytymisen ja toiminnanohjauksen muodossa. Tarkkaavaisuuden irrottamisaikoja
kasvoihin ja kuvioihin 6–9 kuukauden iässä vertailtiin 637 lapsella Suomesta, Malawista ja Etelä-Afrikasta.
ix

Raskaudenkeston mukaan jaoteltuna lapsilla ei ollut eroa näönvaraisen tarkkaavaisuuden tehtävissä. Varhaiselämän riskitekijöiden ja näönvaraisen tarkkaavaisuuden väliset korrelaatiokertoimet olivat alhaiset (-0,17–0,14). Myös korrelaatiokertoimet riskitekijöiden tai näönvaraisen tarkkaavaisuuden ja myöhemmän kehityksen välillä olivat alhaiset (-0,10–0,19). Kulttuurienvälisessä analyysissä viivästynyt
tarkkaavaisuuden irrottaminen oli yleistä lasten katsoessa kasvoja (52 %), mutta harvinaista kuvioiden kohdalla (4 %). Tulokset osoittivat myös, että tarkkaavaisuuden
viivästynyt irrottaminen kasvoista oli tilastollisesti erotettavista tarkkaavaisuuden
viivästyneestä irrottamisesta kuvioista.
Loppupäätelmänä voidaan todeta, että ennenaikainen synnytys, aliravitsemustila
tai muut varhaiselämän riskitekijät eivät olleet yhteydessä 9 kuukauden iässä testattuun näönvaraiseen tarkkaavaisuuteen Malawin maaseudulla. Myöskään varhainen
näönvarainen tarkkaavaisuus tai varhaiselämän riskitekijät eivät olleet yhteydessä
lasten kehitykseen 18 kuukauden iässä. Nämä tulokset eivät tue näönvaraisen tarkkaavaisuuden testien käyttöä kehityksen ennustajana Malawin maaseudulla 18 kuukauden ikäisten lasten joukossa, mutta mahdollista yhteyttä myöhemmässä iässä ei
voi poissulkea. Tarkkaavaisuuden irrottamisaikojen analyysit antoivat todisteita,
että lasten korostuneempi kiinnostus kasvoihin kuin kuvioihin on nähtävissä eri
kulttuureissa ja että kasvojen ja kuvioiden prosessointia välittävät mekanismit ovat
toisistaan erillisiä. Tulokset osoittivat lisäksi, että ero kasvojen ja kuvioiden välillä
oli suhteellisesti voimakas verrattuna muihin lapsen tarkkaavaisuuteen vaikuttaviin
tekijöihin (kasvojen ilme, kasvomalli ja lapsen tottuminen toistoihin).
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INTRODUCTION

As you are reading these very first words of this thesis, imagine that something starts
to blink on the blank page next to this one (or on the side of your screen). Would
you notice the distractor? Would you disengage from these words to turn your attention onto it and how long would your reaction time be? Or would you ignore the
distractor and keep on reading? Would your reaction be any different if you were
reading something more interesting or more boring? – These questions are central
to the workings of human attention and this thesis.
The orientation and holding of attention on visual targets are among the earliest developing neurocognitive and behavioral systems in infants. As eye movement
control emerges long before the child is able to speak or masters fine motor movements, measurement of eye movements and looking behavior has been a primary
method in studies examining infants’ perceptual and cognitive abilities [1]. During
the past two decades, research in this field has been transformed by new eye tracking
technologies that allow infant looking behavior to be measured automatically and at
a higher temporal and spatial resolution. Eye tracking measures of infant cognition
may also prove useful in assessing individual differences in infants’ cognitive abilities
at early age when easier to observe developmental skills have not yet emerged. If
such differences can be reliably assessed, and if the measures would predict future
performance on cognitive or motor development, then proper preventive interventions could be initiated before possible problems accumulate. Importantly, computational eye tracking holds the possibility of a less biased, more accurate, and easier
to perform assessment of infant developmental status than traditional developmental observations, as during eye tracking participants are shown the same information
on the screen and their performance is automatically captured, whereas observable
developmental milestones may be subjective due to variability in manual assessment.
Eye tracking studies of infant attention have so far been mostly conducted in
Western countries. This thesis presents one of the first studies applying eye tracking
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to examine infant attention in a less studied low-resource setting. The thesis examines the characteristics of infant visual orienting, anticipation, and face perception
in 7–9-month-old Malawian children, whether the development of these capacities is
associated with risk factors that are common in low-resource settings (i.e., preterm
birth and malnutrition), and, whether measures of visual attention are associated
with conventional measures of early cognitive development in low-resource settings.

1.1 Key concepts of the study
1.1.1 Visual attention
The visual system is estimated to vastly outnumber other sensory systems in humans when it comes to the amount of information sent to the brain [2]. This is
also reflected in the greater number of studies on vision compared to other sensory
systems [3]. Consequently, it can be argued that the eyes are the primary means
by which humans learn about their surroundings and adapt to it over the lifespan.
Obviously, human information processing capacity is limited, and all the data received from the eyes have little relevance for a person if there were no mechanisms
to efficiently select behaviorally relevant information from the other incoming information. This mechanism is provided by visual attention, which may be considered as a computation to select in and filter out information on the field of vision to
guide learning and memory [4]. Visual attention helps humans and other animals
to operate and navigate in their surroundings.
When it comes to the implementation of visual attentional selection, it is essential to describe two functions of the eye gaze – saccades and fixations. Generally,
saccades are rapid ballistic movements of the eye from one position to another, and
fixations are periods during which the eye is stationary on a single location, although
variety of descriptions are used [5]. The fovea (i.e., sharp central vision) is moved
quicky during saccades, while the visual intake mostly takes place during fixations.
Active attention disengagement is required to generate a saccade from one fixation
location to the next fixation location [6]. Together these eye movement capacities
help on finding and anticipating stimuli, which is essential in performing as a functional human being.
In infants, visual ability improves as eyes, eye muscles, and visual pathways in the
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brain develop. Beginning with limited subcortically mediated orienting to single targets at birth the visual behavior develops into cortical control eye movements that
enable more flexible shifting of attention between multiple targets, and also enhance
oculomotor control from following to anticipating targets, typically at 3 months of
age [7]. Then, spatial orienting seems to be established at 6 months, for which the
ability to disengage is important [8]. As visual attention improves, attentional focus
on a single object can be maintained for some extent from 7–9 months, i.e., peripheral distractors are easier to ignore [9]. Also, the ability to selectively look at one
object while ignoring others (i.e., selective attention) increases from 3–12 months
together with visual control of locomotion, which further integrates infant’s actions
to their visual space [7, 10]. These enhanced eye movements support understanding
of the visual field. As infants turn their gaze (i.e., fovea) into salient objects (i.e.,
high contrast, color, movement), they receive information and learn about these objects [11]. This learning leads to the categorization of visual objects. For example,
selective cortical processing of faces vs. non-face patterns is shown to appear at 3
months [12]. Other aspects of visual function such as depth perception improves
when an infant starts crawling (usually at 7–11 months) [13].
The development of the human visual system contains elements of nature and
nurture [14, 15]. Regardless of the gestational age, visual attention development
improves from birth and the appearance of some visual functions (e.g., binocular rivalry) is tightly linked to the duration of postnatal visual experience, suggesting that
the developmental time-course of the visual system is more dependent on experience
than genetically programmed maturation [16]. Over time, already in early infancy
until adulthood, disengagement latencies become quicker [17, 18, 19]. There may,
however, be genetically mediated individual differences in this development. When
9–13-year-old twins were studied, individual differences in disengagement latencies
showed stronger correlations in mono- than heterozygotic twin pairs [20]. This
stronger correlation in monozygotic twins suggests the existence of a genetic component in visual orienting.
As earlier noted, selecting relevant information from the field of vision enables
purposeful functioning in the environment. Early models of visual selection emphasize the importance of low-level visual cues (i.e., saliency) in this selection [21].
However, more recent research has shown that human attention on the visual scene
is often more strongly attracted by object- and semantic-level attributes (especially
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faces) than salient features [22, 23]. Humans, as social animals benefit greatly from
the information they gather from each other’s faces. This reflects our evolution and
an early-developing attentional preference for faces has been shown to be a genetic
trait in humans [24, 25, 26]. Several studies have shown that infants show early attentional bias to faces, which emerges at birth and increases during the second half of the
first year. This bias has also been described as social preference [27] and can be seen
in three ways: i) as rapid detection and orientation towards faces [28, 29, 30, 31, 32],
ii) as longer dwell times on faces compared to other objects [33], and iii) as slower
disengagement times from faces than other stimuli [34]. A stronger looking time
bias for fearful compared to other facial expressions has also been found [35, 36, 37].
There are also indications that the bias is specific to faces with certain attributes in
infants. Speaking faces attract infant’s attention [38], and especially eyes draw more
infant’s attention compared to mouth [39]. Also, looking times to face and mouth
have been found to differ between facial expressions in infants [40]. Interestingly,
cultural differences on infants’ viewing pattern on facial expressions (i.e., differences
on looking times on eyes, nose, and mouth) have been found when 7–16 months old
infants from Japan and the United Kingdom were compared [41, 42]. Overall, face
detection is important for the person identification and emotion comprehension via
facial expressions [43, 44, 45].

1.1.2 Cognitive development and its risk factors
Living beings, such as humans, develop capacities and behavioral traits as they grow
older. Some capacities appear in almost predetermined order or require previously
acquired skills to be achieved. Some skills in development are easy to notice whereas
the presence or absence of other skills may stay hidden for a quite some time. Development can be considered as a process of gaining experiences and skills from infancy
to adulthood that make one a functional human [46].
Developmental assessments are used to evaluate children relative to their sameage peers. The most commonly assessed domains of psychological development in
children are language, motor skills, socioemotional behavior, and executive functioning. Early-lingual language development includes learning to comprehend and
pronounce words, and thus, increased vocabulary helps interacting with the environment [47]. Motor development is gaining gross motor skills, such as body control
24

and moving, and fine motor skills, such as writing and playing instruments. Good
socioemotional behavior is beneficial for relationships. Executive functioning involves the capacity to maintain and manipulate information (i.e., working memory),
inhibit impulses and habitual responses, and flexibly shift thoughts and attention between tasks or rules [48].
The order of attaining developmental milestones is fairly similar across children,
and in low- and middle-income countries similar development patterns have been
found in most of the outcomes in the first three years of life, although some differences have been identified within the domain of self-help [49]. Acquiring certain
developmental milestones earlier have been found beneficial, as early motor development is considered to be important to later cognitive development [50]. Overall,
developmental delays show first on motor processes and later on visual and language
abilities during the first two years of life [51].
There are several factors which may negatively influence cognitive or motor development. This includes; poor growth and psychosocial factors which both can
threaten normal development. First, shorter gestational age is considered to be associated with higher risk of problems or slower development [52, 53]. For example,
longer gestational age and higher birthweight have been found to be positively associated with neurocognitive development at 11–15 years in Tanzania [54]. Second,
nutrition deficiencies (i.e., stunting, underweight, and wasting) in infancy associate
negatively with motor, language, and cognitive development either concurrently at
0–5 years [55, 56, 57, 58] or predictively to later age (8–11 years) [59, 60]. As a
more specific example, certain types of nutritional deficiencies (e.g., iron deficiency
anemia) may disturb neuronal processes and reduce social stimulation due to low
energy intake in infants [61]. Furthermore, malnutrition in the first year of life
have been found to be associated with impaired cognitive and behavioral outcomes
at 40 years [62]. Third, low socioeconomic status of the family may influence infant’s development (e.g., language skills at 18 months [63] and executive function at
4.5 years [64]). Finally, higher levels or “toxic” stress can affect early development
by disturbing brain development and cause long lasting problems [65]. To thrive,
proper brain development is essential. All these factors are relatively more common
in low- and middle-income settings, where the majority of children live, including
the participants in this thesis.
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1.1.3 Visual attention as a marker of cognitive development
One of the key goals of developmental science is to understand how early developing
skills (such as visual attention) lay a foundation for different aspects of later developing skills. Besides the theoretical importance of this question, it has clinical relevance
as it may help to detect early markers of suboptimal development in children. In an
ideal situation, deviations from the typical developmental trajectory would be detected at an early age to initiate early interventions and to lessen possible problems
later [46].
Individual differences in visual attention may offer a useful marker of early development in children [66]. This may stem from infant’s visual attention being a
building block, almost a cornerstone, of cognitive development. Infant visual attention to salient or new stimuli could promote the ability to inspect environment and
attempt to repeat the seen things, and hence lead to more of processed experiences,
and finally, contribute towards acquiring a more complex skillset earlier. Moreover,
it has been recently found that stimulus-driven attention engages the frontal cortex
in infants, i.e., the finding supports attention’s importance to higher level brain activity, learning and cognition [67].
Visual attention may hence, be seen, as an important element in providing robust
information about child development and may be an excellent predictor of child development. A broad hypothesis linking the efficiency of attention with multiple
aspects of development was given by Deary, who wrote that "it is hypothesized that a
well-wired body is more able to respond effectively to environmental insults" [68]. Performance in different skills is possibly connected. Relating to this, genetic factors and
speed of information processing have been found to correlate with intelligence [69].
Longitudinal data collection linking infant visual attention measures to later developmental outcomes has grown into a vast field in developmental psychology. A
special interest has been shown to infants’ visual attention and its associations to later
skills. A meta-analysis of studies from 1969 to 1994 showed that infant visual habituation and dishabituation (i.e., attention and disengagement) at 0-13 months (most of
data 3–7 months) predicted later cognitive performance at 1.5–18 years (most of data
2–6 years) (e.g., decreasing time spent on a repeated non-face stimulus at 4 months
was associated with larger vocabulary at the second year of life and higher intelligence test scores at 4 years [70], and preference for the novel stimulus at 6 months
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was associated with better scores on later intelligence tests (verbal, performance, and
full-scale IQ) at 6 years [71]) [72].
Visual reaction times (i.e., latency to begin an eye movement to the appeared stimulus) have been studied also for their associations with overall development. In one
study, faster saccadic latencies to visual stimuli at 3.5 months were associated with
higher intelligence at 4 years (verbal, performance, and full-scale IQ) [73], whereas
another study found a connection between visual reaction times at 7 and 12 months
and executive functioning (i.e., working memory and flexible switching of attention)
at 11 years [74]
Attention to faces can be seen as a basic skill in human development and its connection to infant behavior has been studied to gain knowledge on early markers of
social development. Attention bias to fearful faces at 7 months has been found to be
associated with postivive infant–mother attachment security at 14 months [75]. As
a risk factor, maternal anxiety has shown to strengthen infant’s attentional bias to
fearful faces [76, 77, 78].
As preterm birth has been shown to associate with later development, studies
on the subject have been conducted already at the early childhood. Preterm infants
seem to have a reduced attention to faces and reduced social attentional preference at
6–10 months [79, 80]. Furthermore, regardless of the gestational age, reduced face
preference in infancy might be a precursor to callous-unemotional traits [34, 81].
Lastly, face attention has gained interest in studies on children with autism. It
has been shown that longer disengagement latencies and disengagement problems in
6–14 months are related to autism symptoms at 25–36 months [82, 83, 84], and these
longer latencies are already evident at 9–10-month-old autistic infants [85]. For these
reasons, atypical gaze and fixation patterns can be seen as deficits in infancy and, also,
to be connected with autism [25, 86, 87, 88].

1.2 Methodological considerations
1.2.1 Eye tracking
Looking times have been studied in developmental psychology since the late 1950s [1].
With computational remote eye tracking technology, visual attention measurements
have become more accurate, effective, and objective [89]. Nowadays it is common to
27

approx. 60 cm distance
between eyes and the screen

screen

participant
eye tracker
Figure 1.1 Eye tracking setup with participant, screen, and eye tracker. (Dimensions not shown at proper
scale.)

show images and videos on a screen in front of a participant and to have a remote eye
tracker on the frame of the screen to capture spatiotemporal eye movements. Additionally, recordings of eye movements in naturalistic environment is now possible
by using head-mounted eye trackers [90].
Modern eye tracking systems use an image of the pupil center and a reflection
of the infrared light from the cornea to track eye movements. With a remote eye
tracker, a participant is seated in front of a screen (Fig. 1.1). After a good calibration
(i.e., participant’s gaze accuracy to the test targets on the screen), gaze locations can
be measured with relatively high spatial and temporal accuracy [91]. In ideal conditions, the spatial accuracy of remote eye tracking is high, with errors in the estimates
of the position of the gaze typically ranging from 0.4 to 0.9 , and the temporal accuracy of most devices is 60-, 120-, or 300-Hz.
Recording spatiotemporal eye movements results in accurate measurements in
relation to appearing, moving, or disappearing stimuli on the screen. While eye
28

tracking provides means for automatic collection of data on the participant’s point
of gaze, the definition of key events in eye movement behavior (i.e., saccades and
fixations) typically requires several assumptions to be made. For example, when
analyzing eye tracking data, general physical restrictions are used, such as, saccades
shorter than 150 ms (and especially < 200 ms) are considered as impossible to be
reactive to a stimulus and are excluded from stimuli-related analyses [92]. Also, as a
computer-based calculation, eye tracking gives and requires a lot of variables to consider in order to generate accurate data (e.g., positioning of a participant; stabilizing
gaze location; data loss during a task requiring interpolation) [93, 94]. Still, data
quality must be monitored [95].

1.2.2 Excessive reliance on W.E.I.R.D. populations
Technology for computer-based eye tracking is relatively new, and most of its applications have been conducted in Japan, the United States of America, and Europe.
This reflects a more general sampling bias in a global perspective, as the most of
developmental psychology data come from these Western, educated, industrialized,
rich, and democratic (W.E.I.R.D.) countries [96].
No matter the environment, eye tracking could be a viable option to assess visual
attention and its associations to early and later development. Indeed, recent studies have shown that automated eye tracking is feasible in low-resource settings. In a
feasibility study, 9-month-old Malawian and Finnish infants had similar completion
rates on three eye tracking tasks [97]. In The Gambia various eye tracking tasks were
assessed with under 2-year-old infants and the results provived similar data quality
as infants from the United Kingdom [98]. Also, in Vanuatu gaze-following at 5–7
months was similar to Western infants [99]. Furthermore, in addition to providing
a proof of eye tracking’s feasibility, in Uganda infants’ looking preference for novel
faces was positively associated with cognitive development at 6–12 months [100].
None of these studies have, however, examined the predictive value of eye-trackingbased tests in low-resource settings. As findings from the feasibility study by Forssman et al. [97] have motivated the study in this thesis, it is a logical next step to study
longitudinal relationships between early measures of infant attention by eye tracking
and later cognitive development in low-resource settings.
Performing developmental assessment studies outside W.E.I.R.D. circumstances
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is essential for global understanding of human development. Inadequate nutrition
and insufficient social and cognitive stimulation affect brain development and cause
problems in development for infants, especially in poor environments [101]. Also,
evidence suggests that poverty and stunting affect negatively cognition and school
performance [102]. For example, in Tanzania malnutrition was associated with cognitive and motor development on infants 18–36 months old [103]. Links between
stunting and cognitive, motor, and socioemotional development become evident
when we assume that nutrition and brain development are connected [104]. All
this has generated a call for studies in early adversity, nurture, and nutrition on early
childhood development [105, 106, 107].

1.3 Justification for the present study
1.3.1 Longitudinal developmental assessment in low-resource settings
In order to address the sampling bias resulting in low-resource settings being underrepresented in developmental studies in infancy [96], more studies using up-to-date
early childhood developmental assessment tools with longitudinal designs in lowand middle-income countries are needed [108]. As eye tracking and other computational methods are suggested for longitudinal assessment of children’s developmental
and psychological well-being [109] and eye tracking has been seen as a viable option
to measure infants’ behavior before they can be instructed to do traditional developmental assessment tasks [89], there is a strong motivation to examine the utility
of this method in assessing early cognitive development in children in low-resource
and high-risk environments. Using early eye tracking in a longitudinal follow-up
study allows us to see whether visual attention is associated with later development
at the age when children have acquired traditionally measured physical and cognitive skills. Moreover, shared and unique characteristics on visual attention across
different environments may potentially be found.
Many studies have focused on childhood stunting as an indicator of well-being [110].
Still, interventions on nutrition, infections, and inflammations in low-resource settings need to be evaluated against their effects on multiple aspects of child health,
including neurodevelopment [111]. Whereas linear growth is a factor which may
reflect infant’s cognitive development, growth is not the sole measure of develop30

ment [112], and a great variation in development is not explained by infant’s size
in low- and middle-income countries [113]. Thus, multiple measures are needed to
capture nuances in development and to have a more thorough understanding on the
aspects of development. Furthermore, studying variation in basic neurocognitive
processes (e.g., manifested as visual attention) in infants in low-resource settings and
their relations to the long-term development could potentially emerge as an alternative indicator of development next to other early-life adversities, such as preterm
birth and malnutrition.

1.3.2 Visual attention and factors of disengagement in low-resource
settings
As important as it is to study predictors of early visual attention and its performance
against later development, it is also a valuable goal to characterize visual attention
itself in low-resource settings. Although feasibility of eye tracking in low-resource
settings has been demonstrated now, as discussed in the previous chapters, the reliability of this method in these settings has been less studied. Reliability (i.e., achieving
same results when repeating the test in consistent conditions) of eye tracking variables is typically examined as odd-even, split-half, and test-retest correlations [114].
Further work is also needed to improve the statistical analyses of data from eye
tracking studies, starting from the estimation of the variable of interest and extending to the modelling of factors contributing to infant attention. Measures of infants’ visual attention such as gaze dwell or disengagement times are usually nonnormally distributed with censored values (i.e., values exceeding the recorded time
window) [115]. A prevailing approach for analyzing these variables is to classify the
data into a binary variable (i.e., non-censored vs. censored), with an arbitrary split
for the upper limit of saccade onset (e.g., [116]). This split or cut-off value may vary
from study to study. A preferable approach is to develop data-driven methods to
determine cut-off values from sample distributions, for example, by analyzing density peaks and lows to distinguish separate phenotypes within one-dimensional data.
Moreover, it is common to simply calculate means or medians to measure test performance over repeated measures. However, some information will be lost as eye
tracking tests are also subject to inconsistency in repeated measures when stimuli
and situational variables vary [117]. Although random order of stimuli helps to pre31

vent this at sample-level, variations between individual participants may resonate
conditional effects. Thus, it may be helpful to assess how sensitive these measures
are to habituation and different stimulus display patterns to develop unbiased tests
and to use the best possible outcome variables.

1.3.3 Overview of the study protocol
This thesis is a part of the MiTrack study, which was set up based on a publication
supporting the feasibility of eye tracking as a technique for assessing infant development in a low-resource setting in rural Malawi [97]. Then, a new sample was
enrolled for a follow-up study in the same area. This follow-up study was planned to
determine the validity of the eye tracking method in studying child development in
the study area. The data was expected to show that early eye tracking scores predict
child development, as measured by the more traditional developmental tests.
Specific aims of the MiTrack study were to analyze associations between the infant’s social and cognitive abilities and nutritional status, growth pattern, gestational
age at birth, and rearing environment. Studying the validation of eye tracking methods was motivated to facilitate early identification of infants requiring special support
and to shorten follow-up time in intervention studies aimed at improving infants’
physical and mental health. Finally, the reported results were expected to help in designing new interventions to promote child development in low-resource settings.
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2

AIMS

The current study was set to understand associations between risk factors for infant’s
health, environment, and family, infant’s development, and the eye-tracking-based
assessment of infant cognitive function (i.e., visual attention) in low-resource settings
in rural Malawi until the age of 18 months. Additionally, reliability and features
of the infant visual attention variables were analyzed for a better understanding of
visual attention.
The thesis consists of three publications. Publications I and III focus on a longitudinal follow-up sample of rural Malawian infants, whose visual attention was
measured as a part of developmental assessments. One visual attention task from
Publications I and III was further investigated on Publication II and its data set was
enriched with samples from Finland, South Africa, and another study in Malawi.
The specific aims for the corresponding publication numbers were:
I To examine associations between gestational age, growth, and other risk factors and early visual attention in infants.
II To examine whether infants’ attention to faces is distinct from attention to
patterns.
III To examine whether early visual attention and early life adversity are associated with later development.
Connections between the publications, variables, and association directions are
presented in Fig. 2.1.
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Publication I
Publication III

RISK FACTORS:
- Gestational age
- Growth
- Family characteristics

LATER DEVELOPMENT:
- Language
- Motor
- Socioemotional
- Executive function

VISUAL ATTENTION

Publication II
Delayed disengagement

Figure 2.1 Connections between domains and the publications. Arrows indicate longitudinal – and hypothetically predictive – relationships between domains.
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3

METHODS

3.1 Study settings
The data sets for this thesis come from Malawi, Finland, and South Africa (Fig. 3.1).
Publications I and III are based on the MiTrack study, a prospective cohort study
of infants born in Lungwena and Malindi areas, in Mangochi District, Malawi. As
enrollment criteria, infants in the MiTrack study were 0–28 days old at enrollment,
born between 32.0 and 41.9 gestation weeks, and had no known congenital malformation, severe illness, or visual impairment.
In Publication II, one eye tracking task from the MiTrack study was taken into a
closer analysis together with other data sets from Finland and Malawi at 9 months
of age [97] as well as data from an unpublished study in South Africa at 6 months of
age. The usage of the data sets in the publications is illustrated in Table 3.1.

3.2 Measures of early-life risk factors
3.2.1 Gestational age
One of the key attributes the MiTrack study was designed to examine was associations between child’s gestational age at birth and developmental outcomes. Thus, the
recruitment for the study was stratified based on infants’ gestational age at birth to
enroll infants born preterm (32.0–36.9 gestation weeks), early-term (37.0–38.9 gestation weeks), and full-term (39.0–41.9 gestation weeks) [118]. The study was designed
to enroll 425 infants with the recruitment ratio 1:2:2, respectively. However, after
the first 251 participants the ratio was changed to 1:5:5 due to difficulties to find and
enroll preterm infants. Eventually 444 children were enrolled.
Gestational age at birth was calculated based on an obstetric ultrasound assess35
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Figure 3.1 Data were collected from Finland, Malawi, and South Africa, marked as red from the north to
the south, respectively.
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Table 3.1 Usage of data sets in the publications.

Data set

Time point

Finland

9 months

X

Malawi 1

9 months

X

South Africa

6 months

X

Malawi 2
(MiTrack)

Publication I

Publication II

Publication III

0 months

X

X

3 months

X

X

7 months

X

X

9 months

X

X

18 months

X
X

ment performed at the study clinic during the pregnancy. At the clinic, fetal biparietal diameter, femur length, and abdominal circumference were measured, and the
duration of pregnancy was determined based on Hadlock tables [119].

3.2.2 Growth
Infants’ length, weight, mid-upper arm circumference (MUAC), and head circumference were measured at the clinic visits. Age- and sex-standardized anthropometric
indices (length-for-age, LAZ; weight-for-age, WAZ; weight-for-length, WLZ; head
circumference-for-age, HCZ; and MUAC-for-age, MUACZ; z-scores) were calculated
using the World Health Organization Child Growth Standards [120]. For the analyses, various time points and changes between these time points ( ) were used for
LAZ, WAZ, WLZ, HCZ and MUAC or MUACZ: 0 (enrollment), 7, 9, 18,
0–9,

7–9, and

0–7,

9–18 months.

A total of 74 length measurements at enrollment from the MiTrack study were
suspected to have systematic measurement error due to a failure to comply with the
standard operating procedures. To take this into account in the analysis, an additional sensitivity analysis with a single linear regression imputation was performed
for those values, if possible. The imputation was based on the sex, the enrollment
measurements (age, weight, MUAC, and head circumference), and the 7-month-visit
measurements (LAZ, WAZ, HCZ, and MUACZ).
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3.2.3 Family characteristics
Four subdomains of children’s family characteristics were assessed. These were maternal cognition, maternal psychosocial well-being, socioeconomic status, and care
practices, which are described in the following sections. Each subdomain contained
several parts. A subdomain score was a sum of the standardized (mean = 0, SD =
1) parts within the subdomain. For each score, higher score indicated positive outcome.
Assessment of family characteristics was mainly based on interviews and observations with the mothers of the participating children. Family characteristics data
were collected at different visits between the enrollment and 9 months.

3.2.4 Maternal cognition
Maternal cognition was assessed at home when children were 3 months old. Mothers
completed tests assessing spatial cognition (one part), working memory (two parts),
and verbal fluency (two parts). Tests were previously used in the same area [121].
The maternal cognition score was a composite of these three tests and five parts.
Spatial cognition was assessed with a mental rotation test. The test comprised 5
rows. On each row, a target figure was given with eight replicas, which were rotated
and/or mirrored versions of the target figure. The mother was asked to identify the
replicas that were rotated versions of the target figure (4–6 out of 8 figures on a row).
Working memory was assessed with the digit span test. The mother was asked to
repeat sequences of digits told by the data collector. The number of digits increased
from two to nine digits and each length had two sets. First, sequences were asked to
be repeated forward, then, starting again from a two-digit-sequence, backward (i.e.,
two parts).
Mother’s verbal fluency was assessed by asking her to name as many foods and
girls’ names as possible in 60 seconds, in separate occasions (i.e., two parts).

3.2.5 Maternal psychosocial well-being
Mothers’ psychosocial well-being was assessed during home and clinic visits at 7 and
9 months. For the assessment, four questionnaires were included, covering depres38

sion symptoms, perceived stress, life events, and social support (i.e., the subdomain
consisted of four parts).
Maternal depression symptoms were assessed with 20 yes/no-questions from the
self-reporting questionnaire on depression symptoms [122]. The questionnaire has
been validated in Malawi [123].
Mother’s perceived stress was assessed by asking questions about stressful experiences and how often the feeling or the thought has occurred [124]. Responses were
given on a 5-point scale: never, almost never, sometimes, fairly often, and very often.
Adverse life events were assessed by asking the mother 17 questions on common
adverse life events (e.g., serious illnesses or death of a family member or a friend,
housing difficulties) and whether they had experienced these events. The questionnaire was adapted from the original source [125]. Answers for the recent life events
were recorded on a 3-point scale: not experienced, experienced but not affecting
anymore, and experienced and still affecting.
Social support was assessed by asking the mothers about their perceptions of the
availability of a special person, friends, or family to help, talk with, or share emotions with. Answers were collected on a 5-point scale with a response card of visual
depictions: strongly disagree, mildly disagree, neutral, mildly agree, and strongly
agree.

3.2.6 Socioeconomic status
Mothers’ socioeconomic status was assessed during home and clinic visits at enrollment, and at the child age of 7 and 9 months. The subdomain consisted of three
parts: the satisfaction of everyday needs, food insecurity, and living conditions.
To assess the satisfaction of everyday needs, mothers were asked yes/no-questions
about food availability and satisfaction of other everyday needs.
The food insecurity access scale consisted of a questionnaire with nine questions
about the household’s ability to access food, variety and amount of food consumed,
and hunger experienced by household members in the last 30 days [126]. Answers
were collected on a 4-point scale (never, rarely, sometimes, or often) and the total
score was adjusted to season (i.e., harvest, rainy, or winter) with linear regression.
The living conditions subdomain consisted of questions about the building materials of the house and the roof, the main source for drinking water, the sanitary fa39

cilities, the light source, and the main source for cooking fuel. Answer options were
ranked, and then, based on the collected answers, the answer options were standardized to take account frequency of each answer option in the sample.

