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Abstract
Aim: To determine the predictive relationship between evidence-based screening 
tools and neurodevelopmental outcomes in Australian First Nations infants.
Method: This prospective cohort study invited First Nations families to participate 
in a culturally adapted early developmental screening programme. A total of 156 in-
fants (55.1% male, mean gestational age = 33.6 weeks, SD = 4.6) were screened using the 
Prechtl's General Movements Assessment, with optimality scoring using the Motor 
Optimality Score-Revised (MOS-R) at 3 to 5 months and the Hammersmith Infant 
Neurological Examination (HINE) at 4 to 9 months. Participants completed ‘baby 
movement (BM) checks’ at two time points (BM1, 3–5 months corrected age; BM2, 
4–9 months corrected age), with final movement and learning checks at 12 months 
corrected age. At 12 months corrected age, standardized motor, cognitive, and com-
munication assessments, neurodisability-specific symptomology, or a diagnosis made 
by a paediatrician classified infants as developing typically (‘on track’) or (1) with a 
high chance of or confirmed cerebral palsy (CP) or (2) non-CP neurodevelopmental 
delay (NDD), including autism and fetal alcohol spectrum disorder (FASD). Predictive 
relationships were investigated using logistic regression and diagnostic statistics.
Results: At 12 months, 127 of 147 (86%) eligible infants (n = 9 withdrawn or deceased) 
were classified as ‘on track’ (n = 55, 43%), NDD (n = 59, 47%), or CP (n = 13, 10%). 
MOS-R (≥ 14 weeks) and the HINE distinguished infants as ‘on track’, CP, or NDD. 
[Correction added on 1 November 2025 after first online publication: In the preced-
ing sentence, “MOS-R (≥ 14 weeks). The HINE distinguished infants...” has been up-
dated to “MOS-R (≥ 14 weeks) and the HINE distinguished infants...”.] Each 1-point 
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A strong start to life promotes long-term health and well-
being, enhancing a child's opportunity to thrive. Infants 
born early, with low birthweight, or requiring support in 
hospital after birth experience an increased chance of neu-
rodevelopmental delay (NDD) or disability, including cer-
ebral palsy (CP), autism, and fetal alcohol spectrum disorder 
(FASD). Enhancing early childhood development is a prior-
ity for First Nations communities;1,2 however, families ex-
perience barriers to accessing equitable, culturally safe, and 
responsive health care.3,4 In Australia, they demonstrate low 
engagement (approximately 50%) with neonatal screening 
programmes.5 Developmental screening aims to distinguish 
typically developing infants (‘on track’), from those requir-
ing extra support to move, learn, and grow strong.

A transdiagnostic approach to developmental screen-
ing acknowledges that many NDDs share common early 
markers and comorbidities across multiple domains.6,7 
Although conditions such as CP, autism, and FASD have 
distinct aetiologies and clinical presentations, they often 
exhibit overlapping features in early neurodevelopmen-
tal profiles.6,8,9 Differences in movement quality, atypical 
motor development, and cognitive functioning are com-
mon early indicators across these conditions.6,10,11 To be 
effective, early screening programmes should incorporate 
tools that are predictive, valid, feasible, culturally safe, and 
capable of identifying an infant's risk status for a range of 
neurodevelopmental differences, supporting timely referral 
to intervention services, even before a specific diagnosis is 
established.7 There are few clinical biomarkers of non-CP 
NDDs or neurodiverse outcomes, including autism and 
FASD, before 12 months corrected age, delaying timely ac-
cess to early intervention. Evidence-based tools such as the 
Prechtl's General Movements Assessment (GMA), the asso-
ciated Motor Optimality Score-Revised (MOS-R), and the 
Hammersmith Infant Neurological Examination (HINE) 
demonstrate high predictive accuracy for the early detection 
of CP12,13 and may provide key transdiagnostic indicators of 
non-CP NDDs,14,15 and motor and cognitive delays.16–19

This research respectfully involved and engaged Australian 
First Nations families and communities, representing a diver-
sity of Aboriginal and Torres Strait Islander peoples across 
Queensland, Australia. At the forefront of change is acknowl-
edging and implementing culturally led health services, em-
bedding First Nations peoples' priorities, world views, and 

ways of being, knowing, and doing, into clinical service deliv-
ery. Rethinking and adapting health service models requires 
consideration of the key structural and cultural barriers and 
enablers for engagement and improving care.20,21 In a cultur-
ally adapted developmental screening programme for First 
Nations infants, we aimed to determine the transdiagnostic 
accuracy of early screening tools to predict neurodevelopmen-
tal outcomes at 12 months corrected age. We hypothesized 
that fidgety movements GMA would demonstrate the greatest 
predictive ability for a high chance of CP while detailed scor-
ing on the MOS-R and HINE would demonstrate the stron-
gest predictive accuracy for later NDDs, differentiating infants 
developing ‘on track’ from those with a higher chance of CP or 
NDD, including autism and FASD.

M ETHOD

This prospective cohort study invited First Nations fami-
lies to participate in a culturally adapted early developmen-
tal screening programme5,22 (Learning through Everyday 
Activities with Parents for infants with CP [LEAP-CP]) as 
per protocol (no. ANZTR12619000969167).5 The study was 
reported in line with the STrengthening the Reporting of 

decrease on both tools increased the odds of NDD (ORMOS-R = 1.40, 95% confidence 
interval [CI] = 1.00–1.96; ORHINE = 1.12, 95% CI = 1.05–1.21) and CP (ORMOS-R = 1.47, 
95% CI = 1.08–2.01; ORHINE = 1.41, 95% CI = 1.21–1.65,). The MOS-R (cut-off of less 
than 23) and HINE (moderate to severely reduced) were best for identifying any 
NDD and CP (MOS-R: sensitivity = 84%, specificity = 38%; HINE: sensitivity = 64%, 
specificity = 63%). Combined trajectories across both tools were the strongest pre-
dictors of CP (sensitivity = 73%, specificity = 96%), autism (sensitivity = 59%, specific-
ity = 95%), and FASD (sensitivity = 89%, specificity = 93%).
Interpretation: Evidence-based screening tools demonstrate promising transdiag-
nostic prediction of ‘on-track’ development and not only high chance of CP but also 
autism, FASD, and other NDDs.

What this paper adds

•	 The Motor Optimality Score-Revised (MOS-
R) and Hammersmith Infant Neurological 
Examination (HINE) distinguished between in-
fant 12-month neurodevelopmental outcomes.

•	 Evidence-based tools demonstrate promising 
transdiagnostic prediction of high chance of au-
tism and fetal alcohol spectrum disorder, not just 
cerebral palsy.

•	 Combined trajectories across the MOS-R and 
HINE were the strongest early biomarkers for 
neurodevelopmental outcomes.

•	 A culturally adapted screening programme im-
proved Australian First Nations families' reten-
tion with neonatal follow-up by 35%.
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PREDICTING NEURODEVELOPMENTAL OUTCOMES IN AUSTRALIAN FIRST NATIONS INFANTS: 
THE TRANSDIAGNOSTIC UTILITY OF EARLY SCREENING TOOLS

OBservational studies in Epidemiology (STROBE) guide-
lines, with the CONSolIDated critERia for strengthen-
ing the reporting of health research involving Indigenous 
Peoples (CONSIDER) statement23 guiding culturally re-
sponsive and ethical research practices involving First 
Nations peoples.

First Nations communities across participating 
Queensland sites were actively involved at every stage of the 
research programme. Key stakeholders, including Elders, 
First Nations health workers, researchers, and parents with 
lived experience, informed research priorities, contributed 
to study design, and guided culturally safe approaches to 
early screening, recruitment, consent, and communication. 
Ongoing consultation informed the development and deliv-
ery of the programme, ensuring that First Nations priorities 
and perspectives were embedded throughout.

