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ABBREVIATIONS

AUC Area under the curve

BoHM Both hands measure

EaHS Each hand sum score

HAI Hand Assessment for Infants

GMA Qualitative Assessment of

General Movements

HINE Hammersmith Infant

Neurological Examination

AIM To evaluate the sensitivity, specificity, and predictive value of the Hand Assessment for

Infants (HAI) in identifying infants at risk of being diagnosed with unilateral cerebral palsy

(CP), and to determine cut-off values for this purpose.

METHOD A convenience sample of 203 infants (106 females, 97 males) was assessed by the

HAI at 3, 6, 9, and 12 months. Sensitivity, specificity, predictive values, and likelihood ratios

were calculated using receiver operating characteristic curve analysis. Cut-off values were

derived for different ages. The clinical outcome (unilateral CP yes/no) at 24 months or more

served as an external criterion to investigate the predictive validity of HAI.

RESULTS Half of the infants developed unilateral CP. The area under the curve ranged from

0.77 (95% CI [confidence interval] 0.63–0.91) to 0.95 (95% CI 0.90–1.00) across HAI scales and

age intervals. Likewise, sensitivity ranged from 63% to 93%, specificity from 62% to 91%, and

accuracy from 73% to 94%.

INTERPRETATION HAI scores demonstrated overall accuracy that ranged from very good to

excellent in predicting unilateral CP in infants at risk aged between 3.5 and 12 months. This

accuracy increased with age at assessment and the earliest possible prediction was at

3.5 months of age, when appropriate HAI cut-off values for different ages were applied.

Standardized motor assessments that have been thor-
oughly investigated are an essential component of early
detection of cerebral palsy (CP), and are highly sought
after by both professionals and parents.1,2 Children in
high-income countries are typically diagnosed with CP
at an average age of 19 months or even later.3 Early
identification of infants that will develop CP is impor-
tant for the accurate inclusion of infants in family sup-
port and early intervention programmes. For instance,
constraint-induced movement therapy for infants that
specifically targets the affected upper limb can be
administered during the first year of life.4 Concerning
the identification of unilateral CP, hand asymmetry is a
common early indicator.2 Using the newly developed
Hand Assessment for Infants (HAI) we can, for the first
time, measure and describe hand function in terms of
unilateral and bilateral hand use in infants with clinical
signs of unilateral CP.5 The HAI is a criterion- and
norm-referenced test that quantifies the contribution of
each hand separately, as well as the interplay between
hands, and provides excellent validity and reliability of

scores in infants aged 3 to 12 months who are at risk
of unilateral CP; results from a Rasch measurement
model analysis have indicated a potential for measuring
change over time.5

The question arises, how well can the HAI predict
infants at risk that may be later diagnosed with unilateral
CP? Previous studies have shown that the HAI can play a
role in diagnosing unilateral CP at an early age in infants
born at term as well as infants born preterm.6,7 By com-
bining the HAI with neonatal magnetic resonance imaging
(MRI), gestational age, and sex it was possible to accu-
rately identify the prognostic risk of unilateral CP as early
as 3.5 to 4.5 months in infants with asymmetric perinatal
brain injury.6 This suggests that the HAI could also be
used for predictive purposes and thereby complement
existing methods in identifying and diagnosing unilateral
CP. The aim of this research was to evaluate the sensitiv-
ity, specificity, and positive and negative predictive values
of the HAI for identifying infants at risk of being diag-
nosed with unilateral CP, and to determine cut-off values
for this purpose.
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METHOD
Study design and setting
This longitudinal prospective study investigated the predic-
tive validity of the HAI at various cut-off values for identi-
fying infants aged 3 to 12 months who would go on to
have a clinical diagnosis of unilateral CP (yes/no) at
24 months or more corrected age. The study was con-
ducted in routine clinical care settings in Sweden, Italy,
the Netherlands, and Australia.