3.2.7 Care practices
Care practices were assessed at home and at clinic visits at 7 months. The assessment
covered two parts: home environment and mother-infant bond.
The Home Observation for the Measurement of the Environment (HOME) inventory [127] was used to interview and observe how infant’s home promoted cognitive, motor, and socioemotional development (i.e., nurturance). Items related to
interactions between the family and the infant, as well as toys in the child’s environment, for example. Tests items were previously adapated to the local context [121].
The mother-to-infant bonding scale [128] was used to ask the mother’s feelings
for her child in the first few weeks after birth. Eight adjectives were presented, and
the mother was asked to state how they fit her relationship with the baby on a 4point-scale: very much, a lot, a little, not at all.

3.3 Measures of visual attention at 6–9 months
In the MiTrack study (Malawi 2), eye-tracking-based assessment of visual attention
was performed at the chronological age of 7 and 9 months (30 and 39 weeks, ± 2
weeks, respectively). In the other two studies included in Publication II, the assess-

ments were conducted at 9 months of age (Finland and Malawi 1 data sets) or at 6
months of age (South Africa). The tests were similar in all three studies.

3.3.1 Eye tracking equipment
The eye tracking assessment was done in an air-conditioned room, where the testing area (the monitor and participant’s seat) was separated from the other parts of
the room by black fabric. Slightly behind the seat at 2 meters height, was an E14
LED light bulb for lighting. The testing area (including fabric and light source) were
identical in the MiTrack study in Malawi and the study conducted in Finland. In
the South Africa study, the testing area was set up in a dedicated room at a private
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well-baby clinic or a mental health clinic.
Hardware for the eye tracking consisted of a 22" widescreen monitor with an aspect ratio of 16:10, a remote Tobii X2-60 (Malawi and Finland) or T60 (South Africa)
eye tracker (Tobii Technology, Stockholm, Sweden), a Tobii connector box, and a
laptop computer. The eye tracker was placed on the bottom frame of the screen.
Software for the eye tracking consisted of a custom-written MATLAB [129] script
and MATLAB’s Psychtoolbox [130]. A Tobii SDK plug-in was used as an interface
between the eye tracking hardware and the computer.

3.3.2 Procedure
During the assessment, infants were seated on their mothers’ lap in a baby carrier.
The infant’s eyes were at an approximately 60 cm viewing distance from the monitor.
Then, a calibration was done. During the calibration, five cartoon figures (4 ) with
sounds were shown individually in an order in each corner and in the center of the
screen. The calibration outcome was evaluated by the experimenter based on visual
inspection of the calibrated data points for the two eyes in comparison to predefined
standards. Unsuccessful calibrations were re-calibrated once or twice to reach the
standards. After a maximum of two attempts to re-calibrate, however, the calibration
was accepted, and the experiment was started.
Next, the three eye tracking tasks were presented to the infant. The tasks were
performed twice for each infant in two separate sessions, with a break in between
the sessions. During the eye tracking assessment, the experimenters over-viewed the
process through a video feed and a real-time visualization of the gaze position. To
accommodate infant’s behavior or a lost gaze, a break was taken, if necessary, to calm
the infant or to adjust infant’s position.

3.3.3 Eye tracking tasks
Three eye tracking tasks were designed to measure different aspects of infants’ visual
attention (Fig. 3.2). Infants were presented with tasks assessing visual search (i.e.,
gaze latency), anticipatory attention shifts (i.e., sequence learning), and attention to
faces (i.e., attention disengagement). The stimuli and the timing parameters of the
tasks differed, but the basic principle of the tasks was similar with all tasks containing
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Figure 3.2 Eye tracking tasks. (Adapted from Forssman et al., 2017 under CC BY.)

predefined areas of interest (AOI) where infant’s gaze was expected to hit and all tasks
assessing the time elapsed to the “hits”. In the following are described the tasks and
how their data were used in the analyses.

3.3.4 Visual search task
The visual search task consisted of stimuli on the screen and its main variable of
interest was the time elapsed to find the distinguishable target stimulus with the
gaze [131].
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The task started with the presentation of a picture of a red apple (5 visual angle)
on the center of the screen. Simultaneously an "oh" sound was played. After a look
at the stimulus and a 2,000-ms wait period (or after 4,000 ms had elapsed without a
look), the stimulus disappeared for 500 ms. Then the apple re-appeared in a random
location on the screen.
There were three experimental conditions: one-object, multiple-objects, and conjunction. In the one-object condition the apple was presented alone. In the multipleobjects condition the red apple was presented among four or eight distractors of one
kind (same shaped blue apples or rectangle-shaped sliced red apples). In the conjunction condition the red apple was presented among distractors of two kinds (50% same
shaped blue apples and 50% rectangle-shaped sliced red apples).
If the child looked at the target apple in its new location within 4,000 ms from the
start of the trial, a reward sound (children voices cheering "yeah") was played while
the target spun. However, the sound was also played even if the participant did not
find the target within 4,000 ms to make the task more engaging.
A successful search was registered if the gaze hit the target stimulus within a predefined time limit (150–2,000 ms). The time it took for the participant’s gaze to enter
the AOI with the red apple was calculated. There was a total of 24 trials (3 conditions
⇥ 4 trials ⇥ 2 sessions).

For analyses, two measures from the visual search task were extracted: the visual

search latency (using successful orienting responses in the single-object condition),
and the proportion of successful responses of valid trials in single-object, multipleobjects, and conjunction conditions. Quicker responses for visual latency were considered as positive. Higher proportion of successful responses on three conditions
were considered as positive.

3.3.5 Anticipatory attention shifts task
The anticipatory attention shifts task assessed infant’s ability to predict repeating
patterns and then to adjust to a new repeating pattern [132]. Here, an auditory
stimulus was given as an anticipatory cue for the appearance of a visual stimulus at
a constant location.
At the start of each trial, participants were presented with a fixation stimulus (a
pink cartoon pig face, 5 visual angle) in the center of the screen. After the infant
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looked at the fixation stimulus, an auditory cue and two blue rectangles were presented to the left and right side of the screen so that the furthest edge of the rectangles
bordered the edge of the screen (22 away from the center). A reward, an audiovisual
cartoon animation, was subsequently presented inside one of the two rectangles.
If the infant made an anticipatory saccade to the placeholder where the reward
was to be presented, or if 1,000 ms from the start of the trial had passed, the reward
was revealed. The reward appeared on the same side during the first eight trials (preswitch) and then, the side was switched so that the reward was presented on the other
side for the last eight trials (post-switch). Anticipatory saccades were defined as saccades that were initiated at the onset of the auditory cue and ended 150 ms after the
onset of the lateral stimulus, i.e., within 1,150 ms.
There was a total of 32 trials: 16 pre-switch and 16 post-switch trials (2 conditions ⇥ 8 trials ⇥ 2 sessions). For analyses, the proportion of correct anticipatory
saccades on valid trials that were considered possible to be predicted was calculated,

i.e., trials 2–8 for pre-switch and trials 10–16 for post-switch. Higher proportions
were considered as positive.

3.3.6 Attention to faces task
An overlap task was used to assess infants’ attention to faces and patterns. In this task,
the first stimulus was presented in the center of the screen. After a short interval,
a new lateral stimulus (i.e., a distractor) was presented to compete with the infant’s
interest without the first stimulus disappearing [17, 133, 134].
The central stimulus was either a pattern or a face. Faces were showing either
happy or fearful expressions and the skin color/ethnicity of the face was matched
with the skin color/ethnicity of the child. Patterns were rectangle-shaped and created by phase-scrambling the faces, which resulted in the loss of any recognizable
features of a face [135]. The lateral stimulus was presented in the left or the right side
of the screen. The lateral stimulus was a black and white geometric shape, which was
superimposed by a still picture showing the first frame of a cartoon animation.
Each trial started with a dynamic attention-grabbing stimulus presented on the
center of the screen. After the infant looked at the stimulus, the center stimulus
and the lateral stimulus were presented with a 1,000 ms onset asynchrony. When
the infant shifted gaze to the lateral stimulus, the still picture turned into a dynamic
44

cartoon animation that played for up to 4,000 ms. There was a total of 32 trials ([1
condition ⇥ 8 trials + 2 conditions ⇥ 4 trials] ⇥ 2 sessions). The task consisted of
four blocks (8 trials each) with a short video or a session break between blocks.

To assess infants’ attention to patterns and faces, the duration the gaze stayed in
the center AOI before an attention shift (i.e., disengagement) to the peripheral AOI
occurred, or before a time-out period of 3,500 ms had elapsed, was calculated. The
duration data were normalized by converting the values into a dwell time index,
based on the following formula:
a normalized dwell time index =

n Å
X
i=1

1

3500 xi
3500 150

ã

where x is the time point of the gaze shift away from the center AOI (i.e., the last
time point when gaze is in the area of the first stimulus preceding a saccade towards
the lateral stimulus, ms), and n is the number of scorable trials in a given stimulus
condition. The shortest acceptable gaze shift latency (150 ms) results in an index
value of 0, and the longest possible latency (or a lack of gaze shift, which is equal to
the last measured time point of the first stimulus at 3,500 ms) in an index value of 1.
The proportion of attention disengagement towards the lateral stimulus and dwell
time indices for each condition were calculated and used as measures in the statistical analyses. Further, the classification of disengagement times into “disengagement”
and “delayed disengagement” responses on the basis on an arbitrary vs. data-driven
cut-off value was examined in Publication II. For pattern stimuli, higher proportion of disengagements and quicker dwell times were considered as reflecting better
performance. For face stimuli, a similar interpretation was not warranted based on
existing literature and responses were not considered either positive or negative.

3.3.7 Eye tracking data analyses and inclusion criteria
Time series data (60 Hz) with information about the onset times of images, xyboundaries of active AOIs on the screen, and xy-coordinates of the participants’ eyes
and their respective validity estimates, as given by the Tobii eye tracker, were initially saved as MATLAB’s mat-files. Subsequently the data were converted into Tobii’s gazedata-format. These data were pre-processed and analyzed offline by using a
library of automated MATLAB functions [93].
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Data on the xy-coordinates corresponding to the two eyes were combined by taking a mean of the coordinates or using only the one valid eye’s coordinates. The mean
coordinates were further extrapolated to fill missing data points for the maximum
of 200 ms. Finally, the mean extrapolated coordinated were median filtered with
a nine-sample (150 ms) moving window to remove abrupt technical spike artefacts
from the data. As data quality criteria, in each task, trials that violated upper limit of
extrapolation (200 ms) were excluded. Additionally, for the attention to faces task,
trials with < 70% fixation on the central stimulus prior to attention disengagement
and trials on which the attention disengagement occurred during extrapolation were
excluded. For a participant to be included in the analyses of a certain task, the participant needed to provide at least three valid trials for each condition of the task.
Thus, the sample size varies between different eye tracking variables.
Finally, the elements above resulted in a spatiotemporal data on participant’s eye
movements on the screen together with the task-related information, such as stimuli
appearance times. Fig. 3.3 provides a visualization of the eye tracking from one trial
as an example.

3.4 Measures of development at 18 months
Four subdomains of child development at 18 months of age (± 1 month) were assessed. First, at the home visit child’s mother or caregiver was interviewed about
the child’s lexicon and socioemotional behavior. Later, at the clinic visit, the child
was assessed on gross and fine motor development and executive functioning. These
developmental assessment tasks were taken from a previous study conducted in the
same location [136].

3.4.1 Language
Child’s language development was assessed using a 100-word local language vocabulary checklist [137] and translated into Chichewa and Chiyao (i.e., local languages)
and adapted for use in Malawi [136]. The mother was presented with words from
the list and asked whether the child has said the word. The language score was the
sum of the words the child had said.
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Figure 3.3 An example of a disengagement on a face trial in the attention to faces task. 3D-visualization
shows positions of eyes, gaze and stimuli. Gaze coordinates indicate eyes’ xy -coordinates
in relation to screen dimensions over the trial period. (Image courtesy: Infant Cognition
Laboratory Tampere.)

3.4.2 Socioemotional
Child’s socioemotional development was assessed by using a modified version of the
Profile of Socioemotional Development [138] [Abubakar et al., The profile of social
and emotional development, a conversational approach to the systematic monitoring
of children’s social and emotional development, unpublished results, 2015].
The mother was asked 19 open-ended questions regarding problems in different
domains of behavior and the assessor rated answers as 0, 1 or 2, based on seriousness
and frequency of the problem. Higher score indicated more problems in behavior.
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Then, child’s maladaptive behavior was asked from the mother with eleven openended questions regarding possible unusual or rare behaviors. The answers scored
as 0 (no such behavior) or 2 (regular behavior). The socioemotional score was the sum
of these 30 questions and reversed for higher score to indicate fewer socioemotional
problems.

3.4.3 Motor
Child’s motor development was assessed with the Kilifi Developmental Inventory
tool developed in Kenya [139]. The assessment consisted of 36 gross motor (e.g.,
jumps with two feet, climbs onto platform; and an extra item on running) and 59
fine motor (e.g., kicks a ball, builds block towers, puts coins in a box) items scored
as binary variables (1 for successfully completed items). Some items were progressive, i.e., successful completion of the previous items was a requirement for the administration of the item (e.g., building a tower of blocks was scored on a two-block
interval, maximum of twelve blocks). The motor score was sum of all 95 items.
Child’s mood, activity level, and interaction with the assessor were also rated
on different scales. Mood was scaled from crying to laughing, activity level from
unrousable to active, and interaction from avoidant to friendly. These ratings were
ranked and summed as the first component from a principal component analysis.

3.4.4 Executive functioning
Child’s executive functioning and working memory was assessed using a version of
the A-not-B task [140]. Two cups were placed on a board in front of the child and
the child saw a treat being put under either of the cups. The board with the two cups
was subsequently hidden for 5 seconds and the child was distracted. When the board
was returned, the child was asked to select the cup hiding the treat. The place of the
treat was switched after two consecutive successful selections. The treat was a piece
of locally popular corn puff.
The task was repeated for the maximum of 10 times. For the A-not-B score, correct selections after a switch of a location were summed (max. score of 4). Only
participants with the full ten attempts were included in analyses.
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3.5 Statistical analysis
Statistical tests were performed to analyze visual attention variables, to compare gestational age groups, and to inspect associations between domains. As many of the
test variables deviated from the Gaussian distribution, most of the analyses were
conducted using non-parametric (i.e., distribution-free) methods.

3.5.1 Sample size calculation
The sample size for the MiTrack study was designed for comparing the visual attention data between preterm and full-term infants. The targeted sample size of 425
with a ratio of 1:2:2 for gestational age groups was designed to provide the study with
80% power and 95% confidence to document a statistically significant difference (p
< 0.05) in the visual attention scores between preterm and full-term infants, for an
effect size

0.45 SD.

3.5.2 Main variables and covariate adjustments
Variables were collected on five domains: gestation, growth, family characteristics,
visual attention, and development. Each variable and its covariates are shown collectively on Table 3.2.
Visual attention was reduced into four subdomains to reduce the number of tests
and the remaining conditions were used as adjusting covariates to apply for effects
of total eye tracking tests. The four visual attention subdomains were:
1. Visual search latency using data from the one-object condition.
2. Visual search success using data from the conjunction condition (adjusted to
success in the single-object and multiple-objects conditions).
3. Ability to update anticipatory attention shifts after a change in stimulus contingency (i.e., anticipatory responses on post-switch trials, adjusted to anticipatory responses on pre-switch trials).
4. Dwell time on faces (adjusted to dwell time on patterns).
The developmental outcomes at 18 months consisted of four subdomains. Three
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Table 3.2 The main variables and their corresponding covariates by domain.

Domain
Gestation
Growth

Main variables (Subdomains)

Adjusted for

Gestational age

-

Enrollment size

-

7 or 9 months size

Enrollment size

9–18 months size

9 months size

Maternal cognition

-

Family

Maternal psychosocial well-being

-

characteristics

Socioeconomic status

-

Care practices

-

Visual search latency

-

Visual search, % of successful search,

Visual search, % of successful search,

7 or 9
months
visual
attention

18 months
development

conjunction

single and multiple-objects

Anticipatory attention shifts,

Anticipatory attention shifts,

% of correct anticipation, post-switch

% of correct anticipation, pre-switch

Attention to faces, dwell time on faces

Attention to faces, dwell time on patterns

Language

-

Socioemotional behavior

-

Motor

Child’s mood, activity level and

Executive functioning, A-not-B

-

interaction with the assessor

subdomains were analyzed without adjustments: language, socioemotional behavior, and the A-not-B total score. The fourth subdomain, motor development, was
adjusted to variables collected during the task: child’s mood, activity level, and interaction with the assessor (i.e., the first component of a principal component analysis
combining the three variables).
Family characteristics (i.e., risk factors) were measured in four subdomains as
well: maternal cognition, maternal psychosocial well-being, socioeconomic status,
and care practices. Other subdomains of risk factors included gestational age at
birth, growth outcomes (i.e., anthropometric measurements and z-scores for length,
weight, head circumference, MUAC) at enrollment, 7, 9, and 18 months, and change
in anthropometric measurements between 9 and 18 months of age.
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3.5.3 Association analyses
Visual attention at 7–9 months was tested against domains of gestation, growth,
family characteristics, and 18 months development. Likewise, developmental assessments at 18 months were tested against all other domains (excluding 7 months visual
attention).
Main analyses were carried with correlation coefficients to examine associations
between variables. The used methods were Spearman’s rank correlation coefficients
for un-adjusted tests and Spearman’s partial rank correlation coefficients for adjusted
tests. Adjustments were based on related, but non-critical variability in growth or
task performance. For the hypothesis testing, correlation coefficients > |0.20| were
considered as significant.

3.5.4 Group comparisons
Two-group age differences (i.e., 7 vs. 9 months) on visual attention scores were compared using Wilcoxon signed-rank test (i.e., repeated measurements). Two-group
differences on developmental scores between top and bottom visual attention performers were conducted using Wilcoxon rank-sum test. Comparisons of the three
gestational age groups (i.e., preterm, early-term, and full-term) were performed with
Kruskal-Wallis equality-of-populations rank test with ties.

3.5.5 Reliability analyses
For a task comprised of several repeated trials, one of the basic methods to assess
variable reliability is to compare values of odd and even trials. The trial sequence
is split into two halves based on whether the trial number is odd or even. Then,
for example, a mean is calculated by participant for their odd and even trials separately. The sample correlation between these measures tells whether performance
is constant across separate test trials within a session, and further, how precise the
measure is. When means from separate visits are compared in a similar way, instead
of odd and even trials, a test-retest correlation can be calculated.
Thus, the reliability of individual conditions of the eye tracking tasks was analyzed with odd-even correlations separately for the 7- and 9-month data, as well as
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test-retest correlations of scores between 7 and 9 months. In Publication II, oddeven correlations were calculated for probabilities of delayed disengagement from
faces and for quick disengagement times from non-face patterns, respectively. Oddeven and test-retest comparisons were calculated as Spearman’s rank correlation coefficients. For odd-even comparisons, two or more valid trials were required per
both odd and even trials in Publication I, and three or more in Publication II. For
test-retest comparisons, three or more valid trials were required per visit.
For association reliability of correlation coefficients, the Bayes factors (B F10 , in
which 1 and 0 refer to two hypotheses being compared, i.e., alternative and null
hypotheses) were calculated using the default null hypothesis with a uniform prior
distribution for r s [141]. The Bayes factor values above 100 are considered as a strong
evidence of alternative hypothesis (i.e., in this case, supporting correlation between
measured variables), whereas values between 0 and 1 are considered as evidence towards null hypothesis.
To estimate the impact of measurement noise on correlations with odd-even visual attention measures, the reliability estimates within variables were calculated as
Spearman-Brown corrected correlations. This method takes account the length of
the task (number of trials), i.e., when data is lost due to splitting trials into odd and
even [142].
Adjusting correlations for reliability, i.e., to calculate "true" correlations between
variables, correlation coefficients were adjusted to their reliability estimates (i.e.,
p
odd-even correlations). True correlation = r x y / r x x ⇥ ry y , where x and y refer
to two separate variables.

3.5.6 Definition of delayed disengagement
Publication II focused on the treatment of disengagement times. Disengagement
times were extracted from the attention to faces task (see Section 3.3.6). Disengagement time was defined as the time interval from the onset of the lateral stimulus until
the gaze shift from the central to the lateral stimulus or a time-out period of 3,500
ms was reached (i.e., censored disengagement times).
Unsupervised hierarchical clustering was used to define delayed disengagement
within samples. As a result, a binary variable indicated whether a quick disengagement from the central stimulus occurred or not on a given trial.
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Table 3.3 Cut-off values for quick responses on the face condition by sample and method. Disengagement times < 3,500 ms included. N = trials.

Sample

N

Finland
Malawi 1

Cut-off value
Hierarchical clustering

Finite mixture modelling

389

1,066 ms

700 ms

242

833 ms

883 ms

South Africa

1,317

941 ms

533 ms

Malawi 2

2,883

1,110 ms

1,067 ms

The clustering process included three steps for each sample:
1. All valid disengagement times in the face condition < 3,500 ms were clustered
with Ward’s method using Euclidean distance.
2. Clustering ended with two clusters.
3. The cut-off value between clusters was defined as the mean of closest values,
one from each group.
Additionally, finite mixture models of two distributions to log-transformed disengagement times were used to verify splits. However, the cut-off was based on the
clustering results. Cut-off values are shown in Table 3.3 and displayed with data on
Fig. 3.4.

3.5.7 Analysis of delayed disengagement
A conditional fixed-effects logistic regression model was used to estimate the effects
of stimuli and situational variables on attention disengagement in Publication II.
The method allowed to control for repeated measures of participants, i.e., a maximum of 32 trials by a participant. Notably, the method only used participants who
had variability on their dependent variable, as the method’s calculations are based on
within-individual variability, i.e., participants with all quick or all delayed responses
were excluded from models. The binary classification of attention disengagement
(i.e., 0 for quick disengagement or 1 for delayed disengagement) was used as the dependent variable. The model generated odds ratios for independent variables. The
method does not estimate a constant term for models.
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Figure 3.4 Cut-off values for quick and delayed disengagement, and disengagement times on face condition by sample. Binwidth = 34 ms.

Accordingly, the first model included the stimulus (i.e., face or pattern), the validity on the previous trial, the lateral stimulus side, the first face of the block, the
trial number in the block (1–8), and the trial block (1–4) as predictors. The second
model focused on trials with a face stimulus and examined the effect of the facial
expression (happy or fearful), the face model’s identity, the disengagement response
on the previous trial (quick or delayed disengagement), the first face of the block,
the face sequence in the block (1–4), and the trial block (1–4). The models were done
for each data set separately. All valid trials were used from infants. Variables used in
models are shown in Table 3.4.

3.5.8 Software

Statistical software used in the publications and this thesis were Stata 15.1 [143],
JASP 0.10.2.0 [144], and R 3.5.0–4.1.0 [145]. For graphics in the thesis, following
packages in R were used: ggplot2 [146], ggridges [147], and rnaturalearth [148].
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Table 3.4 Variables used in conditional fixed-effects logistic regression models to analyze odds ratios for
delayed disengagement.

Model with face and pattern trials

Model with only face trials

Trial was face instead of non-face pattern

Face was fearful instead of happy

Previous trial was invalid

Face identity was A instead of B

Lateral stimulus was on the left instead of the right

Previous trial was:

First face of a block
Trial number in a block: 1–8
Block:

Non-face pattern (base)
Face and quick disengagement
Face and delayed disengagement

1 (base)

First face of a block

2

Face sequence in a block: 1–4

3

Block:

4

1 (base)
2
3
4

3.6 Ethical aspects
The studies were conducted in accordance with the ethical standards of the Helsinki
declaration. The studies were approved by the institutional review boards of Pirkanmaa Hospital District, Finland; College of Medicine, University of Malawi, Malawi;
and Stellenbosch University, South Africa. A written informed consent was obtained from a parent or legal guardian on behalf of the participants.
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4

RESULTS

4.1 Descriptive
4.1.1 Participation
Enrollment of 444 mothers with their singleton children for the MiTrack study took
place between November 2014 and October 2015. Of the enrolled children 70 (16%)
were born preterm, 145 (33%) early-term, and 229 (52%) full-term. When children
were 7, 9, and 18 months old, 413 (93% of enrolled), 397 (89%), and 364 (82%) children participated at clinic visits, respectively (Fig. 4.1).
Infants who dropped-out before the 9-month-visit had smaller head circumference at enrollment compared to the ones visiting the clinic at 9 months of age. Otherwise, the dropouts at 9 months did not differ from the other enrolled infants throughout the study period. Later, there were no differences in child’s anthropometrics,
maternal age, maternal literacy, or visual attention scores at 9 months between those
infants who were seen and not seen at the clinic at 18 months of age.
For Publication II, 637 infants were included in the analysis (Finland: n = 39,
Malawi 1: n = 37, Malawi 2: n = 389, and South Africa: n = 172) with a total of
12,035 valid trials.

4.1.2 Anthropometrics
Children’s anthropometrics are provided in Table 4.1. Length-for-age z-scores are
visualized in Fig. 4.2 and weight-for-age z-scores are visualized in Fig. 4.3.
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1509 screened

557 not eligible
393 not interested
52 no space at the time
46 born too preterm or post-term
17 too old for enrollment

444 enrolled

12 lost to follow-up
11 died

7 collected too late
1 missed the visit

413 clinic visits at 7 months of age

6 lost to follow-up

13 collected too late
5 missed the visit

397 clinic visits at 9 months of age

31 lost to follow-up
5 died

15 collected too late

364 clinic visits at 18 months of age
Figure 4.1 The flow chart of the MiTrack study.
Table 4.1 Mean (SD) for anthropometrics of the MiTrack study.

Measurement

Enrollment

7 months

9 months

18 months

444

413

397

364

Age, months

0.2 (0.3)

6.9 (0.1)

9.0 (0.1)

18.1 (0.3)

Length, cm

48.1 (2.8)

65.0 (2.3)

67.8 (2.4)

76.4 (3.0)

Weight, kg

3.1 (0.5)

7.5 (0.9)

7.9 (1.0)

9.5 (1.1)

MUAC, cm

10.3 (0.8)

14.2 (1.1)

14.3 (1.1)

14.7 (1.0)

Head circumference, cm

34.8 (1.5)

42.9 (1.3)

43.7 (1.3)

45.9 (1.4)

N
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Figure 4.2 Distribution of length-for-age z-scores (LAZ) by visit, including imputed values at the enrollment. Faint lines describe a reference population. Enrollment: 0–28 days.

4.1.3 Family characteristics variables
Four subdomains of family characteristics were collected: maternal cognition, maternal psychosocial well-being, socioeconomic status, and care practices. Depending
on the subscale, data were collected from 409–444 mothers. Distributions of subdomain scores are shown in Fig. 4.4.

4.1.4 Development variables
Developmental scores at 18 months were collected for 266–377 participants, depending on the test. Mean (SD) scores were 32.8 (22.3), 40.8 (4.4), 53.0 (10.6), and 1.1 (1.1),
respectively for language, socioemotional, motor and A-not-B tests (Fig. 4.5). Developmental scores were not correlated with each other (r s = 0.01–0.07).
Developmental scores between stunted and non-stunted infants at 18 months
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Figure 4.3 Distribution of weight-for-age z-scores (WAZ) by visit. Faint lines describe a reference population. Enrollment: 0–28 days.

were compared, and out of the four domains, stunted infants had lower scores on
language and motor tests (-5.5 words and -2.7 motor points; 95% CI: -10.0 – -0.9 and
-4.6 – -0.8, respectively).

4.2 Visual attention variables
4.2.1 Descriptive of visual attention variables
Depending on the task and the time point, valid visual attention scores were available for 312–376 participants. The rate of successful searches, correct anticipations,
and disengagements to lateral stimulus ranged between 43.9–99.7%, depending on
the task. For the main visual attention variables at 9 months of age, mean (SD) were
following: 435.4 (62.7) ms for visual search latency, 45.4% (20.4) for the conjunction60
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Figure 4.4 Distribution of family characteristics scores in the sample.
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Figure 4.5 Distributions of developmental scores at 18 months of age. N = 377, 377, 363, and 266, from
left to right and top to bottom.
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Visual search latency (ms)

0%

20%

40%

60%

80%

20%

40%

60%

80%

100%

Visual search success, conjuction condition
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Figure 4.6 Eye tracking variable distribution at 7 and 9 months of age for the infants measured at the
both time points for respective variable. N = 273, 294, 338, and 255, from left to right and top
to bottom.

condition on the visual search task, 54.2% (28.4) for post-switch trials on the anticipatory attention shifts task, and 0.548 (0.200) for dwell time index on faces in the
attention to faces task. On average infants spent 8:44 minutes on tasks at 9 months.
The visual search latency improved by 15.2 ms between 7 and 9 months (448.0 ms
vs. 432.8 ms, p < 0.001, n = 273, pairwise comparison). Changes were also seen in
point estimates for successful searches, correct anticipations, and disengagements to
lateral stimulus between 7 and 9 months. Point estimates for dwell time indices were
lower at 9 months than 7 months. Pairwise distributions between 7 and 9 months
for the four main variables are shown in Fig. 4.6.
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Figure 4.7 Spearman correlation coefficients between visual attention variables for the subset of participants with valid data at 7 and 9 months on all visual attention variables (N = 209).

4.2.2 Reliability of visual attention variables
Odd-even correlations for visual attention variables varied between the main variables at 9 months. For visual search latency, visual search success (conjunction), anticipatory attention shifts (post-switch), and attention to faces (dwell time on faces),
odd-even correlations were, 0.22, -0.02, 0.62, and 0.55, respectively. Test-retest correlation between 7 and 9 months were 0.28, 0.20, 0.07, and 0.44, respectively.
For the four samples in Publication II, odd-even reliabilities for delayed disengagement from faces and disengagement times from patterns were 0.64 and 0.34, respectively. Spearman-Brown corrected correlations were 0.78 and 0.50, respectively.

4.2.3 Covariance of visual attention variables
Correlations between visual attention variables ranged from -0.24 to 0.25 at 7 months
and from -0.16 to 0.33 at 9 months for participants who had valid data form all visual
attention variables at both ages (Fig. 4.7).

4.2.4 Characteristics of the delayed disengagement
Disengagement times generated a distribution with three distinguishable densities
(quick, delayed and censored) as shown in Publication II (Fig. 4.8). For splitting
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Figure 4.8 Disengagement times from face and pattern stimuli with the weighted split-up level 1,050 ms
as a vertical red line from the four samples.

disengagement times into two groups (i.e., quick and delayed disengagement times,
then including censored disengagement times as delayed), a data-driven method was
used. The cut-off values for quick and delayed responses found using this method
was 833–1,110 ms, depending on the sample (details in Section 3.5.6). Compared to
non-face patterns, the face trials had slower quick disengagement times (340–373 ms
vs. 426–475 ms across samples), and more delayed and censored disengagement times
(2.6–6.7% vs. 27.8–61.3% across samples, 3.9% vs. 52.1% in total).
Delayed disengagement from faces was compared to disengagement times from
non-face pattern trials. Quick non-face pattern disengagement times were not correlated with delayed disengagement from faces (r s = 0.04, B F10 = 0.09, SpearmanBrown corrected correlation = 0.04). Disengagement times from individual infants
are shown in Fig. 4.9.
Analysis of the characteristics of the delayed disengagement was done in two
parts. First, both non-face pattern and face trials were in the analysis, which showed
that the strongest effect for the probability of delayed disengagement was the category of the central stimulus (odds ratio for face instead of non-face pattern: 10.49–
86.65, depending on the sample). Other variables did not have a notable effect (Fig. 4.10).
Second, only face trials were included in the analysis to determine what inside
face trials affects the delayed disengagement. Results showed consistent effect of the
face expression (odds ratio for fearful instead happy: 1.35–2.13), the face model (odds
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Figure 4.9 Disengagement times from face and pattern stimuli by selected participants. Each horizontal
segment represents one participant with face and non-face pattern distributions.
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Figure 4.11 Mean and 95% confidence interval (dot and line, respectively) of odds ratios by sample for
variables in the model with only face trials.

ratios for delayed disengagement by another face model 0.52–0.64), and a face being
showed again (odds ratios for delayed disengagement when previous trial was also a
face: 0.36–0.85) (Fig. 4.11).