Eligible participants were recruited by allied health cli-
nicians and First Nations health workers before 9 months 
corrected age (birth years 2020–2022) from health services 
across three main sites, Wulgurukaba and Bindal country 
(Townsville), Gimuy, Walubara, Yidinji, and Yirrganydji coun-
try (Cairns), and Yugera and Turrbal country (Brisbane), in 
Queensland, Australia, to include a representative population 
of First Nations families across urban, regional, rural, and re-
mote contexts. Infants with increased developmental vulner-
ability because of medical, birth, or post-neonatal risk factors 
for NDDs and with one or both biological parents who self-
identified as Aboriginal or Torres Strait Islander were eligible. 
Infants were excluded if major congenital or chromosomal 
abnormalities were identified as part of routine medical care.5

Ethics approval for the LEAP-CP study was obtained 
through the Far North Queensland Health Research Ethics 
Committee (HREC/2019/QCH/50533 [Sep ver 2]—1370), the 
Townsville Hospital and Health Service Human Research 
Ethics Committee (no. HREC/QTHS/56008), the University 
of Queensland Medical Research Ethics Committee (no. 
2020000185/HREC/2019/QCH/50533), and the Children's 
Health Queensland Hospital and Health Service Human 
Research Ethics Committee (no. HREC/20/QCHQ/63906). 
Research governance approval was obtained from the 
Apunipima Cape York Health Council Research and Gurriny 
Yealamucka Health Services Aboriginal Corporation. 
Parents or caregivers provided written informed consent. 
Our culturally adapted programme aimed to promote 
First Nations families' engagement with, and access to, ex-
isting health services by designing a programme that used 
evidence-based tools, co-designed and encompassed within 
a First Nations framework (led by LMR), and embedded into 
current models of care. Both culturally specific (use of en-
gaging language, co-designed educational resources, build-
ing capacity of First Nations health workers and cultural 
engagement training for clinicians) and clinically specific 
(consistent and relationally focused workforce, flexibility in 
service delivery, use of culturally adapted tools) changes to 
current health service models were incorporated to create 
a new, culturally responsive model of care for early screen-
ing.22 Infants deemed to be at high risk of CP or NDD based 

on early screening outcomes were offered participation in 
the LEAP-CP early support programme.24

Participants completed ‘baby movement (BM) checks’ 
at two time points (BM1, 3–5 months corrected age; BM2, 
4–9 months corrected age), with final movement and learn-
ing checks at 12 months corrected age. At BM1, infants 
completed the GMA (two videos between 12 weeks and 
16 weeks corrected age) at clinic appointments, home visits, 
or via the Baby Moves app.25 Advanced GMA-trained as-
sessors blinded to the infant's medical history assessed the 
GMA (fidgety movements and MOS-R) and gained a con-
sensus score. At BM2, a HINE and the culturally validated 
and adapted version of the Ages and Stages Questionnaire-
Talking about Raising Aboriginal Kids (ASQ-TRAK) were 
administered. Infant demographic, perinatal, and cultural 
data (cultural identity, family connections to country, and 
languages spoken at home) were collected via interview with 
a First Nations health worker or local clinician. Data were 
entered into a Research Electronic Data Capture (REDCap) 
database (Vanderbilt University, Nashville, TN, USA).

The GMA included scoring of fidgety movements, classi-
fied as normal (continuous or intermittent) or aberrant (ab-
normal or absent/sporadic), and detailed optimality scoring 
on the MOS-R. The MOS-R assesses the infant motor reper-
toire using five subcategories: fidgety movements; observed 
movement patterns; age-adequate motor repertoire; ob-
served postural patterns; and movement character. It takes 
on average 9 minutes to score.26 Subcategories are scored as 
typical/optimal (score of 4), suboptimal/reduced (score of 2), 
or absent/atypical (score of 1), with fidgety movements more 
weighted (normal [score of 12], abnormal [score of 4], or ab-
sent [score of 1]). Subcategories were combined to obtain a 
total MOS-R (range = 5–28), with scores further classified as 
optimal (≥ 25), mild (20–24), moderate (9–19), or severely re-
duced (≤8).27,28

The HINE is a quick to administer neurological as-
sessment (it takes approximately 15 minutes), validated to 
evaluate infant neuromotor outcomes from 2 to 24 months 
corrected age across five subcategories: cranial nerve func-
tion; posture; movements; tone; and reflexes and reactions.29 
HINE global scores (maximum = 78) were compared to 
age-specific optimality and cut-off scores for CP or signif-
icant delay16,29–32 and classified as optimal (> 64, > 68, > 71, 
≥ 73),29,30 mild (< 10th centile; 58–64, 64–68, 69–71, 69–72), 
moderate (less than the significant delay cut-off score; 57, 
60–63, 63–68, 66–70),16,31 or severely reduced (less than the 
CP cut-off score; < 57, < 60, < 63, < 66)32 at 4 to 9 months and 
12 months respectively (Figure  S1). Differences in item re-
sponses between the left and right sides were recorded as 
asymmetries.

The ASQ-TRAK is validated to screen First Nations chil-
dren (aged 2 months–5 years 6 months) across five develop-
mental domains: communication; gross motor; fine motor; 
personal-social; and problem-solving.33,34 Domain-specific 
scores (maximum = 60) were compared to the domain cut-
off scores to identify developing ‘on-track’ infants or devel-
opmental differences.35
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At 12 months corrected age, infants completed final 
movement and learning checks on the Bayley Scales of 
Infant and Toddler Development, Third Edition (Bayley-
III) (cognition and communication), the Peabody 
Developmental Motor Scales, Second Edition (PDMS-2) 
(gross and fine motor), and the HINE (neurological) with 
local allied health clinicians. The likelihood of autism was 
screened using the Social Attention and Communication 
Surveillance-Revised (SACS-R).36 To account for the local 
clinicians not being blinded to the early assessment out-
comes, 10% of the Bayley-III, HINE, and PDMS-2 were 
randomly selected and scored by assessors blinded to in-
fant early outcomes, and medical and social history, to de-
termine interrater reliability.

The Bayley-III is a norm-referenced measure of infant 
cognitive, language, motor, and social–emotional devel-
opment.37 A composite score 85 or less (>1 SD below the 
mean) identifies the presence of language or cognitive 
delay. The PDMS-2, a standardized, norm-referenced 
measure, evaluates gross and fine motor development in 
children aged 0 to 6 years. Composite quotient scores of 
85 or less (>1SD below the mean) identify the presence of 
gross, fine, or total motor delays. The SACS-R is a highly 
accurate screening tool for identifying infants with a high 
likelihood of autism from 11 months corrected age.36 
In 13 511 Australian children aged 11 to 24 months, the 
SACS-R demonstrated 99% specificity and 62% sensitiv-
ity for predicting a later confirmed diagnosis of autism 
at 4 years,36 with the positive predictive value (PPV) in-
creasing across age points—lowest at 12 months (74%) and 
higher at 18 (82%) and 24 (86%) months. Importantly, none 
of the infants assessed as having a high likelihood of au-
tism were developing typically by age 4 years. This finding 
reinforces the clinical value of the SACS-R in identifying 
infants who may benefit from timely access to early inter-
vention services, even when diagnostic certainty is not yet 
established.

Neurodevelopmental status was classified via paediatri-
cian diagnosis as confirmed or high chance of CP or other 
non-CP NDDs (FASD, autism, global developmental delay, 
or mild-to-severely reduced scores on a motor [PDMS-2] 
composite quotient score of 85 or less), communication 
or cognitive (Bayley-III composite score of 85 or less) do-
mains. For infants with outcomes on the ASQ-TRAK only, 
NDD was defined as one or more domains below the cut-
off (severely reduced, >2SD below the mean) or two or 
more domains close to the cut-off (mild-to-moderately re-
duced, 1-2SD below the mean).35 Infants were classified at 
12 months corrected age as either developing typically (‘on 
track’) or (1) high chance/confirmed CP or (2) other non-CP 
NDDs (Figure S1).

In addition to identifying infants at high chance of 
NDD, we aimed to evaluate the predictive value of early 
screening tools for high chance/confirmed autism and 
FASD, and the prognostic indicators of functional severity 
and topography in CP. For the secondary analyses, infants 
with NDD-specific features were further classified as high 

chance of autism based on the SACS-R, or high chance of 
FASD based on (1) paediatrician diagnosis; (2) presence of 
FASD-specific facial features; or (3) confirmed prenatal al-
cohol exposure with severe delay on three or more develop-
mental domains.38 For infants with high-chance/confirmed 
CP, functional severity was classified according to the Gross 
Motor Function Classification System (GMFCS) for the age 
band of 0 to 2 years.

Statistical analysis

Participant perinatal and demographic characteristics are 
described using summary statistics. The association be-
tween continuous variables and neurodevelopmental out-
comes were evaluated using the Kruskal–Wallis test, with 
Dunn's post-hoc test, and the Mann–Whitney U test. The 
association between categorical variables and neurodevel-
opmental outcomes was evaluated using the Fisher's exact 
test. Regression modelling was used to determine the rela-
tionship between early screening assessments (fidgety move-
ments, MOS-R, HINE, ASQ-TRAK) and infant outcomes at 
12 months corrected age. For three-level outcomes (develop-
ing ‘on track’ vs high-chance/confirmed CP vs NDD), mul-
tinomial logistic regression models were used; for two-level 
outcomes (developing ‘on track’ vs high-chance/confirmed 
NDD/CP, for autism or for FASD) logistic regression models 
were used. Multivariable models were constructed to un-
derstand which screening tools demonstrated the greatest 
association with outcomes at each time point (baby move-
ment check). Model 1 (BM1 [Multi_BM1]) included the 
MOS-R < 14 weeks and > 14 weeks as covariates. Model 2 
(BM2 [Multi_BM2]) included the HINE and ASQ-TRAK as 
covariates. Model 3 (all screening tools, Multi_all) included 
all covariates from models 1 and 2. Diagnostic statistics, 
including sensitivity, specificity, positive and negative pre-
dictive values, and receiver operator characteristic curve 
analysis were calculated. Significance was set at α = 0.05 
(two-tailed). Each analysis used all available data. Missing 
data were not imputed. Statistical analysis was performed 
using Stata v18 (StataCorp, College Station, TX, USA).