Participants
A convenience sample of infants was recruited from different
follow-up programmes and neurological clinics at Astrid
Lindgren Children’s Hospital, Stockholm, Sweden; the Wil-
helmina Children’s Hospital of the University Medical Cen-
ter in Utrecht, the Netherlands; the Department of
Developmental Neuroscience of IRCCS Fondazione Stella
Maris Pisa, Italy; and the Cerebral Palsy Alliance, Sydney,
Australia from 2006 to 2016. In Stockholm, infants with dif-
ferent types of perinatal stroke (included in the national
stroke follow-up programme) and an asymmetric perinatal
brain injury were identified, as well as infants from the child
neurology department after referral to the hospital at 3 to
12 months. All infants were referred to the occupational
therapy department for HAI assessments by a physician. In
contrast, in Utrecht, Pisa, and Sydney, only infants at high
risk of unilateral CP based on MRI findings were recruited
and followed by HAI assessments. Several infants had partic-
ipated in previous clinical trials or descriptive studies.4,6,8,9

Inclusion criteria were: (1) infants between 3 and
12 months corrected age, (2) with risk of unilateral CP due
to either a history of a neonatal event such as a perinatal
stroke (≥37wks’ gestation), an asymmetric brain injury con-
firmed by brain imaging (MRI), or observed neurological
signs of hand asymmetry, and (3) available information
about the presence or absence of a diagnosis of unilateral
CP at 24 months or more corrected age verified by medi-
cal records. Exclusion criteria were early signs of other
subtypes of CP and infants with severe visual impairment
that might affect testing.

Ethical approval
All parents received oral and written information about the
study before providing written informed consent. Ethical
approval was granted from the regional ethics committee
in Stockholm (2008/148-31, 2011/278-32, and 2018/1329-
32) and in the other participating countries by the relevant
institutional or regional review boards (Italy: IRCCS Fon-
dazione Stella Maris; the Netherlands: Medical Ethical
Committee Utrecht; and Australia: Sydney Children’s
Hospital Network, Cerebral Palsy Alliance, and the
University of Notre Dame).

Hand Assessment for Infants
The HAI test procedure comprises a video-recorded, semi-
structured 10- to 15-minute play session with the infant

using carefully selected toys to elicit toy exploration, which
makes a wide range of motor actions observable. The HAI
measures 12 unimanual items for each hand individually
and five bimanual items, scored on a 3-point rating scale,
and their sum is transformed by Rasch measurement model
analysis into an interval level logit-based both hands mea-
sure (BoHM) on a 0 to 100 HAI unit scale, where a higher
score indicates better performance. The unimanual items
are scored separately for each hand with a raw score rang-
ing from 0 to 24 (each hand sum score [EaHS]). In addi-
tion, an asymmetry index (%) of the percent difference
between hands based on the EaHS is provided (= [1�lesser
functioning hand sum score/better functioning hand sum
score]9100).5,10 Interrater and test–retest reliability were
excellent for the HAI BoHM and the EaHS for infants
with neurological signs of hand asymmetry (intraclass cor-
relation coefficient2,1=0.96–0.99).

11

Data collection
HAI data were collected in the hospitals during regular
follow-up mainly at about 3, 6, 9, and 12 months corrected
age. Additional HAI assessments were performed for
infants included in clinical trials. Infants that were not
included in the national follow-up programme were
assessed after later referral to the hospital, at various time
points. As a result of the variation in age at inclusion, the
numbers of HAI assessments per infant differed. All HAI
assessments were analysed by the latest version of the HAI
manual by a total of four certified and experienced thera-
pists from Sweden, Italy, and the Netherlands.

The clinical diagnosis of unilateral CP (yes/no) that
served as external criterion to investigate the predictive
validity of HAI was collected from medical records of clin-
ical routine care at 24 months or more corrected age. The
diagnosis of unilateral CP was based on a clinical assess-
ment in compliance with European guidelines.12

Statistical analysis
The Shapiro–Wilk test was performed to test normality
for continuous variables (including the scores of the con-
tralesional EaHS, asymmetry index, and BoHM) and
descriptive summary statistics were reported accordingly.
Receiver operating characteristic curve analysis was per-
formed and sensitivity, specificity, positive and negative
predictive values, accuracy, and likelihood ratios were cal-
culated for the HAI contralesional EaHS, asymmetry
index, and BoHM for each age interval. HAI assessments
were grouped in six age intervals for analysis and, for
infants with repeated HAI assessments, the earliest assess-
ment was included per each corresponding age interval.

What this paper adds
• The Hand Assessment for Infants (HAI) predicts unilateral cerebral palsy (CP)

with high accuracy.