4.3 Associations between risk factors and visual attention
Visual attention measures were examined for their possible associations with the
early-life risk factors, including gestational age, birth size, size at the time of the
assessment, and mother and family characteristics. Depending on the association
analysis, 312–376 children were included.
There were no consistent associations between attention measures and any of the
risk factors. Associations were not seen in either 7 or 9 months of visual attention.
Visual search latency did not vary significantly by gestation age category (categories’ means 446.0–452.3 at 7 months and 433.6–439.3 ms at 9 months, Fig. 4.12).
Furthermore, 7- and 9-month visual attention scores were not associated with anthropometrics (r s = -0.17–0.14) or family characteristics (r s = -0.09–0.14).
A total of 160 correlation tests were done and shown in Publication I (exclud66
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Figure 4.12 Visual search latency at 9 months of age by the gestational age category.

ing sensitivity analyses). Correlation coefficients between visual attention and risk
factors varied between -0.17–0.14, indicating no significant associations (Fig. 4.13).

4.4 Associations between visual attention or risk factors and
later development
Associations of infant’s visual attention (four subdomains) and risk factors (gestational age, growth, and family characteristics) to the four development domains at
18 months of age (language, socioemotional, motor, and A-not-B scores) were analyzed with correlation coefficients. Depending on analysis, 198–377 children were
included in the association tests. A total of 76 association tests were done in Publication III (excluding sensitivity analyses) and r s ranged from -0.10 to 0.19 (Fig. 4.14).
None of the correlations passed the preset threshold for a significant association.
Three kind of sensitivity analyses were performed for comparing visual attention
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Figure 4.13 Correlation coefficients between predictors and visual attention variables for the 0–9 months
data. N = 4, 60, and 16 for gestational age, growth, and family characteristics on each time
point, respectively.
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at 9 months and development at 18 months. First, adjusting for calibration quality,
time spent on task, and number of valid trials (r s = -0.08–0.13, n = 198–325). Second,
analyzing only infants with high quality visual attention data (r s = -0.20–0.14, n =
72–96). Third, the top and the bottom visual attention performers did not have
differences on the 18-month development subdomain scores (n = 25–29 vs. 26–28,
language 29.8 vs. 31.7, socioemotional 41.0 vs. 40.9, motor 56.1 vs. 54.4, and A-notB 1.0 vs. 0.5; for top vs. bottom performers, respectively).
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5

DISCUSSION

The overall goal of this thesis was to study visual attention in infants from lowresource settings. The specific aims were to analyze associations between risk factors
and early visual attention, as well as, to analyze associations between visual attention
and later development. Additionally, risk factors and later development were compared. Moreover, the functional organization of infant visual attention was studied
by examining the dissociation between faces and patterns.
The data for the thesis came from infants living in rural Malawi with additional
visual attention data sets from Finland, Malawi, and South Africa. As a large, crosscultural study of infants, the current study expands our knowledge on visual attention and cognitive development on so far understudied population.
Contrary to the predictions, early visual attention at 9 months was not associated
with early-life risk factors or later development at 18 months. Also, risk factors
were not associated with later development. However, new information on visual
attention in low-resource settings was discovered in terms of reliability estimates on
visual attention variables. The studies also demonstrated a statistical dissociation of
looking times to faces and patterns in three populations of infants.

5.1 Main findings
5.1.1 Characteristics of visual attention
Visual attention variables in Malawian infants produced low to moderate reliability estimates when measured as odd-even and test-retest correlations. The attention
to faces task produced highest reliability estimates. Moreover, covariation between
visual attention variables remained low.
On a study of infants from three countries and four samples, the disengagement
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from an old to a new stimulus between face and pattern conditions was analyzed.
Here, a new method was used to define delayed disengagement with a data-driven
clustering, which extracted the most appropriate split between quick and delayed
saccadic responses. This was an improvement to the previous, arbitrary definitions
used in previous studies. Nearly all trials (96%) in a non-face pattern condition resulted a quick disengagement from the central stimulus. For faces, the rate of quick
disengagements was lower (48%). These results show that delayed disengagement
is frequent for faces across all samples, even though rates varied. Furthermore, delayed disengagement from faces did not correlate with disengagement times from
pattern stimuli. However, individuals within populations varied a lot as some infants had quick disengagement on every face trial and some infants had all delayed
disengagements on face trials. This serves as a reminder of individual differences (i.e.,
differences within samples) even though populations varied on point estimates (i.e.,
differences between samples).
This thesis also included a novel and more in-depth analysis of the factors that
contributed to the delayed disengagement in infants. This analysis showed that,
even when adjusted to other variables that may have affected disengagement (e.g.,
trial sequence, previous stimulus, etc.), it was evident that face trials produced more
delayed disengagement. Further, fearful face and face identity played a role on delayed disengagement, too. Habituation (i.e., seeing a face on consecutive trials) had
a small effect on lessening delayed disengagement. Together, these results provide a
robust demonstration of the attentional prioritization of faces over other visual cues
across three diverse populations and speaks to the universality of this bias in early
development [149].

5.1.2 Predicting development outcomes
The Malawian children in this study lived in settings characterized by multiple risk
factors. These consisted of preterm birth (i.e., gestational age 32.0–36.9 weeks), poor
nutritional status (i.e., length and weight compared to growth standards), and disadvantageous family characteristics (i.e., low scores on socioeconomic status, care
practices, maternal cognition, and maternal psychosocial well-being). Correlation
coefficients between early risk factors and visual attention scores were consistently
below |0.20|. Thus, no associations between visual attention and risk factors were
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confirmed in the sample.
Visual attention scores collected at the age of 9 months did not have association
with the later developmental scores. As raw analyses resulted null results, the sensitivity analyses focused on examining potential confounders that may have attenuated the results. First, the analyses were adjusted for calibration quality, time spent
on task, and numbers of valid trials. Second, only participants with high quality
eye tracking data were selected for association analyses. Third, the overall performance in visual attention tasks was calculated and the top and bottom performers
were compared on their later developmental scores. These sensitivity analyses did
not change the null results on the associations between infant visual attention and
later development.
Besides visual attention, also other risk factors were compared against development at 18 months. Again, there were no variables that would have had associations
with later development, i.e., gestational age, growth, or family characteristics were
not associated with developmental scores at 18 months. However, highest correlations were found between risk factors and motor development, although correlations
were not regarded as statistically significant.

5.2 Findings in relation to previous literature
The current study was among the first to explore longitudinal correlations on development using eye tracking techniques in low-resource settings. The study results
were in line with a previous feasibility study that rural Malawian infants exhibit similar behavior to W.E.I.R.D. populations on visual search, anticipatory saccades, and
attention to faces [97]. Notable differences appeared as more pronounced attention
to faces (i.e., less disengagement). However, infants only saw faces matched to their
skin color, hence direct comparisons are not possible, but it appears likely that the
bias for faces was stronger in Malawian than Finnish and South African infants.
Reliability estimates of eye tracking tasks were not high, and when looking at
these estimates both within and between visits, only the attention to faces task provided moderate reliability estimates (r s > 0.40). Equally strong or stronger reliability
estimates have been found in high-resource settings with tests such as a similar attention to faces task, free-viewing social stimulus tasks, and reaction time tests [27, 74,
93, 116, 150].
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In addition to previously discovered face bias and fearful face bias on infancy [45,
151, 152, 153, 154], the cross-cultural study (Publication II) explored other attributes
affecting visual attention test results with conditional fixed-effects logistic regression
models. Results showed that the bias for faces, which has been extensively documented in previous studies, is largely independent of potential confounds arising
from habituation, trial sequence, and stimuli. Although, these factors may have
small effects on disengagement as well. Plus, instead of an arbitrary definition of
a quick reaction time, a data-driven method of an unsupervised agglomerative hierarchical clustering was used to classify quick and delayed disengagement saccadic
reaction times for each sample.
Visual attention was not predictive of development from 9 to 18 months. Previous studies in Western populations have shown that 5-month visual attention (i.e,
looking durations on animated video) are related to 10-month executive functioning
(i.e., A-not-B task) but not anymore to 3-, 4-, and 6-year executive functioning [155].
Moreover, 4-month attention (i.e., total looking time on stimulus) has been seen to
be associated with 14-month executive functioning (i.e., a task similar to the A-not-B
task) [156] and 5-month attention (i.e, looking durations on animated video) with
3-year executive functioning [157]. Particularly, looking times have been seen to
predict executive functioning: short and long lookers on a glove puppet at 5 months
differed on various tests of executive functioning at ages of 2, 3, and 4 years [158],
and mean fixation durations in 4–10 months were associated attentional and behavioral control in 3–4 years [115]. None of these associations were found in this study,
however this study only extended until 18 months. It is still good to point out that
ages and tests used on visual attention and executive function vary between studies, even though they are related to the same hypothesis, which prevents universal
conclusions on predictive associations.
Predictive value of nutritional status was not found, even though a previous study
in the same area found that child’s length at 6 months was associated with language
and motor scores at 18 months [159]. Yet, as an exploratory test, 18-month-old
stunted infants had lower scores on motor and language development at the same
age. These results provide reliability to the 18-month measurements, as similar results have been found in Bangladesh [160]. Still, strikingly, 18-month development
subdomains were not correlated, which may be related to weak reliability of these estimates, as at least motor and communication skills have been found to be correlated
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at 1.5–3 years in Norway [161, 162].
Possible reasons for not finding associations between risk factors, visual attention,
and development should be considered. For one, infants at the age of 18 months may
have not yet pronounced their differences in development. First, based on the previous studies, connections on a 9-month-interval could have been expected, but most
of the research have been done on longer follow-up periods, i.e., more than a year
between time points. Moreover, the Malawian sample comes from low-resource settings and their nutritional status is poor (i.e., LAZ and WAZ are below standards).
This restricted variability in physical and social environment as well as nutrition
could possibly delay the emergence of genetic and individual differences in cognition. Missing urban and extremely to very preterm infants narrows the sample and
its different childhood experiences. Furthermore, wider variance in a sample could
still not provide differences within the sample as proportion of low cognitive or socioemotional scores has been found to be similar between stunted and non-stunted
for 3- to 4-year-old Malawians [163].
Second, a possible reason for not being able to connect visual attention either to
risk factors or later development needs to be pointed out. As reliability estimates of
visual attention variables were not high, it might be possible that visual attention behavior does not accurately define infants’ development in the long-term. Still, even
the visual attention variable with the strongest reliability estimate was not associated
with any of the later development variables. As all correlation coefficients measuring
predictive associations remained low, picking associations with the highest estimates
is not relevant. However, stronger correlations were found in the sensitivity analysis
which included approximately a quarter of the sample with better eye tracking quality and quantity. This suggests that quality assurance of collected data is important,
but misses reasons why these infants were concentrating well during the tasks.

5.3 Limitations
Despite robust methods and a large and cross-cultural sample on understudied population, there are several limitations to consider. First, it cannot be said that these
findings provided a comprehensive coverage of the different domains of development
in rural Malawi. Development can be measured in many ways and here the focus was
on four attributes of early visual attention and four more attributes in later develop75

ment.
As also risk factors were unable to reveal associations on development on the first
18 months of life, a more frequent collection of repeated measurements on risk factors with could have revealed trajectories related to development. For example, none
of the covariates were collected between 9- and 18-month visits and questionnaires
of family characteristics were not re-tested at 18 months. Therefore, information regarding possible changes in background variables was lacking. Only anthropometric
measurements were collected at each time point.
Even though preterm infants were prioritized in the enrollment, the study did not
include infants born before 32 gestational weeks (i.e., extremely and very preterm).
Thus, some high-risk infants were not enrolled to the study. Further, the study focused on rural Malawian families and might have missed variability on risk factors
by not including urban families. Despite comparing infants’ developmental status
against four subdomains of family characteristics, specific analysis was not carried
out to examine whether infants’ energy level or environmental stimuli could explain
their developmental status, which could have helped to understand possible homogeneity in the sample. Also, diagnosis of developmental or behavioral problems were
not made.
Child’s age at a study visit had either 1-month or 2-week window, depending on
the time point, but only analyses of anthropometrics were adjusted for age (i.e., zscores). In this study infants were tested at the same post-natal age without adjusting
for their gestational age (i.e., corrected age was not used). However, preterm infants
may have lower gross motor skill attainment at early corrected age compared to fullterm infants [164], whereas visual attention can be considered similar at the same
post-natal age in infants [16].
Types of eye tracking tasks and the ways of analyzing them are numerous. Visual
attention tasks could have been edited in many ways, for example, at its simplest,
changing stimuli. Here, the focus was on simple and established tasks with distinct
stimuli. However, only one kind of non-face pattern was used (although non-face
patterns varied on color mapping) instead of recognizable items (e.g., animals, toys,
strong colors). Even more dynamic items have been used on the eye tracking studies
recently, such as free viewing of natural scenes and videos [31, 80]. Also, analysis
of visual attention items can be expanded using more spatiotemporal data instead
of only endpoints of tasks (i.e., point estimates of speed or success) [165]. For ex76

ample, anticipatory attention shifts task could benefit from a more thorough time
course analysis on adaptation to the switch of the target [166]. The attention to faces
task would be interesting for fixation location and duration analyses [167]. Moreover, pupil dilation and blink rate analyses have been suggested to further understand
processes of attention [168].
Odd-even correlations on visual attention variables at 9 months were low on the
visual search speed and the visual search task’s conjunction condition. This instability could potentially widen the error in association analyses. However, the stability
of visual attention variables should be studied more in order to make decisions of
using eye tracking to predict later development reliably (e.g., variation over time as a
measure of development). Methods used to study the attention to faces task in-depth
could have been implemented to the visual search task, also, to find out reasons for
instability of reliability estimates. Overall, any behavioral assessment is prone to
mischaracterizing a child if the test is only done once and only on one visit [169].
Questionnaires and assessments on family characteristics and 18-month developmental measures were mostly based on tests used earlier in the same area or validated
for use in Malawi. However, assessments of adverse life events, social support, and
mother-infant bonding were not validated for use in the study area. Yet, all the questions targeted to mother were back-translated between English and local languages
(i.e., Chichewa and Chiyao). Interrater reliability was not measured, but quality
assurance was based on the instructions and guiding by the investigator to the data
collectors, the previous experience of the data collectors on the same tests, training
conducted before starting the data collection, and discussions on items which produced variation between data collectors during training. Data quality was observed
offline throughout the study.
It is noteworthy that data on infants’ screen time outside the study was not collected here, although assumption was that infants’ screen time in rural Malawi is rare.
Even though Malawian success rates on eye tracking tasks are similar to the Finnish
sample, infants not being used to sit in front of a screen could cause some variation to
data in a form of instability of infant’s movements and focus, as well as missing data.
In the study some infants were fussy during the eye tracking test, resulting invalid
data or terminated testing. This could result exclusion from respective analyses if
not enough trials were completed. However, the testing situation was the same for
every infant in the study.
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Lastly, visual attention was not assessed at the same time point with traditional
developmental assessments at 18 months. Consequently, we do not know whether
certain aspects of visual attention are connected to concurrent development.

5.4 Practical implications and recommendations
Infant development was not predicted by any of the variables used in the study in
rural Malawi. Associations between visual attention at 9 months and development
subdomains at 18 months were not found. Thus, the current study does not recommend the use of eye tracking as an alternative method of developmental assessment.
It is recommended to continue the assessment of infant development based on the
peer comparison with traditional methods, i.e., identifying infants who lack on the
basic skill acquirement (e.g., motor milestones at corrected age) compared to other
infants in their age group.
The current study expands on the feasibility of eye tracking methods in lowresource settings. Moreover, the study shows that eye tracking provides unique data
of individuals and can differentiate infants’ viewing patterns at an early age. Especially, stimulus order on repeated trials showed effects on infants’ responses to stimuli (i.e., habituation), which could guide analyses of outcome variables. Even though
the current study did not find associations between time points for risk factors and
developmental measures, it does not rule out the possibility that those connections
could be found – at least in the later age.
As human development does not end at 18 months of age, it is strongly recommended to expand the follow-up period on longitudinal studies beyond 18 months.
Some associations between visual attention or risk factors and development measurements may amplify as children’s variation in skills increases. Also, more frequent intervals on development tracking or status changes could be recommended, albeit data
could be difficult to collect due to the requirement of additional resources. However,
more frequent data collection throughout a study could possibly reveal more accurate picture of child’s development and its stability or specify the timing of changes
in developmental trajectories.
Finding a balance between testing every variable against each other and reducing
the number of tests by generating domains can be tricky. Focus can be on unambiguous skills or large domains. Here, an objective was to use a few clear domains,
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especially keeping the three eye tracking tasks separated, as they measured different
aspects of visual attention. However, gross and fine motor scores were summed as
one variable, as well as different domains of risk factors, even though some specific
subdomain comparisons could be relevant for assessing factors behind developmental status. Thus, different data analysis methods (e.g., principal component analysis
or data mining) could help to combine more data or to find specific intercorrelating
variables in child development, at least for the purpose of generating hypotheses.
Compared to exact, non-varying measurements at a certain time point, such as
child’s length and weight, the question with eye tracking tasks is whether the tests
provide reliable and valid data. Generating, finding, and choosing tests that produce
stable results for everyone is crucial, especially if eye tracking is to be used as a regular
tool to assess infant’s development. Whether that is achieved with more repetitions
on a certain task, selecting only some tasks, or by finding the most accurate and stable
variables, is yet to be studied. Based on current results, eye-tracking-based tests do
not provide diagnostic information about the early developmental trajectory of the
child, i.e., future performance cannot be predicted.
Whereas infants’ activity levels during tests could be collected with current eye
tracking tests to adjust for vigilance, also more complex tasks, natural scenes, or
videos of visual attention data could be used. In addition to a priori hypothesis, unsupervised data science methods (e.g., clustering and decision trees on multivariable
data) could reveal patterns not seen in simple association tests. Likewise, spatiotemporal gaze analysis could provide more insight on visual attention by analyzing gaze
paths, for example. Furthermore, here, metadata on visual attention tasks, i.e., time
spent on task, calibration quality, and number of concluded trials, were included in
sensitivity analyses – adjusting for these variables takes account to possible problems
with data collection while allows to use incomplete data sets on infants (i.e., different
number of valid trials completed).
Taken together, eye tracking has potential as a developmental assessment tool
due to its feasibility on infant testing at an early age. Early detection of problems in
development result in earlier intervention and, correspondingly, give a child a better
chance to thrive. However, as the study here concludes null results, other measures
are advised to be studied. This thesis, then, needs to be concluded by stating the same
as many scientific articles have stated in various topics over the years: more research
is needed.
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6

CONCLUSIONS

In relation to the aims presented in Chapter 2, the three publications provide following conclusions:
I Gestational age, growth, or other risk factors do not have associations with
9-month visual attention in rural Malawi.
II Infants’ face and pattern processing dissociate and the strength of delayed disengagement from faces varies within populations in Malawi, Finland, and South
Africa.
III Early visual attention or risk factors do not have associations with later development at 18 months in rural Malawi.
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Abstract
Eye tracking research has shown that infants develop a repertoire of attentional capacities during the first year. The majority of studies examining the early development of attention comes from Western, high-resource countries. We examined visual
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pending on analysis). Infants were assessed with eye-tracking-based tests that targeted visual orienting, anticipatory looking, and attention to faces at 7 and 9 months.
targets, anticipatory saccades to predictable events, and a robust attentional bias for
odd-even split-half and test-retest reliability. There were no consistent associations
between attention measures and gestational age, nutritional status, or characteristics of the rearing environment (i.e., maternal cognition, psychosocial well-being, socioeconomic status, and care practices). The results replicate infants’ early attentional
biases in a large, unique sample, and suggest that some of these biases (e.g., bias for
faces) are pronounced in low-resource settings. The results provided no evidence
that the initial manifestation of infants’ attentional capacities is associated with risk
factors that are common in low-resource environments.
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reactive or anticipatory—directs sharp foveal vision to most salient
aspects of a visual scene, such as areas with highest contrast in color,
intensity, orientation, or movement, or objects with social signifi-

Basic attentional processes involved in attention orienting and hold-

cance (Itti & Koch, 2001; Weaver & Lauwereyns, 2011). Similarly, the

ing, as well as prioritized processing of salient stimuli (e.g., faces)

ability to localize and attend to a face and isolate it from the back-

emerge gradually during the first year of life in infants (Amso, Haas,

ground is a prerequisite for subsequent “measurement” of the dis-

& Markant, 2014; Gluckman & Johnson, 2013; Hunnius, Geuze, &

tinguishing characteristics of the face, as well as identification of an

Geert, 2006; Kulke, Atkinson, & Braddick, 2015; Matsuzawa &

individual’s identity, facial expression, and attentional focus (Frank,

Shimojo, 1997; Valenza et al., 2015). These early emerging capaci-

Vul, & Johnson, 2009; Leppänen, 2016; Tsao, Schweers, Moeller,

ties provide a basis for the acquisition of more complex visual, cogni-

& Freiwald, 2008). Identification of these attributes may, in turn,

tive, and behavioral skills. Efficient orienting to visual stimuli—be it

help in initiating and maintaining social processes, eye contact, and
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dyadic interactions between the child and the caregiver (Klin, Shultz,
& Jones, 2015; see also Bedford, Pickles, Sharp, Wright, & Hill, 2015;
Peltola, Forssman, Puura, Ijzendoorn, & Leppänen, 2015).

RESEARCH HIGHLIGHTS

While research on infant attention has increased in volume and

• Studies in infants in Western countries have shown that

improved in methods (e.g., by the advent of automated gaze tracking

elementary attentional capabilities (orienting, anticipa-

technologies), the majority of studies utilizing the advanced technol-

tion, and prioritized processing of faces) emerge gradu-

ogies of the field has been conducted in Europe, North America, and

ally during the first year.

Japan (Forssman et al., 2017). This “sampling bias” reflects a wider

• This study used automated eye tracking techniques to

problem in developmental sciences as an overwhelming majority of

demonstrate similar attentional capabilities in a large

developmental research relies on participant from “Western, edu-

sample of infants from rural Malawi.

cated, industrialized, rich, and demographic” settings and, as such is

• Compared to previous studies in Western populations,

under representative of the global population as a whole (Nielsen,

infants in Malawi exhibited selectively enhanced atten-

Haun, Kärtner, & Legare, 2017).

tional bias for happy and fearful faces.

Expanding the studies of infants’ early development to new pop-

• Individual variations in infants’ attentional capacities

ulations would not only improve the representativeness of the field’s

were moderately stable across tests, but not related to

participant pool (Nielsen et al., 2017), but also help to understand

common risk factors (preterm birth, poor nutritional sta-

how the allegedly fundamental aspects of human cognition emerge

tus, psychosocial stress).

in heterogeneous rearing environments. Infants born in low-resource
settings in developing countries lack access to resources that are
considered “standard” for an optimal rearing environment, such
as consistent nutrition and sufficient levels of social and cognitive

Previous studies in infants in high-resource settings have shown that

stimulation (Walker et al., 2011). Studying how basic neurocognitive

the odd-even split-half correlations can vary significantly for different

processes emerge in these contexts may help to identify patterns

measures of infant attention (0.38–0.88, Ahtola et al., 2014; Gillespie-

that are shared by infants across very different environments, and

Smith et al., 2016; Rose, Feldman, & Jankowski, 2012). The test-retest

potentially also on characteristics that reflect more culturally spe-

correlations for measures similar to those used in the current study

cific adaptations and may have a role in longer term developmental

have ranged from 0.53 to 0.76 over a 1- or 2-week interval (Cousijn,

outcomes of children in these environments. For example, it is not

Hessels, Van der Stigchel, & Kemner, 2017; Leppänen, Forssman,

known whether deviations in early development of basic neurocog-

Kaatiala, Yrttiaho, & Wass, 2015; Rose et al., 2012) and from 0.40

nitive processes (e.g., visual attention) play a role in the long-term

to 0.76 over a 2-month interval (Leppänen et al., 2015; Yrttiaho,

cognitive deficits in children who have been experienced early life

Forssman, Kaatiala, & Leppänen, 2014).

malnutrition and other covarying risk factors (Sudfeld et al., 2015).

In addition to the reproducibility of individual differences, we

In the current study, we examined the early development of vi-

examined whether these differences were associated with risk fac-

sual attentional capacities in a sample of infants in rural Malawi. We

tors that are common in low-resource settings, particularly preterm

focused on three attentional capacities that are well-documented

birth, but also malnutrition, and psychosocial risk factors. The pos-

in infants during the second half of the first year: visual search for

sibility that infants early attentional behaviors are sensitive to these

a target in the presence of various number and types of interfering

risk factors is suggested by previous studies in high-resource set-

stimuli (Frank et al., 2009; Kaldy, Kraper, Carter, & Blaser, 2011), an-

tings showing slower visual orientation (Landry, Leslie, Fletcher, &

ticipatory attention shifts (Kovács & Mehler, 2009), and prioritized

Francis, 1985; Pel et al., 2016; Shah et al., 2006; however, see also

allocation of attention to faces (e.g., Amso et al., 2014; Gluckman &

Foreman, Fielder, Price, & Bowler, 1991; Hunnius, Geuze, Zweens,

Johnson, 2013; Leppänen, 2016).

& Bos, 2008; Rose, Feldman, Jankowski, & Caro, 2002 for contrary

Based on the results of a previous small-scale study with Malawian

evidence), slower attention shifts between two competing objects

infants (Forssman et al., 2017), we expected that similar to infants in

(Atkinson et al., 2008; Butcher, Kalverboer, Geuze, & Stremmelaar,

high-resource settings, Malawian infants search for salient targets

2002; de Jong, Verhoeven, & van Baar, 2015), and reduced atten-

in the presence of distracting stimuli, exhibit anticipatory eye move-

tion to faces (Telford et al., 2016) in preterm infants. Further, var-

ments to predictable visual stimuli, update these anticipatory re-

ious sources of evidence from high- and low-resource settings

sponses after a change in stimulus contingency, and show differential

point to poorer cognitive function in growth-stunted children

attention to non-face stimuli and faces, as well as happy compared

(Champakam, Srikantia, & Gopalan, 1968; Galler et al., 2013; Rose,

to fearful facial expressions. Aside from assessing infant attention

1994; Thompson et al., 2015) and in children raised in low socioeco-

capacities at group level, we assessed individual differences in these

nomic status households (Hackman, Gallop, Evans, & Farah, 2015).

behaviors, and the reproducibility of these differences over time. The

Finally, two recent studies suggest that infants’ age-typical atten-

reproducibility of individual variations is affected by instrumental

tional biases (i.e., heightened attention to threat-alerting faces) are

reliability, which can be assessed by odd-even split-half correlations

exacerbated in response to early life psychosocial stress (Forssman

(Klein & Fischer, 2005), and by the stability of the behavior itself.

et al., 2014; Morales et al., 2017).
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from a 22-inch widescreen monitor (Dell Inc., TX) with a Tobii X2-60
eye tracker (Tobii Technology, Stockholm, Sweden). The light sources

2.1 | Design and participants
The current analyses use data from a prospective cohort study of
infants born in Lungwena and Malindi areas, Mangochi District,
Malawi. Newborn infants who were born between 32.0 and 41.9
gestation weeks (gw), and had no known congenital malformation,
severe illness that prevented participation as judged clinically by the
study nurse, or visual impairment were enrolled in the study.
Prior to the enrollment, a study nurse performed an obstetric
ultrasound assessment of all women who started antenatal care at
Lungwena or Malindi Health facilities. The nurse measured fetal biparietal diameter, femur length, and abdominal circumference and
determined the duration of pregnancy based on these measurements and Hadlock tables. The results and the estimated date of delivery were recorded in a logbook and the woman’s health passport,
so that the information could later be retrieved to calculate gestational age at birth (GA) for those individuals who were later enrolled

inside the partition were the monitor and an E14 LED light bulb placed
about 2 m from the floor (slightly behind the participant).
A script for stimulus presentation was written on MATLAB
(Mathworks, Natick, MA), and ran on MacBook Pro OS X 10.9 (Apple
Inc., CA) computer. Stimulus presentation software and hardware
interfaced via Psychtoolbox and Tobii SDK plug-in. Eye tracking data
were initially saved as MATLAB.mat-files and subsequently converted into the Tobii .gazedata-format.
Two Malawian experimenters performed the eye tracking assessments. The experimenters sat behind a curtain out of the infant’s
view during the testing session. The experimenters monitored the
infant’s behavior through a video feed as well as a real time visualization of infant gaze position. If the infant became restless, inattentive,
or fussy during the assessment, a break was taken. If the eye tracking
system lost tracking of the infants’ eyes or tracking became flickery,
the experimenter paused the task and adjusted infant’s position.

in the prospective cohort study. The enrollment took place after the
child’s birth, before the child was 28-day-old.
Recruitment for the prospective cohort study was stratified
based on infants’ GA to enroll 425 infants born between 32.0 and
36.9 completed gw (preterm), between 37.0 and 38.9 gw (early
term), and between 39.0 and 41.9 gw (full term) at a ratio of 1:2:2.
These categories were selected based on a recent redefinition of a
term pregnancy (ACOG, 2013). The ratio of enrollment was changed
to 1:5:5 after 251 participants had been enrolled due to a slowerthan-expected recruitment pace for preterm infants.

2.2.2 | Procedure
Infants viewed a sequence of visual stimuli to calibrate the eye tracking camera, and to assess infants’ (a) visual search, (b) anticipatory attention shifts, and (c) attention to faces. The tasks were performed
twice for each infant in two separate sessions, with a break in between
the sessions. (The child took part in a separate, structural observation
assessment during the break in another research room. Data from the
structural observation assessment will be reported separately.)

The current analyses are based on post-enrollment clinic visits conducted at the Lungwena health center at the chronological age of 7 and 9 months (30 and 39 weeks after birth, ±14 days,
respectively), when eye tracking measures were taken. Also,
the current analyses included data on the child’s weight, length,
mid-upper-arm circumference, and head circumference, taken at
the enrollment and 7- and 9-month clinic visits, as well as parent
questionnaire data collected at different post-enrollment visits
(Supporting information Table S1).
We conducted the study in accordance with the ethical standards
of the Helsinki declaration. The study protocol was approved by the
College of Medicine Research and Ethics Committee, Malawi; the Ethics
Committee of Pirkanmaa Hospital District, Finland; and the Ethics

2.2.3 | Calibration
During the calibration, five cartoon figures (4°) with accompanying
sounds appeared, one at a time, in each corner and in the center of
the screen. The outcome of the calibration was evaluated by the experimenter based on visual inspection of the calibrated data points
for the two eyes, and comparison of the calibration outcome with
predefined standard for acceptable calibration. Any unsuccessful calibration was recalibrated once or twice to reach satisfactory
calibration. If one or more calibration points were missing after two
attempts to recalibrate, the calibration was accepted, and the experiment was started.