R E SU LTS

Of the 160 infants referred for screening, 156 (97.5%) (55.1% 
male, mean gestational age 33.6 weeks [SD = 4.6]) partici-
pated. Of these, 139 of 148 (94%) eligible infants completed 
the BM1 (fidgety movements, MOS-R), 140 of 150 (93%) 
eligible infants completed the BM2 (HINE, ASQ-TRAK), 
and 127 of 147 (86%) eligible infants (n = 9 withdrawn or de-
ceased) completed the outcomes at 12 months corrected age 
(Figure S2). A sample size of 120 infants was calculated5 to 
provide sufficient power (α = 0.05, power = 0.80) to evaluate 
the diagnostic accuracy of early screening tools and detect 
statistically significant associations with neurodevelopmen-
tal outcomes at 12 months corrected age.
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T A B L E  1   Infant characteristics, early life risk factors, and demographics (n = 156).

With 12-month outcomes (n = 127) Without 12-month outcomes (n = 29)
Missing/not 
completed, n (%)

Eligible for neonatal follow-up, n = 83 71 (55.9) 12 (41.4) NA

Gestational age (weeks), range (23–42), 
mean (SD)

33.6 (4.6) 34.5 (4.2) NA

VPT (< 32 weeks) 41 (32.3) 7 (24.1) NA

Birthweight (g), mean (SD) 2165.2 (988.6) 2271.2 (945.7) NA

VLBW (< 1500 g) 35 (27.6) 6 (20.7) NA

IUGR 33 (26.0) 7 (24.1) 6 (4.0)

Sex (male) 72 (57.0) 14 (48.3) NA

Cultural identitya

Aboriginal 58 (45.7) 23 (79.3) NA

Torres Strait Islander 11 (8.6) 2 (6.9) NA

Both 58 (45.7) 4 (13.8) NA

Multiple birth 35 (27.5) 4 (13.8) NA

HIE 5 (3.9) 2 (6.9) NA

Moderate to severe 3 (60.0) 0 (0) 1 (20.0)

Therapeutic cooling 3 (60.0) 1 (50.0) NA

Seizures 10 (7.8) 3 (10.3) NA

Bronchopulmonary dysplasia 23 (18.11) 4 (14.3) 1 (6.4)

Neonatal surgery 18 (14.1) 1 (3.4) 7 (4.5)

Post-neonatal event 5 (3.9) 2 (6.9) NA

Neuroimaging 75 (59.1) 13 (44.8) NA

CUS 67 (89.3) 12 (92.3) NA

MRI 23 (30.6) 6 (46.1) NA

Both 15 (20.0) 5 (38.4) NA

IVH 13 (10.2) 1 (3.4) NA

PVL 2 (1.6) 1 (3.4) NA

Stroke 0 (0) 0 (0) NA

Other brain abnormalities (i.e. cortical 
malformation)

6 (4.7) 0 (0) NA

Geographical locationa

Urban 14 (11.0) 0 (0) NA

Regional 108 (85.0) 25 (86.2) NA

Rural/remote 5 (3.9) 4 (13.8) NA

BM1 (3–5 months), n = 138 113 (90.4) 25 (86.2) NA

GMA < 14 weeks, n = 94 79 (62.2) 15 (51.7) NA

Aberrant fidgety movements 12 (15.1) 3 (18.8) NA

MOS-R mean (SD) 20.3 (4.9) 19.2 (7.0) NA

GMA ≥ 14 weeks, n = 117 97 (76.9) 20 (70.0) NA

Aberrant fidgety movements 13 (13.4) 4 (13.8) NA

MOS-R, mean (SD)a 20.1 (4.8) 17.0 (6.4) NA

BM2 (4–9 months), n = 140 120 (94.5) 18 (62.0) NA

Global HINE score, mean (SD) 63.5 (10.0) 62.8 (13.9) NA

Corrected age at HINE (months), 
mean (SD)

6.06 (1.3) 5.9 (1.3) NA

(Continues)
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Participant characteristics, demographics, and par-
ticipation in the baby movement checks are reported in 
Table 1. More infants completed the GMA at 14 weeks or 
more (T2; n = 118) compared to fewer than 14 weeks (T1; 
n = 94), with 82 (60%) capturing the GMA at both time 
points. Of the 127 infants with 12-month outcomes, 101 
(80%) completed the PDMS-2 and Bayley-III for the cog-
nitive (n = 100, 79%) and communication (n = 99, 78%) 
domains. Older maternal age (p = 0.012), cultural and lin-
guistic connection in the home (p = 0.047), and living with 
extended or community-based caregivers (e.g. kinship 
care, p = 0.014), were positively associated with sustained 
engagement in developmental screening at 12 months 
(Table  S1). Inter-assessor reliability was excellent (intra-
class correlation coefficient = 0.97–0.98) across all do-
mains on the PDMS-2, Bayley-III, and HINE.

Prediction of neurodevelopmental outcomes

The 12-month outcomes of infants were classified as 55 
(43%) infants developing ‘on track’, 59 (47%) infants with 
confirmed/high chance of NDD, and 13 (10%) infants with 
confirmed/high chance of CP (Table  1). Baby movement 
check results are presented in Table  2. MOS-R scores at 
14 weeks or longer significantly differed between outcome 
groups, with ‘on-track’ infants demonstrating higher scores 
(mean [SD] = 22.1 [2.2]) than those at high chance of NDD 
(20.4 [3.7], p = 0.036) and CP (11.4 [6.2], p < 0.001). HINE 
global scores were significantly higher for infants ‘on track’ 
(68.3 [4.7]) than those at high chance of NDD (63.7 [7.5], 
p = 0.001) and CP (45.3 [13.1], p < 0.001), regardless of age at 
assessment. The age at which the HINE assessment was con-
ducted did not differ significantly between outcome groups 
(p = 0.91).

The univariate and multivariate relationships between 
screening tools and neurodevelopmental outcomes are 
presented in Table  3, and Tables  S2 and S3. The MOS-R 
at 14 weeks or longer, HINE, and ASQ-TRAK (≥1 domain, 
mild-to-severely reduced) distinguished infants develop-
ing ‘on track’ from NDD or CP at 12 months corrected age. 
The MOS-R at 14 weeks or longer was the earliest biomarker 

(Multi_BM1), with the HINE as the strongest predictor 
at 4 to 9 months corrected age and overall (Multi_BM2, 
Multi_all). Each 1-point decrease in HINE and MOS-R 
increased the odds of NDD (ORHINE = 1.12, 1.05–1.21; 
ORMOS-R = 1.40, 1.00–1.96) and CP (ORHINE = 1.41, 1.21–
1.65; ORMOS-R = 1.47, 1.08–2.01) compared to ‘on track’. 
Aberrant fidgety movements demonstrated a strong rela-
tionship with CP; however, it was not associated with high 
chance/confirmed NDD.

Receiver operator characteristic curve analyses were con-
ducted to evaluate the diagnostic accuracy of early screening 
tools and determine the optimal cut-off points for predict-
ing neurodevelopmental outcomes. The cut-off point was 
selected based on the Youden index, which identifies the 
threshold that maximizes the sum of sensitivity and speci-
ficity, thereby optimizing test performance.39 We opted to 
prioritize cut-off scores with a higher sensitivity to identify 
more infants with a high chance of developmental concerns, 
rather than risk missing those who may benefit from early 
intervention or further diagnostic assessment. Analyses de-
termined that an MOS-R cut-off of less than 23 at 14 weeks or 
longer best predicted high-chance/confirmed NDD/CP (ac-
curacy = 64%, sensitivity = 84%, specificity = 38%) (Figure  1 
and Table  S4). A moderately (less than the significant 
delay cut-off) to severely (less than the CP cut-off) reduced 
HINE score demonstrated the greatest diagnostic accuracy 
for NDD/CP (accuracy = 72%, sensitivity = 64%, specific-
ity = 84%), with high PPV (85%). Aberrant fidgety move-
ments were the strongest predictor of CP (accuracy = 94%, 
sensitivity = 73%, specificity = 97%).

A combined trajectory of MOS-R (less than 23) and HINE 
(moderate-to-severely reduced) was a stronger predictor of 
high chance of NDD/CP than any single tool (Table 4 and 
Table  S2), with 74% accuracy (sensitivity = 62%, specific-
ity = 93%, PPV = 93%). For high chance of CP, the trajectories 
of the MOS-R (less than 20) and HINE (severe) demonstrated 
similar accuracy (accuracy = 93%, sensitivity = 73%, specific-
ity = 96%) to aberrant fidgety movements. Infants with CP 
were classified in GMFCS levels I and II (77%), which is pre-
dictive of independent ambulation, or in GMFCS levels III to 
V (23%), requiring greater functional support. A trajectory 
of MOS-R (less than 9) and HINE (less than 40) was 100% 

With 12-month outcomes (n = 127) Without 12-month outcomes (n = 29)
Missing/not 
completed, n (%)

Neurodevelopmental outcome at 
12 months

127 (100.0) 0 (0) 29 (100.0)

'On track' (developing typically) 55 (43.3) NA NA

Neurodevelopmental delay 59 (46.5) NA NA

Cerebral palsy 13 (10.2) NA NA

Abbreviations: BM1, baby movement check 1; BM2, baby movement check 2; CP, cerebral palsy, CUS, cranial ultrasound; GMA, Prechtl's General Movements Assessment; 
HIE, hypoxic-ischaemic encephalopathy; HINE, Hammersmith Infant Neurological Examination; IUGR, intrauterine growth restriction; IVH, intraventricular 
haemorrhage; MOS-R, Motor Optimality Score-Revised; MRI, magnetic resonance imaging; PVL, periventricular leukomalacia; VLBW, very low birthweight; VPT, very 
preterm.
Data are n (%) unless stated otherwise.
aSignificant difference (p < 0.05).

