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Abstract

Current challenges in early identification of autism spectrum disorder lead to significant delays in starting interventions,
thereby compromising outcomes. Digital tools can potentially address this barrier as they are accessible, can measure
autism-relevant phenotypes and can be administered in children’s natural environments by non-specialists. The purpose
of this systematic review is to identify and characterise potentially scalable digital tools for direct assessment of autism
spectrum disorder risk in early childhood. In total, 51,953 titles, 6884 abstracts and 567 full-text articles from four
databases were screened using predefined criteria. Of these, 38 met inclusion criteria. Tasks are presented on both
portable and non-portable technologies, typically by researchers in laboratory or clinic settings. Gamified tasks, virtual-
reality platforms and automated analysis of video or audio recordings of children’s behaviours and speech are used to
assess autism spectrum disorder risk. Tasks tapping social communication/interaction and motor domains most reliably
discriminate between autism spectrum disorder and typically developing groups. Digital tools employing objective data
collection and analysis methods hold immense potential for early identification of autism spectrum disorder risk. Next
steps should be to further validate these tools, evaluate their generalisability outside laboratory or clinic settings,
and standardise derived measures across tasks. Furthermore, stakeholders from underserved communities should be
involved in the research and development process.

Lay abstract

The challenge of finding autistic children, and finding them early enough to make a difference for them and their families,
becomes all the greater in parts of the world where human and material resources are in short supply. Poverty of
resources delays interventions, translating into a poverty of outcomes. Digital tools carry potential to lessen this delay
because they can be administered by non-specialists in children’s homes, schools or other everyday environments, they
can measure a wide range of autistic behaviours objectively and they can automate analysis without requiring an expert
in computers or statistics. This literature review aimed to identify and describe digital tools for screening children
who may be at risk for autism. These tools are predominantly at the ‘proof-of-concept’ stage. Both portable (laptops,
mobile phones, smart toys) and fixed (desktop computers, virtual-reality platforms) technologies are used to present
computerised games, or to record children’s behaviours or speech. Computerised analysis of children’s interactions
with these technologies differentiates children with and without autism, with promising results. Tasks assessing social
responses and hand and body movements are the most reliable in distinguishing autistic from typically developing
children. Such digital tools hold immense potential for early identification of autism spectrum disorder risk at a large
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scale. Next steps should be to further validate these tools and to evaluate their applicability in a variety of settings.
Crucially, stakeholders from underserved communities globally must be involved in this research, lest it fail to capture

the issues that these stakeholders are facing.
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Introduction

Autism spectrum disorder (ASD), which affects 1 in 132
people globally with little regional variation (Baxter et al.,
2015), is characterised by persistent difficulties in social
communication and behavioural flexibility (American
Psychiatric Association, 2013). ASD is often comorbid
with epilepsy, gastrointestinal disorders, sleep disorders
and other neurodevelopmental disorders or conditions,
such as intellectual disability and attention-deficit hyper-
activity disorder (Doshi-Velez et al., 2014; Levy et al.,
2010). Fine and gross motor atypicalities and sensory sen-
sitivity are also commonly observed in individuals with
ASD (American Psychiatric Association, 2013).