Committee of the Tampere Region, Finland. Mothers signed or thumb
printed the consent form, on behalf of themselves and their infants.

2.2.4 | Visual search
This task (modeled on Kaldy et al., 2011) started with the presenta-

2.2 | Eye tracking assessment

tion of an oh sound and an image of a red apple (5° visual angle) on

2.2.1 | Setting and equipment

and 2,000 ms had elapsed (or a maximum wait period of 4,000 ms

Infants were assessed in an air-conditioned room, within a 2 × 2 m

the reappearance of the apple in a randomly chosen location on the

partition that was separated from the other parts of the room by black

screen. Depending on an experimental condition, the apple was pre-

fabric. Infants were seated on their mother’s lap in a baby carrier so

sented alone (one-object condition) or among four or eight distractors

that the infant’s eyes were at approximately 60 cm viewing distance

of one kind (multiple-objects condition), or among distractors of two

the center of the screen. After the infant had fixated the stimulus
had elapsed), a blank screen was presented for 500 ms, followed by
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Visual search task
One-object

Mul!ple-objects

Conjunc!on

An!cipatory a"en!on shi#s task
A"en!on grabber

An!cipatory period

Target appear

Central s!mulus (CS)

CS + lateral s!mulus

A"en!on to faces task
A"en!on grabber

F I G U R E 1 Visualization of the eye
tracking tasks. For the visual search task,
three conditions were presented. For
the anticipatory attention shifts task and
the attention to faces task arrows show
timeline of occurring items

kinds (conjunction condition) (Figure 1). The distractors were either

a fixation stimulus (a pink pig face, 5° visual angle) in the center

blue apples (same shape, but different color) or rectangle-shaped

of the screen. After the infant looked at the fixation stimulus, an

sliced apples (same color, but different shape). In the conjunction tri-

auditory cue and two visual placeholders (empty rectangles) were

als, half of the distractor objects were blue apples and the other half

presented to the left and right side of the screen so that the fur-

red sliced apples. If the participant fixated the target within 4 s from

thest edge of the rectangles bordered the edge of the screen (22°

the start of the trial, a reward sound (children voices cheering yeah)

away from the center). If the infant made a “correct” anticipatory

was played while the target spun. The same audiovisual effect was

saccade to the placeholder where a salient visual stimulus was

presented to the participant if s/he didn’t find the target within 4 s

to be presented, or after 1,000 ms had passed, an audiovisual

to make the task more engaging and to draw attention to the target.

reward appeared for 2,000 ms within the rectangle. The reward

Successful search was registered if the gaze hit the area of interest (a

appeared on one and the same side (left or right) during the first

red apple) within a predefined time limit (150–2,000 ms). There were

eight trials (pre-switch) and then, the side was switched so that

a total of eight trials per condition in two sessions.

the reward was presented on the other side on the last eight trials
(post-switch). There were a total of 16 pre-switch and 16 post-

2.2.5 | Anticipatory attention shifts
A task that was originally used by Kovács and Mehler (2009)
was adapted to examine infant’s ability to use an auditory cue

switch trials in two sessions.

2.2.6 | Attention to faces

to anticipate the appearance of a visual stimulus (i.e., an audi-

A two-stimulus competition paradigm that has been previously used

tory cue followed after a constant interval with the presentation

in Western countries was used to assess infants’ attention to non-

of a cartoon animation on the same location on the screen), and

face control stimuli and faces. Following the descriptions of this task

subsequently change this response as the cue-stimulus contin-

in previous studies (Ahtola et al., 2014; Leppänen, 2016; Leppänen

gency was changed (i.e., when the cue remained the same but the

et al., 2011; Peltola, Hietanen, Forssman, & Leppänen, 2013; Peltola,

visual stimulus was presented on a new location on the screen).

Leppänen, Palokangas, & Hietanen, 2008), each trial started with a

At the start of each trial in this task, infants were presented with

dynamic attention-grabbing stimulus presented on the center of the
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screen. After the infant fixated on the stimulus (i.e., infant point of

showing that saccades shorter than 150 ms are typically consid-

gaze entered a predefined area of interest in the center of the screen),

ered anticipatory, not driven by the stimulus). For the attention

two stimuli were presented with a 1,000 ms onset asynchrony. The

to faces task, to assess infants’ attention to non-face patterns

first was presented on the center of the screen and the second lat-

and faces, we calculated the duration the infant gaze stayed in

erally on the left or right side of the screen. The furthest edge of

the center AOI before an attention shift to the peripheral AOI oc-

lateral stimulus bordered the edge of the screen (22° away from the

curred, or before a time-out period of 3,500 ms had elapsed. The

center). The first stimulus was a picture of a non-face pattern or a

duration data were converted into a normalized dwell time index =
⇡
≥n ⇠
3 500*xi
1 * 3 500*150
, where x is the time point of the gaze shift away
i=1

face displaying a happy or fearful expression. The non-face-patterns
were created by phase-scrambling the faces used in the experiment

from the center AOI (i.e., the last time point when gaze is in the

(see Peltola et al., [2008] for details). The faces were pictures of two

area of the first stimulus preceding a saccade toward the lateral

Black females that had been tested in a small-scale pilot study to look

stimulus), and n is the number of scorable trials in a given stimulus

familiar to the local people and provide valid examples of the happy

condition. The shortest acceptable gaze shift latency (150 ms) re-

and fearful expressions (Forssman et al., 2017). The second stimulus

sults in an index value of 0, and the longest possible latency (or a

was a geometric shape (black and white circles or a checkerboard

lack of gaze shift, which is equal to the last measured time point of

pattern), which was superimposed by a still picture showing the first

the first stimulus at 3,500 ms) in an index value of one. Dwell time

frame of a child-friendly cartoon animation. When the infant shifted

indices were calculated separately for each of the three stimulus

gaze to the lateral image, the still picture turned into a dynamic car-

conditions (i.e., non-face, happy, fearful). This approach is compa-

toon animation that played for up to 4,000 ms. Trials were presented

rable to the more commonly used approach for calculating mean

in a random order and consisted of eight non-face trials and eight

saccadic latency or saccadic reaction time measures with the ex-

face trials (four happy and four fearful) in both sessions.

ception that it does not exclude trials without gaze shift (or reaction times censored at the 3,500 ms cutoff). It is also noteworthy

2.2.7 | Eye tracking data reduction

that the time-out value was raised from the typical 1,000 ms in
previous studies using the current methodology to the maximum

Time series data (60 Hz) with information about the onset times of

of 3,500 ms in the Malawian study, given that the dwell times are

images, xy‐boundaries of active areas of interest (AOI) on the screen,

significantly longer in Malawian infants, and the lower time-out

and xy-coordinates of the participants’ eyes and their respective

value resulted in a strong ceiling effect.

validity estimates, as given by the Tobii eye tracker, were stored
in Tobii gazedata output files. These data were preprocessed and
analyzed offline by using a library of automated MATLAB functions

2.2.8 | Aggregation of eye tracking data

(Leppänen et al., 2015). Data on the xy-coordinates corresponding

For a participant to be included in the analyses of a particular task,

to the two eyes were combined by taking a mean of the coordinates

the infant needed to provide at least three valid trials for each condi-

(or by using the eye with valid xy-coordinates if one of the coordi-

tion of the task. Thus, the final sample size varies between different

nates for one of the eyes was invalid), extrapolated to fill missing

eye tracking outcome measures.

data points (maximum of 200 ms), and median filtered with a moving

We computed descriptive statistics from the visual search task

window of nine samples to remove abrupt technical spike artefacts

for visual search latency (using successful orienting responses in the

from the data. In each task, trials that failed to meet predetermined

single-object condition), and for the proportion of successful re-

data quality criteria (i.e., violated upper limit of extrapolation) were

sponses of valid trials in single-object, multiple-objects, and con-

excluded. Additional task-specific exclusion criteria were applied for

junction conditions. From the anticipatory attention shifts task we

the assessment of attentional dwell times in the face task so that tri-

extracted the proportion of anticipatory saccades on trials 2–8 (pre-

als with <70% fixation on the central stimulus prior to attention shift

switch, preceding stimulus switch) and trials 10–16 (post-switch, i.e.,

and trials on which the shift occurred during a period of extrapolated

after the side of the visual stimulus was switched). Trials 1 and 9 were

data were excluded.

excluded from the proportion as they were not predictable. From

Subsequent to the preprocessing steps, we calculated metrics

the attention to faces task we computed the proportion of attention

of infants’ eye-movement for each of the three tasks. For the vi-

shifts toward the lateral stimulus in each of the three conditions, and

sual search task, we extracted the latency at which the infant’s

dwell time indices for non-face patterns and happy and fearful faces.

point of gaze first entered the AOI with the red apple. For the
anticipatory attention shifts task, we extracted the latency of anticipatory saccades from the central AOI to the “correct” lateral

2.3 | Anthropometric assessment

AOI, representing the area where the audiovisual stimulus was

Infant length was assessed using a length board (Harpenden

presented. Anticipatory saccades were defined as saccades that

Infantometer; Holtain Limited, Crosswell, Crymych, UK) and recorded

were initiated within a 1,150 ms window that started at the onset

to the nearest 1 mm. Infant weight was assessed using an electronic in-

of the auditory cue and ended 150 ms after the onset of the lateral

fant weighing scale (SECA 735; Seca GmbH & Co., Hamburg, Germany)

stimulus (this time window was used based on previous studies

with reading increments of 10 g. Mid-upper arm circumference
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2.4.2 | Psychosocial well-being

MD) and recorded to the nearest 1 mm. All anthropometric measure-

Mothers’ psychosocial well-being was assessed by using four ques-

ments were done in triplicate by trained personnel. We used the mean

tionnaires, covering depression symptoms, perceived stress, life

of the first two readings if they did not differ by more than a prespeci-

events, and social support. To assess maternal depression symptoms,

fied tolerance limit (5 mm or 100 g). If the difference was above the

20 yes/no-questions from the self-reporting questionnaire on depres-

limit, the third measurement was compared with the first and second

sion symptoms (WHO, 1994) were used (e.g., loss of appetite, loss of

measurements, and the pair of measurements that had the smallest

happiness), and the number of positive responses (i.e., responses indi-

difference was used to calculate the mean.

cating the absence of a particular symptom) were counted for a total

Age- and sex-standardized anthropometric indices (length-for-

depression symptom score. The questionnaire has been validated for

age, weight-for-age, weight-for-length, and head circumference-for-

use in Malawi (Stewart et al., 2009). Perceived stress was assessed by

age z‐scores) were calculated using World Health Organization Child

asking questions about stressful experiences (e.g., How often have you

Growth Standards (WHO, 2006) for all ages. For the analysis, MUAC

felt that you were unable to control the important things in your life?)

was used instead of WHO MUAC‐for‐age z-scores, as the latter were

(after Cohen, Kamarck, & Mermelstein, 1983), and scoring the re-

not available for children younger than 3 months of age. Length

sponses on a relevant 5-point scale. The responses were summed for

measurements at enrollment from Malindi hospital by two data col-

a total stress score. To assess adverse life events, we adapted 17 ques-

lectors were suspected to have systematic measurement error due

tions from the Recent Life Events questionnaire (Brugha, Bebington,

to a failure to comply with the standard operating procedures. To

Tennant, & Hurry, 1985). The mothers were asked if the event had

take this into account in the analysis, an additional sensitivity analy-

occurred (e.g., Have any of your immediate family members died?) and,

sis with single regression imputation was performed.

if the event had occurred, whether it still affected the mother (occurrence was scored as 1 and still affecting as 2). The responses were

2.4 | Maternal interviews and questionnaires

summed for the adverse life events score. Finally, to assess social support, mothers were asked about their perceptions of the availability of

Mothers were interviewed during the home and clinic visits to col-

a special person or friends to help, talk with, or share emotions with.

lect demographic information, and to assess mothers’ cognitive abili-

Each question was answered from a choice of five responses using a

ties, psychosocial well-being, socioeconomic status, and child care

response card with visual depictions of strongly disagree, mildly disa-

practices (see Supporting information Table S1 for the schedule).

gree, neutral, mildly agree, and strongly agree (a 5-point scale). Answers
were summed to create a total social support score.

2.4.1 | Cognition
Mothers completed tests assessing spatial cognition (mental rota-

2.4.3 | Socioeconomic status

tion), working memory (digit span forward and backward test), and

Three questionnaires assessed mothers’ socioeconomic status:

verbal fluency (listing foods and girls’ names) which have been previ-

questions related to the satisfaction of everyday needs, questions

ously used in the target population (Prado et al., 2018). The mental

concerning food insecurity, and questions related to the living condi-

rotation test consisted of five rows of figures. For each row, the first

tions. To assess the satisfaction of everyday needs, mothers were asked

figure was the original figure and the next eight figures were either

about food (e.g., How often did your children eat three meals every day?,

rotated or flipped versions of the original figure (Supporting infor-

How often did you have enough money for everyday needs?) and satis-

mation Figure S1). The mother was asked to point out the rotated fig-

faction of other everyday needs (e.g., whether the mother had been

ures (total of 4–6 in a row). The number of rotated figures correctly

able to buy food, clothes, and soap for laundry or washing for her or

identified and the number of flipped figures correctly not identified

her children, and if she’s been working in the past month). Questions

as rotated were summed to obtain a total test score. On the digit span

about everyday needs were answered with yes or no, and the sum of

test, the mother was asked to repeat sequences of digits, increasing

yes-answers was calculated to form a total score. To assess the house-

in length from two to nine digits. There were two sequences for each

hold’s access to food, the food insecurity access scale (HFIAS) (Coates,

length of digits. In the forward condition, the mothers were asked

Swindale, & Bilinsky, 2007) questionnaire was used. HFIAS consists

to repeat each digit in the sequence in the presented order. In the

of nine questions about the household’s ability to access food, the va-

backward condition, the mothers were asked to repeat each digit

riety and amount of food consumed, and the hunger experienced by

in the sequence in backward order. In both conditions, the test was

household members. For each question, the respondent was asked if

continued until the mother failed both sequences with a given num-

the event occurred never, rarely, sometimes, or often in the last 30 days

ber of digits, or the maximum length was reached. The total number

(a 4-point scale). Scores were summed to give a total score for house-

of correct responses was calculated for each condition. On the verbal

hold food insecurity which was adjusted to season. Living conditions

fluency test, the mother was first asked to name as many foods as

were assessed by asking questions about the building material of the

possible in 60 s and then as many girls’ names as possible in 60 s.

house and the roof, the main source for drinking water, the sanitary

A total number of unique words were calculated for each category.

facilities, the light source, and the main source for cooking oil. For
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each question, response options were ranked, with a higher score

for each task. For this analysis, we calculated odd-even split-half

indicating more developed living conditions. Based on the collected

correlations separately for the 7 and 9 months data, as well as test-

answers, each question was standardized (M = 0, SD = 1) to repre-

retest correlations of test scores between 7 and 9 months. Finally,

sent the variety of housing conditions. Standardized answers were

we tested whether eye tracking results were related to risk factors

summed to create a living environment score.

for early child development, including GA (shorter GA was considered to be associated with higher risk), markers of nutritional status

2.4.4 | Care practices

at birth and at 9 months (i.e., WAZ and LAZ), and measures reflecting infants’ early rearing environment (i.e., maternal domains).

Maternal care practices were assessed by using home observa-

To examine associations between eye tracking measures and

tions and questions related to mother-infant bonding. The Home

risk factors (i.e., GA, anthropometric measurements, and rearing

Observation for the Measurement of the Environment (HOME) in-

environment), we used data from the 9-month assessment and

ventory (Caldwell & Bradley, 2003) has been designed to obtain

focused on the four constructs that the eye tracking tasks were

estimates of the amount and quality of interactions and toys in

designed to measure: (a) visual search latency using data from

the child’s environment that promote cognitive, motor, and socio-

the one- object condition, (b) visual search interference using

emotional development. Specifically, the interview and observa-

data from the conjunction condition (adjusted to the single-

tions at participant’s home focused on the mother’s actions toward

object and multiple- objects conditions), (c) the ability to update

and responses to her child (e.g., mother caresses or kisses child at

anticipatory attention shifts after a change in stimulus contin-

least once during the home visit, mother neither slaps nor spanks

gency (i.e., anticipatory responses on post- switch trials, adjusted

the child during the home visit). The form consisted of 36 questions

to anticipatory responses on pre- switch trials), and (d) dwell time

or observations with response options of no and yes, where yes was

for faces (adjusted to dwell time for non-face control stimuli).

indicative of a positive outcome. The sum of yes-responses was

Given that most of the test variables deviated from normal distri-

calculated to represent the home care practices score. The moth-

bution, we used distribution-free statistical test in all analyses with

er’s bond to her infant was administered with the Mother-to-Infant

eye tracking scores. Age and condition differences on eye track-

Bonding Scale (Taylor, Atkins, Kumar, Adams, & Glover, 2005). The

ing scores were evaluated by using non-parametric paired samples

questionnaire consisted of questions about the mother’s feelings

test (Wilcoxon signed-rank test). Comparisons between eye track-

for her child in the first few weeks after birth. The mother was

ing scores and GA categories were performed with Kruskal-Wallis

asked to state the extent (very much, a lot, a little, not at all, a 4-point

equality-of-populations rank test with ties. All correlations (odd-even,

scale) that best described how she felt when presented with eight

test-retest, and variable comparisons) were calculated as Spearman’s

different adjectives, for example, joyful, protective, and aggressive.

rank correlation coefficients for un-adjusted tests and as Spearman’s

Each response was rated on a scale from 0 to three, and summed in

partial rank correlation coefficients for adjusted tests. Correlation co-

a way that higher score meant positive feelings.

efficients >0.20 were considered significant in light of previous association analyses in infants.

2.4.5 | Aggregation of maternal data

The sample size was designed to be sufficient for comparing eye
tracking data between full- and preterm infants. The targeted sam-

The questionnaire and interview data on maternal characteristics

ple size of 425 with a ratio of 1:2:2 for GA groups was designed to

were aggregated by standardizing (M = 0, SD = 1) the score for each

provide the study with 80% power and 95% confidence to docu-

subscale within a domain (e.g., within different tests of maternal

ment a statistically significant difference in the eye tracking scores

cognition), reversing higher score to indicate positive outcomes (e.g.,

between the preterm and the full term infants, for an effect size in

no problems, better facilities), and then taking a sum of the stand-

the target population of 0.45 SD or larger. Final sample provided

ardized scores within the domain (cognition, psychosocial well-being,

corresponding power and confidence for effect sizes of 0.43–0.46

socioeconomic status, and care practices).

SD, depending on analysis. Other analyses examining associations
between eye tracking data (four variables) and distinct aspects of

2.5 | Statistical analyses and power
The first set of analyses was aimed at replicating the results of

the early nutritional status and rearing environment are presented
as exploratory analyses, and were evaluated against a corrected
alpha of 0.0125.

previous studies in the current sample. In this analysis, we compared probability of successful responses in single-object, multipleobjects, and conjunction conditions in the visual search task,
probability of anticipatory saccades on pre-switch and post-switch

3 | R E S U LT S
3.1 | Sample characteristics

in the anticipatory attention shifts task, as well as the probability
of saccades and attentional dwell times for non-face patterns and

Between November 2014 and October 2015, 1,509 mothers

happy and fearful faces in the attention to faces task. Second, we

were screened for the study (Figure 2). Of these, 444 mothers

examined the reliability of individual differences in the key scores

with their singleton children (29%) were enrolled. Mothers who

8 of 17
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were screened, but not included, were not interested in partici-

lost to follow- up, or died (Figure 2). Infants who were lost

pating in the study (n = 402), did not meet all eligibility criteria

to follow- up had smaller head size at enrollment than in-

(n = 610), or were not recruited to meet the stratified sampling

fants continuing in the study at 9 months (difference in head

ratios (n = 53). Of the children who did not meet the eligibility

circumference-for- age z‐ score = −0.51, p = 0.007), whereas

criteria, the reasons for non- eligibility were obstetric ultrasound

there was no statistically significant difference in LAZ, WAZ,

being carried out too late or not done (64%), residence outside

or maternal age. Parental literacy rates were lower and paren-

the study area or not available for follow- up (15%), gestational

tal employment rates at the same level or higher in the cur-

age <32 + 0 or >41 + 6 weeks (7%), non- eligibility for unspeci-

rent samples as compared to the national average for rural

fied reasons (7%), non- singleton pregnancy (5%), child too old

Malawi (Table 1). Further sample characteristics are shown in

at enrollment (1%), or illness that prevented participation in the

Supporting information Table S2.

study (0.5%).

At 7 and 9 months, 395 (96%) and 384 (97%) infants who vis-

Demographic and anthropometric information for the en-

ited the clinic had valid data from at least one of the subtests (visual

rolled children are provided in Tables 1 and 2. Of the enrolled

search, anticipatory attention shifts, or attention to faces). Infants

infants, 229 (52%) were full term, 145 (33%) early term, and

who were included in the eye tracking analysis did not differ in

70 (16%) preterm. At enrollment, 24% of infants were stunted

background variables from the infants with not enough valid data

(LAZ < −2) and 10% underweight (WAZ < −2). At 9 months, 27%

at 9 months (data not shown). The range of participants with a valid

and 11% were stunted and underweight, respectively. Between

task by condition was 312–376 (76%–91%) at 7 months and 312–365

enrollment and the 9- month- visit, 34 (8%) participants were

(79%–92%) at 9 months.

2934 ultrasounds assessed between
2014-06-24 and 2015-10-09

1509 screened

444 enrolled

145 early term

70 preterm

4 lost to follow-up
2 data collected
too late

64 clinic visits at 7 mo

63 clinic visits at 9 mo
Flow chart of the study

229 full term

2 lost to follow-up
5 died
2 data collected
too late

136 clinic visits at 7 mo

3 data collected
too late

FIGURE 2

402 not interested
610 not eligible (ultrasound scan too
late or not done, twin pregnancy,
outside catchment area, not available
for follow-up, child too old at the
enrollment, born too preterm or too
post-term, unspecified reasons)
53 not recruited to meet the stratified
sample (i.e., too few preterm infants
available and thus early and full term
infants were not enrolled)

213 clinic visits at 7 mo

4 lost to follow-up
1 data collected
too late

133 clinic visits at 9 mo

10 lost to follow-up
3 died
3 data collected
too late

6 lost to follow-up
9 data collected
too late

201 clinic visits at 9 mo
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TA B L E 1 Background variables of
enrolled participants’ families

a

TA B L E 2 Anthropometric
measurements of children

Mean (SD) or %

9 of 17

Census data,
rurala

Characteristic

N

Mother’s age, years

444

24 (7)

Father’s age, years

422

31 (9)

Mother’s years in school, years

424

3.2 (3.2)

Father’s years in school, years

410

Mother’s literacy, %

424

35.4

59.8

Father’s literacy, %

423

61.0

77.7

Mothers not having job, %

424

22.6

23.9

Fathers not having job, %

424

2.6

13.8

Primiparous women, %

444

29.1

4.8 (3.9)

Children alive (born to mother)

444

2.9 (1.8)

Children under-5 living in the
household

424

1.7 (0.7)

People living in the household

424

5.2 (1.9)

Maternal height

444

155.8 (5.6)

Maternal BMI at enrollment

444

22.4 (2.7)

Source: National Statistical Office of Malawi, Malawi in Figures 2016 (NSO, 2016).

Characteristic

Enrollment

7 months

9 months

N

444

413

397

Age at measurement, days

7 (8)a

210 (3)

275 (4)

Length, cm

48.1 (2.8)

65.0 (2.3)

67.8 (2.4)

Weight, g

3,091 (505)

Mid-upper-arm circumference, cm

10.3 (0.8)

7,468 (923)

7,939 (958)

14.2 (1.07)

14.3 (1.1)

42.9 (1.3)

43.7 (1.3)

Head circumference, cm

34.8 (1.5)

Length-for-age z-score

−1.34 (1.24)b

−1.39 (0.97)

−1.45 (0.98)

Weight-for-age z-score

−0.86 (0.94)

−0.58 (1.01)

−0.72 (1.01)

Weight-for-length z-score

0.03 (1.05) (N = 394 c)

Head circumference-forage z-score

−0.06 (1.07)

Length-for-age z-score
<−2, %

23.9c

Weight-for-age z-score
<−2, %

9.7

0.43 (0.98)
−0.35 (0.97)

0.16 (0.96)
−0.52 (0.94)

27.4

27.5

8.7

11.1

a

Values are mean (SD) unless percentages. bIn sensitivity analysis with imputed values for two data
collectors LAZ at enrollment was −1.18 (0.98) and the proportion of LAZ <−2 at the enrollment was
18.1% (N = 438). cFifty measurements out of reference chart for weight-for-length z-score (length
<45 cm).

3.2 | Descriptive data for eye tracking tests
Descriptive data for the eye tracking tests are provided in Table 3.

(ps < 0.001). Anticipatory responses increased over the course of
the anticipatory attention shifts task (Figure 3), and the proportion of successful anticipation was higher on the pre-switch trials

The proportion of successful visual search tasks was highest in

(M = 72.0%, SD = 26.5) than on the post-switch trials (M = 54.2%,

the one-object condition, (M = 91.8%, SD = 15.9), second high-

SD = 28.4) (p < 0.001). Finally, the mean proportion of trials with

est in the multiple-objects condition (M = 61.8%, SD = 21.6), and

an attention shift from the central to the lateral stimulus was

lowest in the conjunction condition (M = 45.4%, SD = 20.4) at

higher in the non-face control condition (M = 99.7%, SD = 2.0)

9 months. The differences between conditions were significant

as compared to the happy face condition (M = 71.2%, SD = 25.8)

312
312
312

9

7

9

Only participants with both 7‐ and 9‐month‐data.

312

7

312
312

312

9

7

312

7

9

312
312

7

365

9

9

376

7

376
365

7

340

9

349

9

340

9

7

349

7

349
340

7

9

0.548

0.578

0.117

0.127

66.7

58.7

71.2

62.8

99.7

99.3

54.2

46.2

72.0

58.1

45.4

43.9

61.8

58.4

91.8

91.6

435.4

448.1

Mean

0.200

0.222

0.040

0.053

26.3

28.3

25.8

28.0

2.0

3.5

28.4

29.0

26.5

29.9

20.4

19.9

21.6

20.3

15.9

16.3

62.7

68.9

SD

0.316

0.325

0.061

0.073

37.5

40.1

34.6

38.1

0.8

1.9

40.4

39.6

32.4

37.4

48.5

48.3

45.2

47.5

13.2

12.9

106.6

111.4

Mean of participants’
SDs

0.000

0.000

0.005

0.008

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

9.5

13.6

Min of participants’
SDs

0.463

0.475

0.408

0.444

57.7

57.7

57.7

57.7

40.8

50.0

57.7

70.7

57.7

70.7

57.7

57.7

57.7

57.7

57.7

57.7

280.7

348.9

Max of participants’
SDs

−0.020 (N = 255)

−0.010 (N = 255)

6.9 (N = 255)

7.3 (N = 255)

0.4 (N = 255)

8.1 (N = 338)

13.2 (N = 338)

1.8 (N = 294)

3.1 (N = 294)

−0.1 (N = 294)

−15.2 (N = 273)

Difference
9–7 monthsa
p

0.12

0.007

0.002

<0.001

0.09

<0.001

<0.001

0.50

0.044

0.87

<0.001

Wilcoxon signed-rank test

|

a

Attention to faces task, dwell
time index on faces

Attention to faces task, dwell
time index on non-face
control stimuli

Attention to faces task,
fearful stimulus, % of
occurred shifts to lateral
stimulus

Attention to faces task, happy
stimulus, % of occurred
shifts to lateral stimulus

Attention to faces task,
non-face control stimuli, %
of occurred shifts to lateral
stimulus

Anticipatory attention shifts
task, % of correct anticipation, post-switch

Anticipatory attention shifts
task, % of correct anticipation, pre-switch

Visual search task, % of
successful search,
conjunction

Visual search task, % of
successful search,
multiple-objects

Visual search task, % of
successful search,
one-object

337
324

7

9

Visual search latency, ms

N

Test variable

Eye tracking variables by participants

Time point
(months)

TA B L E 3
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and fearful face (M = 66.7%, SD = 26.3) (ps < 0.001), and the dif-

time index on faces. The odd-even split-half and test-retest correlation

ference between happy and fearful faces was also statistically

coefficients remained relatively unchanged when the inclusion criteria

significant (p = 0.002). Similar results were obtained when dwell

for the number of valid trials per condition was increased, although in-

time index (instead of the proportion of attention shifts) was used

cremental improvements in the coefficient were found for some of the

as the dependent variable, with shortest dwell time indices in the

measures (Supporting information Tables S3 and S4).

non-face control condition (M = 0.12, SD = 0.04) as compared to
happy (M = 0.53, SD = 0.22) and fearful (M = 0.57, SD = 0.22) face
conditions.

3.5 | Association with risk factors

The robustness of infants’ attentional bias for faces is further

There were no significant differences in any of the eye tracking scores

illustrated in Figure 4. All individual infants demonstrated this bias

at 9 months and GA groups, or correlations between eye tracking

(i.e., shorter dwell times for non-face patterns than faces). Also,

scores at 9 months and GA (Table 5), anthropometric measurements at

showing the specificity of infants’ attentional bias for faces, the

birth or at 9 months (Table 6), or any of the maternal variables (Table 7).

dwell times for non-face patterns and faces were only poorly cor-

This result did not change when using 7- instead of 9-month-data,

related (rs = 0.20), whereas the dwell times in the two face condi-

when nutritional status was measured by using other anthropometric

tions (happy vs fear) were strongly correlated (rs = 0.63).

indicators, or when enrollment length values were imputed (Supporting
information Tables S5–S9). In additional analyses, correlation coefficients between eye tracking results and risk factors remained relatively

3.3 | Age differences

unchanged when the criteria of the number of valid trials per condition

Visual search latencies were longer at 7 months as compared to

was increased (Supporting information Tables S10 and S11). Also, the

9 months (Table 3). The proportion of successful search responses

associations between dwell time for faces and risk factors varied a max-

did not, however, differ between 7 and 9 months in any of the three

imum of |0.08| in absolute values when the dwell times were calculated

conditions. The proportion of anticipatory responses increased

without the censored (3,500 ms) values (data not shown).

between 7 and 9 months in the pre- and post-switch trials. Finally,
there were no age differences in the proportion of attention shifts
between 7 and 9 months in the non-face control condition, but in the

4 | D I S CU S S I O N

two face conditions attention shifts were higher at 9 months.
The present study examined the development of visual attention
capabilities in a large sample of infants living in rural settings in

3.4 | Individual differences
Odd‐even split‐half correlations were low to moderate for all meas-

1

ures, with highest correlations observed in the anticipatory attention
shifts task followed by dwell times for faces (Table 4). The pattern of

.9

odd-even split-half correlations did not differ between the 7- and 9-

.8

month assessments. Similar to the odd-even split-half correlations, the
test-retest correlations between 7- and 9-month eye tracking results

1

9 months mean

Proportion of correct anticipatory

.9

7 months mean

.8
.7

.6
.5
.4
.3

.6

.2

.5
.4

.1

.3
.2

0

.1
0

.7
Faces (3500 ms)

were generally low, with the highest test-rest correlations for the dwell

1

2

3

4

5

6

7

8
9
Trial

10 11 12 13 14 15 16

F I G U R E 3 Correct anticipatory means at 7 and 9 months of
age for the anticipatory attention shifts task. Lines represent
anticipatory periods. The side switch of the stimulus at the trial 9

0

.1

.2

.3

.4
.5
.6
.7
Non-face (1000 ms)

.8

.9

1

F I G U R E 4 Scatter plot for dwell time index (proportion of
time window indicated in parenthesis) on faces and on non-face
control stimuli at 9 months of age. N = 312. Spearman’s correlation
coefficient = 0.20. Solid grey line represents ms to ms equality.
Dashed gray line is LOWESS fit (bandwidth = 0.8)
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Odd-even split-half testsa

Test-retestb

At 7 months of age

7 versus 9 months
of age

At 9 months of age

Test variable

N

rs

N

N

rs

Visual search latency

311

0.35

300

rs
0.22

273

0.28

Visual search task, %
of successful
search, conjunction

319

−0.06

316

−0.02

294

0.20

Anticipatory
attention shifts
task, % of correct
anticipation,
post-switch

368

0.66

360

0.62

338

0.07

Attention to faces
task, dwell time
index on faces

359

0.62

351

0.55

255

0.44

TA B L E 4 Odd‐even split‐half and
test-retest Spearman’s rank correlation
coefficients for eye tracking results

a

Participants with at least two odd and two even trials were included in the analysis of odd-even
split-half correlations. bUsing same inclusion criteria as main analyses. Participant with three or more
valid trials at both time points were included in the analysis.