T A B L E  1   (Continued)
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PREDICTING NEURODEVELOPMENTAL OUTCOMES IN AUSTRALIAN FIRST NATIONS INFANTS: 
THE TRANSDIAGNOSTIC UTILITY OF EARLY SCREENING TOOLS

accurate for severe CP (GMFCS levels IV and V), while a tra-
jectory of asymmetry of finger posture (MOS-R) and five or 
more asymmetries (HINE) was 92% accurate for unilateral 
CP (Table 4 and Table S5).

Prediction of CP, autism, and fetal alcohol 
spectrum disorder

A total of 47 of 127 (37%) infants were classified as confirmed 
or high chance of a specific NDD, including CP (n = 13), 

autism (n = 33), FASD (n = 9), and global developmental delay 
(n = 2). Ten infants (21%) had a co-occurring high likelihood 
of autism.

Like NDD and CP, an MOS-R of 14 weeks or longer and 
HINE differentiated infants with a high chance of FASD 
and autism from those developing ‘on track’, and were the 
strongest predictors of specific NDDs (Table  S6). A com-
bined trajectory of MOS-R and HINE demonstrated the 
greatest overall diagnostic accuracy for FASD (sensitiv-
ity = 89%, specificity = 93%) and autism (sensitivity = 59%, 
specificity = 95%) (Table  4). Neurodevelopmental profiles 

T A B L E  2   GMA (fidgety movements, MOS-R), HINE, and ASQ-TRAK according to outcome group (n = 127).

All infants 
n = 127

'On-track'' infants n = 55 
(43.3)

NDD n = 59 
(46.5)

Cerebral palsy n = 13 
(10.2) p

Eligible for neonatal follow-up, n = 71 71 (55.9) 32 (58.2)a 22 (37.3)a 11 (84.6)a 0.008b

BM1, n = 113 113 (89.0) 47 (85.5) 55 (93.2) 11 (84.6) NA

GMA <14 weeks, n = 79 79 (69.9) 30 (63.8) 42 (76.4) 7 (63.6) NA

Fidgety movements

Normal 67 (84.8) 28 (93.3)a,c 37 (88.1)a,c 2 (28.6)a <0.001b

Abnormal 2 (2.5) 1 (3.2) 1 (2.4) 0 (0) NA

Absent 10 (12.5) 1 (3.2)a,c 4 (9.5)a,c 5 (71.4)a <0.001b

MOS-R

Total score, mean (SD) 20.1 (5.3) 21.6 (4.0)a,c 20.8 (3.9)a,c 11.7 (5.5)a <0.001d

Median (IQR) 21 (20–23) 21 (21–24) 21 (21–23) 11 (6–18) NA

GMA ≥ 14 weeks, n = 97 97 (85.8) 42 (89.4) 44 (80.0) 11 (100.0) NA

Fidgety movements

Normal 84 (86.6) 42 (100.0)a,c 39 (88.6)a,c 3 (27.3)a <0.001b

Abnormal 2 (2.1) 0 (0) 2 (4.5) 0 (0) NA

Absent 11 (11.3) 0 (0)a,c 3 (6.9)a,c 8 (72.7)a <0.001b

MOS-R

Total score, mean (SD) 19.6 (5.2) 22.1 (2.2)a 20.4 (3.7)a 11.4 (6.2)a <0.001d

Median (IQR) 21 (20–22) 21 (20–24) 21 (20–21.5) 9 (6–20) NA

BM2, n = 120 120 (94.5) 51 (92.7) 58 (98.3) 13 (100.0) NA

HINE, n = 118 118 (92.9) 49 (89.0) 56 (94.9) 13 (100.0) NA

Global score, mean (SD) 63.4 (10.5) 68.3 (4.7)a 63.7 (7.5)a 45.3 (13.1)a <0.001d

Classification

Optimal 48 (40.7) 31 (63.3)a 17 (30.4)a 0 (0)a <0.001b

Mildly reduced 18 (15.3) 10 (20.4) 8 (14.3) 0 (0) NA

Moderately reduced 23 (19.5) 7 (14.3) 16 (28.6) 0 (0) NA

Severely reduced 29 (24.5) 1 (2.0)a 15 (26.7)a 13 (100.0)a <0.001b

ASQ-TRAK, n = 120 120 (94.5) 51 (92.7) 58 (98.3) 11 (84.6) NA

All on-track domains 66 (55.0) 35 (68.6)a,c 28 (48.3)a,c 3 (27.3)a 0.015b

≥ 1 domain mild to moderate 24 (20.0) 9 (17.6) a,c 14 (24.1) a,c 1 (9.1)a 0.015b

≥ 1 domain severe 30 (0.25) 7 (13.7)a,c 16 (27.6)a,c 7 (63.6)a 0.003b

Abbreviations: ASQ-TRAK, Ages and Stages Questionnaire-Talking about Raising Aboriginal Kids; BM1, baby movement check 1; BM2, baby movement check 2; GMA, 
Prechtl's General Movements Assessment; HINE, Hammersmith Infant Neurological Examination; IQR, interquartile range; MOS-R, Motor Optimality Score-Revised; 
NDD, neurodevelopmental delay; 'on-track'', typically developing.
Data are n (%) unless stated otherwise.
aSignificant difference (p < 0.05).
bFisher's exact test.
cNon-significant difference (p > 0.05).
dKruskal–Wallis with post-hoc Dunn's.
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8  |      LUKE et al.

significantly differed between infants with a high chance of 
CP, autism, and FASD (Table S7). Severe neurological delay 
(HINE, p = 0.006) and lower fine motor scores (PDMS-2, 
p = 0.044) were associated with CP, while communication 
delay (Bayley-III, p = 0.048) was associated with the likeli-
hood of autism.

DISCUSSION

In this prospective cohort study, we identified a strong rela-
tionship between early screening tools and 12-month neu-
rodevelopmental outcomes. Our findings support HINE as 
the strongest overall predictor of outcomes at 12 months cor-
rected age, with a moderate-to-severely reduced score dem-
onstrating the greatest accuracy for high-chance/confirmed 
NDD, including autism and FASD or CP. At 3 to 5 months 

corrected age, the quality of an infant's movements and pos-
tures on the MOS-R was a stronger early biomarker than 
fidgety movements alone.

Both the MOS-R at 14 weeks or longer and HINE differ-
entiated infants developing ‘on track’ from high chance of 
CP or other non-CP NDD, including autism and FASD. An 
MOS-R cut-off score of less than 23 best predicted the over-
all neurodevelopmental outcome, correctly classifying 74% 
of infants, compared to 55% using fidgety movements alone. 
The MOS-R demonstrated strong prognostic accuracy, with 
severely reduced scores (less than nine) predictive of severe 
CP (GMFCS levels III–V) and an asymmetry of finger pos-
tures on MOS-R predictive of unilateral CP.

All infants with a high chance of CP demonstrated se-
verely reduced HINE (less than the CP cut-off score); when 
combined with an MOS-R of less than 20, diagnostic accu-
racy improved compared to the HINE alone (93% vs 86%). 

T A B L E  3   Relationship between screening assessments and high-chance or confirmed NDD or CP at 12 months (n = 127).