Early childhood, as a period of rapid brain develop-
ment, presents great opportunity and risk in shaping the
developmental potential of all children, including those
with neurodevelopmental disorders, such as ASD (Black
et al., 2017). Early detection of ASD and intervention
when the brain is most plastic lead to the best outcomes
(Estes et al., 2015; Flanagan et al., 2012; Kasari et al.,
2012). However, current challenges in diagnosing ASD
in low-resource settings lead to significant delays in
detection, and therefore in triaging to appropriate inter-
ventions (Mukherjee et al., 2014; Patra et al., 2020). For
example, inadequate parental and community awareness
about the red flags of autism compromise help-seeking
behaviours (Divan et al., 2021). The available diagnostic
tools demand administration by skilled and trained spe-
cialists, a scarce resource in most settings (Durkin et al.,
2015). Moreover, these specialists are concentrated in
urban areas or expensive private clinics inaccessible to
the large majority of the population. Standardised assess-
ment methods for ASD are lengthy, proprietary, globally
priced and therefore not feasible for large-scale deploy-
ment (Durkin et al., 2015). However, the more scalable
autism screening measures that depend on parent-report
questionnaires are often unreliable, as they assume
parental knowledge about autism symptoms is often
lacking in communities with low maternal education and
limited awareness about child development (Dawson &
Sapiro, 2019; Khowaja et al., 2015). All these factors
contribute to a failure in timely identification of children
with autism, resulting in a large ‘detection gap’ (Dasgupta
et al., 2016), with consequent delays in receiving a diag-
nosis and being placed on appropriate care pathways
(Bhavnani et al., 2022).

Therefore, there is a critical need to develop scalable
tools for autism risk assessment in the early years to lever-
age into improved outcomes throughout the life course.
Digital tools have tremendous potential to address the scal-
ability issue as portable computers and smart devices are
now highly accessible across the globe, even in low-
resource settings (Istepanian & AlAnzi, 2020). Over 5 bil-
lion people, representing more than two-thirds of the
global population, have access to smart phones (World
Health Organization Global Observatory for eHealth,
2011). The potential for these mHealth tools to be admin-
istered in children’s natural environments, such as homes
and schools (Sapiro et al., 2019), and reports generated
through automated analysis of objective and high-resolution
dimensional data make them feasible for administration by
non-specialist providers, including parents. This natural
environmental setting also garners more representative
behavioural observations. By leveraging the multitude of
sensors, such as cameras, audio recorders and touch-sensi-
tive displays, digital tools can measure a wide range of
autism-relevant phenotypes, including differences in
social-emotional, motor and language skills, helping to
capture the heterogeneity of the autism phenotype and pro-
viding a comprehensive view of the child’s strengths and
weaknesses. Alongside clinical practice, this potential for
task-sharing for ASD risk screening (Naslund et al., 2019)
protects the time and efforts of highly skilled specialists
towards diagnosis and treatment of the small fraction who
screen positive. Finally, direct assessment of child behav-
iour through performance-based tasks picks up quantita-
tive information complementary to parent reports that
depend on awareness about autism-related behaviours
(Dawson & Sapiro, 2019).

Recent reviews have summarised the evidence on the
use of digital tools for autism assessment based on parent-
report questionnaires (Marlow et al., 2019; Stewart & Lee,
2017), and the more technologically challenging eye-
tracking (Alcafiiz et al., 2022; Mastergeorge et al., 2021;
Papagiannopoulou et al., 2014), electroencephalography
(O’Reilly etal., 2017) and magnetic resonance imaging
(Sato & Uono, 2019) methods. However, these tools are
not ideal for screening in low-resource settings either
because of their dependence on parent reports which may
be unreliable, the requirement for expensive equipment
and software typically administered in controlled laborato-
ries or the need for high levels of manual input and exper-
tise in analysing the data. In contrast, digital tasks
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administered using more accessible and portable devices,
such as computers, tablets and smartphones, and amenable
to automated analysis of child responses and behaviours,
have a much greater potential to scale since they are suit-
able for task-sharing approaches (Naslund et al., 2019).
However, a comprehensive review of the characteristics
and utility of scalable digital tools for direct assessment of
autism risk during early childhood is critically missing.
This omission is especially significant in terms of their
potential to be further developed into valid screening tools
deployable at scale in low-resource settings.

This review attempts to bridge this gap by addressing
the following questions:

1.  What types of digital tasks are being used for direct
assessment of autism risk during early childhood,
and which diagnostic (DSM-5) criteria and specific
ASD-related phenotype do they target?

2. How well are these tools (and specific metrics
derived therefrom) able to discriminate between
ASD and typically developing (TD) groups in
case—control studies?