• HAI cut-off values can guide clinical practice for early identification and
diagnosis of unilateral CP.
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Stata/IC 15 (Statcorp, College station, TX, USA) was used
to perform all analyses.

The receiver operating characteristic curve plots sensitiv-
ity (vertical axis) against 1–specificity (horizontal axis) for
all possible thresholds of a measure for the decision rule.
The area under the curve (AUC) is an indicator of the
accuracy of the measure over the range of thresholds and
provides a means of comparing the overall strength
between HAI scales. It shows how well the HAI can distin-
guish between infants that developed or did not develop
unilateral CP; an AUC near 1.0 indicates excellent discrim-
ination whereas an AUC of 0.5 is no better than chance.
An AUC of 0.7 to 0.8 can be considered acceptable, 0.8 to
0.9 excellent, and over 0.9 outstanding.13

Values for the sensitivity and specificity of the HAI and
their corresponding cut-off values were derived from the
receiver operating characteristic curve analysis. For a given
HAI scale (e.g. BoHM) we considered a cut-off value opti-
mal if it maximized accuracy, where accuracy was defined
as the total number of true test results (true positives plus
true negatives) divided by the total number of test results
(all positives and negatives). In cases of several cut-off val-
ues with equal accuracy, clinical reasoning as well as
knowledge about hand development in infants and norma-
tive values of HAI were taken into account to reach con-
sensus among authors (UCR, A-CE, and LK-S).9,10 For a
given HAI scale to be considered of clinical value for early
prediction of unilateral CP, an a priori minimum threshold
of 0.80 was required for the AUC as well as for sensitivity,
specificity, accuracy, and predictive values.

RESULTS
Participants
Demographic details of participants are summarized in
Table 1. A total of 203 infants (106 females, 97 males)
with a median gestational age of 38 weeks (interquartile
range 32–40wks+4) participated and about one-half of them
developed unilateral CP (n=103). The majority of infants
had a history of a neonatal event (n=183) verified by brain
imaging, except for 10 infants with perinatal stroke identi-
fied by other investigations like electroencephalogram and
ultrasound (Table 1). MRI findings were mainly perinatal
arterial ischaemic stroke in infants born at term and
periventricular haemorrhagic infarction in infants born pre-
term. In addition, infants with other conditions such as
white matter injuries or parenchymal haemorrhages were
considered at high risk for unilateral CP. Twenty infants
had no MRI information available and presented solely
with neurological signs of hand asymmetry.

Each infant contributed one to five HAI assessments
(mean 2.7, SD 1.01) to the analysis resulting in a total of
541 assessments between 13 and 53 weeks corrected age.
The initial HAI assessment was performed before
6 months of age for the majority of infants (Table 1) and
median HAI scores across the different age intervals are
presented in Table 2. Variations in timing for the data col-
lection of the HAI data resulted in different infants being
included at different age intervals. Accordingly, the preva-
lence of unilateral CP varied across age intervals (40–62%)
(Table 3).

Predictive value of the HAI
The AUC provides a measure of the ability of a given HAI
scale to correctly identify those infants who will go on to
develop unilateral CP and those who will not. The AUC
ranged from 0.77 to 0.95 across HAI scales and age inter-
vals with excellent AUCs for the contralesional EaHS
(0.81–0.94) and asymmetry index (0.81–0.95), and moder-
ate AUCs for the BoHM (0.77–0.90) (Table 3 and Fig. 1).

The AUC for all HAI scales increased with age at
assessment. At 3 months, the AUCs were moderate (0.77–
0.81), but from about 3.5 to 4.5 months, the accuracy for
all three scales was very good (AUC 0.81–0.88) with the
highest level of accuracy for the contralesional EaHS.
Then, from about 4.5 to 5.5 months, the contralesional
EaHS and the asymmetry index showed excellent accuracy,
and that of the BoHM was very good. Finally, excellent
accuracy for all scales was found at about 5.5 to
6.5 months as well as between 7.5 and 12 months
(Table 3).