Screening tool Model

High chance of NDD High chance of CP

OR (95% CI) p OR (95% CI) p

Reference: 'on-track' group

BM1 at 3–5 months

GMA < 14 weeks

Fidgety movements (absent) Univariate 3.05 (0.32–28.70) 0.330 72.50 (5.49–958.01) 0.001

MOS-R (lower) Univariate 1.08 (0.95–1.26) 0.238 1.45 (1.18–1.78) < 0.001

Multi_BM1 0.94 (0.76–1.15) 0.055 1.33 (1.04–1.71) 0.025

Multi_all 0.94 (0.75–1.18) 0.569 1.43 (1.00–2.06) 0.050

GMA ≥ 14 weeks

Fidgety movements (absent) Univariate 3.81 (0.39–infinity) 0.259 109.0 (13.82–infinity) < 0.001

MOS-R (lower) Univariate 1.25 (1.04–1.49) 0.018 1.67 (1.33–2.10) < 0.001

Multi_BM1 1.40 (1.00–1.96) 0.047 1.47 (1.08–2.01) 0.014

Multi_all 1.16 (0.84–1.62) 0.362 0.96 (0.63–1.46) 0.848

BM2 at 4–9 months

HINE at 4–9 months

Global score (lower)

Univariate 1.13 (1.05–1.22) 0.001 1.43 (1.28–1.67) < 0.001

Multi_BM2 1.12 (1.05–1.21) 0.002 1.41 (1.21–1.65) 0.002

Multi_all 1.19 (1.03–1.37) 0.014 1.38 (1.05–1.81) 0.019

ASQ-TRAK at 4–9 months

≥ 1 domain mild to severe Univariate 2.34 (1.07–5.13) 0.033 5.83 (1.36–24.94) 0.017

Multi_BM2 1.77 (0.76–4.12) 0.187 0.94 (0.13–6.90) 0.956

Multi_all 1.93 (0.52–7.22) 0.329 1.19 (0.03–56.48) 0.928

≥ 1 domain severe Univariate 2.39 (0.90–6.40) 0.082 11.0 (2.54–47.59) 0.001

Trajectory

MOS-R < 23 + moderate to severely 
reduceda HINE

Univariate 15.17 (4.16–55.37) < 0.001 140.40 (18.49–infinity) < 0.001

Abbreviations: ASQ-TRAK, Ages and Stages Questionnaire-Talking about Raising Aboriginal Kids; BM1, baby movement check 1; BM2, baby movement check 2; CI, 
confidence interval; CP, cerebral palsy; GMA, Prechtl's General Movements Assessment; HINE, Hammersmith Infant Neurological Examination; MOS-R, Motor Optimality 
Score-Revised; Multi_BM1, MOS-R adjusted for screening assessments at both < 14 weeks and ≥ 14 weeks; Multi_BM2, adjusted for screening assessments at 4–9 months 
(HINE, ASQ-TRAK); Multi_all, adjusted MOS-R, HINE, and ASQ-TRAK for all screening assessments; NDD, neurodevelopmental delay; 'on-track', typically developing; 
OR, odds ratio.
aLess than the significant delay cut-off.
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Our findings demonstrate the transdiagnostic utility of the 
HINE as an early predictor of a high chance of autism and 
FASD, with reduced scores demonstrating strong predictive 
accuracy, suggesting that it may be one of the earliest clinical 
biomarkers for both conditions.10,15

Early identification promotes timely referral to targeted 
interventions, optimizing individual developmental tra-
jectories. Like previous studies,16,31,32,40 we found a strong 
relationship between the HINE—a quantifiable, quick 
to administer (approximately 15 minutes), cost-effective 
tool29—and neurodevelopmental outcomes. Infants who 
scored optimally were at lower risk for any NDD. The pre-
dictive ability of the HINE for the early identification of 
CP13,32 has led to its broad real-world implementation.41–43 
Emerging evidence supports the predictive relationship 
between the HINE and cognitive,16,31 motor,40 and mild 
neurological disabilities;44 however, to our knowledge, 
these findings are the first to report the predictive value 
of the HINE for a later autism or FASD diagnosis in any 
cohort.

Reflecting recommendations from the international 
clinical practice guidelines,13 and a well-established body 
of evidence,12 absent fidgety movements remain the stron-
gest predictor of CP. While no infants developing ‘on track’ 
demonstrated aberrant fidgety movements (i.e. no false pos-
itives), the presence of normal fidgety movements did not 
necessarily correlate with typical ‘on-track’ development, 
reiterating the challenges of identifying the very early risk 
of non-CP outcomes. While gestalt-based fidgety move-
ments may lack the sensitivity to identify mild-to-moderate 
delays,17,45 the detailed GMA (MOS-R)27 has strong utility 

for detecting non-CP NDDs, with reported associations be-
tween lower MOS-R and other NDDs.14,18,19,46

Currently a MOS-R cut-off of less than 21 is recommended 
for referral to intervention services;14 however, published cut-
off scores for cognitive, motor, and developmental outcomes 
range from less than 21 to less than 24.18,47,48 Our broad co-
hort included all gestational ages (range = 23–41 weeks) with 
varied risk factors (very preterm birth, hypoxic-ischaemic 
encephalopathy, low birthweight, neonatal surgery), with 
no significant difference in MOS-R between infants born 
preterm and at term.22 This supports use of a universal 
MOS-R cut-off score across all risk exposures, as opposed 
to specific cut-off scores based on gestational age.25,28,49,50 
Instead, we propose defining MOS-R cut-off scores for 
the likelihood of specific outcomes. In our cohort, MOS-R 
cut-off scores less than 23 best predicted mild-to-severe de-
velopmental concerns or high chance of NDDs, with a cut-
off-score of less than 12 strongest for high-chance/confirmed 
CP. We opted for cut-off scores with higher sensitivity to en-
sure that we identified the greatest number of infants who 
would benefit from early intervention.

In the present study, no infants with CP scored more 
than 21 on the MOS-R at 14 weeks or longer. Our study 
is the first to report predictive cut-off scores for identify-
ing a high chance of FASD (less than 21) and autism (less 
than 23). Both cut-off scores demonstrated good sensitiv-
ity; however, specificity was low. While this was probably 
affected by the low MOS-R scores of infants with other 
NDDs (motor/cognitive delay or CP), the transdiagnostic 
utility of the MOS-R for identifying infants with clinical 
signs of autism and FASD is promising, promoting earlier 

F I G U R E  1   Receiver operating characteristic (ROC) curves for neurodevelopmental outcomes according to screening assessment. (a) 
Neurodevelopmental delay or CP. (b) High likelihood of or confirmed CP. (c) High likelihood of autism. (d) High likelihood of fetal alcohol spectrum 
disorder. Abbreviations: ASQ-TRAK, Ages and Stages Questionnaire-Talking about Raising Aboriginal Kids; CP, cerebral palsy; HINE, Hammersmith 
Infant Neurological Examination; MOS-R, Motor Optimality Score-Revised.

(a) Neurodev.delay/CP

ROC area:

Aberrant FM >14 wks=0.60

MOS-R >14 wks=0.69

HINE=0.75

ASQ-TRAK=0.62

(c) high likelihood autism

ROC area:

Aberrant FM >14 wks=0.56

MOS-R >14 wks=0.68

HINE=0.75

ASQ-TRAK=0.61

(b) high likelihood/ 
confirmed CP 

ROC area:

Aberrant FM >14 wks=0.96

MOS-R >14 wks=0.83

HINE=0.92

ASQ-TRAK=0.71

(d) high likelihood FASD

ROC area:

Aberrant FM >14 wks=0.54

MOS-R >14 wks=0.86

HINE=0.87

ASQ-TRAK=0.68

 14698749, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/dm

cn.70003 by E
dith C

ow
an U

niversity, W
iley O

nline L
ibrary on [15/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10  |      LUKE et al.

and timely referral to therapeutic support than current 
practice (closer to school age).51

No single tool can predict the likelihood of a later outcome; 
rather, the trajectory of scores from the MOS-R and HINE 
provide a snapshot of development in time. Previous studies 
reported the developmental trajectories of the GMA (writhing 
and fidgety movements) and HINE52–54 to predict neurode-
velopmental outcomes. We add the predictive accuracy of a 
combined trajectory of MOS-R and HINE. Higher MOS-R 
and HINE scores were strongly associated with developing ‘on 
track’; conversely, a combined trajectory of low MOS-R (less 
than 23) and moderate-to-severely reduced HINE demon-
strated the greatest predictive accuracy for a high chance of 
NDD or CP at 12 months corrected age, improving specificity 
and PPV compared to either tool alone. While the ASQ-TRAK 
was less predictive, results can improve our understanding of 
an infant's domain-specific strengths and areas for support.15 

More recently, Jackman et  al.18 reported a predictive asso-
ciation between the MOS-R and HINE at 3 months and in-
fant neurodevelopment at 1 year; however, they found that 
combining scores did not improve the predictive value. Our 
findings support the necessity of triangulating results over 
a trajectory of multiple time points to gain a holistic under-
standing of an infant's overall clinical picture.22,52

The LEAP-CP programme represents a change from 
a ‘one-size-fits-all’ health care approach to instead struc-
ture services based on the specific needs of the population. 
Rethinking and adapting neonatal follow-up models of care 
requires cultural consultation and co-design to embed First 
Nations peoples' priorities, world views, and ways of being, 
knowing, and doing into clinical service delivery. This 
process must also address structural and cultural barriers, 
recognize cultural facilitators, and incorporate infants' ho-
listic risk profiles, including birth, maternal, cultural, and 

T A B L E  4   Diagnostic accuracy of recommended screening tools at each time point for neurodevelopmental outcomes at 12 months.