3. What are the implementation strategies of these
tools in relation to hardware and configuration,
passive or active task, personnel and time taken for
administration?

Methods

Search

While this review focuses on scalable digital tools to assess
autism risk during early childhood (0-8 years), it is based
on a subset of papers identified from a more comprehen-
sive search of peer-reviewed articles describing scalable
digital tools for assessment of autism and attention deficit
hyperactivity disorder across 0—18years. Four databases
(PubMed, Psyclnfo, Scopus and Web of Science) were
searched in two phases to retrieve relevant articles. During
the first phase conducted in May 2018, no date restrictions
were applied. The second phase, specific to this review
topic, updated the original search by including relevant
articles published from June 2018 through October 2020.
Specific keywords used for Phases 1 and 2 are presented in
Supplementary Table 1.

Study selection and data extraction

Search results from selected databases were imported into
the Rayyan software (https://rayyan.ai/) (Ouzzani et al.,
2016). Titles and abstracts of the imported articles were
screened by three reviewers (D.M., V.R. and J.D.) during
Phase 1 and two reviewers during Phase 2 (D.M. and
G.L.E.) using the inclusion/exclusion criteria described
below. Screening results were ‘unblinded’ for group
review weekly, and conflicts were resolved through group

consensus. Full texts of included articles were down-
loaded and screened for eligibility. Data were extracted
from included articles.

Eligibility criteria

Scalable digital tools were defined as those that collected
and analysed data in a digital format using desktop or
mobile devices (laptop, tablets, smartphones or any other
mobile smart device). Included studies either required the
child to engage actively with tasks presented on the device
or used the device to acquire data from the child passively
(e.g. via voice or video recording).

The inclusion criteria were (a) peer-reviewed primary
research articles published in the English language; (b)
case—control study design with at least two groups — ASD
and TD comparison group (papers with additional atypical
comparison groups, such as neurodevelopmental disorders
other than ASD, were included) and (c) mean age of the
participant groups < 8 years (defined as early childhood by
the World Health Organization, 2020). The exclusion cri-
teria were (a) digital tools that collected only parent-report
data since this review focused on digital tools for direct
child assessment; (b) tools that required manual coding of
child behaviour post data collection since this method is
time-consuming and subjective, therefore unlikely to scale
in low-resource settings with limited numbers of trained
specialists and (c) studies that only reported the acceptabil-
ity and feasibility testing of the tool or used a small sample
(N<<5 per group) since one of the primary objectives of
this review was to evaluate the discriminative ability of
these novel tools for early identification of ASD risk.

Analysis

For each included study, data were tabulated to describe
the task(s) presented to the child, the experimental setup,
device(s) used and the format in which the child’s response
was recorded. The primary metric(s) used to determine
group differences also were tabulated, along with the main
findings (Table 1). A brief description of the participants
(mean and standard deviation or range of the age distribu-
tion, sample size and gender distribution) was included in
the table. Papers were grouped based on the Diagnostic
and Statistical Manual of Mental Disorders, Fifth Edition
(DSM-5) diagnostic criteria they covered, along with a
mention of the specific developmental domain/phenotype
assessed and the country in which the research was based.
A more detailed description of the study groups and meth-
ods is presented in Supplementary Table 2 (demographic
details, inclusion/exclusion criteria, standardised tools
used to diagnose children with autism, level of functioning
of the participants and sample size of children recruited
versus completing the tasks, along with reasons for loss to
follow-up).


https://rayyan.ai/

Autism 00(0)

(panunuo))

*dnoJ3 g o3 ajyoud

Bujuaea)| Jejiwis pey (7-9)edg ssauaAisuodsay [e120g)
swoldwAs WsnNe 9.19A9s SS9 YIM UBIP|IYD SV
:dnoud @ 03 Jejiwus sem uaaned |y SPIY2 ASY
YdIym 03 92.139p SUILLISIDP O3 UOIIBIYISSE|D SAeg
*(suonipuod

ya0q ui usenred Jesul)) SV SNSJSA ({H 30u ang 47
ul useaned oneapenb) @] ul sudenred |y anbiun
"(QL < @SYV) 22usJayip JUBdLIUSIS :DWII UONIERY
"9DUBIRYIP ON AdeINddY