Values for sensitivity and specificity were reported for
specific cut-off values of the HAI scales that were derived
from the receiver operating characteristic curve analysis
(Table S1, online supporting information). Sensitivity ran-
ged from 63% to 97% and specificity from 62% to 91%
across HAI scales and age intervals, while accuracy for the
related cut-off values ranged from 69% to 94%. At about

Table 1: Demographic data of participants (n=203)

Median
(IQR) n

Unilateral
CP (yes/no)

Gestational age at birth (wks) 38.1
(32,
40.4)

Term/preterm/very preterma 130/
37/
36

Female/male 106/
97

Country: Sweden/the Netherlands/
Italy/Australia

128/
45/
22/8

Age at first HAI assessment: 3–5/6
–8/9–10mo CA

155/
45/3

Unilateral CP (yes/no) at ≥12mo
CA

103/
100

Clinical diagnosis perinatal stroke,
n=102

38/64

Asymmetric perinatal brain injury
(other than perinatal stroke),
n=81

53/28

Neurological signs of hand
asymmetry, n=20

12/8

aTerm: ≥37wks gestational age (GA) at birth, preterm: 36–30wks
GA, and very preterm: <30wks GA. IQR, interquartile range; CP,
cerebral palsy; HAI, Hand Assessment for Infants; CA, corrected
age.

438 Developmental Medicine & Child Neurology 2021, 63: 436–443
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3 months, the sensitivity (63–79%) and specificity (62–
81%), as well as accuracy (69–78%), at corresponding
thresholds of HAI scales ranged from low to moderate.
The predictive ability became better with increasing age.
At about 3.5 to 4.5 months, the contralesional EaHS and
the asymmetry index showed the same predictive ability
with all values (sensitivity, specificity, accuracy, and predic-
tive values), exceeding the a priori specified threshold of
80% except sensitivity (79%) (Table S1). Finally, at about
4.5 to 5.5 months, all performance values for the contrale-
sional EaHS and the asymmetry index exceed the a priori
threshold of 80%. In contrast, the BoHM yielded very
good predictive ability from 5.5 to 6.5 months at the earli-
est (Table S1). Moderate positive likelihood ratios were
found for the contralesional EaHS from 3.5 to 6.5 months,
and excellent positive likelihood ratios for the asymmetry
index from 4.5 to 6.5 months indicating a moderate to
large change towards diagnosing unilateral CP when per-
forming a HAI within these age ranges. The BoHM again
yielded moderate positive likelihood ratios only at later
age. A positive likelihood ratio greater than 10 indicates
strong evidence for the presence of unilateral CP, while a
negative likelihood ratio less than 0.1 indicates strong evi-
dence for the absence of unilateral CP.14

DISCUSSION
This study provides evidence of very good to excellent
overall accuracy of HAI scores in predicting unilateral CP
in infants at various age intervals between 3.5 and
12 months of age. The predictive performance increased
with age at assessment and use of the HAI contralesional

EaHS and asymmetry index is suggested alongside existing
methods for the identification of infants at risk of diagnosis
of unilateral CP from 3.5 months of age. Earlier prediction
(3–3.5mo) remains difficult, indicated by moderate accu-
racy in discriminating between infants with and without
unilateral CP.

In addition to overall predictive performance, cut-off
values for different ages were established in order to facili-
tate clinical application and comparison with existing
methods suggested for prediction. Here, we aimed for the
best trade-off between sensitivity and specificity for maxi-
mum accuracy being aware of the importance of both char-
acteristics in this context. On the one hand, high
sensitivity is required so that infants that will develop uni-
lateral CP are not missed (false negatives are minimized) in
order to offer the best possible support to them and their
families. On the other hand, specificity is important to the
same extent because one does not want to cause unneces-
sary concern in parents. The predictive values are of inter-
est as the positive predictive value informs about the
proportion of infants that will be diagnosed with unilateral
CP given a HAI score indicating hand asymmetry, and
similarly the negative predictive value gives information
about the infants that will not be diagnosed with unilateral
CP based on a HAI score indicating no hand asymmetry.
However, predictive values as well as likelihood ratios

Table 2: Median values (interquartile ranges) for Hand Assessment for
Infants scales of infants with and without unilateral cerebral palsy (CP)

Unilateral CP No unilateral CP

Wk 13–14 (3mo), n=45 n=19 n=26
Contralesional EaHS 9 (5, 12) 14 (11, 17)
Asymmetry index 22 (9, 59) 0 (0, 8)
BoHM 37 (30, 44) 47 (42, 54)