Outcome
Recommended tool(s) and 
cut-off score Timing

Percentage accuracy 
(95% CI)

Percentage sensitivity 
(95% CI)

Percentage 
specificity 
(95% CI)

NDD or CP MOS-R (< 23) 14–16 weeks 
corrected age

64 (54–74) 84 (71–92) 38 (24–54)

HINE (moderate to severe)c 4–9 months 
corrected age

72 (63–80) 64 (51–75) 84 (70–93)

Trajectory: MOS-R (< 23) + HINE (moderate to 
severe)

74 (65–82) 62 (49–74) 93 (81–99)

CP Fidgety movements 
(aberrant)

14–16 weeks 
corrected age

94 (87–98) 73 (39–94) 97 (90–99)

HINE (severe)d 4–9 months 
corrected age

86 (79–92) 100 (75–100) 85 (76–91)

Trajectory: MOS-R (< 20) + HINE (severely 
reduced)

93 (87–97) 73 (39–94) 96 (89–99)

Severity (GMFCS 
levels IV and V)

Trajectory: MOS-R (<9) + HINE (<40) 100 (97–100) 100 (29–100) 100 (96–100)

Topography, 
unilateral CP

Trajectory: MOS-R (asymmetry of finger 
postures) + HINE (≥ 5)a

92 (85–97) 60 (15–95) 94 (87–98)

Autismb MOS-R (< 23) 14–16 weeks 
corrected age

57 (43–69) 84 (64–95) 37 (22–55)

HINE (mild to severe)e 4–9 months 
corrected age

68 (57–79) 74 (55–88) 64 (4–78)

Trajectory: MOS-R (< 23) + HINE (moderate to 
severe)

80 (68–89) 59 (39–78) 95 (82–99)

FASDb MOS-R (< 21) 14–16 weeks 
corrected age

73 (58–85) 83 (36–100) 71 (55–84)

HINE (moderate to severe) 4–9 months 
corrected age

85 (73–93) 90 (52–100) 84 (70–93)

Trajectory: MOS-R (< 22) + HINE (moderate to 
severe)

92 (81–98) 89 (52–100) 93 (81–99)

Abbreviations: CI, confidence interval; CP, cerebral palsy; FASD, fetal alcohol spectrum disorder; GMFCS, Gross Motor Function Classification System; HINE, 
Hammersmith Infant Neurological Examination; MOS-R, Motor Optimality Score-Revised; NDD, neurodevelopmental delay.
aFive or more asymmetries on the HINE.
bCompared to developing on track.
cLess than the significant delay cut-off.
dLess than the cerebral palsy cut-off.
eLess than the 10th centile.

 14698749, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/dm

cn.70003 by E
dith C

ow
an U

niversity, W
iley O

nline L
ibrary on [15/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



      |  11
PREDICTING NEURODEVELOPMENTAL OUTCOMES IN AUSTRALIAN FIRST NATIONS INFANTS: 
THE TRANSDIAGNOSTIC UTILITY OF EARLY SCREENING TOOLS

socio-demographic factors, to guide individualized screen-
ing and support early and responsive care.

Strengths of our study are that it is the first to use an 
Australian First Nations culturally adapted early screening 
programme to investigate the transdiagnostic potential of 
evidence-based tools to accurately predict infant develop-
mental outcomes. The high retention rate of First Nations 
families, improving from 50% to 86%, compared to routine 
neonatal follow-up, supports the importance of co-designed 
programmes and culturally responsive health care. This study 
uniquely screened not only for a high chance of CP, but also 
other NDDs, to identify infants with high chance of autism and 
FASD earlier, in line with identified First Nations community 
priorities. Although rates of CP diagnosis among First Nations 
Australians are declining,55 the average age at diagnosis re-
mains 19 months.56 In addition, First Nations children with CP 
often present with more complex gross motor profiles and may 
require greater functional and cognitive support.55,57 In con-
trast, the reported prevalence of NDDs, including autism and 
FASD, in First Nations Australians remains variable. This vari-
ability is influenced by barriers to accessing specialist diagnos-
tic services, limited awareness, and concerns around missed 
diagnosis or misdiagnosis,58–60 with diagnosis often delayed 
until school age. Our findings underscore the importance of 
early identification of all developmental concerns (including 
not only CP but also developmental delay and the potential for 
a later chance of autism and FASD) to enable timely referral 
to intervention services, irrespective of diagnostic certainty, 
thereby optimizing neurodevelopmental trajectories.

There are some potential limitations to our study. 
Outcomes at 12 months are accurate for the prediction of CP; 
however, the features for autism and FASD are less certain 
and require later follow-up. Our study reported high rates 
of infants with an increased likelihood of autism.58,59 The 
SACS-R reported lower diagnostic accuracy for autism at 
12 months compared to 18 months and 24 months,36 so our 
outcomes should be interpreted cautiously. Our study as-
sessed four of the 10 developmental domains considered for 
FASD diagnosis,38 which were appropriate for the age of our 
cohort, with the remaining six domains only assessable in 
older children. Some confidence intervals for the odds ratios 
were notably wide, reflecting the imprecision of the estimate 
because of the small number of cases for specific NDDs.

Conclusion

Our prospective cohort study of First Nations Australian 
infants provides the first evidence for the accuracy and 
transdiagnostic utility of detailed GMA (MOS-R) and HINE 
in real-world clinical settings to identify infants develop-
ing typically ‘on track’ and to predict a high chance of CP 
and other NDDs, including autism and FASD. These tools 
are feasible and scalable to neonatal follow-up across broad 
health services in urban, regional, and remote settings, in-
cluding First Nations communities and culturally diverse 
populations in low-resource settings.

ACK NOW L E DGE M E N T S
Members of the Queensland State-wide LEAP Clinical Group 
are as follows: Shaneen Leishman, Anya Gordon, Hailey 
Williams, Chloe Taifalos, Maria Smith, Donna Dewis, Ellena 
Oakes, Lynda McNamara, and Megan Kentish. Open access 
publishing facilitated by The University of Queensland, as 
part of the Wiley - The University of Queensland agreement 
via the Council of Australian University Librarians.

We thank the families for their participation in this 
study and for inviting us to share in their child's journey. 
We acknowledge the key contributions of the Aboriginal 
and Torres Strait Islander peoples who have engaged, pro-
vided consultation and co-design to the cultural frame-
work and LEAP-CP study design, and shared knowledge 
to ensure that the cultural sensitivity and safety of the pro-
gramme ref lect key concepts of being, knowing, and doing. 
We acknowledge the support of clinicians and Aboriginal 
and Torres Strait Islander health workers in Cairns (Maria 
Smith, Donna Dewis, and Loren Bryant) and Palm Island 
(Mersane Oui). We also thank the Queensland Cerebral 
Palsy and Rehabilitation Research Centre clinical re-
search team—Sarah Gibson, Christine Finn, Bernadette 
Shannon, Lucy Fogarty, Dr Morgan Carlton—for their 
clinical inputs and role as advanced GMA assessors and 
HINE trainers.

This study is supported by project grants awarded by 
the Research Foundation, Cerebral Palsy Alliance (PhD 
grant [CL, no. PHD02619] and project grant [KB, no. 
PG05318]), the Australian National Health and Medical 
Research Council (NHMRC) (Investigator grant [RB, 
1195602] and Early Career Fellowship [KB, APP1145212]), 
an NHMRC-EU Horizon Grant (RB/KB, no. 11941280), 
a Perpetual IMPACT Philanthropy grant (RB, no. 
IPAP2020/0808), a Tropical Australian Academic Health 
Centre seeding grant (LMcN), and The University of 
Queensland PhD Research Training Program scholar-
ship (CL). The study sponsors had no role in study design, 
collection, analysis, and interpretation of the data, the 
writing of the manuscript, and the decision to submit the 
manuscript for publication.

Prof Arend F. Bos is a tutor for the General Movements 
Trust. Dr Carly Luke is an ASQ-TRAK facilitator for 
the Strong Kids, Strong Future programme and delivers 
HINE training. The other authors declare no conf licts of 
interest.

DATA AVA I L A BI L I T Y STAT E M E N T
Data available on request from the authors: the data the sup-
port the findings of this study are available from the corre-
sponding author upon reasonable request.

ORCI D
Carly Luke   https://orcid.org/0000-0002-2732-1942 
Katherine A. Benfer   https://orcid.
org/0000-0002-7252-5063 
Arend F. Bos   https://orcid.org/0000-0002-6103-6125 
Roslyn N. Boyd   https://orcid.org/0000-0002-4919-5975 

 14698749, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/dm

cn.70003 by E
dith C

ow
an U

niversity, W
iley O

nline L
ibrary on [15/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-2732-1942
https://orcid.org/0000-0002-2732-1942
https://orcid.org/0000-0002-7252-5063
https://orcid.org/0000-0002-7252-5063
https://orcid.org/0000-0002-7252-5063
https://orcid.org/0000-0002-6103-6125
https://orcid.org/0000-0002-6103-6125
https://orcid.org/0000-0002-4919-5975
https://orcid.org/0000-0002-4919-5975


12  |      LUKE et al.

R E F E R E N C E S
	 1.	 SNAICC – National Voice for our Children. The First Steps: 

Implementation Plan for the Early Childhood Care and Development 
Sector Strengthening Plan. Melbourne: SNAICC; 2023. Available from: 
https://​www.​snaicc.​org.​au/​wp-​conte​nt/​uploa​ds/​2023/​11/​230801_8_​
ECCD-​Agree​ment-​to-​Imple​ment.​pdf

	 2.	 Commonwealth of Australia. Commonwealth Closing the Gap 
Implementation Plan 2025. Canberra: Commonwealth of Australia; 
2025.