UOIIIPUOD SDUIISLIRIUI
ul (auedIUBIS 30U INQ) PUS.II SWIES {SUOIIPUOD IUS|IS
pue dAne.LIeU Ul (L > ASY) 22uaJayIp uedyiugis
:(uonpuod uad sjel3 [njssa2dNSs OM3) AdeIN2DY
dno.3

asy u %S/ ‘dnoa3 g ur %001 :uona|dwod sjse |

‘UONIPUOD [BID0S UO PIsEq dIUIIYIP ON “|sed
PUBWISP J0I0W-MO| Ul 9dUa.yIp ON “(QL > dSY)
>SE1 pUBWAP J030W-YS1Yy Ul ddUIRYIP IuBdIUSIS
:UonIpUOd Aq SUONEIIWI 323.1102 JO JqUINN

(se8ew! pajquie.ds) S[eLIY [03UOD Ul 9DUSJISYIP ON|

(@L>asy) @uaJayip wedyiudig

93w |BI1D0S $$920€ 03 sde1 uollnq jo uonodoud
68'0 =Aadydads ‘gg'0 = AIAnIsuas

‘€6'0=DNV Xel :Aoeandde uondipaud |4

dLl > asy :de1 usauds e Jo UoneINp WnwWiulj
dl < @dsy :uaaJ3s aya jo siied [eIsip ul s3SI
adl < asy :24msad e Aq paidnddo eaue uesy

AL < asy A120|2A 2un1sa8 ues|y

JUSJ3)Ip UORNQLISIP 9.0 JO suazed (e3ep
9d0250.148) :921A5p 9Y3 OIUI $3240} JO UonNQLISI
dL < SV :24nssa.d 2.msa5) pue 92404 310edw)

:$9.4n3e3) SUIMO||O} SY3 Ul SIDUSISHIP JuBdILBIS

(@sv sa @l) dnous onsouselp spjiy>

301paud 03 BIep Josuds pue yonol 3uisn (L) Suluies| suiydely
‘paJinboe suosuas JusWLAOW [e1IBUI S 3D|qR) pUB

(u9.2s UO $9.4N1s98) BIBP YONOI WIOJ) S2INIBDY 79T [8I03 U]

s3ynsa. Alewwins pue (s) oLnaw Alewriyd

paydads J0p :uoneing

Aiozeaoqer :Buniag

‘AjoAndadsau ‘ond

€ 4H pue and 47 Aq papada.d sjel g {Yded S[el3 T JO Sund / is[eLn#
*a8ewW| J1010B.ASIP ploAe ‘©Few) 393.e3 ay3 uo de] :dsuodsad pliyD

*1032e.43s1p J0 198.Je) € 99 03 93ewWI IXaU 33 Jo

ssauljay|l] Sunesipul ‘(47) Aouanbauy moj Juo (4H) Adusnbauy ysiy ey

T 9J9M $3ND) "YIed ST J0) paiuasaud (1oi1deuasip/adaer AqQ pamo||o) and)
N sadew oma Jo aduanbas djsel Sujuaes) [eonsnelg :uondridsap dse ]
ulw $—¢ :uoneing

(@) woou jooyds 331 {(@SY) 21ulD Buniag

uonipuod Jad g :s[eln#

"921A9p 93 Ul paAes e1e “(JOY 399.1100Ul pUB 139.102) S3J241d MO|[oA

om1 jo auo uo 3uiddes Aq suonsanb o1 puodsay :asuodsau pjiy>

T "92ua.RpIRUl (€) pUE 3Ud|Is () ‘SAnELIRU (|) iSUonIpuod
Asoupne 2a4y3 Buisn passasse 11oddns agen3ue| jo 1390 Suneljioeq

| |SB) duuy—A|[es wo.y pardepe wily 110ys B Y2IeAA :uondiiosap dse |
paydads 10) :uoneinq