Wk 15–19 (3.5–4.5mo), n=89 n=39 n=50
Contralesional EaHS 6 (4, 10) 16 (12, 18)
Asymmetry index 60 (41, 74) 11 (5, 19)
BoHM 40 (35, 49) 56 (50, 59)

Wk 20–24 (4.5–5.5mo), n=82 n=32 n=50
Contralesional EaHS 7 (4, 13) 19 (17, 21)
Asymmetry index 68 (38, 81) 7 (0, 14)
BoHM 46 (43, 55) 63 (59, 69)

Wk 25–29 (5.5–6.5mo), n=100 n=54 n=46
Contralesional EaHS 8 (3, 14) 21 (19, 22)
Asymmetry index 63 (33, 82) 5 (4, 9)
BoHM 50 (43, 60) 74 (66,79)

Wk 30–34 (6.5–7.5mo), n=74 n=45 n=29
Contralesional EaHS 7 (4, 14) 21 (19, 23)
Asymmetry index 70 (39, 83) 13 (4, 14)
BoHM 50 (44, 61) 77 (68, 84)

Wk 35–53 (7.5–12mo), n=151 n=93 n=58
Contralesional EaHS 11 (3, 15) 23 (22, 24)
Asymmetry index 54 (38, 86) 4 (0, 5)
BoHM 57 (45, 66) 84 (77, 93)

EaHS, each hand sum score; BoHM, both hands measure.

Table 3: AUC with 95% CI for HAI scales at different ages

AUC 95% CI

Wk 13–14 (3mo), n=45
Unilateral CP prevalence 42%

Contralesional EaHS 0.81 0.69–0.93
Asymmetry index 0.81 0.68–0.94
BoHM 0.77 0.64–0.91

Wk 15–19 (3.5–4.5mo), n=89
Unilateral CP prevalence 44%

Contralesional EaHS 0.88 0.80–0.96
Asymmetry index 0.86 0.77–0.95
BoHM 0.81 0.72–0.91

Wk 20–24 (4.5–5.5mo), n=82
Unilateral CP prevalence 40%

Contralesional EaHS 0.92 0.85–0.98
Asymmetry index 0.93 0.86–1.00
BoHM 0.87 0.79–0.95

Wk 25–29 (5.5–6.5mo), n=100
Unilateral CP prevalence 54%

Contralesional EaHS 0.94 0.90–0.99
Asymmetry index 0.95 0.90–1.00
BoHM 0.90 0.84–0.97

Wk 30–34 (6.5–7.5mo), n=74
Unilateral CP prevalence 61%

Contralesional EaHS 0.91 0.83–0.98
Asymmetry index 0.92 0.85–0.99
BoHM 0.84 0.73–0.96

Wk 35–53 (7.5–12mo), n=151
Unilateral CP prevalence 62%

Contralesional EaHS 0.93 0.89–0.98
Asymmetry index 0.95 0.91–0.99
BoHM 0.90 0.84–0.97

AUC, area under the curve; CI, confidence interval; HAI, Hand
Assessment for Infants; CP, cerebral palsy; EaHS, each hand sum
score; BoHM, both hands measure.
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Figure 1: Receiver operating characteristic curves for the Hand Assessment for Infants (HAI). EaHS, each hand sum score; AUC, area under the curve.
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depend on the prevalence of unilateral CP in the popula-
tion of interest. In our study, a convenience sample of
infants from four hospitals that were at risk of unilateral
CP was assessed. Accordingly, the predictive values can be
expected to be similar only in a population with a compa-
rable prevalence.

We suggest that the contralesional EaHS should primar-
ily be used for the prediction of unilateral CP, although
the predictive ability of the asymmetry index was very sim-
ilar, as it is based on the EaHS. Thus, the asymmetry
index is the percentage difference between the EaHS of
both hands in relation to the ipsilesional hand (non-af-
fected hand), and thus is highly influenced by the natural
development of the non-affected hand. Although the
affected hand may also develop with time, the asymmetry
index could increase just because the non-affected hand
develops at a faster pace. This may be one explanation for
the unsystematic increase and decrease of the asymmetry
index across ages, unlike the other HAI scales. The BoHM
was shown to be less suitable for the prediction of unilat-
eral CP until later age because bimanual actions develop
later in infancy.10