TA B L E 5

Eye tracking results at 9 months of age by gestational age at birth (GA)
Mean (SD) for the indicated test variable in
participant subgroups

Test variable

N

Correlation coefficient between the
indicated test variable and GAa

Infants born
preterm

Infants born
early term

Infants born
full term

pb

Visual search latency, ms

324

0.02

439.3 (64.9)

435.9 (66.2)

433.6 (59.8)

0.99

Visual search task, % of
successful search,
conjunction

340

0.00

47.5 (18.6)

43.9 (20.3)

45.7 (20.1)

0.53

Anticipatory attention
shifts task, % of correct
anticipation, post-switch

365

−0.02

59.1 (29.0)

52.1 (27.9)

54.0 (28.4)

0.32

Attention to faces task,
dwell time index on faces

312

0.00

0.53 (0.20)

0.57 (0.20)

0.54 (0.20)

0.43

a

Values from Spearman’s rank correlation for visual search latency, Spearman’s partial rank correlation for visual search task (adjusted to one-object
and multiple-objects), anticipatory attention shifts task (adjusted to pre-switch), and dwell time index on faces (adjusted to dwell time index on control
stimulus). b p value from Kruskall-Wallis equality-of-populations rank test for comparison between GA subgroups.

Malawi. Consistent with prior research in Western countries and a

educated, industrialized, and rich countries (Nielsen et al., 2017) to a

previous study in Malawi (Forssman et al., 2017), the results showed

Sub-Saharan African infant population. The consistency of the pat-

the predicted pattern of results at group level in tasks assessing

terns adds to the generalizability of the measured abilities in infants.

visual search, anticipatory attention shifts, and attention to faces.

Our study did not include data from a high‐resource laboratory,

The results also showed that there are changes in most of these

but previous studies (Forssman et al., 2017) have shown that com-

measures between 7 and 9 months, consistent with the prediction

pared to Finnish infants, Malawian infants have slower visual search

that the measures are sensitive to development of visual attentional

latencies (consistent with results by Rose, 1994) and are more likely

processes. In particular, visual search latencies declined over time

to hold their attention on faces. To further illustrate the latter result,

and the frequency of anticipatory attention shifts increased, con-

we present data from 9-month-old infants from an identical setting

sistent with age-related changes in the efficiency of visual orienting

from Finland and Malawi (adapted from Forssman et al., 2017) as

(Rose, Feldman, & Jankowski, 2003). The dwell time for faces also

well as the current results in Figure 5. It can be seen that Finnish

declined, a finding that is consistent with previous studies showing

and Malawian infants have similar dwell time for non-face patterns

that the dwell times peak at around 7 months and decline thereafter

but differ drastically in the dwell times for faces. Given that the data

(Peltola et al., 2013). Together, these results provide an important

for these comparisons were obtained by using the same equipment

extension of studies that have been primarily conducted in Western,

and procedures (Forssman et al., 2017), and while matching the
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TA B L E 6 Eye tracking results at
9 months of age by length-for-age z-score
(LAZ) and weight-for-age z-score (WAZ)

13 of 17

Correlation coefficient between the indicated test variable and the
below variablesa

LAZ at
9 monthsb

WAZ at enrollment

WAZ at
9
monthsb

Test variable

N

LAZ at enrollment

Visual search
latency

324

−0.01

0.01

0.00

0.08

Visual search
task, % of
successful
search,
conjunction

340

0.04

0.12

0.09

0.14

Anticipatory
attention
shifts task,
% of correct
anticipation,
post-switch

365

0.12

−0.11

0.11

−0.17

Attention to
faces task,
dwell time
index on
faces

312

0.04

0.02

0.01

−0.01

a

Values from Spearman’s partial rank correlation as all values are adjusted to gestational age at birth.
Additional adjustments in following variables: visual search task (adjusted to one-object and
multiple-objects), anticipatory attention shifts task (adjusted to pre-switch), and dwell time index on
faces (adjusted to dwell time index on control stimulus). bAdjusted to LAZ or WAZ at enrollment.

TA B L E 7

Eye tracking results at 9 months of age by maternal characteristics
Correlation coefficient between the indicated test variable and the below continuous variablesa

Test variable

N

Cognition

Visual search latency

324

−0.05

Psychosocial well-being
0.06

Socioeconomic status
0.06

Care practices
0.00

Visual search task, % of
successful search,
conjunction

340

0.11

0.01

0.08

0.14

Anticipatory attention
shifts task, % of correct
anticipation,
post-switch

365

0.04

−0.06

0.07

0.04

Attention to faces task,
dwell time index on
faces

312

−0.06

−0.12

−0.09

0.00

a

Values from Spearman’s rank correlation for visual search latency, and from Spearman’s partial rank correlation for visual search task (adjusted to oneobject and multiple-objects), anticipatory attention shifts task (adjusted to pre-switch), and dwell time index on faces (adjusted to dwell time index on
control stimulus).

properties of the non-face patterns and faces, the selectively longer

arise from infants’ differential experiences in seeing stimuli on com-

dwell times for faces in Malawi cannot be attributed to procedural

puter displays. However, this explanation falls short in explaining the

differences between the sites or low-level stimulus properties (i.e.,

fact that the country difference was selectively pronounced in the

stimulus size, color, luminance, or contrast). Different face models

face conditions.

were used in Finland and Malawi, but it appears unlikely that that the

If longer dwell times for faces in Malawian infants are not ex-

relatively large differences in dwell times between the two countries

plained by the features of the stimuli or familiarity with computer

would be completely explained by the use of different models, or by

displays, the possibility arises that this result reflects a genuine en-

variations in facial features or second-order relations among facial

hancement of attention to salient stimuli in infants in low-resource

features in the models. An alternative possibility is that these results

settings. Our current results do not provide direct support for this
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faces did not vary in full- and preterm infants, in infants of varying

Non-face

nutritional status, or in infants living in heterogeneous rearing envi-

Finland (Forssman et al.)
Malawi (Forssman et al.)

ronments as assessed by socioeconomic status, maternal cognition,

Malawi (current data)

maternal psychosocial well-being, or care practices.

Faces
Finland (Forssman et al.)
Malawi (Forssman et al.)

One possibility is that the current results underestimate the

Malawi (current data)

true association between measures of infant attention and various

density

.001

risk factors, given measurement error. This is a reasonable concern,
especially for associations concerning measures of visual search
.0005

and anticipation. For measures of attention to faces, the odd-even
split-half and test-retest correlations were moderate. The mean
true reliability for dwell time estimates for faces, after applying the
Spearman-Brown correction for the odd-even split-half correla-

0
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F I G U R E 5 Dwell time means (ms) across Malawian and
Finnish settings at 9 months of age from the current study and
adapted from Forssman et al. (2017). Bandwidths: non-face = 250,
faces = 500. N = 39, 37, 312; M (non-face/faces) = 401/1,028,
423/1,845, 410/1,919; SD (non-face/faces) = 181/598, 145/739,
141/704 for Finland (Forssman et al., 2017), Malawi (Forssman
et al., 2017), and Malawi (current study), respectively

tions (Wilmer, 2008), was 0.77. To assess how potential associations
were attenuated by measurement error, the observed correlations
between measures of infant dwell times for faces and risk factors
(<|0.12|) can be scaled for measurement error by dividing the correlation by the geometric mean of the estimated reliabilities of the
two measures being correlated (Spearman, 1904; Wilmer, 2008).
After this correction, the correlation coefficients remain low. It
therefore seems that the lack of the predicted association between
eye tracking measures and risk factors is not completely attributable
to measurement noise.

possibility, but previous research in high-resource settings have

If the current results reflect a true lack of associations between

shown heightened attention to visual salience, especially faces

infants’ attention and measures of gestational age, nutritional sta-

displaying threat-alerting expressions, in infants whose mother

tus, and various socioeconomical risk factors, the possibility arises

reported elevated stress and depression symptoms (Forssman

that the development of the measured aspects of infant behavior

et al., 2014; Kataja et al., 2018; Morales et al., 2017; although see

is relatively robust against variations in early environment. This

Leppänen, Cataldo, Bosquet Enlow, & Nelson, 2018).

interpretation of the current findings must be made with caution,

Whereas our results show reproducibility of infants’ attentional

however. First, the current sample differed from previous studies

phenomena at group level, the measured behaviors varied consider-

in high-resource settings in that the highest risk infants were not

ably within individual infants across separate measurements. In par-

included (or were possibly underrepresented) in the current sample,

ticular, our results show that individual variations in the proportion

such as infants with extreme preterm birth (i.e., <32 weeks) or in-

of successful search responses and anticipatory responses were not

fants with neurological deficits (e.g., Atkinson et al., 2008; Telford

stable across time. Attentional dwell times for faces showed moder-

et al., 2016). Also, only a minority of infants in the current study

ate stability across a 2-month-interval, the correlations being com-

were classified as moderately malnourished, suggesting that the full

parable to those reported in a previous study from high resource

spectrum of variations in nutritional status were not included. Full

settings (Leppänen et al., 2015). Part of the within-subject variability

comparisons of the socioeconomic risk scores in the current sample

in the measures of interest is likely to be instrumental and related to

with respect to national average in Malawi were not available, but

the challenges in obtaining sufficient sampling of the target behav-

parental literacy rates were lower in the current sample, and paren-

iors for all infants. However, given that our estimates of instrumen-

tal employment rates slightly higher compared to the average for

tal reliability (i.e., odd-even split-half correlations) were consistently

rural Malawi. Finally, it remains possible that even if the early atten-

higher than estimates of test-retest stability, it seems likely there are

tional capacities of infants, as measured here, may emerge relatively

also true changes in the measured behaviors over time. Together,

independently of variations in the early environment, the possibility

this result has important implication for the use of these measures as

remains that the more complex functions that emerge downstream

markers of early neurocognitive development. Most notably, analy-

in early development (i.e., construct assessed by traditional cogni-

ses examining associations between infant neurocognitive function

tive and behavioral tests) are more dependent on “optimal” physical

and variables characterizing infants’ rearing environment should

growth and environmental support or stimulation.

take into account the noise in the measurements and the implications it has on the expected strength of the associations.

In summary, the current study replicated previous studies in highresource settings in so far understudied population, by showing that

Contrary to the expectations, individual variations in attention

Malawian infants exhibited active visual search for salient visual targets,

measures were not associated with gestational age, nutritional sta-

anticipatory saccades to predictable events, and a robust attentional

tus, or characteristics of the rearing environment. In other words,

bias for faces. The results further showed that while these behaviors

visual search, anticipation, or the duration of attentional dwell on

were reproducible at group level, the stability of individual infants’

|
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behaviors was poor within short time intervals, and there were no association between the speed or the rate of the measured behaviors and
infants’ gestational age, nutritional status, or rearing environment.
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EARLY DEVELOPMENT OF VISUAL ATTENTION (SUPPLEMENTARY MATERIAL) 1
SUPPLEMENTARY MATERIAL
Table S1. Time points of data collection
Visit

Clinic visit
(Enrollment)

Time
point
0-4 weeks
from
birth
Screening,
Data
collected approval,
consent, and
enrollment
Anthropometrics

Home visit

Home visit

Clinic visit
(7 months)

Clinic visit
(9 months)

15 weeks

29 weeks

30 weeks

39 weeks

Maternal
cognition

Social and
demographic
environment

Anthropometrics, Anthropometrics,
medical, motor
medical, motor
milestones
milestones

HOME

Eye tracking

Eye tracking

Food
security
Maternal
social
support

Structured
observations
Maternal SRQ
depression

Structured
observations
Maternal
perceived stress

Mother-infant
bond

Maternal life
events

Figure S1. A practice item of the mental rotation of the maternal cognition test. The mother
was asked to point out the rotated figures (white) of the original figure (grey).

EARLY DEVELOPMENT OF VISUAL ATTENTION (SUPPLEMENTARY MATERIAL) 2
Table S2. Maternal characteristics scores prior to standardization (higher score indicates
positive outcome)
Test variable

N

Mean (SD)

Range

Mental rotation test

429

24.9 (4.8)

13-40

Digit span test, forward

429

5.2 (1.5)

2-10

Digit span test, backward

429

2.4 (1.5)

0-8

Verbal fluency test, foods

429

15.3 (4.8)

4-31

Verbal fluency test, girls’ names

429

16.3 (5.2)

3-31

Depression symptoms

419

14.2 (4.1)

2-20

Perceived stress

409

21.9 (4.1)

9-32

Adverse life events

409

29.4 (2.9)

20-34

Social support

424

34.0 (7.5)

12-48

Satisfaction of everyday needs

424

5.1 (1.6)

0-9

Food insecurity

424

18.5 (5.4)

3-27

Living conditions

444

13.1 (1.9)

7-21

Mother-infant bond

419

18.9 (2.4)

11-24

HOME observation

424

23.8 (2.4)

13-30

Cognition

Psychosocial well-being

Socioeconomic status

Care practices

≥2
311
0.35
≥3
198
0.42
≥4
93
0.28
≥1
382
-0.03
Visual search task, % of
≥2
319
-0.06
successful search,
≥3
218
-0.06
conjunction
≥4
88
-0.08
≥1
389
0.64
Anticipatory attention
≥2
368
0.66
shifts task, % of correct
≥3
325
0.69
anticipation, post≥4
264
0.69
switch
≥5
207
0.74
≥6
128
0.70
≥7
60
0.68
≥8
19
0.87
≥1
385
0.56
Attention to faces task,
≥2
359
0.62
dwell time index on
≥3
322
0.65
faces
≥4
291
0.66
≥5
250
0.68
≥6
194
0.72
≥7
117
0.76
≥8
39
0.74
† N or more trials for both even and odd trials per participant needed for each variable.

<0.01
<0.01
<0.01
0.53
0.25
0.40
0.45
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

300
210
96
368
316
215
93
383
360
342
295
252
191
96
29
378
360
334
312
268
232
166
83

0.22
0.38
0.48
-0.01
-0.02
-0.09
0.03
0.60
0.62
0.63
0.65
0.69
0.69
0.67
0.73
0.54
0.55
0.56
0.57
0.55
0.55
0.55
0.60

<0.01
<0.01
<0.01
0.85
0.71
0.17
0.74
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

Table S3. Odd-even split-half Spearman's rank correlation coefficients for eye tracking results with different number of valid trials
Odd-even split-half tests
Odd-even split-half tests
(at 7 months of age)
(at 9 months of age)
N of valid trials
N of
Spearman's
N of
Spearman's
Test variable
P
P
per condition †
participants
rho
participants
rho
≥1
380
0.26
<0.01
363
0.18
<0.01
Visual search latency
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Table S4. Test-retest Spearman's rank correlation coefficients for eye tracking results with
different number of valid trials
Test-retest (7 v 9 months of age)
Test variable
Visual search latency

Visual search task, %
of successful search,
conjunction

Anticipatory attention
shifts task, % of correct
anticipation, postswitch

Attention to faces task,
dwell time index on
faces

N of valid trials per
condition

N of
participants

Spearman's rho

P

≥3
≥4
≥5
≥6
≥7
≥8
≥3
≥4
≥5
≥6
≥7
≥8
≥3
≥4
≥5
≥6
≥7
≥8
≥3
≥4
≥5
≥6
≥7
≥8

273
228
169
95
44
7
294
237
172
95
44
7
338
317
295
278
248
312
255
198
150
96
40
7

0.28
0.36
0.35
0.35
0.37
0.54
0.20
0.22
0.24
0.24
0.29
0.09
0.07
0.07
0.07
0.06
0.07
0.05
0.44
0.45
0.46
0.53
0.51
0.86

<0.01
<0.01
<0.01
<0.01
0.01
0.21
<0.01
<0.01
<0.01
0.02
0.05
0.85
0.22
0.23
0.23
0.33
0.23
0.51
<0.01
<0.01
<0.01
<0.01
<0.01
0.01
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Table S5. Eye tracking results at 7 months of age by gestational age at birth (GA)
Mean (SD) for the indicated test
variable in participant subgroups
Test variable

Visual search latency, ms

N

337

Correlation
coefficient
between the
indicated
test variable
and GA †
-0.03

Infants
born
preterm

Infants
born early
term

Infants born
full term

p‡

446.3
(66.7)
46.3
(20.9)
46.0
(28.7)

452.3
(74.5)
45.0
(19.8)
47.0
(29.3)

446.0
(66.3)
42.5
(19.7)
45.7
(28.9)

.84

Visual search task, % of
349
-0.06
.37
successful search, conjunction
Anticipatory attention shifts
376
0.01
.93
task, % of correct anticipation,
post-switch
Attention to faces task, dwell
312
0.05
.58
.57
.58
.99
time index on faces
(.22)
(.21)
(.23)
† Values from Spearman’s rank correlation for visual search latency, Spearman’s partial rank
correlation for visual search task (adjusted to one-object and multiple-objects), anticipatory
attention shifts task (adjusted to pre-switch), and dwell time index on faces (adjusted to dwell
time index on control stimulus).
‡ P value from Kruskall-Wallis equality-of-populations rank test for comparison between GA
subgroups.
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Table S6. Eye tracking results at 7 months of age by length-for-age z-score (LAZ) and
weight-for-age z-score (WAZ)
Correlation coefficient between the indicated test variable and
the below continuous variables †
Test variable

Visual search latency

N

LAZ at
enrollment

LAZ at 7
months ‡

WAZ at
enrollment

WAZ at 7
months §

337

0.09

-0.11

0.00

-0.11

Visual search task, % of
349
0.10
0.02
0.00
-0.04
successful search,
conjunction
Anticipatory attention
376
0.01
-0.13
-0.02
-0.12
shifts task, % of correct
anticipation, post-switch
Attention to faces task,
312
-0.04
0.00
-0.03
-0.07
dwell time index on faces
† Values from Spearman’s partial rank correlation as all values are adjusted to gestational age
at birth. Additional adjustments in following variables: visual search task (adjusted to oneobject and multiple-objects), anticipatory attention shifts task (adjusted to pre-switch), and
dwell time index on faces (adjusted to dwell time index on control stimulus).
‡ Adjusted to LAZ at enrollment.
§ Adjusted to WAZ at enrollment
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Table S7. Eye tracking results at 7 months of age by maternal characteristics.
Correlation coefficient between the indicated test variable and
the below continuous variables †
Test variable

Visual search latency

N

Cognition

Psychosocial
Well-being

Socioeconomic
Status

Care
Practices

337

-0.02

0.04
(N = 331‡)

0.03

0.09

Visual search task, % of 349
0.04
0.05
0.07
0.03
successful search,
(N = 343‡)
conjunction
Anticipatory attention
376
-0.05
-0.03
-0.11
-0.02
‡
shifts task, % of correct
(N = 370 )
anticipation, post-switch
Attention to faces task,
312
0.01
-0.08
-0.04
-0.03
dwell time index on
(N = 306‡)
faces
† Values from Spearman’s rank correlation for visual search latency, and from Spearman’s
partial rank correlation for visual search task (adjusted to one-object and multiple-objects),
anticipatory attention shifts task (adjusted to pre-switch), and dwell time index on faces
(adjusted to dwell time index on control stimulus).
‡ Data not collected for 6 mothers as they dropped out before the scheduled data collection at
9 months.
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Time
point

N

MUAC
enrollment

MUAC
7/9 mo

MUAC
Δ

WLZ
enrollment
‡

WLZ
7/9 mo
‡

WLZ
Δ‡

HCZ
enrollment

HCZ
7/9 mo

HCZ
Δ

LAZ
Δ

WAZ
Δ

LAZ
Δ
from
7 to
9 mo
§
7 mo
337
0.01
-0.13
-0.13
-0.10
-0.06
-0.06
0.06
-0.13
-0.09
-0.10
-0.11
N/A
0.02
Visual search latency
9 mo
324
0.00
0.09
0.10
0.04
0.07
0.09
0.06
0.11
0.10
0.00
0.09
(N =
319)
7 mo
349
0.01
-0.04
0.01
-0.15
-0.08
-0.06
-0.02
-0.12
-0.08
0.01
-0.03
N/A
Visual search task, %
0.15
of successful search,
9 mo
340
0.11
0.10
0.10
0.07
0.13
0.10
0.04
0.04
0.04
0.09
0.13
(N =
conjunction
335)
7 mo
376
0.01
-0.12
-0.11
-0.05
-0.05
-0.04
-0.03
-0.10
-0.05
-0.12
-0.12
N/A
Anticipatory attention
shifts task, % of
-0.07
correct anticipation,
9 mo
365
0.14
-0.14
-0.15
0.04
-0.14
-0.12
0.08
-0.02
-0.06
-0.09
-0.15
(N =
post-switch
360)
7 mo
312
0.01
-0.04
-0.01
-0.03
-0.08
-0.09
-0.08
-0.08
-0.09
-0.01
-0.05
N/A
Attention to faces
0.13
task, dwell time index
9 mo
312
-0.01
-0.03
-0.04
-0.02
-0.02
-0.04
0.05
-0.01
-0.01
0.01
-0.02
(N =
on faces
308)
† Values from Spearman’s rank correlation for visual search latency, and from Spearman’s partial rank correlation for visual search task (adjusted to one-object and multipleobjects), anticipatory attention shifts task (adjusted to pre-switch), and dwell time index on faces (adjusted to dwell time index on control stimulus). Values adjusted to
gestational age at birth.
‡ N for WLZ measurements at 7 mo = 297, 307, 334, 274, and 274, and at 9 mo = 287, 301, 324, 276, and 276, for Visual search latency, Visual search task, Anticipatory
attention shifts task, Attention to faces task, and Dwell time index on faces, respectively, due to length out of reference charts at enrollment (< 45 cm).
§ Adjusted to LAZ or WAZ at 7 months of age.

Test variable

Table S8. Eye tracking results at 7 and 9 months of age by anthropometrics measurements for length-for-age z-score (LAZ), weight-for-length
z-score (WLZ), head circumference-for-age z-score (HCZ), mid-upper arm circumference (MUAC), and changes between indicated time points
and enrollment (Δ) (adjusted to gestational age at birth).
Correlation coefficient between the indicated test variable and the below continuous variables†
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N/A
0.09
(N =
319)
N/A
0.14
(N =
335)
N/A
-0.04
(N =
360)
N/A
-0.03
(N =
308)

WAZ
Δ
from
7 to 9
mo §

312/293

312/293

7 mo

9 mo

365/344

340/319

9 mo

9 mo

349/327

7 mo

376/353

324/304

9 mo

7 mo

337/317

7 mo

.04

-.04

.10

-.04

.04

.11

-.01

.05

LAZ enrollment

.00

-.02

-.13

-.11

.13

.00

.01

-.11

LAZ 7/9 mo
§

.02

.00

-.14

-.09

.13

.02

-.01

-.11

LAZ Δ §

-.05

-.07

.05

.00

.06

-.17

.03

-.05

WLZ
enrollment

-.03

-.08

-.14

-.06

.13

-.07

.08

-.08

WLZ 7/9 mo §

-.04

-.08

-.13

-.09

.12

-.06

.10

-.05

WLZ Δ §

Correlation coefficient between the indicated test variable and the below continuous variables ‡

9

† LAZ 0 mo (enrollment) imputed for children collected by two collectors in Malindi. Single linear regression model (Length at enrollment ~ Gender + Age at enrollment +
Weight at enrollment + MUAC at enrollment + Head circumference at enrollment + WAZ at 7 mo + LAZ at 7 mo + HCZ at 7 mo + MUACZ at 7 mo) based on non-imputed
cases.
‡ Values from Spearman’s rank correlation for visual search latency, and from Spearman’s partial rank correlation for visual search task (adjusted to one-object and multipleobjects), anticipatory attention shifts task (adjusted to pre-switch), and dwell time index on faces (adjusted to dwell time index on control stimulus). Values adjusted to
gestational age at birth.
§ Adjusted to enrollment LAZ or WAZ at enrollment

Attention to faces
task, dwell time
index on faces

Anticipatory
attention shifts task,
% of correct
anticipation, postswitch

Visual search task,
% of successful
search, conjunction

Visual search
latency

Test variable

N
LAZ/WLZ

Time
point

Table S9. Eye tracking results at 7 and 9 months of age with imputed enrollment length measurements for length-for-age z-score (LAZ),
weight-for-length z-score (WLZ), and changes between indicated time points and enrollment (Δ) (adjusted to gestational age at birth). †
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312

272

221
178

109

39

≥4

≥5
≥6

≥7

≥8

315
295

≥7
≥8

≥3

365
355
338
330

258
203
121
37

≥5
≥6
≥7
≥8

≥3
≥4
≥5
≥6

340
304

202
121
37

≥6
≥7
≥8

≥3
≥4

324
293
254

N of
participants

≥3
≥4
≥5

N of valid trials
per condition

0.02

-0.04

0.03
0.02

0.00

0.00

0.00
0.00

-0.02
-0.02
0.00
0.02

0.01
0.04
0.00
-0.18

0.00
0.02

0.04
0.06
0.11

0.02
0.03
0.02

Spearman's
rho

0.89

0.72

0.71
0.75

0.96

0.98

0.97
0.94

0.67
0.67
0.98
0.73

0.86
0.62
0.97
0.31

0.99
0.71

0.55
0.50
0.53

0.74
0.57
0.72

P

-0.03

-0.04

0.01
-0.02

0.08

0.04

0.11
0.11

0.12
0.11
0.11
0.10

0.11
0.12
0.08
0.30

0.04
0.06

-0.04
0.03
-0.08

-0.01
-0.02
-0.04

Spearman's
rho

0.88

0.70

0.87
0.79

0.24

0.52

0.05
0.07

0.03
0.05
0.05
0.08

0.08
0.09
0.42
0.08

0.44
0.28

0.54
0.71
0.70

0.79
0.77
0.48

P

LAZ at enrollment

0.27

0.11

0.00
0.05

0.00

0.02

-0.12
-0.13

-0.11
-0.11
-0.10
-0.11

0.07
0.07
0.14
0.39

0.12
0.10

-0.03
0.01
-0.01

0.01
0.00
0.00

Spearman's
rho

0.11

0.28

0.99
0.52

0.98

0.74

0.04
0.03

0.03
0.05
0.07
0.04

0.28
0.36
0.14
0.03

0.03
0.07

0.67
0.91
0.97

0.83
0.99
0.96

P

LAZ at 9 months of
age

-0.04

-0.03

-0.04
-0.11

0.04

0.01

0.09
0.10

0.11
0.11
0.10
0.08

0.15
0.18
0.17
0.45

0.09
0.12

-0.04
-0.02
-0.17

0.00
0.00
-0.03

Spearman's
rho

0.79

0.73

0.51
0.15

0.50

0.84

0.10
0.09

0.04
0.04
0.06
0.15

0.02
0.01
0.06
0.01

0.08
0.03

0.59
0.82
0.33

0.97
0.96
0.58

P

WAZ at enrollment
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0.25

0.03

-0.03
0.05

-0.02

-0.01

-0.18
-0.20

-0.17
-0.18
-0.17
-0.17

0.10
0.13
0.19
0.38

0.14
0.12

0.07
0.09
0.04

0.08
0.08
0.10

Spearman's
rho

attention shifts task (adjusted to pre-switch), and dwell time index on faces (adjusted to dwell time index on control stimulus). LAZ (length-for-age z-score) and WAZ (weight-for-age z-score)
at enrollment adjusted to gestational age at birth (GA). LAZ and WAZ at 9 months of age adjusted to GA and LAZ or WAZ at enrollment, respectively.