SwoH/AJo3eloqeT :8uinlsg

uonipuod Jad | :seln#

‘saduanbas

Aixa|dwod (suonoe dojow ajdinnw) ySiy snsuoA (sdea sandasuod

9AlJ) MO| PaA|OAUI A11X3|dWIOD U010} "JOIINIISUI JOO[E SNSIDA

SAIsuodsau A||eros & pasiudwod [e120g “(A1xs|dwod Jojow g X [e120S

7) SUONIPUOD N0y Japun aduUaNnbas uonve-aAly a1eW| :dsuodsad plIyD
'suonoe a1e104 pue adims ‘Seup ‘dea 3uisn sjqejndiuew

‘] ‘U99.2s 93 Uo pauasaud s398.e3 USSIDS-UO UNOo4 :uondLIdSSPp dse ]

ulw g :uoneing

SwoH/AJorel0qeT :BunIsg

uonipuod Jad g :s[elia#

‘92102 Jo 24n321d Moys 03 uoaang uo de] :asuodsau plIyD
*saumo1d swes ay3 jo saSewl pajquie.ds pastidwod

S[el13 [0J3U0D) ‘[l YorS Ul pasiWOopue. sem uonisod uoing
'suo1Ing Japun uapply (aoe} Buljiws) [e1dos pue (uret-Ao1) [e1dos
| -uou — saumdid OM3 YIIm djsel ad1oyd s3elaqieQ :uondiidsep dse |

ulw g :uoneang
payads 10N :Buniag
| :S[eln#

T ‘suonow Jasuly
q Buisn 8u1unojod Aq pamoj|oj 24n1oid & 3k :(A1AneaUD) T dwen)
'POO} JO UonINQLISIP

[enbaun/jenbs uo paseq suonows aAneSau/eAnisod passaudxa
sJ910B.IRYD) 'SJ9I0RIRYD N0 BuoWE A|USAS 31 BunNqLISIP puE 31 Uo
3uiddes Aq pooy jo a3a1d e 921§ :(Sulreys) | sweo) :dsuodsad pjIyD
‘sowes pasieIndwod a|qe|ieAt Aj[entawwod om | uondiidsap yse ]