For diagnostic purposes, MRI is widely used to detect
asymmetric perinatal brain lesions. Visual analysis of the
corticospinal tract on MRI has been shown to be predictive
for unilateral CP, especially when performed near term
age, but the risk of overestimating the number of infants
that will develop unilateral CP is large because of its lim-
ited specificity.6,15 Better predictive performance was found
for diffusion tensor imaging compared with the separate
use of either conventional MRI or the HAI, particularly
for infants born preterm.7 Unfortunately, the cut-off values
for the HAI asymmetry index reported by Wagenaar et al.
cannot be compared with our thresholds as they used a dif-
ferent calculation method for the asymmetry index than
the score form in the final manual.5,7 The advantage of
brain imaging techniques is they give information at term
age; however, when MRI was combined with the HAI and
other risk factors like gestational age and sex, the predic-
tion of unilateral CP became excellent being both sensitive
and specific, as early as at 3.5 months of age.6

This study demonstrated that HAI can offer additional
information to existing diagnostic methods for infants at
risk of unilateral CP during the first year of life.1,6 Other
widely used standardized tools to identify infants at risk of
CP early on include Prechtl’s Qualitative Assessment of
General Movements (GMA) and the Hammersmith Infant
Neurological Examination (HINE).16,17 Prechtl’s GMA is
considered the most predictive tool for the identification of
CP based on a lack of fidgety movements at 3 months cor-
rected age, but cannot be used at later ages.18,19 Targeting
unilateral CP in infants with neonatal cerebral infarction,
Prechtl’s GMA showed moderate sensitivity of 75% (95%
CI 36–96) and excellent specificity of 100% (95% CI 46–
100) in a small study; however, wide CIs around both esti-
mates limit the precision of prediction.20 The HINE, a
neurological examination used in infants up to 24 months

of age, is reported to predict atypical motor outcomes and
developmental disorders from 3 months corrected
age.18,21,22 Regarding the possible prediction of unilateral
CP, the HINE asymmetry score has been recommended in
combination with a higher cut-off for the HINE total
score compared with CP in general; however, its predictive
validity requires further evaluation in a prospective set-
ting.23,24 Both Prechtl’s GMA and HINE primarily focus
on identifying atypical motor development and CP in gen-
eral, while the HAI has been especially developed for uni-
lateral CP. This underlines the importance of using several
complementary assessments for early accurate diagnosis,
which is essential for counselling and supporting of fami-
lies as well as for treatment guidance.1,6 Additional valida-
tion research will be an interesting next step to learn more
about the relationship between the HAI, Prechtl’s GMA,
and HINE.

Methodological considerations
Decisions about whether infants are at risk of unilateral
CP can be a complicated issue, since there are many risk
factors that can be considered.25 For this validity study, we
aimed for a wide inclusion range of a population at risk of
unilateral CP; therefore, we based our inclusion criteria on
various types of asymmetric brain lesions as well as judge-
ments and concerns of child neurologists that indicated
possible development of unilateral CP. We intentionally
omitted some medical information because the aim of the
study was to indicate whether HAI assessment, performed
at different ages, could add information to the existing
clinical risk factors during diagnostic decision-making.
Variations in age at data collection may be another limita-
tion. In each interval, some infants were assessed for the
first time while others were assessed for the nth time,
which may have introduced selection bias because some
infants were more often represented across age intervals
than others. Such relatedness of data across time points
may have resulted in an overestimation of predictive values.
At the same time, the prevalence of unilateral CP across
age intervals was similar. In addition, differences in recruit-
ment might have had an impact on predictive values, yet
subgroup analyses could not be performed owing to the
limited number of participants in possible subgroups.
However, the number of infants that were included at a
later age based on observed neurological signs of hand
asymmetry was small, presumably limiting the influence on
the predictive values. Exclusion of infants that did not have
HAI assessments at the same age intervals would have
resulted in a limited sample size. Data collection over such
a long period may be seen as a limitation since the assess-
ment in question actually was not finalized and published
in the beginning of this period, but the advantage regard-
ing the HAI was that earlier videos could be reassessed
using the final manual by experienced raters.5 Further-
more, different time points for inclusion are typical for
clinical samples of infants at risk of unilateral CP. The
clinical diagnosis of unilateral CP may be considered a less
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optimal external criterion for investigating the predictive
validity of the HAI because it is a symptomatic diagnosis;
nonetheless, it is based on international classification.12