0.15

0.79

0.63
0.54

0.72

0.82

<0.01
<0.01

<0.01
<0.01
<0.01
<0.01

0.10
0.07
0.04
0.03

0.01
0.04

0.30
0.34
0.84

0.16
0.17
0.12

P

WAZ at 9 months of
age

† Values from Spearman’s rank correlation for visual search latency, Spearman’s partial rank correlation for visual search task (adjusted to one-object and multiple-objects), anticipatory

Attention to
faces task,
dwell time
index on
faces

Anticipatory
attention
shifts task, %
of correct
anticipation,
post-switch

Visual search
task, % of
successful
search,
conjunction

Visual search
latency

Test variable

GA

Table S10. Eye tracking results at 9 months of age with different number of valid trials per condition for child’s anthropometrics. †
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N of valid
trials per
condition
≥3
≥4
≥5
≥6
≥7
≥8
≥3
≥4
≥5
≥6
≥7
≥8
≥3
≥4
≥5
≥6
≥7
≥8
≥3
≥4
≥5
≥6
≥7
≥8
324
293
254
202
121
37
340
304
258
203
121
37
365
355
338
330
315
295
312
272
221
178
109
39

N of
participants
-0.05
-0.06
-0.04
-0.05
-0.03
0.23
0.11
0.09
0.06
0.06
0.06
0.23
0.03
0.03
0.04
0.03
0.02
0.02
-0.06
-0.04
-0.03
-0.01
-0.01
0.06

Spearman's
rho
0.42
0.34
0.48
0.46
0.78
0.16
0.05
0.11
0.32
0.40
0.54
0.19
0.55
0.54
0.52
0.54
0.74
0.79
0.33
0.50
0.69
0.87
0.91
0.74

P
0.06
0.04
0.02
-0.04
-0.07
0.07
0.01
-0.02
-0.01
0.01
0.04
0.09
-0.05
-0.06
-0.05
-0.05
-0.07
-0.08
-0.12
-0.16
-0.17
-0.22
-0.26
-0.28

Spearman's
rho
0.27
0.45
0.78
0.58
0.42
0.70
0.84
0.67
0.88
0.86
0.64
0.59
0.33
0.26
0.38
0.35
0.25
0.17
0.04
0.01
0.01
<0.01
0.01
0.09

P

Psychosocial well-being

0.06
0.07
0.04
0.02
-0.01
0.19
0.08
0.05
0.02
0.05
0.02
0.01
0.07
0.05
0.04
0.04
0.04
0.03
-0.09
-0.14
-0.11
-0.13
-0.13
0.00

Spearman's
rho
0.30
0.26
0.48
0.78
0.87
0.26
0.15
0.41
0.71
0.45
0.80
0.98
0.17
0.39
0.52
0.49
0.47
0.65
0.10
0.03
0.09
0.09
0.19
0.99

P

Socioeconomic status

attention shifts task (adjusted to pre-switch), and dwell time index on faces (adjusted to dwell time index on control stimulus).
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0.00
0.00
0.00
-0.04
-0.06
-0.02
0.14
0.12
0.10
0.16
0.11
0.11
0.04
0.04
0.05
0.03
0.05
0.05
0.00
0.03
-0.03
0.01
-0.04
-0.25

Spearman's
rho

P
0.99
0.98
0.98
0.59
0.48
0.91
0.01
0.03
0.11
0.02
0.22
0.53
0.41
0.51
0.36
0.60
0.37
0.44
0.94
0.65
0.64
0.89
0.68
0.13

Care practices

† Values from Spearman’s rank correlation for visual search latency, Spearman’s partial rank correlation for visual search task (adjusted to one-object and multiple-objects), anticipatory

Attention to faces
task, dwell time
index on faces

Anticipatory
attention shifts
task, % of correct
anticipation, postswitch

Visual search
task, % of
successful search,
conjunction

Visual search
latency

Test variable

Cognition

Table S11. Eye tracking results at 9 months of age with different number of valid trials per condition for maternal scores. †
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Cross-cultural analysis of attention
disengagement times supports the
dissociation of faces and patterns in
the infant brain
Juha Pyykkö

1

, Per Ashorn1,2, Ulla Ashorn1, Dana J. H. Niehaus3 & Jukka M. Leppänen4

Infants are slower to disengage from faces than non-face patterns when distracted by novel
competing stimuli. While this perceptual predilection for faces is well documented, its universality and
mechanisms in relation to other aspects of attention are poorly understood. We analysed attention
disengagement times for faces and non-face patterns in a large sample of 6-to 9-month-old infants
(N = 637), pooled from eye tracking studies in socioculturally diverse settings (Finland, Malawi, South
Africa). Disengagement times were classified into distinct groups of quick and delayed/censored
responses by unsupervised clustering. Delayed disengagement was frequent for faces (52.1% of trials),
but almost negligible for patterns (3.9% of trials) in all populations. The magnitude of this attentional
bias varied by individuals, whereas the impact of situational factors and facial expression was small.
Individual variations in disengagement from faces were moderately stable within testing sessions and
independent from variations in disengagement times for patterns. These results point to a fundamental
dissociation of face and pattern processing in infants and demonstrate that the bias for faces can be
robust against distractors and habituation. The results raise the possibility that attention to faces varies
as an independent, early-emerging social trait in populations.
Infants from an early age show an attentional bias for faces over patterns or objects1,2. Infants are more likely to
orient their first eye movements to faces than to other salient objects when seeing a complex scene3, dwell longer
on faces than non-face objects and patterns4,5, and are slower to disengage attention from faces as compared to
non-face patterns when “distracted” by a new, competing stimulus in the visual periphery2.
Various sources of evidence suggest that infants’ early-emerging attentional bias for faces may reflect a trait
that is genetically and neurocognitively distinct from other aspects of attention control in humans6. Twin studies
show strong and specific genetic variations in different aspects of face processing in children and adults, including
the relative weighting of attention to the eye vs. mouth region in toddlers7,8, electrocortical responses to facial
expressions in adolescents9, and recognition of facial identity in adults10. Faces and objects elicit differential patterns of electrocortical activation in 6-month-old infants and adults11,12, and several studies have documented
neurological deficits that affect face processing (e.g., identity recognition) while sparing other visual object recognition capacities13. Finally, studies of rare genetic disorders (Williams syndrome) have shown spared face processing in the presence of mild to moderate intellectual disabilities14–16.
To examine the dissociation of attentional mechanisms for faces and patterns in infants, we examined covariations in attention disengagement times for faces and non-face patterns in a large sample of infants who were 6 to
9 months old and therefore at the age the bias for faces is clearly evident5,17,18. We used unsupervised clustering to
identify distinct categories of quick and delayed responses in infant disengagement time data, and subsequently
examined the frequencies of these response types for faces and patterns. We also examined whether the bias for
faces can be dissociated from other situational variations in infant behaviour (e.g., habituation of disengagement
over time, see19,20), as well as from more general efficiency and speed of attentional disengagement performance.
Center for Child Health Research, Faculty of Medicine and Health Technology, Tampere University, Tampere, Finland.
Department of Paediatrics, Tampere University Hospital, Tampere, Finland. 3Department of Psychiatry, Faculty
of Medicine and Health Sciences, Stellenbosch University, Cape Town, South Africa. 4Infant Cognition Laboratory,
Center for Child Health Research, Faculty of Medicine and Health Technology, Tampere University, Tampere, Finland.
Correspondence and requests for materials should be addressed to J.P. (email: juha.pyykko@tuni.fi)
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Figure 1. Attention disengagement paradigm. A face or a non-face pattern was presented in the centre of the
screen. A lateral stimulus (distractor) was added to the right or to the left of the central stimulus after 1,000 ms.
The central stimulus was presented until the end of each trial, thus, overlapping in time with the lateral stimulus.
Finland

Malawi 1

Malawi 2

South Africa

Non-faces

Faces

Non-faces

Faces

Non-faces

Faces

Non-faces

Faces

N of trials

624

624

576

577

6,064

6,068

2,675

2,677

N (%) of valid trials

381 (61.1)

450 (72.1)

333 (57.8)

395 (68.5)

3,478 (57.4)

4,167 (68.7)

1,158 (43.3)

1,673 (62.5)

Proportion of quick DTs, %

97.4

72.2

96.1

43.8

96.9

38.7

93.4

65.4

Proportion of delayed DTs, %

2.1

14.2

3.6

17.5

2.8

30.5

4.7

13.3

Proportion of censored DTs (≥3500 ms), %

0.5

13.6

0.3

38.7

0.3

30.8

2.0

21.3

Mean (SD) of quick DTs, ms

348 (141)

426 (177)

340 (134)

438 (157)

353 (147)

475 (189)

373 (161)

435 (160)

Table 1. Trials and disengagement times (DTs) for the datasets.
Contrary to some previous studies19–21, the current studies were optimized for studying attention to the faces vs.
patterns by including equal presentation probabilities for the two categories, by using patterns that did not have
the shape of a face, and by contrasting faces and patterns with maximally salient, lateral “distractors”.
Following Wilmer22, we predicted that the independence of the mechanisms mediating attention to faces
and patterns results in relatively strong covariation of disengagement times for distinct exemplars of faces and
relatively lower correlation as well as distinct distribution of disengagement times for faces and patterns. This
hypothesis was contrasted with the alternative model predicting overlap in the development of attention disengagement mechanisms for faces and other stimuli23 as well as significant covariance in disengagement times for
faces and patterns (cf.24).
The data for the current analysis were pooled from separate eye tracking studies conducted in Finland, Malawi,
and South Africa. The data were collected by using the same methods, but the age and the living environments
of the participants (e.g., level of urbanization) varied across sites. While these differences precluded us from
performing direct comparisons of populations, it provided a unique opportunity to examine the generalizability
of the dissociation of face and pattern processing across heterogeneous samples of infants and while including
populations that have traditionally been underrepresented in developmental sciences25.

Results

Datasets and the distribution of disengagement times. Infants (N = 637) were tested with a paradigm (Fig. 1) that assesses attentional disengagement time (DT) from a centrally presented stimulus (face or
pattern) toward the location of a new stimulus in the visual periphery (salient pattern and animation). The data
comprised a total of 12,035 valid trials (Table 1). A slightly higher percentage of the valid data were face trials
(55.6%) than non-face trials.
The DTs on the valid trials compromised a heterogeneous distribution of quick, delayed, and censored values (Fig. 2). To summarize this distribution for individual infants, we used a data-driven clustering method to
recode the DT data into a binary variable that indicated whether a quick disengagement from the central stimulus
occurred or not on a given trial (Supplementary Methods). Based on this analysis, 30.6% of the valid trials were
trials on which the DT from the central to the lateral stimulus was delayed (i.e., the latency of the disengagement
was outside the range of typical disengagement latencies or disengagement was not observed by the end of the
trial period).
Factors underlying delayed disengagement.

Our first analyses used a conditional fixed-effects logistic
regression model and the data from all valid trials to examine how infants’ attention disengagement from the central to the lateral stimulus was affected by the content of the central stimulus (face vs. non-face), the previous trial,
the lateral stimulus, and the trial sequence. This analysis showed that the probability of delayed disengagement
was most strongly affected by the category of the central stimulus, as odds ratios varied between 10.49 and 86.65
for delayed disengagement when a face was presented compared to a non-face pattern (Table 2). Other covariates’
odds ratios for delayed disengagement varied between 0.57 and 1.66 across datasets.
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Figure 2. Distributions of disengagement times for faces and non-face patterns as kernel densities for
disengagement times below 3,500 ms. Censored disengagement times (i.e., disengagement was not observed by
3,500 ms) are not shown.
Finland, N = 681 DTs, 30
Malawi 1, N = 715 DTs, 35
participants, Pseudo R2 = 0.25 participants, Pseudo R2 = 0.37

Malawi 2, N = 7,442 DTs, 358
participants, Pseudo R2 = 0.46

Delayed disengagement

Odds ratio (95% CI)

P

Odds ratio (95% CI)

P

Trial was face instead of non-face pattern

18.60 (9.12, 37.93)

<0.001

39.45 (21.02, 74.04)

<0.001 86.65 (68.49, 109.63)

Odds ratio (95% CI)

South Africa, N = 2,600 DTs, 147
participants, Pseudo R2 = 0.18

P

Odds ratio (95% CI)

P

<0.001

10.49 (7.93, 13.88)

<0.001

Previous trial was invalid

1.15 (0.64, 2.09)

0.64

1.14 (0.69, 1.88)

0.60

1.15 (0.97, 1.37)

0.12

0.94 (0.74, 1.20)

0.63

Lateral stimulus was on the left

0.86 (0.55, 1.34)

0.51

0.91 (0.61, 1.36)

0.66

0.76 (0.67, 0.87)

0.003

1.12 (0.91, 1.37)

0.29

First face of a block

0.57 (0.14, 2.22)

0.41

0.77 (0.29, 2.03)

0.60

1.61 (1.18, 2.21)

<0.001

0.73 (0.45, 1.21)

0.23

Trial number in a block

0.97 (0.87, 1.07)

0.56

0.90 (0.81, 0.99)

0.03

0.94 (0.91, 0.97)

<0.001

0.99 (0.94, 1.04)

0.64

Block:
1

1.00

N/A

1.00

N/A

1.00

N/A

1.00

N/A

2

1.36 (0.76, 2.44)

0.30

0.94 (0.54, 1.62)

0.54

1.10 (0.92, 1.33)

0.31

0.73 (0.55, 0.97)

0.03

3

0.72 (0.38, 1.36)

0.31

0.88 (0.51, 1.54)

0.51

1.10 (0.91, 1.32)

0.32

0.84 (0.63, 1.12)

0.23

4

0.86 (0.45, 1.63)

0.64

0.95 (0.53, 1.71)

0.53

1.66 (1.36, 2.02)

<0.001

0.79 (0.58, 1.08)

0.14

Table 2. Conditional fixed-effects logistic regression model for delayed disengagement with both face and nonface trials included for each dataset.

Delayed disengagement was frequent for faces (52.1% of all trials, 27.8–61.3% across datasets) throughout the testing session, but very rare for non-face patterns (3.9% of all trials, 2.6–6.6% across datasets) (Fig. 3).
Illustrations of the differences in infants’ disengagement from faces and patterns are provided in a Supplementary
Video.
Our second logistic regression analysis focused on trials with a face stimulus to examine whether delayed
disengagement from faces was affected by the facial expression (happy vs. fearful), the identity (face model A vs.
B), the disengagement response on the previous trial (quick vs. delayed disengagement), the trial being the first
face of the block, the face sequence in the block (1–4), and the trial block (1–4). This analysis showed a consistent,
although relatively small effect of the preceding stimulus, the facial expression, and the facial identity (Table 3).
The effect of the previous trial was explained by an increase in delayed disengagement from faces if the stimulus
in the preceding trial was a non-face pattern (i.e., if the previous trial was a face, odds ratios for delayed disengagement varied between 0.36–0.85 depending on the previous response type). The likelihood of delayed disengagement was also higher for fearful as compared to happy faces (odds ratios 1.35–2.13 across datasets). Other
covariates’ odds ratios varied between 0.52 and 1.66 across datasets.

Delayed disengagement and general oculomotor speed.

We next examined whether variations in
delayed disengagement from faces were associated with more general variations in attentional disengagement or
oculomotor speed, as assessed by the mean of DTs for non-faces (Fig. 4). In an analysis pooling data from the four
datasets, this correlation was 0.04 (BF10 = 0.09), indicating that 0.2% of the variance in delayed disengagement
was explained by more general variations in oculomotor speed. In comparison, the correlation in delayed disengagement between fearful and happy faces was 0.66 (BF10 > 100).
To assess the impact of measurement noise on the correlation, Spearman-Brown corrected correlation
between the probability of delayed disengagement and oculomotor speed was 0.08. Reliability indices for the
probability of delayed disengagement and oculomotor speed as Spearman-Brown corrected odd-even split-half
correlations were 0.78 and 0.50, respectively.
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Figure 3. Proportion of delayed disengagement from faces and non-face patterns as a function of block and
trial. Vertical dashed lines indicate breaks between blocks.

Finland, N = 367 DTs, 30
Malawi 1, N = 373 DTs, 33
participants, Pseudo R2 = 0.05 participants, Pseudo R2 = 0.11

Malawi 2, N = 3,850 DTs, 330
participants, Pseudo R2 = 0.06

South Africa, N = 1,483 DTs, 140
participants, Pseudo R2 = 0.03

Delayed disengagement

Odds ratio (95% CI)

P

Odds ratio (95% CI)

P

Odds ratio (95% CI)

P

Odds ratio (95% CI)

P

Face was fearful instead of happy

1.61 (1.00, 2.60)

0.05

2.13 (1.33, 3.41)

0.002

1.35 (1.17, 1.56)

<0.001

1.51 (1.19, 1.92)

0.001

Face identity was A instead of B

0.58 (0.34, 0.99)

0.05

0.52 (0.32, 0.84)

0.007

0.64 (0.55, 0.74)

<0.001

N/A

N/A

Non-face pattern

1.00

N/A

1.00

N/A

1.00

N/A

1.00

N/A

Face and quick disengagement

0.74 (0.41, 1.36)

0.33

0.85 (0.46, 1.58)

0.61

0.75 (0.61, 0.92)

0.006

0.74 (0.55, 0.99)

0.05

Face and delayed disengagement 0.80 (0.38, 1.70)

0.57

0.36 (0.19, 0.69)

0.002

0.54 (0.44, 0.65)

<0.001

0.68 (0.47, 0.98)

0.04

Previous trial was:

First face of a block

0.67 (0.27, 1.66)

0.39

0.99 (0.41, 2.37)

0.98

1.45 (1.11, 1.91)

0.007

1.19 (0.77, 1.85)

0.44

Face sequence in a block

0.81 (0.57, 1.13)

0.22

0.69 (0.50, 0.95)

0.02

0.87 (0.78, 0.96)

0.006

1.01 (0.85, 1.20)

0.92

1

1.00

N/A

1.00

N/A

1.00

N/A

1.00

N/A

2

1.09 (0.56, 2.13)

0.80

0.74 (0.39, 1.39)

0.35

1.09 (0.89, 1.33)

0.41

0.65 (0.47, 0.89)

0.008

3

0.61 (0.31, 1.21)

0.16

0.79 (0.42, 1.47)

0.46

1.22 (1.00, 1.49)

0.05

0.77 (0.56, 1.07)

0.12

4

0.54 (0.26, 1.13)

0.10

0.86 (0.43, 1.70)

0.66

1.66 (1.34, 2.06)

<0.001

0.63 (0.45, 0.90)

0.01

Block:

Table 3. Conditional fixed-effects logistic regression model for delayed disengagement with only face trials
included for each dataset.

The low correlation and dissociation of the DTs for faces and non-face patterns in individual infants is further
illustrated in Fig. 5. As shown by this figure, the relatively drastic individual variations in disengagement from
faces were not accompanied by similar variations in disengagement from patterns. In other words, individual
infants with high probability of delayed disengagement from faces exhibited typical DTs for patterns.
Given that the pooled analysis of correlations is sensitive to population-level variations (e.g., populations
with high probability of delayed disengagement may have slower oculomotor speed), and the possibility that
population-level variations mask within-population associations, we replicated the correlation analyses for each
dataset separately (Supplementary Figs S1–S4). Correlations between the probability of delayed disengagement
and oculomotor speed were 0.37 (BF10 = 2.30) for Finland, −0.02 (BF10 = 0.21) for Malawi 1, 0.08 (BF10 = 0.18)
for Malawi 2, and 0.08 (BF10 = 0.16) for South Africa.

Discussion

The present analysis of data from a pooled and diverse sample of 637 infants showed two main results that extend
our understanding of infants’ attentional bias for faces. First, the result showed unequivocally that delayed disengagement of attention (i.e., gaze shift from an old to a new stimulus, defined here by using a data-driven clustering) is relatively frequent for faces but nearly absent for non-face patterns. This fundamental difference in
attention to faces and patterns was clearly evident in all populations, although there were differences in magnitude of the difference between the study sites. Second, our analyses showed that individual variations in the
probability of delayed disengagement from faces were not associated with variations in a closely similar measure
reflecting the speed of attention disengagement from a non-face pattern, pointing to a clear dissociation of face
and pattern processing in infants.
The current analysis provides a comprehensive modelling of the trial-by-trial variability in infants’ attention
to faces and non-faces in a design that was optimized for examining this distinction without confounding factors
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Figure 4. Bubble plots on disengagement data for all studies pooled including participants with ≥3
observations for each variable. Circle size is the squared count of participants for each interval. Black line
indicates linear fit. (a) Covariation of delayed disengagement from faces and oculomotor speed for non-face
patterns, N = 550, rs = 0.04, BF10 = 0.09. (b) Odd-even split-half reliabilities of delayed disengagement from
faces, N = 508, rs = 0.64, BF10 > 100. (c) Odd-even split-half reliabilities of oculomotor speed for non-face
patterns, N = 408, rs = 0.34, BF10 > 100.

(i.e., faces and patterns were presented with an equal probability, differed in shape, and attention to faces/patterns
was contrasted with salient “distractor” stimuli). In addition to showing that infants prioritize attention to faces
over patterns, our data showed that disengagement times are also subject to small, but systematic trial-by-trial
and stimulus-related variations. The probability of a delayed response was higher when a non-face trial preceded
a face trial. There was also evidence for a discontinuity of delayed response over successive trials (i.e., a delayed
response decreasing the probability of a delayed response in the next trial). Finally, the likelihood of a delayed
response was higher for fearful as compared to happy faces. These variations are likely to be attributable to infants’
well-established tendency to dishabituate to stimulus changes26 as well as infants’ apparently universal attentional
bias for fearful faces as a physically distinct, novel, and potentially affectively significant social signal27–33.
Critically, the probability of delayed disengagement was most strongly predicted by the stimulus category (i.e.,
higher for faces vs. non-faces), and compared to this effect, the trial-by-trial variations in the likelihood of this
response, as well as the difference for faces displaying fearful vs. happy expressions had little explanatory power.
It is, therefore, possible that the delayed disengagement from faces is primarily explained by a broadly tuned and
potentially universal bias for faces in infants1, that is relatively robust against situational variations in infant attention (e.g., habituation) and variations in facial expression. The differences in the point estimates of disengagement
probability between the study sites may reflect true population differences in the magnitude of the attentional

SCIENTIFIC REPORTS |

(2019) 9:14414 | https://doi.org/10.1038/s41598-019-51034-x

5

www.nature.com/scientificreports/

www.nature.com/scientificreports

Figure 5. Illustration of disengagement times (DTs) for selected 19 participants with a varying range of delayed
disengagement from faces. Each line represents one participant’s histogram distribution of DTs on faces and
non-face patterns (bandwidth = 170 ms).

bias for faces, but could not be meaningfully analysed in the present data given uncontrolled heterogeneity in the
samples (e.g., age, urbanization).
One limitation of the current analysis is that only one class of non-face objects was used, and while the faces
and patterns were matched in terms of low-level physical properties, the patterns were not recognizable as meaningful objects21. It is therefore not known, whether the negligible proportion of delayed disengagement generalizes to other non-face object categories, and in particular, identifiable patterns. The plausibility of this prediction
is suggested by findings showing that there is a large difference between attentional dwell times for faces and
objects, whereas the differences in infants’ dwell times for different categories of non-face patterns, such as scrambled faces and non-face objects (e.g., picture of animals, body parts, etc.), appear relatively small5,34. This suggests
that the type of the non-face object may not be a critical factor.
As a second main finding, the current analyses showed that the probability of delayed disengagement from
faces varied noticeably between individuals, and that these variations were independent from other similar measures of attention. Previous analyses of data from one of the present datasets as well as other datasets have shown
that variations in disengagement times have moderate to high within-session as well as test-retest stability35–38,
suggesting that they may reflect relatively stable traits in infant behaviour. Importantly, our current results further
showed that these variations were only weakly associated with differences in oculomotor speed, as measured by
the mean latency of gaze disengagement from non-face patterns. While this result does not prove the specificity of
the observed variations for faces, it is consistent with this possibility, and shows a dissociation of two proximally
related behaviours (i.e., lack of correlation between two similar measures). Such dissociation is a hallmark of
neurocognitively dissociable traits22.
The correlation between delayed disengagement from faces and oculomotor speed remains low when this
correlation is corrected for the unreliability of its constituent variable (i.e., low reliability estimates), suggesting that variability in delayed disengagement is not associated with individual variations in oculomotor speed.
Together, our results are therefore consistent with the possibility that attention to faces is a neurocognitively
dissociable trait that varies in strength within populations. The origins (e.g. 7) of this variability may provide
important insights into early social development in infants, given preliminary evidence linking this bias with early
social development21,39.
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Methods

Participants.

The data for this article include a total of 637 participants, pooled from a study comparing
Finnish and Malawian infants40, a prospective longitudinal study in Malawi37, as well as an unpublished study
conducted in South Africa. Infants were assessed at the age of 9 months in Finland (N = 39, mean (SD) age 274
(4) days, 51% females, all Caucasian), Malawi 1 (N = 37, mean (SD) age 274 (6) days, 48% females, all Black) and
Malawi 2 (N = 389, mean (SD) age 275 (4) days, 50% females, all Black) studies, and at 6 months in South Africa
(N = 172, mean (SD) age 190 (17) days, 38% females, 22% Black, 26% Coloured, 52% Caucasian). Participants
were recruited through a population information system from families residing in urban settings in Finland, from
rural villages in Malawi, or from a private well-baby clinic and a Maternal Mental Health Outpatient Clinic in the
Cape Town metropolitan area, South Africa.
The studies were conducted in accordance with the ethical standards of the Helsinki declaration. The studies were approved by the institutional review boards of Tampere University; College of Medicine, University of
Malawi; and Stellenbosch University. A written informed consent was obtained from a parent or legal guardian
on behalf of the participants.

Eye tracking assessment. The studies used the same eye tracking paradigms to assess attention disengagement, visual search, and sequence learning abilities (as described in37,40). The eye tracking data for this article
come from the attention disengagement or “overlap” task used to assess infants’ attention to a central stimulus
(face or pattern) when a lateral distractor stimulus was presented to compete with the infant’s interest41–43. The
data from the other tests were not used as they did not assess attention disengagement, or did not include comparable data from face and non-face conditions.
Setting and equipment. Infants were seated on their mother’s lap in a baby carrier so that the infant’s eyes were
at an approximately 60 cm viewing distance from a 22-inch widescreen monitor with a Tobii X2-60 or T60
eye tracker (Tobii Technology, Stockholm, Sweden). After being positioned in front of the eye tracker, infants
watched a sequence of visual stimuli on the screen, presented by using a custom-written MATLAB44 script and
Psychtoolbox45. The stimulus presentation computer communicated with the eye tracking hardware via a Tobii
SDK plug-in.
Calibration and tests. The assessment started with a 5-point calibration. During the calibration, a cartoon figure (4°) with accompanying sounds was presented consecutively in each corner and in the centre of the screen.
Based on the experimenter’s comparison of the calibration outcome with a predefined standard for an acceptable
calibration, the calibration was accepted after the first round of calibration or repeated up to two times for each
participant.
The calibration was followed by three different eye tracking tests (attention disengagement, visual search, and
sequence learning). The three tests were performed twice during the visit by each infant in two separate sessions,
with a break in between the sessions (for further details, see37,40).
Attention disengagement paradigm. Each trial in the test assessing disengagement times for faces and non-faces
started with a dynamic attention-grabbing stimulus presented on the centre of the screen (Fig. 1). After the infant
fixated on the stimulus (i.e., infant’s point of gaze entered a predefined area of interest in the centre of the screen),
a face/pattern and a lateral “distractor” were presented with a 1,000 ms onset asynchrony. The face/pattern was
presented on the centre of the screen. The lateral stimulus was presented to the left or right side of the screen (i.e.,
an overlap) so that the furthest edge of lateral stimulus bordered the edge of the screen (22° away from the centre).
The face stimulus was a picture of a face displaying a happy or fearful expression (the skin colour/ethnicity
of the face was matched with the skin colour/ethnicity of the child). Happy and fearful expressions were chosen
to assess the impact of facial expression and based on previous results showing that iinfants at this age exhibit
differences in disengagement from happy and fearful expressions31. In Finland and Malawi, infants saw happy and
fearful faces of two matched female models. In South Africa, infants saw happy and fearful faces of one matched
female model. The non-face patterns were created by randomizing the phase-spectrum of the face images so that
the pattern retains the colour and amplitude spectrum of the original images, but not a shape of the face or any
recognizable features of a face. The lateral stimulus was a geometric shape (black and white circles or a checkerboard pattern), which was superimposed by a still picture showing the first frame of a child-friendly cartoon
animation.
When the infant shifted gaze to the lateral image, the still picture turned into a dynamic cartoon animation
that played for up to 4,000 ms. This combination of a salient low-level stimulus (checkerboard pattern) and a
dynamic cartoon was chosen to maximize the probability of attention disengagement from the central to the
lateral stimulus, and on the basis of previous data showing that the typical habituation of disengagement over the
course of the experiment19,20 can be avoided by using dynamic lateral stimuli36.
Infants saw a total of 16 face (eight happy and eight fearful) and 16 non-face trials, divided into four blocks
of eight trials (i.e., two happy faces, two fearful faces, and four non-faces from one female). The stimuli were
presented in a random order within each block. Stimulus blocks 1 and 2 were separated by a short video, blocks
2 and 3 by other eye tracking tests as well as a structured observation (resulting in a longer break), and blocks 3
and 4 again with a short video.

Data reduction and analysis. Eye tracking time series (xy-coordinates of eye positions, 60 Hz) were
pre-processed and analysed by using a library of MATLAB functions36. The xy-coordinates corresponding to the
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two eyes were merged by taking a mean of the coordinates (or by using the eye with valid xy-coordinates if the
other eye’s coordinates were invalid), extrapolated to fill missing data points (maximum of 200 ms), and median
filtered with a nine-sample (150 ms) moving window to remove abrupt technical spike artefacts from the data.
Trials that violated the upper limit of extrapolation (200 ms), had less than 70% fixation on the central stimulus
prior to attention shift, and trials on which the shift occurred during a period of extrapolated data were excluded.
The disengagement time (DT) was defined as the time interval starting at the onset of the lateral stimulus and
extending until the point of gaze shifted from the central to the lateral stimulus or a time-out period of 3,500 ms
was reached (i.e., censored DTs). Given the fact that infants’ DTs are characterized by a heterogeneous distribution of quick, delayed and censored values37,46 (Fig. 2), we used a data-driven clustering method to recode DT data
into a binary variable that indicated whether a quick disengagement from the central stimulus occurred or not on
a given trial (see Supplementary Methods for a detailed description).
In the first set of statistical analysis, we used the conditional fixed-effects logistic regression model in Stata
15.147 to estimate the effects of stimulus- and situational variables on attention disengagement in infants.
Accordingly, the first model included the stimulus (face vs. non-face), the validity on the previous trial (valid vs.
invalid), the lateral stimulus side (left vs. right), the first face of the block, the trial number in the block (1–8), and
the trial block (1–4) as predictors, and the binary classification of attention disengagement (i.e., quick vs. delayed
disengagement) as a dependent variable. The second model focused on trials with a face stimulus and examined the effect of the facial expression (happy vs. fearful), the identity (face model A vs. B), the disengagement
response on the previous trial (quick vs. delayed disengagement), the first face of the block, the face sequence in
the block (1–4), and the trial block (1–4). Based on the method’s requirements, all participants with variability in
the dependent variable were included in models as panel variables (i.e., measuring a within-participant variation
as participants with all quick or all delayed responses were not included). The models were done for each dataset
separately. The method does not estimate a constant term for models.
In the second set of analyses, we tested the hypothesis that the probability of attention disengagement from
faces is associated with more general variations in attention disengagement or oculomotor speed (i.e., the disengagement probability is higher for individuals with relatively faster DTs for non-face patterns). For this analysis,
we calculated Spearman correlations coefficients (rs) and Bayes factors (BF10) between the average probability of
delayed disengagements for faces and mean of quick DTs for non-face patterns. Bayes factors were calculated with
JASP 0.10.2.048 using the default null hypothesis with a uniform prior distribution for rs49. Also, we calculated
odd-even split-half Spearman correlation coefficients for probabilities of delayed disengagement from faces and
for quick DTs for non-face patterns, respectively. To estimate the impact of measurement noise on these correlations, we calculated reliability estimates for the variables as Spearman-Brown corrected correlations. Based
on previous studies (e.g.21), three or more observations were required for each variable from a participant to be
included in a respective correlation coefficient analysis.