	 3.	 McCalman P, McLardie-Hore F, Newton M, McLachlan H, Forster D. 
Trust, privacy, community, and culture: Important elements of ma-
ternity care for Aboriginal and Torres Strait Islander women giving 
birth in Victoria. Women Birth 2023; 36(1):150–60.

	 4.	 Hardy BJ, Filipenko S, Smylie D, Ziegler C, Smylie J. Systematic re-
view of Indigenous cultural safety training interventions for health-
care professionals in Australia, Canada, New Zealand and the United 
States. BMJ Open 2023;13(10):e073320.

	 5.	 Luke CR, Benfer K, Mick-Ramsamy L, Ware RS, Reid N, Bos AF, et al. 
Early detection of Australian Aboriginal and Torres Strait Islander 
infants at high risk of adverse neurodevelopmental outcomes at 12 
months corrected age: LEAP-CP prospective cohort study protocol. 
BMJ Open 2022;12(1):e053646.

	 6.	 Talbott MR, Miller MR. Future Directions for Infant Identification and 
Intervention for Autism Spectrum Disorder from a Transdiagnostic 
Perspective. J Clin Child Adolesc Psychol 2020;49(5):688–700.

	 7.	 Finlay-Jones A, Varcin K, Leonard H, Bosco A, Alvares G, Downs 
J. Very Early Identification and Intervention for Infants at Risk of 
Neurodevelopmental Disorders: A Transdiagnostic Approach. Child 
Dev Perspect 2019;13(2):97–103.

	 8.	 Casseus M, Shoval HA, Erasmus AJ, Cheng J. Clinical and functional 
characteristics of co-occurring cerebral palsy and autism spectrum 
disorder among children and young adults. Res Autism Spectr Disord 
2024;118:102490.

	 9.	 O'Leary CM, Watson L, D'Antoine H, Stanley F, Bower C. Heavy ma-
ternal alcohol consumption and cerebral palsy in the offspring. Dev 
Med Child Neurol 2012;54(3):224–30.

	10.	 Lim YH, Licari M, Spittle AJ, Watkins RE, Zwicker JG, Downs J, et al. 
Early Motor Function of Children With Autism Spectrum Disorder: 
A Systematic Review. Pediatrics 2021;147(2):e2020011270.

	11.	 Akison LK, Hayes N, Vanderpeet C, Logan J, Munn Z, Middleton P, 
et al. Prenatal alcohol exposure and associations with physical size, 
dysmorphology and neurodevelopment: a systematic review and 
meta-analysis. BMC Med 2024;22(1):467.

	12.	 Bosanquet M, Copeland L, Ware R, Boyd R. A systematic review 
of tests to predict cerebral palsy in young children. Dev Med Child 
Neurol 2013;55(5):418–26.

	13.	 Novak I, Morgan C, Adde L, Blackman J, Boyd RN, Brunstrom-
Hernandez J, et al. Early, Accurate Diagnosis and Early Intervention 
in Cerebral Palsy: Advances in Diagnosis and Treatment. JAMA 
Pediatr 2017;171(9):897–907.

	14.	 Örtqvist M, Einspieler C, Ådén U. Early prediction of neurodevel-
opmental outcomes at 12 years in children born extremely preterm. 
Pediatr Res 2022;91(6):1522–9.

	15.	 Burgess A, Luke C, Jackman M, Wotherspoon J, Whittingham K, 
Benfer K, et al. Clinical utility and psychometric properties of tools for 
early detection of developmental concerns and disability in young chil-
dren: A scoping review. Dev Med Child Neurol 2025;67(3):286–306.

	16.	 Romeo DM, Cowan FM, Haataja L, Ricci D, Pede E, Gallini F, et al. 
Hammersmith Infant Neurological Examination for infants born 
preterm: predicting outcomes other than cerebral palsy. Dev Med 
Child Neurol 2021; 63(8):939–46.

	17.	 Caesar R, Colditz PB, Cioni G, Boyd RN. Clinical tools used in young 
infants born very preterm to predict motor and cognitive delay 
(not cerebral palsy): a systematic review. Dev Med Child Neurol 
2021;63(4):387–95.

	18.	 Jackman M, Morgan C, Luke C, Korostenski L, Zawada K, Juarez M, 
et al. The predictive validity of HINE, Bayley, general movements and 
MOS-R in infancy. Early Hum Dev 2025;203:106226.

	19.	 Crowle C, Jackman M, Morgan C. The General Movements Motor 
Optimality Score in High-Risk Infants: A Systematic Scoping Review. 
Pediatr Phys Ther 2022;35(1):2–26.

	20.	 Kildea S, Gao Y, Hickey S, Kruske S, Nelson C, Blackman R, et  al. 
Reducing preterm birth amongst Aboriginal and Torres Strait 
Islander babies: A prospective cohort study, Brisbane, Australia. 
eClinicalMedicine 2019;12(9):43–51.

	21.	 Hewlett N, Hayes L, Williams R, Hamilton S, Holland L, Gall A, 
et  al. Development of an Australian FASD Indigenous Framework: 
Aboriginal Healing-Informed and Strengths-Based Ways of Knowing, 
Being and Doing. Int J Environ Res Public Health 2023;20(6):5215

	22.	 Luke C, Mick-Ramsamy L, Bos AF, Benfer KA, Bosanquet M, Gordon 
A, et al. Relationship between early infant motor repertoire and neu-
rodevelopment on the hammersmith infant neurological examina-
tion in a developmentally vulnerable First Nations cohort. Early Hum 
Dev 2024;192:106004.

	23.	 Huria T, Palmer SC, Pitama S, Beckert L, Lacey C, Ewen S, et  al. 
Consolidated criteria for strengthening reporting of health research 
involving indigenous peoples: the CONSIDER statement. BMC Med 
Res Methodol 2019;19(1):173.

	24.	 Benfer K, Boyd RN, Roe Y, Fagan R, Luke C, Mick-Ramsamy L, et al. 
Study protocol: peer delivered early intervention (Learning through 
Everyday Activities with Parents for Infants at risk of Cerebral Palsy: 
LEAP-CP) for First Nation Australian infants at high risk of cerebral 
palsy – an RCT study. BMJ Open 2023;13(3):e059531.

	25.	 Kwong AKL, Doyle LW, Olsen JE, Eeles AL, Zannino D, Mainzer 
RM, et al. Parent-recorded videos of infant spontaneous movement: 
Comparisons at 3-4 months and relationships with 2-year develop-
mental outcomes in extremely preterm, extremely low birthweight and 
term-born infants. Paediatr Perinat Epidemiol 2022;36(5):673–82.

	26.	 Luke C, Bos AF, Jackman M, Ware RS, Gordon A, Finn C, et  al. 
Reproducibility of the Motor Optimality Score–Revised in infants 
with an increased risk of adverse neurodevelopmental outcomes. Dev 
Med Child Neurol 2025; 67:1176–85.

	27.	 Einspieler C, Bos AF, Krieber-Tomantschger M, Alvarado E, Barbosa 
VM, Bertoncelli N, et  al. Cerebral Palsy: Early Markers of Clinical 
Phenotype and Functional Outcome. J Clin Med 2019; 8(10):1616

	28.	 Örtqvist M, Einspieler C, Marschik PB, Ådén U. Movements and pos-
ture in infants born extremely preterm in comparison to term-born 
controls. Early Hum Dev 2020;154:105304.

	29.	 Haataja L, Mercuri E, Regev R, Cowan F, Rutherford M, Dubowitz V, 
et al. Optimality score for the neurologic examination of the infant at 
12 and 18 months of age. J Pediatr 1999;135(2):153–61.

	30.	 Romeo DM, Apicella M, Velli C, Brogna C, Ricci D, Pede E, et  al. 
Hammersmith Infant Neurological Examination in low-risk infants 
born very preterm: a longitudinal prospective study. Dev Med Child 
Neurol 2022;64(7):863–70.

	31.	 Romeo DM, Cowan FM, Haataja L, Ricci D, Pede E, Gallini F, et al. 
Hammersmith Infant Neurological Examination in infants born at 
term: Predicting outcomes other than cerebral palsy. Dev Med Child 
Neurol 2022;64(7):871–80.

	32.	 Romeo DM, Ricci D, Brogna C, Mercuri E. Use of the Hammersmith 
Infant Neurological Examination in infants with cerebral 
palsy: a critical review of the literature. Dev Med Child Neurol 
2016;58:240–5.

	33.	 D'Aprano A, Silburn S, Johnston V, Robinson G, Oberklaid F, Squires 
J. Adaptation of the Ages and Stages Questionnaire for Remote 
Aboriginal Australia. Qual Health Res 2016;26(5):613–25.

	34.	 Simpson S, Eadie T, Khoo ST, Titmuss A, Maple-Brown LJ, Thompson 
R, et  al. The ASQ-TRAK: Validating a culturally adapted develop-
mental screening tool for Australian Aboriginal children. Early Hum 
Dev 2021;163:105481.

	35.	 Squires J, Bricker D, Potter L. Revision of a Parent-Completed 
Developmental Screening Tool: Ages and Stages Questionnaires. J 
Pediatr Psychol 1997;22(3):313–28.