The diagnosis of unilateral CP was collected from medical
records at about 2 years of age and was not verified by an
additional clinical examination at later age, which could
have contributed to extremely mild cases being missed.26,27

As for any other study investigating the sensitivity and
specificity of a method, the retrieved estimates may to
some extent have been overestimated because estimation
and evaluation of the cut-off values was performed in the
same study sample, and need to be externally validated in
another similar sample.28

Clinical implications and relationship with other
assessments
Specific cut-off values for the HAI can assist in predicting
unilateral CP at different age intervals between 3.5 and
12 months corrected age. This can help to identify infants
for early intervention and health care programmes, and can
also be used for follow-up investigations in order to con-
firm or refute an initial risk for unilateral CP. The HAI
may also be of special interest in situations where MRI is
not readily accessible.

In conclusion, HAI scores demonstrated very good to
excellent overall accuracy for the range of scores as well as

for specific thresholds to predict unilateral CP in infants at
risk at different ages within the first year of life. For all of
the HAI scales, this accuracy increased with age at assess-
ment and the earliest possible prediction was at 3.5 months
of age.

ACKNOWLEDGEMENTS

We thank the children and their families who participated in this

research. This work was funded by the Swedish Research Council

(grant nos. 521-2013-3096 and 2016-01009). Special supporting

grants were received from the Stockholm City Council (grant

nos. 1411-1372, 20150153), Stiftelsen Frimurare Barnhuset i

Stockholm, Norrbacka-Eugeniastiftelsen, and S€allskapet Bar-

nav�ard. The authors have stated they had no interests that might

be perceived as posing a conflict or bias.

DATA AVAILABILITY STATEMENT
Author elects to not share data.

SUPPORTING INFORMATION

The following additional material may be found online:

Table S1: Sensitivity, specificity, positive and negative predic-

tive values, accuracy, and positive and negative likelihood ratios

for HAI cut-off values

REFERENCES

1. Novak I, Morgan C, Adde L, et al. Early, accurate

diagnosis and early intervention in cerebral palsy:

advances in diagnosis and treatment. JAMA Pediatr

2017; 171: 897–907.

2. McIntyre S, Morgan C, Walker K, Novak I. Cerebral

palsy–don’t delay. Dev Disabil Res Rev 2011; 17: 114–

29.

3. te Velde A, Morgan C, Novak I, Tantsis E, Badawi N.

Early dagnosis and classification of cerebral palsy: an

historical perspective and barriers to an early diagnosis.

J Clin Med 2019; 8: 1599.

4. Eliasson A-C, Nordstrand L, Ek L, et al. The effective-

ness of Baby-CIMT in infants younger than 12 months

with clinical signs of unilateral-cerebral palsy; an explo-

rative study with randomized design. Res Dev Disabil

2018; 72: 191–201.

5. Krumlinde-Sundholm L, Ek L, Sicola E, et al. Devel-

opment of the Hand Assessment for Infants: evidence

of internal scale validity. Dev Med Child Neurol 2017;

59: 1276–83.

6. Ryll UC, Wagenaar N, Verhage CH, Blennow M, de

Vries LS, Eliasson A-C. Early prediction of unilateral

cerebral palsy in infants with asymmetric perinatal brain

injury – model development and internal validation.

Eur J Paediatr Neurol 2019; 23: 621–8.

7. Wagenaar N, Verhage CH, de Vries LS, et al. Early

prediction of unilateral cerebral palsy in infants at risk:

MRI versus the hand assessment for infants. Pediatr Res

2020; 87: 932–9.

8. Morgan C, Novak I, Dale RC, Guzzetta A, Badawi N.

Single blind randomised controlled trial of GAME

(Goals - Activity - Motor Enrichment) in infants at

high risk of cerebral palsy. Res Dev Disabil 2016; 55:

256–67.

9. Sakzewski L, Sicola E, Verhage CH, Sgandurra G,

Eliasson AC. Development of hand function during the

first year of life in children with unilateral cerebral

palsy. Dev Med Child Neurol 2019; 61: 563–9.

10. Ek L, Eliasson A, Sicola E, et al. Hand Assessment for

Infants: normative reference values. Dev Med Child Neu-

rol 2019; 61: 1087–92.