dnyes [eauswiiadxy

suonesydads o1

88'GG =3eWy ,mo&unz

‘syauow (61°91) 11°09=(as) = w
dnou3 @l T

9€'08:=2[EW% ‘9§ =N

‘syauow (£0'91) £9'49=(as) “'w
.dnou3 gsy °|

20° 1§ =2[RW%, ‘86 =N

‘syauow (8'01) 66'68=(as) ='W
dnou8 g 7

I¥'6L=2eWs, ‘79 =N

‘sipuow (8°01) 61°16=(as) = w
«dnoJ3 asy |

§9=3JrWY ‘0T=N

‘syauow (b9°€1) £'+b=(as) Zw
dnou3 Q) 'z

08=3eW% ‘SE=N

‘syauow (5°8) ££°1+=(as) *w
dnou8 asy ‘|

9’8y =2lewy, 'LE=N

‘syauow (£°01) §'sk=(as) *w
dnou8 @l 'z

L'§8=3PW% 'IT=N

‘sypuow (§711) 6'6€=(as) " w
dnoJ3 sy ‘|

11712 =3[ews;
‘Sp=N ‘sypuow (11) §5=(as) “'w
dnou8 @l 'z

L§'29=21ewy,

‘Se=N ‘syauow (11) £5=(qs) W
«dnoJ3 asy |

(uonnquisip Japuas ‘azis a|duwres
‘o8e ues|) .S|1e3ap Jueddnaey

VSN :Anunod
Suju.es)| [ednsnelg
2unseaw olyadg

(8107) '[e 3 sauof

USpPaMG :A1Iunod
Suipueasopun Jaijaq-asjed
:aunseaw dyoadg

(8107) '[e 3@ uosspeD

elfeaIsny :Anunod

ojses

Jojow x9|dwod snsuaa
a|dwis jo uopewl [eOg
:aunseaw dyoads

(6107) Te 32 IN22YD

Ajea) :Anuno)
ERTENCTENTC Ni-blely
2Jnseaw diy1dadg

(£107) e 32 ®any

wopsury| payun :Anunod
sjuswaAOW Suime.p
Jojow-auly pue Sulieys,
2unseaw dly1adg

(9107) "Ie 32 ZoM3INZUY

aJnseaw dy1dads ‘uonel)

*POOYpIIyd A|Jea Sulinp sl (SY SSIsSe 01 $|003 [eA3Ip 3|qeeds Jo AljIqe SuleuIWIIDSIP pUE SDIIsLIIdRIRYD) *| S|qeL



Mukherjee et al.

(ponunuod)

*Jed) pue astiduns ‘lesanau
sn3sip Joj pasiwo.adwod 3sow aduewIopad dnous sy

(@1 > asv) asua.ay1p auedyiusis
:SUOISSa.IdX3 USD.IDS-UO S3eIWI A399.4100 03 AdBUNDDY |

Aijiqe
9A1RDIpa.d 1s98U0.3s 9Y3 Pap|aIA SIAOW SBWIAYY, 0} [9POLN
'6L°0 T s2|q9qng

£8°0 :sawAyy ‘g/"0 :s39ddnyg | 8’0 :Auung

‘6£°0 :17s21qqng (]) :(1row yses Joy Suipusire

10U SOWE.) PUB SMOPUIM S-€ IO} suoissaadxa

[e1dey Jo Ajiqeqoad uesw — $OLIIDW OMI UO paseq

sisouSelp SV 21padd) aAINd DOY BY3 Jopun ALY |
‘dnoJ2 gsy-uou ay1 01 paJedwod uoissaidxa
|ea3nau jo Adusnba.y pases.oul pakeldsip dnoud gsy
(@aL<asv)
9oua.ayIp Juedudis :(dn Suiaid su0jeq oapIA
[B120S-UOU B3 P12 P|IY2 dY3 sawN Jo
19quinu) UOISSIS O3PIA [BI20S-UOU JO ulodiea.g
(aL<asv)
92UDJ9YIp JUBDYIUBIS (NS [B1D0S-UOU
Suimoys uoissas uo juads swn jo uontodouq °q
(@L< @sy) @auaJayip wedyiuss
{|nWNs [e10s-uou ssadde 03 sdel jo uondodoud B
:(ya8uaaas Juswdioulal) € Apms g
(@1 > asy) a2uaayip 3uedpudis

:SO9PIA [e1D0s uo sdey jo uonodoud g pue | Apnig |

el

(aL<asv)
92UDJ9YIp JUBDHIUBIS :DWEU O JUSLIO 03 ADUd3E "D
(@L>asv) adua.ayp
uedIUSIS s[ely 994y ssoJde sawn adnny °q
90UD.I3YIP O :S[elI3 993 SSO.IDB DU I5ed| Iy "B
Dweu 03 unusll
(QL> asy) 2>ua.ayip uedyIusig :(Woou dy3 ul
o|doad .o soapiA 3e 3upjoo| swin) JuswadeSua dse] |

paydads J0p :uoneinq

woo. jooyps 32In :3uneg

uolssaudxa Jad ¢ :sjelng

*suoissaldxa uaAss

a3 Jo yoea 3upjew piIy> ay3 Jo sanijiqeqo.d parewnss wyliose
W "suoissaudxa [e1de) S,UdJP|IY> PapIodal eadweD) :dsuodsad pliyD
*(feaanau ‘aeay ‘astaduans ‘asnSsip ‘Aidue