	36.	 Barbaro J, Sadka N, Gilbert M, Beattie E, Li X, Ridgway L, et  al. 
Diagnostic Accuracy of the Social Attention and Communication 
Surveillance–Revised With Preschool Tool for Early Autism 

 14698749, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/dm

cn.70003 by E
dith C

ow
an U

niversity, W
iley O

nline L
ibrary on [15/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.snaicc.org.au/wp-content/uploads/2023/11/230801_8_ECCD-Agreement-to-Implement.pdf
https://www.snaicc.org.au/wp-content/uploads/2023/11/230801_8_ECCD-Agreement-to-Implement.pdf


      |  13
PREDICTING NEURODEVELOPMENTAL OUTCOMES IN AUSTRALIAN FIRST NATIONS INFANTS: 
THE TRANSDIAGNOSTIC UTILITY OF EARLY SCREENING TOOLS

Detection in Very Young Children. JAMA Netw Open 2022;5(3):e2
146415-e.

	37.	 Albers CA, Grieve AJ. Test review: Bayley, N.(2006). Bayley scales 
of infant and toddler development–third edition. San Antonio, TX: 
Harcourt assessment. J Psychoeduc Assess 2007;25(2):180–90.

	38.	 Bower C, Elliott E, on behalf of the steering group. Report to the 
Australian Government Department of Health: “Australian Guide to 
the diagnosis of Fetal Alcohol Spectrum Disorder (FASD)”. Australian 
Government Department of Health; 2020.

	39.	 Hassanzad M, Hajian-Tilaki K. Methods of determining opti-
mal cut-point of diagnostic biomarkers with application of clinical 
data in ROC analysis: an update review. BMC Med Res Methodol 
2024;24(1):84.

	40.	 Frisone MF, Mercuri E, Laroche S, Foglia C, Maalouf EF, Haataja L, 
et al. Prognostic value of the neurologic optimality score at 9 and 18 
months in preterm infants born before 31 weeks' gestation. J of Pediatr 
2002;140(1):57–60.

	41.	 King AR, Machipisa C, Finlayson F, Fahey MC, Novak I, Malhotra 
A. Early detection of cerebral palsy in high-risk infants: Translation 
of evidence into practice in an Australian hospital. J Paediatr Child 
Health 2021;57(2):246–50.

	42.	 Te Velde A, Tantsis E, Novak I, Badawi N, Berry J, Golland P, et al. 
Age of Diagnosis, Fidelity and Acceptability of an Early Diagnosis 
Clinic for Cerebral Palsy: A Single Site Implementation Study. Brain 
Sci 2021;11(8):1074

	43.	 Maitre NL, Burton VJ, Duncan AF, Iyer S, Ostrander B, Winter S, et al. 
Network Implementation of Guideline for Early Detection Decreases 
Age at Cerebral Palsy Diagnosis. Pediatrics 2020;145(5):e20192126

	44.	 Romeo DM, Cioni M, Palermo F, Cilauro S, Romeo MG. Neurological 
assessment in infants discharged from a neonatal intensive care unit. 
Eur J Paediatr Neurol 2013;17(2):192–8.

	45.	 Kwong AKL, Doyle LW, Olsen JE, Eeles AL, Lee KJ, Cheong JLY, et al. 
Early motor repertoire and neurodevelopment at 2 years in infants 
born extremely preterm or extremely-low-birthweight. Dev Med 
Child Neurol 2022;64(7):855–62.

	46.	 Salavati S, Bos AF, Doyle LW, Anderson PJ, Spittle AJ. Very Preterm 
Early Motor Repertoire and Neurodevelopmental Outcomes at 
8 Years. Pediatrics 2021;148(3): e2020049572

	47.	 Crowle C, Jackman M, Webb A, Morgan C. Use of the Motor 
Optimality Score-Revised (MOS-R) to predict neurodevelopmen-
tal outcomes in infants with congenital anomalies. Early Hum Dev 
2023;187:105876.

	48.	 Kwong AK, Boyd RN, Chatfield MD, Ware RS, Colditz PB, George 
JM. Early Motor Repertoire of Very Preterm Infants and Relationships 
with 2-Year Neurodevelopment. J Clin Med 2022;11(7):1833

	49.	 Peyton C, Millman R, Rodriguez S, Boswell L, Naber M, Spittle A, 
et al. Motor Optimality Scores are significantly lower in a population 
of high-risk infants than in infants born moderate-late preterm. Early 
Hum Dev 2022;174:105684.

	50.	 Salavati S, Berghuis SA, Bosch T, Hitzert MM, Baptist DH, Mebius 
MJ, et al. A comparison of the early motor repertoire of very preterm 
infants and term infants. Eur J Paediatr Neurol 2021;32:73–9.

	51.	 Bent CA, Dissanayake C, Barbaro J. Mapping the diagnosis of autism 
spectrum disorders in children aged under 7 years in Australia, 2010-
2012. Med J Aust 2015;202(6):317–20.

	52.	 Caesar RA, Boyd RN, Cioni G, Ware RS, Doherty J, Jackson MP, et al. 
Early detection of developmental delay in infants born very preterm or 
with very low birthweight. Dev Med Child Neurol 2022;65(3):346–57.

	53.	 Dicanio D, Spoto G, Alibrandi A, Minutoli R, Nicotera AG, Di Rosa 
G. Long-term predictivity of early neurological assessment and de-
velopmental trajectories in low-risk preterm infants. Front Neurol 
2022;13:958682

	54.	 Romeo DM, Guzzetta A, Scoto M, Cioni M, Patusi P, Mazzone D, 
et al. Early neurologic assessment in preterm-infants: Integration of 

traditional neurologic examination and observation of general move-
ments. Eur J Paediatr Neurol 2008;12(3):183–9.

	55.	 Martin T, McIntyre S, Waight E, Baynam G, Watson L, Langdon K, 
et al. Prevalence and trends for Aboriginal and Torres Strait Islander 
children living with cerebral palsy: A birds-eye view. Dev Med Child 
Neurol 2023; 65(11):1475–85

	56.	 Group TACPR. Report of the Australian Cerebral Palsy Register: 
birth years 1995–2012. Cerebral Palsy Alliance Research Institution; 
2018.

	57.	 Blair E, Watson L, O'Kearney E, D'Antoine H, Delacy MJ, the 
Australian Cerebral Palsy Register G. Comparing risks of cerebral 
palsy in births between Australian Indigenous and non-Indigenous 
mothers. Dev Med Child Neurol 2016;58(S2):36–42.

	58.	 Bailey B, Arciuli J. Indigenous Australians with autism: A scoping 
review. Autism 2020;24(5):1031–46.

	59.	 Lilley R, Sedgwick, M., and Pellicano, E. “We Look After Our Own 
Mob”: Aboriginal and Torres Strait Islander Experiences of Autism. 
Sydney, Australia: Macquarie University; 2019.

	60.	 Fitzpatrick JP, Latimer J, Olson HC, Carter M, Oscar J, Lucas BR, 
et al. Prevalence and profile of Neurodevelopment and Fetal Alcohol 
Spectrum Disorder (FASD) amongst Australian Aboriginal children 
living in remote communities. Res Dev Disabil 2017;65:114–26.

SU PP ORT I NG I N FOR M AT ION
The following additional material may be found online: 
Figure S1: Classification of screening and outcomes.
Figure S2: Study flow chart.
Table S1: Maternal characteristics and family demographics, 
n = 156.
Table S2: Relationship between screening assessments and 
high chance/confirmed NDD/CP at 12 months, n = 127.
Table  S3: Relationship between HINE (categorical) and 
outcomes at 12 months, n = 127.
Table  S4: Diagnostic accuracy of screening assessments 
(fidgety movements, MOS-R, HINE, ASQ-TRAK) to 
predict neurodevelopmental delay and/or cerebral palsy at 
12 months corrected age.
Table S5: Relationship between early screening assessments 
(MOS-R, HINE) and cerebral palsy severity and topography, 
n = 123.
Table S6: Relationship between screening assessments and 
high chance of CP, FASD and/or autism at 12 months, n = 127.
Table S7: Early screening outcomes and neurodevelopmental 
profile of infants with confirmed or high chance of CP, 
autism and/or FASD at 12 months.

How to cite this article: Luke C, Benfer KA, Mick-
Ramsamy L, Ware RS, Bosanquet M, Reid N, et al. 
Predicting neurodevelopmental outcomes in 
Australian First Nations infants: The transdiagnostic 
utility of early screening tools. Dev Med Child 
Neurol. 2025;00:1–13. https://doi.org/10.1111/
dmcn.70003

 14698749, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/dm

cn.70003 by E
dith C

ow
an U

niversity, W
iley O

nline L
ibrary on [15/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/dmcn.70003
https://doi.org/10.1111/dmcn.70003

	Predicting neurodevelopmental outcomes in Australian First Nations infants: The transdiagnostic utility of early screening tools
	Abstract
	METHOD
	Statistical analysis

	RESULTS
	Prediction of neurodevelopmental outcomes
	Prediction of CP, autism, and fetal alcohol spectrum disorder

	DISCUSSION
	Conclusion

	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