11. Ek L. Hand Assessment for Infants - development,

internal scale validity, reliability and normative refer-

ence values [Doctoral thesis]. Stockholm: Karolinska

Insitutet, 2019.

12. Surveillance of Cerebral Palsy in Europe. Surveillance

of cerebral palsy in Europe: a collaboration of cerebral

palsy surveys and registers. Dev Med Child Neurol 2000;

42: 816–24.

13. Hosmer D, Lemeshow S. Applied Logistic Regression.

2nd edn. New York, NY: John Wiley & Sons Ltd,

2000: 160–4.

14. Deeks JJ, Altman DG. Diagnostic tests 4: likelihood

ratios. BMJ 2004; 329: 168–9.

15. de Vries LS, van der Grond J, van Haastert IC, Groe-

nendaal F. Prediction of outcome in new-born infants

with arterial ischaemic stroke using diffusion-weighted

magnetic resonance imaging. Neuropediatrics 2005; 36:

12–20.

16. Einspieler C, Prechtl HFR, Ferrari F, Cioni G, Bos

AF. The qualitative assessment of general movements

in preterm, term and young infants–review of the

methodology. Early Hum Dev 1997; 50: 47–60.

17. Dubowitz L, Ricci D, Mercuri E. The Dubowitz neu-

rological examination of the full-term newborn. Ment

Retard Dev Disabil Res Rev 2005; 11: 52–60.

18. Bosanquet M, Copeland L, Ware R, Boyd R. A system-

atic review of tests to predict cerebral palsy in young

children. Dev Med Child Neurol 2013; 55: 418–26.

19. Kwong AKL, Fitzgerald TL, Doyle LW, Cheong JLY,

Spittle AJ. Predictive validity of spontaneous early

infant movement for later cerebral palsy: a systematic

review. Dev Med Child Neurol 2018; 60: 480–9.

20. Guzzetta A, Pizzardi A, Belmonti V, et al. Hand move-

ments at 3 months predict later hemiplegia in term

infants with neonatal cerebral infarction. Dev Med Child

Neurol 2009; 52: 767–72.

21. Pizzardi A, Romeo DMM, Cioni M, Romeo MG, Guz-

zetta A. Infant neurological examination from 3 to 12

months: predictive value of the single items. Neuropedi-

atrics 2008; 39: 344–6.

22. Romeo DMM, Cioni M, Scoto M, Pizzardi A, Romeo

MG, Guzzetta A. Prognostic value of a scorable neuro-

logical examination from 3 to 12 months post-term age

in very preterm infants: a longitudinal study. Early Hum

Dev 2009; 85: 405–8.

23. Romeo M, Domenico M, Guzzetta A, et al. Early neu-

rologic assessment in preterm-infants: integration of

traditional neurologic examination and observation of

442 Developmental Medicine & Child Neurology 2021, 63: 436–443

 14698749, 2021, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/dm

cn.14739 by C
rui/ C

onferenza D
ei R

ettori D
elle U

niversita Italiane, W
iley O

nline L
ibrary on [27/09/2023]. 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



general movements. Eur J Paediatr Neurol 2008; 12:

183–9.

24. Hay K, Nelin M, Carey H, et al. Hammersmith Infant

Neurological Examination asymmetry score distin-

guishes hemiplegic cerebral palsy from typical develop-

ment. Pediatr Neurol 2018; 87: 70–4.

25. Dunbar M, Kirton A. Perinatal stroke. Semin Pediatr

Neurol 2019; 32: 100767.

26. Boychuck Z, Bussi�eres A, Goldschleger J, Majnemer A.

Age at referral for diagnosis and rehabilitation services

for cerebral palsy: a scoping review. Dev Med Child

Neurol 2019; 61: 908–14.

27. Granild-Jensen JB, Rackauskaite G, Flachs EM, Uldall

P. Predictors for early diagnosis of cerebral palsy from

national registry data. Dev Med Child Neurol 2015; 57:

931–5.

28. Bland M. An Introduction to Medical Statistics. 4th edn.

New York, NY: OxfordUniversity Press, 2015: 448.

Predictive Validity of HAI Ulrike C Ryll et al. 443

 14698749, 2021, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/dm

cn.14739 by C
rui/ C

onferenza D
ei R

ettori D
elle U

niversita Italiane, W
iley O

nline L
ibrary on [27/09/2023]. 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