Data Availability

The datasets are be available from the corresponding author on reasonable request.
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SUPPLEMENTARY INFORMATION:
Cross-cultural analysis of attention disengagement
times supports the dissociation of faces and
patterns in the infant brain
Juha Pyykkö, Per Ashorn, Ulla Ashorn, Dana J. H. Niehaus, & Jukka M. Leppänen

SUPPLEMENTARY METHODS
Analysis of disengagement times
The disengagement time (DT) was defined as the time interval starting at the onset of the lateral stimulus and extending until the
point of gaze shifted from the central to the lateral stimulus or a time-out period of 3,500 ms was reached (i.e., censored DTs).
In previous studies, DTs have been aggregated by calculating an average of the DTs (e.g.1–3 ), an average of logarithmized DTs
as proposed by Csibra et al.4 (e.g.5–7 ), or a median of DTs (e.g.8 ). Sometimes DTs have been aggregated with the inclusion
of censored DTs (i.e., trials without gaze shift by the set cut-off value, e.g.9 ), or by calculating the proportion of observed
gaze shifts out of the total number of valid trials (e.g.10, 11 ). The first approach is problematic given the fact that infants’ DTs
are characterized by a heterogeneous distribution of quick, delayed and censored values12, 13 . The second approach is a more
justified for summarizing heterogeneous distributions, but this approach is complicated by a lack of a clear definition of the
distinct population of responses. Consequently, classification of responses into “shift” and “no-shift” trials has been based on
arbitrary and variable cut-off value, typically around 1,000 ms. A summary of the aggregating methods used in previous studies
is listed in Table S1.
We used a data-driven method to recode the DT data into a binary variable that indicated whether a quick disengagement
from the central stimulus occurred or not on a given trial. The distribution of DTs for faces in the current datasets consisted of a
primary density of “quick” responses (corresponding to the typical latency of disengagement in infants, approximately 0-1,000
ms), a smaller population of “delayed” responses (approximately 1,000-3,500 ms), and a variable number of censored responses
(3,500 ms) (Fig. 2, Table 1). To find the boundaries of these populations for the different datasets, we used unsupervised
agglomerative hierarchical clustering to classify the distribution of DTs into distinct groups of observations. The calculation
procedure included the following steps: (1) clustering all valid DTs in the face condition that were below 3,500 ms with Ward’s
method using Euclidean distance, (2) stop clustering when two clusters (groups) were reached, (3) selecting a time point
splitting DTs into two separate groups of responses (i.e., a mean of the two values, one from both groups defined in clustering,
that were closest to each other), and (4) verifying the clustering outcome by fitting finite mixture models of two distributions to
log-transformed DTs.
Hierarchical clustering split non-censored DTs on the face condition into two groups. The cut-off value for quick responses
was 1,066 ms for Finland, 833 ms for Malawi 1, 1,110 ms for Malawi 2, and 941 ms for South Africa. In a verification with
finite mixture modelling for two distributions, cut-offs were 700 ms for Finland, 883 ms for Malawi 1, 1,067 ms for Malawi 2,
and 533 ms for South Africa. Using the cut-off from the primary clustering, we recoded all trials in the data into “quick” and
“delayed” disengagements, with the latter category also including censored values.
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Age
(months)
7-42
7
9-12
8
1-9
5-48
2.5-12
12-36
9-15
5-7

Lower limit
(ms)
50
100
100
150
150
150
100
100
0
150

Upper limit
(ms)
600
1,000
1,200
1,000
5,000
1,000
3,000
2,600
1,500
1,000

Aggregating
method
Mean
Mean
Mean (log)
Binary
Mean
Mean
Mean (log)
Mean (log)
Median
Binary

Includes rightcensored values
No
No
No
Yes
No
Yes
No
No
No
Yes

Table S1. Lower and upper limits for valid disengagement times in previous studies with infants and young children.

2/6

Proportion of delayed disengagement
on odd face trials (%)

a
100

80
70
60
50

b

0 10 20 30 40 50 60 70 80 90100
Proportion of delayed disengagement
on even face trials (%)

30
20
10
0

0 0 0 0 0 0 0 0 0 0
15 20 25 30 35 40 45 50 55 60
Mean of quick disengagement times
on non-faces (ms)

700
650
600
550
500
450
400
350
300
250
200
150
100

c

100
150
200
250
300
350
400
450
500
550
600
650
700

40
Mean of quick disengagement times
on odd non-face trials, ms

Proportion of delayed disengagement
on faces (%)

90

100
90
80
70
60
50
40
30
20
10
0

Mean of quick disengagement times
on even non-face trials, ms

Figure S1. Bubble plots on disengagement data for Finland dataset including participants with 3 observations for each
variable. Circle size is the squared count of participants for each interval. Black line indicates linear fit. (a) Covariation of
delayed disengagement from faces and oculomotor speed for non-face patterns, N = 36, rs = 0.37, BF10 = 2.30. (b) Odd-even
split-half reliabilities of delayed disengagement from faces, N = 35, rs = 0.72, BF10 > 100. (c) Odd-even split-half reliabilities
of oculomotor speed for non-face patterns, N = 31, rs = 0.45, BF10 = 4.70.
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Figure S2. Bubble plots on disengagement data for Malawi 1 dataset including participants with 3 observations for each
variable. Circle size is the squared count of participants for each interval. Black line indicates linear fit. (a) Covariation of
delayed disengagement from faces and oculomotor speed for non-face patterns, N = 35, rs = -0.02, BF10 = 0.21. (b) Odd-even
split-half reliabilities of delayed disengagement from faces, N = 33, rs = 0.28, BF10 = 0.73. (c) Odd-even split-half reliabilities
of oculomotor speed for non-face patterns, N = 27, rs = 0.53, BF10 = 10.30.
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Figure S3. Bubble plots on disengagement data for Malawi 2 dataset including participants with 3 observations for each
variable. Circle size is the squared count of participants for each interval. Black line indicates linear fit.(a) Covariation of
delayed disengagement from faces and oculomotor speed for non-face patterns, N = 345, rs = 0.08, BF10 = 0.18. (b) Odd-even
split-half reliabilities of delayed disengagement from faces, N = 308, rs = 0.53, BF10 > 100. (c) Odd-even split-half reliabilities
of oculomotor speed for non-face patterns, N = 273, rs = 0.29, BF10 > 100.
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Figure S4. Bubble plots on disengagement data for South Africa dataset including participants with 3 observations for each
variable. Circle size is the squared count of participants for each interval. Black line indicates linear fit. (a) Covariation of
delayed disengagement from faces and oculomotor speed for non-face patterns, N = 134, rs = 0.08, BF10 = 0.16. (b) Odd-even
split-half reliabilities of delayed disengagement from faces, N = 132, rs = 0.57, BF10 > 100. (c) Odd-even split-half reliabilities
of oculomotor speed for non-face patterns, N = 77, rs = 0.35, BF10 = 16.43.
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Theoretical and empirical considerations suggest that individual differences in infant visual
attention correlate with variations in cognitive skills later in childhood. Here we tested this
hypothesis in infants from rural Malawi (n = 198–377, depending on analysis), who were
assessed with eye tracking tests of visual orienting, anticipatory looks, and attention to
faces at 9 months, and more conventional tests of cognitive control (A-not-B), motor, language, and socioemotional development at 18 months. The results showed no associations
between measures of infant attention at 9 months and cognitive skills at 18 months, either in
analyses linking infant visual orienting with broad cognitive outcomes or analyses linking
specific constructs between the two time points (i.e., switching of anticipatory looks and
manual reaching responses), as correlations varied between -0.08 and 0.14. Measures of
physical growth, and family socioeconomic characteristics were also not correlated with
cognitive outcomes at 18 months in the current sample (correlations between -0.10 and
0.19). The results do not support the use of the current tests of infant visual attention as a
predictive tool for 18-month-old infants’ cognitive skills in the Malawian setting. The results
are discussed in light of the potential limitations of the employed infant tests as well as
potentially unique characteristics of early cognitive development in low-resource settings.
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Introduction
The ability to control visual attention emerges early in development, allowing infants to turn
their gaze into salient objects in their visual environment (e.g., faces) and anticipate predictable
visual events. The study of infants’ attentional abilities and looking times has a long history in
developmental psychology [1], and has recently become more efficient, precise, and objective
with the advent of remote eye tracking technologies [2]. Because looking behavior can be studied with eye tracking long before children reach the age at which they can be instructed to
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perform more complex cognitive tasks [2, 3], there have been hopes that the measurement of
infant attentional skills may provide a way to investigate individual variations at an earlier age
than is possible with traditional cognitive tests (e.g. [4]). This possibility is supported by theoretical considerations and empirical, longitudinal data.
First, the speed of simple sensory-motor responses, such as the orienting of attention to the
abrupt onset of a stimulus, may provide a proxy for the overall “integrity” of the central nervous system and, by consequence, efficiency of information processing across multiple
domains of cognitive function [5]. Consistent with this possibility, longitudinal data from
studies conducted in the USA have shown that faster speed of oculomotor orienting responses
to pictures on computer screen in infancy (e.g., 3.5–7 months) is correlated with higher IQ at 4
years [6] and executive functioning at 11 years [7]. Whilst the exact mechanisms of these associations are not known, one possibility is that infants’ capacities are predictive because individual differences in cognitive function tend to covary across domains and even across domains
that become measurable at different ages (e.g., motor, cognitive, and language abilities). This
line of reasoning is also supported by a recent longitudinal cohort study showing that developmental delays manifest in fine motor processes during the first year and across motor, visual,
and language abilities during the second and third year of life [8].
Second, infants’ capacities may predict later cognitive outcomes given overlap in the neural
mechanisms of cognitive processes. Frontoparietal networks may, for example, be important
for attentional orienting, which develops during the first year of life, and executive functions,
which develops more slowly throughout early childhood [9]. Overlap in neural bases may
explain findings from the USA showing that attentional orienting at 5 months (i.e., median
duration and number of looks at dynamic stimuli) predicts executive function at 10 to 36
months of age (e.g. [9–12]). It may even be possible that the same neurocognitive skill (e.g.,
cognitive control) first manifests in looking behavior (given early maturation of oculomotor
control) and later in manual, reaching responses (after reaching matures during the second
year of life [13]). For example, infants begin to anticipate visual targets during the first year
and can “update” these responses after a change in target location [14] (although, see [15]).
The cognitive processes underlying this capacity may be the same as those involved in more
complex manifestation of cognitive control later in life (e.g., searching for the reward from a
new location in the A-not-B task [16]).
Moving from purely cognitive processes to early markers of social cognitive function, past
research has shown that increased attention to faces in infancy is associated with empathyrelated and prosocial behaviors later in childhood [17, 18]. Attention to faces in infancy may
be a prerequisite for learning about others and, ultimately, learning empathic abilities. Alternatively, there may be genetic or environmentally caused variations that affect the expression of
social behaviors in children, including attentiveness to faces early in life and empathy-related
traits, and explain the co-variations among measures of these constructs. In either case, attention to faces during the second half of the first year may provide a useful marker of infants’
early social development.
The existing data are, therefore, consistent with the possibility that infants’ attentional functions provide a potentially useful indicator of early cognitive and social development. As yet,
the studies supporting this possibility are, however, limited to high-income settings in Europe
and North America and there is a paucity of data on the predictive value of various attentional
measures in low-resource settings where a significant proportion of the infants grow up [19].
Recent studies have shown that it is feasible to use eye tracking technologies to assess infants’
attentional abilities in heterogeneous environments, including low socioeconomic environments in London [20, 21], rural villages in Malawi [22], Gambia [23], and Vanuatu [24].
Results from these studies point to the existence of similar attentional capacities in infants

PLOS ONE | https://doi.org/10.1371/journal.pone.0239613 October 1, 2020

2 / 21

PLOS ONE

Visual attention at 9 months and behavioral competencies at 18 months in rural Malawi

across various rearing environments. What is not known, however, is whether infant attentional capacities are predictive of long-term cognitive development in low-resource settings.
This question is of importance not only for expanding the research on early cognitive development to populations that have been under-represented in developmental psychology [19], but
also for examining the possibility that eye tracking measures may provide much needed early
outcomes of cognitive development for studies conducted in these environments.
In the current study with Malawian children, we examined associations between individual
variations in tests of visual attention at 9 months of age and a range of development tests
(vocabulary, socioemotional skills, motor development, executive function) at 18 months of
age. We focused on three domains of early attention: visual search for a target [25, 26], anticipatory attention shifts [14], and attention to faces (e.g. [27–29]). Individual variations in these
skills may start to emerge as early as 3–7 months of age [6, 7, 29, 30], and show low to moderate stability over a short test-retest interval between 5 and 7, 7 and 9, as well as 9 and 11.5
months [31, 32]. Accordingly, in the current study, we tested whether the speed of visual orienting at 9 months [31] correlates with cognitive outcomes across domains at 18 months, and
whether there are links between specific cognitive processes in infancy (i.e., switching of anticipatory looks, attention to faces) and putatively overlapping cognitive or behavioral processes
later in childhood (i.e., performance of A-not-B task, socioemotional behavior, respectively).
As a secondary aim, we replicated previous analyses examining how growth and psychosocial
risk factors relate to cognitive outcomes at 18 months (e.g. [33–42]). The cognitive outcomes
were assessed at 18 months of age in the current study as this is the age when individual differences become visible across domains (i.e., motor, language, social-emotional, executive functions, see [8]; see also [9, 10]) and have been studied through observational and parent report
methods, also in the target population in Malawi [43–45].

Materials and methods
Participants
444 infants without known congenital malformation, severe illness, or visual impairment were
enrolled after birth into a prospective cohort study in Lungwena and Malindi areas, Mangochi
District, Malawi [32]. Recruitment was stratified based on infants’ gestational age at birth to
enroll infants born preterm (32.0–36.9 gestational weeks), early term (37.0–38.9 gestational
weeks), and full term (39.0–41.9 gestational weeks). Infants took part in eye tracking tasks at
the chronological age of 9 months (±14 days) and development assessments at the age of 18
months (±1 month). Anthropometrics and background data were collected between the
enrollment and 18 months of age.
We conducted the study in accordance with the ethical standards of the Helsinki declaration. The study protocol was approved by the College of Medicine Research and Ethics Committee, Malawi; the Ethics Committee of Pirkanmaa Hospital District, Finland; and the Ethics
Committee of the Tampere Region, Finland. A written informed consent was obtained from a
parent or legal guardian on behalf of the participants at the enrollment and before the
18-month-visit.

Eye-tracking-based assessment of attention at 9 months
Infant’s cognitive development at 9 months of age was measured with three eye-trackingbased tasks (Fig 1) generating measures in four domains of early attentional capacities: visual
search latency, visual search in the context of interfering stimuli, anticipatory attention shifts,
and attention to faces. Details of these assessments are provided in Pyykkö et al. [32].
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Fig 1. Illustrative images of the eye tracking tasks. a) Three conditions of the visual search task. b) Sequence of the anticipatory attention shifts task. c)
Sequence of the attention to faces task.
https://doi.org/10.1371/journal.pone.0239613.g001

Infants were seated in front of a 22-inch monitor which displayed the tasks and their gaze
was tracked with a remote Tobii X2-60 eye tracker (Tobii Technology, Stockholm, Sweden).
Gaze data were recorded on 60 Hz and consisted of the onset times of images, xy-boundaries
of active areas of interest on the screen, and xy-coordinates with validity estimates of the participants’ point of gaze.
After calibration, the three tasks were performed twice with a break between two sessions.
Calibration. Calibration had five points (cartoon images in four corners and the center of
the screen) which appeared one at a time, after the participant moved their gaze into one. Calibration was done a maximum of three times to achieve a satisfactory calibration. Assessor
rated the calibration as “good”, “OK”, “poor”, or “invalid” by comparing the visualization of
the calibration outcome to predefined criteria.
Visual search. In the visual search task (based on [26]), we measured infants’ reaction
time to move their gaze to a salient visual target (a red apple). As described in Pyykkö et al.
[32], the task started with an “oh” sound and the presentation of an image of a red apple (5
visual angle) on the center of the screen. After the infant looked at the apple and 2,000 ms
elapsed (or a maximum wait period of 4,000 ms elapsed), the apple was removed for 500 ms
and subsequently reappeared in a randomly chosen location on the screen. Depending on an
experimental condition, the apple reappeared either alone (one-object condition), together with
four or eight distractors of one kind (e.g., four blue apples or four rectangle-shaped sliced
apples, multiple-objects condition), or together with four or eight distractors of two kinds (e.g.,
two/four blue apples and two/four red sliced apples, conjunction condition). When the infant’s
point of gaze hit the target or 4,000 ms elapsed from the start of the trial, the target made a
spinning movement on the screen and a reward sound was played. There were four trials per
condition in one session, i.e., 24 trials in total. A blank screen was presented for 500 ms
between trials.
Anticipatory attention shifts. In the anticipatory attention shifts task (adapted from
[14]), we examined infant’s ability to anticipate the appearance of a visual stimulus in a predictable location [32]. The infants were presented first with an attention-getting stimulus (a
pink pig face, 5 visual angle) in the center of the screen. When the infant’s gaze hit the central
stimulus, the stimulus was removed and an auditory cue was presented together with two
empty rectangles on both sides of the screen. A reward image (an animated duck) was subsequently shown in one of the two rectangles. The reward was presented on the same side (counterbalanced left or right) during the first eight trials (pre-switch). The side was then switched
for the last eight trials (post-switch). There were a total of 16 pre-switch and 16 post-switch trials in two sessions. The time interval from the presentation of the two empty rectangles to the
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presentation of the rewards was contingent on the participant’s behavior. If the infant made a
“correct” anticipatory saccade to the placeholder where the reward stimulus was about to
appear, the reward was presented without a delay. If there was no correct anticipatory saccade,
the reward was presented after a 1,000-ms delay.
Attention to faces. The attention to faces task was an overlap paradigm in which infant’s
dwell time on a central stimulus (a non-face pattern or a face) was measured before its shift to
a lateral distractor (following [29, 30, 46–48]). Each trial started with an attention-grabbing
stimulus in the center of the screen. After a fixation at this stimulus, the attention-grabber was
removed and two new stimuli were presented with a 1,000-ms onset asynchrony. First, a nonface pattern or a face on the center, then on the left or right side of the screen a black and white
geometric shape superimposed by a cartoon. When the infant’s gaze moved to the lateral
image or 1,000 ms elapsed, the cartoon picture turned into a video animation. The faces were
pictures of two Black females with happy and fearful expressions. The non-face patterns were
rectangular and phase-scrambled from the faces. Trials were presented in a random order and
consisted of eight non-face trials and eight face trials (four happy and four fearful) per session
(16 non-face trials and 16 face trial in total).
Extraction of key variables. Raw eye tracking data were preprocessed and analyzed offline by using a library of automated MATLAB (The MathWorks Inc.) functions [31]. The analyses followed the approach described in Pyykkö et al. [32] and no changes to the analyses of
the eye tracking data were made for the current association analyses. The xy-coordinates corresponding to the two eyes were combined by taking a mean of the coordinates (or by using the
eye with valid xy-coordinates if one of the coordinates for one of the eyes was invalid), extrapolated to fill missing data points (maximum of 200 ms), and median filtered with a moving window of nine samples to remove abrupt technical spike artefacts from the data. In each task,
trials that failed to meet predetermined data quality criteria (i.e., violated upper limit of extrapolation) were excluded. Additional task-specific exclusion criteria were applied for the assessment of attentional dwell times in the face task so that trials with < 70% fixation on the central
stimulus prior to attention shift and trials on which the shift occurred during a period of
extrapolated data were excluded.
From the visual search task, we extracted the visual search latency by calculating the mean
latency of gaze shifts that entered the target area within a time period that started 150 ms after
the onset of the target and ended 850 ms later. These limits are based on the convention that
orienting responses shorter than 150 ms are considered anticipatory and orienting responses
longer than 1,000 ms as delayed or missing responses. The search latencies were calculated by
using data from the one-object condition because this condition was the only one that had a
high rate of successful responses in all participants (mean 92%, range 20–100%) and because
previous studies assessing infant’s processing speed as a predictor of cognitive development
have used comparable measures [6, 7]. The latencies were calculated from a maximum of 8 trials per participant. Given variable number of successful search responses in the other (multiobject) conditions of the visual search task, the proportion of successful search responses
(instead of latency) was calculated to obtain performance indicators for the multiple-objects
and conjunction conditions. These indicators were calculated by counting the number of trials
on which the point of gaze entered the target area within 2,000 ms and dividing the count by
the total number of valid trials.
From the anticipatory attention shifts task, we extracted the proportion of anticipatory gaze
shifts to the correct side of the reward stimulus. As described in Pyykkö et al. [32], anticipatory
responses were defined as entries of the point of gaze in the correct area of interest (i.e., side of
the reward stimulus) within a 1,150-ms time window that started at the onset of the two empty
rectangles and ended 150 ms after the onset of the reward stimulus. Again, the time window
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was extended to 150 ms after the onset of the reward stimulus on the basis of the commonly
held assumption that gaze shifts that are shorter than 150 ms are typically considered anticipatory and could not, therefore, be reflecting a reactive saccade to the reward. Anticipatory gaze
shifts were analyzed separately for the pre-switch and post-switch conditions. Trial numbers 1,
9, 17, and 25 were excluded from pre- and post-switch success rates as they were not predictable. Thus, for each condition, there was a maximum of 14 trials per participant.
The data from the tasks assessing attention to faces was analyzed by computing the duration
the infant gaze dwelled in the center area of interest (AOI) before an attention shift to the
peripheral AOI occurred [32]. The analyses were censored at 3,500 ms meaning that if no
attention shift occurred before this time-out value, the dwell time was 3500 ms. The dwell
times < 150 ms were excluded. Dwell times were calculated separately for non-face patterns
and faces. Both conditions had maximum of 16 trials by participant.
For a participant to be included in the analyses of four visual attention measures, the
participant needed to provide at least three valid trials for each condition of the task for a particular measure. For sensitivity analysis, as an overall visual attention score, each variable
(excluding dwell time on faces, as its direction cannot necessary be defined as positive or negative) was ranked by quickness or success. Participant’s percentile on the seven conditions were
summed.

Development assessment at 18 months
We assessed four domains of child development at 18 months of age. First, at the home visit
child’s mother or caregiver was asked about the child’s word usage and socioemotional behavior. Later, at the clinic visit, the child was assessed on gross and fine motor development and
executive functioning. Each assessment was performed once. Children were not asked for a revisit if the assessment was unsuccessful. The development assessment tasks were previously
used in the same location [49].
Language. Child’s language development was assessed using a 100-word local language
vocabulary checklist [50], which was translated into Chichewa and Chiyao and adapted for use
in Malawi [49]. The mother or caregiver was presented with words from an existing list of
words and asked to indicate whether the child has said the word. The child’s score was the
cumulative total of positive responses (language score, maximum of 100).
Socioemotional development and maladaptive behavior. Child’s socioemotional development was assessed by using the Profile of Social and Emotional Development. The questionnaire was based on the Child Behaviour Questionnaire for Parents [51]. The mother or
caregiver was asked 19 open-ended questions regarding problems in different domains of
behavior (e.g., self-help, independence, attention, aggression, following rules, emotion control,
playing with others, trouble in adjusting to changes), and the assessor rated answers as 0, 1 or
2 based on seriousness and frequency of the problem. Additionally, child’s maladaptive behavior was assessed by asking 11 open-ended questions regarding possible unusual or rare behaviors (e.g., showing no affection, unresponsiveness). The answers were scored as a binary
variable where 0 indicate the absence of the behavior and 2 regular behavior. The sum score of
the questionnaire across all 30 questions was reversed for higher score to indicate fewer socioemotional problems (socioemotional score, maximum of 60).
Motor development. Child’s motor development was assessed with the Kilifi Developmental Inventory tool developed in Kenya [52]. The assessment consisted of 36 gross motor
(e.g., jumps with two feet, climbs onto platform; and an extra item of running) and 59 fine
motor (e.g., kicks a ball, can do up button, puts coins in a box) items scored as binary variables
(1 for successfully completed items). Some items were progressive, i.e., successful completion
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of the previous items was a requirement for the administration of the item (e.g., building
tower of blocks was scored on a two-block interval, maximum of twelve blocks). A composite
motor score was created by summing across all 95 items (max. score 95).
Child’s mood, activity level, and interaction with the assessor were also rated. Mood was
scaled from crying to laughing, activity level from unrousable to active, and interaction from
avoidant to friendly.
Executive functioning. After the assessment of motor skills, the child’s executive function
and working memory was assessed using a version of the A-not-B task [16]. Two cups were
placed on a board in front of the child and the child saw a treat (a piece of corn puff) being put
under either of the cups. The board with the two cups was subsequently hidden for 5 seconds
and the child was distracted. When the board was returned, the child was asked to select the
cup hiding the treat. The place of the treat was switched after two consecutive successful selections. The task was repeated ten times. Successful selections after a switch of a location were
scored as 1 and summed (A-not-B score, maximum of 4). Only participants with the full ten
attempts were included in analyses.

Growth
Data on the child’s length, weight, head circumference, and mid-upper arm circumference
were collected at enrollment, 9, and 18 months. Age- and sex-standardized anthropometric
indices (length-for-age, LAZ; weight-for-age, WAZ; weight-for-length, WLZ; head circumference-for-age, HCAZ; and mid-upper arm circumference-for-age z-scores, MUACZ) were calculated using World Health Organization Child Growth Standards [53]. MUACZ was not
available for enrollment measurements and thus, MUAC adjusted to age and sex was used
instead when enrollment measurements were used. The change in anthropometric indices
between 9 and 18 months of age ( 9–18) was calculated as a measure of relative growth velocity adjusting for genetic potential which describes environmental factors affecting growth [54].

Maternal and family data
Mothers and family were assessed between the enrollment and 9 months on constructs of
maternal cognition, maternal psychosocial well-being, socioeconomic status, and care practices.
Details of these assessments are provided in Pyykkö et al. [32].
In the tests of maternal cognition, mothers were asked to complete tests assessing spatial
cognition (mental rotation), working memory (digit span forward and backward test), and
verbal fluency (listing foods and girls’ names). The tests of mental rotation consisted of five
rows, one kind a figure in each row. Following an example figure, the mother was asked to
point out rotated, not flipped figures. In the digit span tests, mothers were asked to repeat
sequences of digits, first in the same order as presented and then in a reversed order. In both
sets, the length of the sequence increased on every trial. In the listing tests, mothers were given
60 seconds to name as many foods as possible, then another 60 seconds to name as many girls’
names as possible.
Maternal psychosocial well-being construct was assessed by questionnaires covering
depression symptoms [55, 56], perceived stress [57], life events, and social support. Answer
options were either yes/no or on different scales (numerical input from 0 to 2–4). Scores were
summed within each subscale.
Socioeconomic status was assessed on the basis of responses to questions concerning food
insecurity in family (access to food, hunger) [58], living conditions (house material and equipment, water source), and the satisfaction of everyday needs (questions about money, food,
laundry).
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Care practices consisted of an observation at home [59] and questions related to motherinfant bonding [60]. Observations and questions targeted mothers’ interaction styles and activities promoting cognitive, motor, and socioemotional development of the child. Mother-infant
bonding consisted of questions about mother’s feelings toward the child, as described with different adjectives (a 4-point scale).
Each variable was standardized and then summed within a domain to construct these four
domains. Higher score indicates positive or better responses.

Data analysis
We carried out the statistical analyses with Stata 15.1 (StataCorp) and R 4.0.0 (R Core Team).
Graphics were produced with Microsoft PowerPoint (Microsoft Corporation) and R’s ggplot2
library [61].
We used correlation coefficients to examine associations between variables, and to allow for
a clear, unified interpretation of the strengths of the associations between all comparisons. As
some of the variables deviated from normal distribution, we used nonparametric methods:
Spearman’s rank correlation coefficients for un-adjusted tests and Spearman’s partial rank correlation coefficients for adjusted tests (adjustments are listed inside parenthesis in the following chapters). We considered correlation coefficients > j0.20j significant following previous
association analyses in infants.
The sample size varied between analyses (n = 198–377) depending on the availability of
valid data. For the constructs of the 9-month developmental scores, growth, and family characteristics, with the smallest sample size of a construct (n = 198, 254, and 262, respectively) and
using a Bonferroni adjustment for the number of tests in each family of hypothesis tests
(n = 16, 44, and 16, respectively), the two-sided p-values for the correlation coefficient j0.20j
are < 0.08 (p = 0.076, 0.060, and 0.018, respectively).
In the main analyses, we calculated correlation coefficients between measures of infant
attention at 9 months and the developmental outcomes at 18 months. When necessary, the
measure of interest was adjusted for related, but non-critical variability in task performance by
using partial correlation tests (e.g., the proportion of successful visual searches in the context
of interfering stimuli was adjusted for general proportion of successful visual searches in conditions that did not have the interfering elements). We focused on the four constructs that the
eye tracking tasks were designed to measure at 9 months of age: (a) visual search latency using
data from the one-object condition, (b) visual search interference (i.e., the proportion of successful visual searches using data from the conjunction condition; adjusted to the proportion
of successful searches in one-object and multiple-objects conditions), (c) the ability to update
anticipatory attention shifts after a change in stimulus contingency (i.e., proportion of correct
anticipatory responses on post-switch trials; adjusted to proportion of correct anticipatory
responses on pre-switch trials), (d) average dwell time for faces (adjusted to average dwell time
for non-face patterns). The development outcomes at 18 months of age consisted of the four
constructs measuring (e) language, (f) socioemotional behavior, (g) motor development
(adjusted to child’s behavior during the test), and (h) A-not-B score. To obtain a variable
reflecting the child’s behavior during the test, the mood, activity level and interaction with the
assessor were ranked and combined to one variable, extracted from the first component of a
principal component analysis.
In secondary analyses, associations between growth and developmental outcomes were
examined by linking (i) gestational age at birth, (j) anthropometric measurements (z-scores
for length, weight, head circumference, mid-upper arm circumference) at 9 months of age
(adjusted to the measurement at enrollment), and (k) change in anthropometric
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measurements between 9 and 18 months of age (adjusted to the measurement at 9 months of
age) to the developmental outcomes at 18 months. In addition, we examined associations
between family characteristics using (l) maternal cognition, (m) maternal psychosocial wellbeing, (n) socioeconomic status, and (o) care practices and the developmental outcomes at 18
months.

Results
Sample
Between May 2016 and April 2017, a total of 377 infants were seen at the home visit, and a
total of 364 infants (82.0% of enrolled) at the clinic visit at the age of 18 months (±1 month)
(Fig 2). Compared to those who were enrolled but not seen at the clinic at 18 months of age,
there was no significant difference in child’s anthropometrics, maternal age, maternal literacy
at enrollment, or visual attention scores at 9 months of age (Table A in S1 File).
In the sample seen at 18 months, mothers had mean (SD) 3 (2) children, ranging from 1 to
11 children. Maternal and paternal literacy rates at enrollment were 34.7% and 61.3%, respectively (cf., census data for rural Malawians: 59.8% and 77.7%, respectively [62]). In total, 2.2%
of households were in an electric grid. Scores of maternal and family data on maternal cognition, maternal psychosocial well-being, socioeconomic status, and care practices are shown in
Table B in S1 File.
A total of 343 participants who were seen at 18 months were tested with eye tracking at the
9 months of age, and 318 (92.7%) of these completed all three tests. The participants had
78.4%, 72.5%, and 63.1% valid trials in total, for the visual search, the anticipatory attention
shifts and the attention to faces, respectively. Validity and success rates over trial sequence are
shown in Fig A in S1 File. A total of 325 participants had enough valid trials in at least one of
the tasks and were included in one or more of the association analyses (Table 1).
Mean times to complete the tasks were 2:19 min, 3:00 min, and, 3:30 min, for the visual
search, the anticipatory attention shifts, and the attention to faces, respectively (Fig B in S1
File).
At 18 months of age, the mean (SD) length and weight were 76.4 (3.0) cm and 9.5 (1.1) kg,
respectively, corresponding to a mean (SD) LAZ of -1.86 (1.03) and a mean (SD) WAZ of -0.99
(0.97) (Table 2, Fig 3). Forty-four percent of children were stunted (LAZ < -2) and 15% underweight (WAZ < -2). Of the underweight children, 96% (54/56) were also stunted. The mean
(SD) LAZ and WAZ change from 9 to 18 months of age was -0.41 (0.49) and -0.25 (0.56),
respectively.
Developmental scores collected when infants were 18 months old (language, socioemotional, motor, A-not-B) were not significantly correlated with each other. The correlation coefficients varied between -0.01 and 0.09 (Table 3).

Associations between developmental scores and risk factors
To measure predictive associations, we calculated adjusted correlation coefficients between
eye tracking measures at 9 months of age and developmental scores at 18 months of age. Correlation between measures of infant visual attention at 9 months of age and language, socioemotional, motor, and A-not-B scores at 18 months of age varied between -0.08 and 0.14 and
none of them were significant or above the hypothesized level (j0.20j, Table 4). Relationships
did not show non-linear associations or heteroskedasticity (Fig C in S1 File).
The correlations may be attenuated by low reliability of the infant measures, i.e., number of
valid trials, calibration quality, and time spent on tasks. As the duration of individual test trial
in most of the eye tracking was contingent on the performance (e.g., gaze entering the target
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Fig 2. Flow chart of the study.
https://doi.org/10.1371/journal.pone.0239613.g002

area), the time spent on tasks had a negative correlation with performance indicators in many
of the tasks, whereas the number of valid trials and calibration quality had no association with
task performance in most of the tasks except a weak correlation with performance in some of
the visual search tasks (Fig D in S1 File). To examine whether the association analyses were
affected by the quality of infant measures, we adjusted the main analyses for time spent on
task, number of trials, and calibration quality. The results were unchanged (Table C in S1 File).
We also conducted a sensitivity analysis in which we recalculated the correlations for a subsample of infants who had the highest level of data quality based on high number of valid test
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Table 1. Visual attention scores at 9 months of age.
Mean (SD)
n

Score

Valid trials

Visual search latency, ms

282

436 (63)

6.3 (1.6)

Visual search task, one-object condition,% of successful search

295

91.9 (15.3)

6.9 (1.3)

Visual search task, multiple-objects condition,% of successful search

295

61.9 (21.8)

6.7 (1.3)

Visual search task, conjunction condition% of successful search

295

45.2 (20.3)

6.3 (1.5)

Anticipatory attention shifts task, pre-switch,% of correct anticipation

313

72.0 (26.1)

11.1 (2.7)

Anticipatory attention shifts task, post-switch,% of correct anticipation

313

54.1 (27.7)

10.1 (3.4)

Attention to faces task, dwell time on non-face patterns, ms

275

410 (145)

10.2 (3.4)

Attention to faces task, dwell time on faces, ms

275

1,922 (695)

12.5 (2.8)

Variable

https://doi.org/10.1371/journal.pone.0239613.t001

trials across conditions (i.e., 8 trials on the single object condition for visual latency, 8 trials on
the conjunction condition for the visual search, 13–14 trials on anticipatory attention shifts, or
15–16 trials on the attention to faces task; n = 45–78 depending on the test), had a good or OK
calibration result, and completed all the 88 trials. In this subsample, the correlations varied
between -0.22 and 0.19, but only the correlation between anticipatory attention shifts and
motor score had a correlation above j0.20j (-0.22) (Table D in S1 File).
To further investigate the associations between infant attention measures and later outcomes, we examined whether a composite measure of overall visual attention performance at
9 months (created on the basis of rank order of infant performance in each of the tasks)
Table 2. Anthropometric measurements at 18 months of age.
Mean (SD) or % (n)
Age at measurement, d

552 (9)

Length, cm

76.4 (3.0)

Weight, kg

9.5 (1.1)

Head circumference, cm

45.9 (1.4)

Mid-upper arm circumference, cm

14.7 (1.0)

LAZ

-1.86 (1.03)

WAZ

-0.99 (0.97)

WLZ

-0.13 (0.87)

HCAZ

-0.68 (0.95)

MUACZ

0.03 (0.86)

LAZ 9–18 months

-0.41 (0.49)

WAZ 9–18 months

-0.25 (0.56)

WLZ 9–18 months

-0.29 (0.66)

HCAZ 9–18 months

-0.18 (0.48)

MUAZ 9–18 months

0.09 (0.68)

LAZ < -2 (stunted)

44.0% (160)

WAZ < -2 (underweight)

15.4% (56)

WLZ < -2 (wasted)

1.9% (7)

n = 364, except for change measures n = 347, LAZ = length-for-age z-score, WAZ = weight-for-age z-score,
WLZ = weight-for-length z-score, HCAZ = head circumference-for-age z-score, MUACZ = mid-upper arm
circumference-for-age z-score,
3% [63].

= change. Census data for under 5-year-old: stunted 37%, underweight 12%, wasted

https://doi.org/10.1371/journal.pone.0239613.t002
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Fig 3. Participants’ length-for-age z-score distribution at the age of 18 months. Vertical lines indicate respective means.
https://doi.org/10.1371/journal.pone.0239613.g003

predicted 18-month outcomes. These analyses showed that the top and bottom visual attention
performers at 9 months did not have statistically significant differences in the 18-month development scores (Table E and Fig E in S1 File).
The gestational age at birth, child’s anthropometrics at 9 months of age, and anthropometric measurement changes between 9 and 18 months of age were not associated with developmental scores at 18 months of age (correlations between -0.10 and 0.19, Table 5). Neither were
measures of maternal cognition, maternal psychosocial well-being, socioeconomic status, and
care practices associated with the 18-month development scores (correlations between -0.04
and 0.12, Table 6).
Overall, only 4% (3/76) of the calculated correlations (excluding sensitivity analyses) were
above j0.15j and none was above j0.20j (all related to growth and motor scores). As an additional sensitivity analysis, we examined whether non-stunted and stunted children varied in
developmental scores at 18 months. Stunted children had lower language (-5.5 words, 95% CI:
-10.0, -0.9) and motor (-2.7 points, 95% CI: -4.6, -0.8) scores compared to non-stunted
Table 3. Distribution and correlations between developmental scores at 18 months of age.
Variable characteristics

Spearman’s partial rank correlation (n)

n

Mean (SD)

Language

Language

377

32.8 (22.3)

–

Socioemotional

Motor

Socioemotional

377

40.8 (4.4)

0.07 (377)

–

Motor

363

53.0 (10.6)

0.02 (362)

0.03 (362)

–

A-not-B

266

1.06 (1.10)

0.05 (266)

-0.01 (266)

0.09 (266)

Higher score indicates positive outcome.
https://doi.org/10.1371/journal.pone.0239613.t003
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Table 4. Associations between developmental scores at 9 and 18 months of age.
Spearman’s partial rank correlation (n)
Language

Socioemotional

Motor

A-not-B

Visual search latency

-0.02 (291)

0.04 (291)

0.07 (281)

-0.02 (198)

Visual search task, conjunction condition

0.01 (306)

0.03 (306)

0.14 (294)

-0.06 (210)

Anticipatory attention shifts task, post-switch

0.00 (325)

-0.08 (325)

-0.07 (312)

0.07 (226)

Attention to faces task, dwell time on faces

0.00 (283)

-0.05 (283)

0.06 (274)

-0.06 (200)

https://doi.org/10.1371/journal.pone.0239613.t004

Table 5. Associations between growth and developmental scores at 18 months of age.
Spearman’s partial rank correlation (n)
Language

Socioemotional

Motor

A-not-B

Gestational age at birth

-0.04 (377)

0.00 (377)

-0.04 (363)

0.06 (266)

LAZ at 9 months

0.12 (359)

0.00 (359)

0.09 (346)

-0.08 (254)

LAZ 9–18 months

0.06 (346)

-0.10 (346)

0.16 (346)

-0.03 (254)

WAZ at 9 months

0.12 (359)

0.04 (359)

0.10 (346)

-0.04 (254)

WAZ 9–18 months

0.03 (346)

-0.07 (346)

0.19 (346)

-0.01 (254)

WLZ at 9 months

0.09 (359)

0.04 (359)

0.05 (346)

-0.03 (254)

WLZ 9–18 months

0.06 (346)

-0.05 (346)

0.16 (346)

0.00 (254)

HCAZ at 9 months

0.11 (359)

0.06 (359)

0.08 (346)

-0.07 (254)

HCAZ 9–18 months

0.07 (346)

0.05 (346)

0.05 (346)

-0.03 (254)

MUACZ at 9 months

0.12 (359)

0.04 (359)

0.10 (346)

-0.02 (254)

MUACZ 9–18 months

0.10 (346)

-0.02 (346)

0.15 (346)

0.00 (254)

LAZ = length-for-age z-score, WAZ = weight-for-age z-score, WLZ = weight-for-length z-score, HCAZ = head circumference-for-age z-score, MUACZ = mid-upper
arm circumference-for-age z-score, = change.
https://doi.org/10.1371/journal.pone.0239613.t005

Table 6. Associations between family characteristics and developmental scores at 18 months of age.
Spearman’s partial rank correlation (n)
Language

Socioemotional

Motor

A-not-B

Maternal cognition

0.02 (377)

0.02 (377)

0.12 (363)

-0.01 (266)

Maternal psychosocial well-being

-0.04 (371)

0.07 (371)

0.00 (357)

0.12 (262)

Socioeconomic status

0.08 (376)

0.03 (376)

0.10 (362)

0.03 (266)

Care practices

-0.03 (375)

-0.04 (375)

0.07 (361)

-0.04 (266)

https://doi.org/10.1371/journal.pone.0239613.t006

children, whereas there were no differences in socioemotional and A-not-B scores between the
groups (Table 7, Fig F in S1 File). Pre-, early or full term children did not differ in developmental scores at 18 months (Table F in S1 File).

Discussion
In the current study, we examined associations between early-developing attentional abilities
measured by eye tracking at 9 months of age and the scores in more conventional parent interview and observational tests of cognitive development at 18 months of age in a sample of rural
Malawian infants. In contrast to the hypothesis, measures of visual attention at 9 months were
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Table 7. Comparing developmental scores at 18 months of age between stunted (LAZ < -2) and non-stunted (LAZ

-2) children.

Mean (SD)
Stunted children

Non-stunted children

Difference (95% CI)

p

29.1 (21.6)

34.6 (22.1)

-5.5 (-10.0, -0.9)

0.019

Socioemotional

41.0 (4.6)

40.7 (4.3)

0.3 (-0.7, 1.2)

0.572

Motor

51.1 (11.5)

54.5 (9.6)

-2.7 (-4.6, -0.8)

0.005

A-not-B

1.00 (1.05)

1.10 (1.12)

-0.10 (-0.36, 0.17)

0.485

Language

Difference (95% CI) and p from linear regression with adjusting variables (full results in Appendix in S1 File).
https://doi.org/10.1371/journal.pone.0239613.t007

not associated with measures of cognitive control, motor skills, language, or socioemotional
behavior at 18 months. Additionally, gestational age, growth, and other risk factors (i.e., maternal cognition, maternal psychosocial well-being, socioeconomic status, and care practices)
were not associated with developmental scores at 18 months of age. Below, we discuss factors
that may have affected the sensitivity of the current analyses for finding significant associations
between the measures, and the implications of our findings for research on early markers of
cognitive development.
The main analyses showed no association between infant attention measures and 18-month
cognitive outcomes. Some of the associations were anticipated on the basis of prior empirical
findings and the hypothesis that performance in one domain that can be measured early in
life (i.e., the efficiency of attentional orienting) may be an indicator that correlates with performance in other domain later in childhood [7, 8], whereas other associations were predicted on
the basis of shared top and bottom visual attention performers’ neurocognitive mechanisms
between the tasks used in the 9- and 18-month assessments (e.g., cognitive control, affecting
attention-switching in infancy and A-not-B performance at 18 months [14]). Given that the
analyses showed none of the expected associations, it is important to consider whether this
result indicates a false negative, arising from methodological problems in measuring the targeted constructs, or a true lack of association.
There are several methodological factors that may have attenuated a true association
between infant measures and later outcomes in the current analyses. The first concerns potential problems in implementing the tasks. The tasks used in the present study have been mainly
used in high-resource settings, but less in low-income countries and rural populations. Also,
infants in the study area are not used to viewing screens, monitors, or TVs. The possibility of
major problems in the implementation of the tasks appears unlikely, however, as our pilot
study has shown that the percentages of infants completing the eye-tracking tests were nearly
as high in Malawi (90%) as in Finland (95%) as were the percentages of valid test trials (Malawi
68–73%, Finland 69–85%). There are similar data for the feasibility of the 18-month assessments in rural Malawi [49].
A second and potentially more serious problem affecting current analyses concerns measurement error. Specifically, even if the tasks were successfully implemented, the number of
trials obtained to estimate performance in different domains of attention tend to be low in
infant studies and by consequence, standard error in the measures relatively high. The reliability of the current infant measures was estimated in Pyykkö et al. [32] and the odd-even correlations were -0.02, 0.22, 0.55, and 0.62 for visual search task, visual search latency, attention to
faces, and anticipatory attention shifts, respectively. Test-retest reliability scores for the measures at 18 months ranged from 0.65 to 0.82 [49]. Imprecision in measures attenuates the
“true” correlations between variables [64]. When a correction for this attenuation was applied
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to the current results, the reported correlations were not remarkably amplified (range between
-0.11 and 0.19, excluding correlations with the low reliability visual search task). Similarly, our
subgroup analysis that controlled for or was based on infants with higher number of successful
test trials and better calibration quality (and, by consequence, more precise estimates of performance) did not show significant associations between measures of infants’ attention at 9
months and cognitive outcomes at 18 months. Finally, overall performance in visual attention
tasks did not show associations with later developmental outcomes. Thus, controlling for the
impact of measurement error on correlations does not appear to result in stronger evidence
for the hypothesized associations in the current data.
Aside from methodological factors, there may be other explanations for a lack of association
between early visual attention and later development that arise from the potentially unique
characteristics of early child development in low-resource rearing environments. One is that
stable individual differences in cognitive function are not yet distinguishable at the age of 18
months, as assessed in the current study. In previous studies in Western populations, measures
of infant attention have been linked with cognitive outcomes across early childhood, from 10
months to 11 years [6, 7, 9–12, 65]. It is possible, however, that the emergence of stable individual differences may take longer in more resource-constrained environments. While highly
speculative at this point, it is of note that our analyses of the within-session stability of
responses in the measures of infant attention in the attention to faces task tended to show
lower stability of individual differences in the Malawian samples (correlations from 0.28 to
0.53) as compared to Finnish sample (correlations from 0.45 to 0.72) [66]. If individual differences were less distinguishable to begin with in the current sample at 9 months, this may attenuate the strength of association with later outcomes.
The emergence of individual differences in cognition may be sensitive not just to genetic
differences, but also on variability nutrition and other aspects of the physical and social environment (e.g., amount of stimulation [67, 68]). The current sample was comparable to census
data on rural Malawian population and, thereby, likely to be representative of the target population. However, when examined in a global context, the current sample reflects a lower end of
the distribution in terms of the availability of nutritional and other resources. This is shown in
the figure that present the distribution of length-for-age z-scores in the current sample in comparison to the distribution of the respective scores in the global populations as a whole. There
is, hence, the possibility that genetic differences in cognitive function may not manifest early
in development or may take longer to manifest in low-resource environment due to restricted
range of variability in relevant environmental factors, such as nutrition.
Secondary analyses in the current study examined whether physical growth and psychosocial factors were associated with cognitive outcomes at 18 months. These associations were
hypothesized on the basis of previous studies, as nutrition status (i.e., stunting) has been associated with cognitive ability and learning capacity [69, 70]. Deficiencies in nutrition may relate
to development at first two years of life when brain grows rapidly [71]. In a previous study in
the same geographic area, child’s length at 6 months of age was associated with language and
motor scores at 18 months of age [45]. Furthermore, infant’s height and maternal nurturance
have been found to have positive correlations with later development in rural India [72]. Also,
socioeconomic status has been seen to affect developmental scores in children [73]. In the current study, the nutrition status was not predictive to development in a continuous scale,
although stunted children had lower scores on language and motor scales, as expected [74].
The reasons for the lack of continuous association between growth and cognitive scores in the
current analyses are not known, but the results are consistent with some prior findings in the
same target population. The data presented in McCoy et al. [75] showed no difference in
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cognitive and socioemotional development between urban and rural and between stunted and
non-stunted 3- to 4-year-old children in Malawi.
There are several ways in which the current tasks and design can be improved in future
studies to further examine the association between infant measures and cognitive development. The assessment of visual attention in infants may benefit from tasks that use more
dynamic, cluttered or natural scenes, and videos (e.g. [76]). Also, given that the task used in
infancy targeted attention functions, it would be important to include similar measures of
attention in the endpoint assessments as well. Future studies could also include a wider set of
outcomes. The present analyses were restricted to a limited set of a priori measures, but future
studies and analyses of the current data could be extended to more detailed examination of the
spatial and temporal distribution of fixations and gaze paths during the tasks (e.g. [77]). More
robust estimation of individual differences would also benefit from repeated estimation of the
target constructs at multiple time points and from usage of multiple tasks to assess a given construct (i.e., executive function [10]). Repeated assessment of anthropometry would also help in
detecting trends in growth (e.g., recovery or regression) that may modulate association with
distal cognitive outcomes [78]. Finally, eye tracking combined with EEG or heart rate to control arousal has been proposed [4].
In conclusion, infants’ visual search latency and success, anticipatory attention shifts, or
attention to faces did not show association to infant’s development nine months later, at the
age of 18 months in low-resource settings. These results further show that in this rural Malawian sample the gestational age, growth, and rearing environment had no association with
infant’s later development. These results do not support the use of the current tests of infant
visual attention as predictive measures in the Malawian setting. Further research is needed,
however, to rule out the impact of low precision of these measures on association analyses, and
to examine whether a longer follow-up period is needed to capture variations that become visible at later ages.
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López Pérez D, Radkowska A, Raczaszek-Leonardi J, Tomalski P, The Talby Study Team. Beyond fixation durations: Recurrence quantification analysis reveals spatiotemporal dynamics of infant visual
scanning. J Vis. 2018 Dec 3; 18(13):5. https://doi.org/10.1167/18.13.5 PMID: 30535254

22.

Forssman L, Ashorn P, Ashorn U, Maleta K, Matchado A, Kortekangas E, et al. Eye-tracking-based
assessment of cognitive function in low-resource settings. Arch Dis Child. 2017 Apr; 102(4):301–302.
https://doi.org/10.1136/archdischild-2016-310525 PMID: 27551061

23.

Katus L, Hayes NJ, Mason L, Blasi A, McCann S, Momodou K, et al. Implementing neuroimaging and
eye tracking methods to assess neurocognitive development of young infants in low- and middleincome countries [version 2; peer review: 2 approved]. Gates Open Res. 2019; 3:1113. https://doi.org/
10.12688/gatesopenres.12951.1 PMID: 31508580

24.

Hernik M, Broesch T. Infant gaze following depends on communicative signals: An eye-tracking study
of 5- to 7-month-olds in Vanuatu. Dev Sci. 2019 Jul; 22(4):e12779. https://doi.org/10.1111/desc.12779
PMID: 30506550

25.

Frank MC, Vul E, Johnson SP. Development of infants’ attention to faces during the first year. Cognition.
2009; 110(2):160–170. https://doi.org/10.1016/j.cognition.2008.11.010 PMID: 19114280

26.

Kaldy Z, Kraper C, Carter AS, Blaser E. Toddlers with Autism Spectrum Disorder are more successful
at visual search than typically developing toddlers. Dev Sci. 2011 Sep; 14(5):980–988. https://doi.org/
10.1111/j.1467-7687.2011.01053.x PMID: 21884314

27.

Amso D, Haas S, Markant J. An eye tracking investigation of developmental change in bottom-up attention orienting to faces in cluttered natural scenes. PLoS One. 2014; 9(1):e85701. https://doi.org/10.
1371/journal.pone.0085701 PMID: 24465653

28.

Gluckman M, Johnson SP. Attentional capture by social stimuli in young infants. Front Psychol. 2013;
4:527. https://doi.org/10.3389/fpsyg.2013.00527 PMID: 23966966

29.

Leppänen JM. Using eye tracking to understand infants’ attentional bias for faces. Child Dev Perspect.
2016 Sep; 10(3):161–165. https://doi.org/10.1111/cdep.12180 PMID: 27668010

30.

Peltola MJ, Hietanen JK, Forssman L, Leppänen JM. The emergence and stability of the attentional
bias to fearful faces in infancy. Infancy. 2013 Nov; 18(6):905–926. https://doi.org/10.1111/infa.12013

31.

Leppänen JM, Forssman L, Kaatiala J, Yrttiaho S, Wass S. Widely applicable MATLAB routines for
automated analysis of saccadic reaction times. Behav Res Methods. 2015 Jun; 47(2):538–48. https://
doi.org/10.3758/s13428-014-0473-z PMID: 24788324

32.
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Table A. Comparison of children seen and not seen at the clinic at the age of 18 months.
Mean (SD) or %
Seen at 18 mo

Not seen at 18 mo

p for

(n = 275 364)

(n = 37 80)

difference*

Length-for-age z-score at enrollment

-1.18 (0.98)

-1.20 (0.95)

0.88

Weight-for-age z-score at enrollment

-0.85 (0.93)

-0.93 (0.99)

0.47

25 (7)

24 (7)

0.77

34.7

39.3

0.47

436 (63)

429 (58)

0.48

45.2 (20.3)

46.6 (0.21)

0.68

53.7 (28.0)

57.5 (30.7)

0.41

1922 (42)

1892 (127)

0.80

Maternal age at enrollment, years
Maternal literacy, %
Visual search latency, ms
Visual search task, % of successful search, conjunction
Anticipatory attention shifts task,
% of correct anticipation, post-switch
Attention to faces task, dwell time on faces
* P values from t- e o Fi he

e ac e
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Table B. Scores of maternal and family data of participants seen at the clinic at the age of 18 months.
Variable

N

Mean (SD)

Range

364

-0.01 (3.07)

-7.31, 9.85

Mental rotation test

24.9 (4.8)

13, 40

40

Digit span test, forward

5.2 (1.4)

2, 10

18

Digit span test, backward

2.4 (1.5)

0, 8

16

Verbal fluency test, foods

15.4 (4.7)

5, 29

NA

Verbal fl enc test, girls names

16.4 (5.2)

3, 31

NA

-0.03 (2.67)

-8.05, 6.24

Depression symptoms

14.1 (4.2)

2, 20

20

Perceived stress

21.9 (4.2)

9, 32

40

Adverse life events

29.4 (2.8)

20, 34

34

Social support

34.0 (7.5)

12, 48

48

-0.05 (2.05)

-5.22, 6.26

Satisfaction of everyday needs

5.1 (1.6)

1/3, 9

9

Food insecurity

18.5 (5.3)

3, 27

27

Living conditions

13.0 (1.9)

8, 21

NA

0.04 (1.42)

-4.75, 3.83

Mother-infant bond

18.9 (2.5)

11, 24

24

HOME observation

23.8 (2.4)

13, 30

36

Maternal cognition*

Maternal psychosocial well-being*

Socioeconomic status*

Care practices*

358

363

362

Max. possible

* Standardized composite score of variables below.
Higher score indicates positive outcome for all variables.

Page 3 of 14

SUPPORTING INFORMATION

Table C. Associations between eye tracking measures at 9 and developmental scores 18 months of age.
Adjusted for calibration quality, time spent on task, and number of valid trials.
S ea

a

a ia a k c

eai

(n)

Language

Socioemotional

Motor

A-not-B

Visual search latency

-0.03 (291)

0.04 (291)

0.08 (281)

-0.04 (198)

Visual search task,
conjunction condition

-0.01 (306)

0.03 (306)

0.13 (294)

-0.04 (210)

Anticipatory attention shifts
task, post-switch

-0.01 (325)

-0.08 (325)

-0.07 (312)

0.08 (226)

Attention to faces task, dwell
time on faces

0.00 (283)

-0.06 (283)

0.07 (274)

-0.08 (200)
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Table D. Associations between eye tracking measures at 9 and developmental scores at 18 months of age
for participants with high quality data.*
Spearman s par ial rank correla ion (n)
Language

Socioemotional

Motor

A-not-B

Visual search latency

-0.17 (78)

-0.15 (78)

-0.04 (78)

-0.19 (58)

Visual search task,
conjunction condition

-0.09 (70)

-0.10 (70)

0.02 (69)

0.19 (50)

Anticipatory attention shifts
task, post-switch

-0.06 (62)

-0.11 (62)

-0.22 (61)

-0.13 (45)

Attention to faces task, dwell
time on faces

0.12 (77)

0.07 (77)

0.17 (76)

-0.19 (58)

* Subset of participants with OK/good calibration, all 88 trials recorded, and high number of valid trials on
he a ic a a k (i.e., 8 ia f
i a ea ch a e c , 8 ia
he i a ea ch c j c i c di i ,
13 14 trials on anticipatory a e i
hif
-switch, or 15 16 ia
he a e i
face a k d e
times on faces).
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Table E. Comparison of the 18-month development scores by the overall performance in visual attention
tasks.*
Mean (SD)

Wilcoxon rank-sum test

Top visual attention

Bottom visual attention

performers

performers

(n = 29)

(n = 28)

Language

29.8 (19.5)

Socioemotional
Motor
A-not-B

z

p

31.7 (18.1)

0.783

0.43

41.0 (4.6)

40.9 (4.3)

-0.413

0.67

56.1 (7.9)

54.4 (6.3)

-1.049

0.29

0.96 (0.89) (n = 25)

0.54 (0.65) (n = 26)

-1.734

0.08

* Subset of participants with OK/good calibration, all 88 trials recorded, and high number of valid trials (at
least half valid trials on every condition, i.e., 4 trials on the visual search conditions, 7 trials on the
anticipatory attention shifts conditions, and 8 trials on the attention to faces conditions). Top performers
were ranked over 75th percentile and bottom performers were ranked under 25th percentile on the composite
visual attention score.
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Table F. Comparing developmental scores at 18 months of age between children born preterm and term.
Kruskal-Wallis equality-ofMean (SD)
populations rank test
Preterm

Early term

Full term

(n = 40 60)

(n = 80 118)

(n = 146 199)

Language

33.5 (23.4)

34.9 (23.1)

31.4 (21.6)

1.805

0.41

Socioemotional

40.8 (3.5)

41.0 (4.0)

40.7 (4.8)

0.264

0.88

Motor

53.6 (8.6)

51.6 (13.0)

53.7 (9.6)

0.618

0.73

A-not-B

0.95 (1.01)

0.93 (0.97)

1.16 (1.18)

1.504

0.47

2

(df=2)

p
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Successful task is defined as a valid trial, in which the target was found within 2,000 ms in the visual search, as a correct anticipatory in the attention
shifts task, and as a recorded or censored disengagement time (% = [mean 150] / 3,500 ms) from the central target in the attention to faces task.
In the visual search task, trials 1-8 and 13-20 were single- and multiple-object conditions and trials 9-12 and 21-24 were conjunction conditions.
In the anticipatory attention task, the target switched side at trials 9 and 25.
Gray areas define ranges, i.e., minimum and maximum, of valid trials by task within sequence. Vertical lines define session breaks.

Fig A. Proportion of valid and successful trials by trial sequence.
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Task time means: 2 min 19 s, 3 min 00 s, 3 min 30 s, for Visual search, Anticipatory attention shifts, and Attention to faces, respectively, n = 340 341.
Total time mean: 8 min 44 s, n = 343.

Fig B. Time spent on visual attention tasks, both sessions combined.
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Dots are jittered for visualization purposes. Blue line and gray confidence interval from Local Polynomial Regression Fitting.
Note: Two-dimensional scatter plots ignore adjustment variables, i.e., these visuals do not relate to main comparisons in Table 4.

Fig C. Scatter plots with 9-month visual attention scores (x-axis) and 18-month development scores (y-axis).
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AA pre-switch
AA post-switch
AF non-face pattern
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Visual search latency

Visual attention
scores
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0.08

0.09

-0.01

-0.01

0.20

0.24

0.42

0.19

Calibration
quality

-0.10

-0.09

-0.22

-0.33

-0.50

-0.60

-0.53

-0.23

Time spent on
tasks

The correlations are shown inside the circles between lines connecting measures (blue for positive, red for negative correlations). Correlations related to
visual attention scores are expanded in the table.
Correlation coefficients with visual attention scores include eight different scores (visual search latency, three visual search conditions [VS], two
anticipatory attention shifts conditions [AA], and two attention to faces conditions [AF]) and are compared against the task’s number of valid trials and
time spent on it.
Direction of variables: more trials, more time spent, better calibration quality, quicker responses, more successful finds, more successful anticipatory
shifts, and more disengagements to lateral distractor.

Fig D. Spearman correlation coefficients between eye tracking quality indicators and performance measures.

Number of valid
trials

Page 11 of 14

Page 12 of 14

Subset of participants with OK/good calibration, all 88 trials recorded, and high number of valid trials (at least half valid trials on every condition, i.e.,
4 trials on the visual search conditions, 7 trials on the anticipatory attention shifts conditions, and 8 trials on the attention to faces conditions).
Top performers were ranked over 75th percentile and bottom performers were ranked under 25th percentile on the composite visual attention score.

Fig E. Density plots for 18-month development scores between top and bottom performers in the 9-month visual attention tests.
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Fig F. Density plots for 18-month development scores between stunted and non-stunted participants.
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Appendix. The full results of regression analyses from Table 7.
Source |
SS
df
MS
Number of obs
=
363
-------------+---------------------------------F(1, 361)
=
5.54
Model | 2656.65492
1 2656.65492
Prob > F
=
0.0192
Residual | 173237.229
361 479.881522
R-squared
=
0.0151
-------------+---------------------------------Adj R-squared
=
0.0124
Total | 175893.884
362 485.894708
Root MSE
=
21.906
-----------------------------------------------------------------------------Language |
Coef.
Std. Err.
t
P>|t|
[95% Conf. Interval]
-------------+---------------------------------------------------------------Stunted | -5.452645
2.31743
-2.35
0.019
-10.01
-.8952862
_cons |
34.57843
1.533741
22.55
0.000
31.56224
37.59462
-----------------------------------------------------------------------------Source |
SS
df
MS
Number of obs
=
363
-------------+---------------------------------F(1, 361)
=
0.32
Model | 6.33126034
1 6.33126034
Prob > F
=
0.5717
Residual | 7132.93045
361 19.7588101
R-squared
=
0.0009
-------------+---------------------------------Adj R-squared
=
-0.0019
Total | 7139.26171
362 19.7217174
Root MSE
=
4.4451
-----------------------------------------------------------------------------Socioemotional |
Coef. Std. Err.
t
P>|t|
[95% Conf. Interval]
-------------+---------------------------------------------------------------Stunted | .2661857 .4702405
0.57
0.572
-.6585691
1.190941
_cons | 40.69608 .3112184
130.76
0.000
40.08405
41.30811
-----------------------------------------------------------------------------Source |
SS
df
MS
Number of obs
=
363
-------------+---------------------------------F(2, 360)
=
71.58
Model | 11663.8638
2
5831.9319
Prob > F
=
0.0000
Residual | 29330.9131
360 81.4747585
R-squared
=
0.2845
-------------+---------------------------------Adj R-squared
=
0.2805
Total | 40994.7769
362
113.24524
Root MSE
=
9.0263
-----------------------------------------------------------------------------Motor |
Coef.
Std. Err.
t
P>|t|
[95% Conf. Interval]
-------------+---------------------------------------------------------------Stunted | -2.729778
.9570149
-2.85
0.005
-4.61182
-.8477356
Assessor |
3.602628
.3159118
11.40
0.000
2.981363
4.223892
_cons |
54.16975
.6327999
85.60
0.000
52.9253
55.4142
-----------------------------------------------------------------------------Source |
SS
df
MS
Number of obs
=
266
-------------+---------------------------------F(1, 264)
=
0.49
Model | .587256357
1 .587256357
Prob > F
=
0.4853
Residual | 317.566879
264 1.20290484
R-squared
=
0.0018
-------------+---------------------------------Adj R-squared
=
-0.0019
Total | 318.154135
265 1.20058164
Root MSE
=
1.0968
-----------------------------------------------------------------------------A-not-B |
Coef.
Std. Err.
t
P>|t|
[95% Conf. Interval]
-------------+---------------------------------------------------------------Stunted | -.0955414
.1367393
-0.70
0.485
-.3647798
.173697
_cons |
1.095541
.0875318
12.52
0.000
.9231921
1.267891
------------------------------------------------------------------------------
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