‘pes ‘Addey) spunos pue saundid y3nouya suoissaadxo [e1oe) JUSIBYIP
USASS 23e3iWI 03 UaJp|iyd pazdwo.d auemiyos v :uondiuossp dse|

ulw g :uoneung

a1l :Buniag

| 'sjeln#

‘MOPUIM S-€ B3 10} (Jaya0

Jo [esanau ‘aAnisod) suoissaudxa [eidey jo Aujiqeqoud aya paioipaad
Wy3o3e |4 ‘O9pIA s p|iyd patnided esswed juo.y :dsuodsad pliyD
“AjoAndadsau

‘U93.ds 3y JO SAPIS Y31 PUE 3| BY2 UO PIUIsAId OS[e 3I9M SOPIA
(403 Bunyew-asiou) [e1os-uou pue (sSWAyYJ Auasanu SuiSuls uewom)
[e120G "U93.s ay3 uo pajuasa.id soapia aeridoadde Ajleauswdojarap
40335 "(6107) '[e 32 ||oqdwe)) se swes :uondiidsap st |

UOISSas Yoea 10y S ()6 uoneunQ

|2 4o Auasanu ‘swioy s pjiyd :Sunisg
SUOISSaS g S|elif

*(A|4e9]2> OSPIA MIIA 01 — S[eLI} SSOJDE SaWN 9 ‘b ‘7 — Sulsea.dul
Ajpaissau3oad) sawn sdnjnw (je1vos-uou Jo [e1dos) Inwns uo de) :¢
Apnag ‘s 4o} 3|qisiA Ajes|d swedaq pue Ia8.e| mMaJ3 0SpIA USSOYD
32104 Jo 03pIA (pa.un|q) uo de| :7 pue | Apmg :@suodsad pjiyd
*428Ua.1s JUBWIIDIOJUID SSISSE O) pajuasald

sninwias suo Auy :g Apmg ‘opis-Aq-apis pajuasaud nwns (suseazed
J119W038 3ulrow 1oeIISqe) [e120s-uou pue (sSop pue ajdoad jo
S90B)) [BI20S JO SOSPIA paln|g i pue | Apnig :uondlidsap dse]

ulw g :uopeung

AJoreaoqeT :Bunisg

aweu s,pjiyd |[ed> 03 sadwoud ¢ sjeLn#

‘uonisod peay paxde.3

Ajreanewoine wyalios[e L4 "pa|[ed 8ulaq sweu 03 asuodsa. ul 09pIA
S,PIIY> SY3 pop.Ioda. 19]qeI SY3 UO BJSWED JUO.y 3y | dsuodsad pliyDd
*A|pnoj awieu s,p|Iyd ay3 pajed ‘pIy> aYa pulyaq SUIpueIS ‘ISUIWIEXD
9y "ud3.ds aya uo paJeadde swep D, ‘SOBPIA By Jo 9a.4ya Buling
‘(4ay30 yoes yum Sundeasaul s3addnd jewiue

‘Auunq [eslueydaw ‘sa|qqnq Buipedsed) u9L.ds Y3 uo pajussad
soapiA a3elidoudde Ajjeauswdojeasp jo 395 :uonidiidsep dyse ]

0§ =9[ewy,
‘01 =N ‘syauow 9¢—09 :23uey
ssyauow (YN) YN =(as) *w

dnou83 Q] T

0§ =9|ewy,

‘01 =N ‘syauow g/—9¢ :a3uey
tsypuow (WN) VN'=(as) ™w
dnou8 asy ‘|

9= w_m_._._ok~

‘g=N ‘stpuow (£°€) 6'€7=(as) W
(Kej2p @sv-uoN) aq '€

85 =3[eWY Y/ =N

‘sypuow (g'¢) £ 17=(as) w
dnoug8 g 7

LTLL=R3RWY% ‘TT=N

‘syauow (1'4) 797 =(as) w
dnoJ3 sy ‘|

§§=2leWs 0y =N

‘spuow (£°71) §He=(as) " w
dnou3 ] 'z

8LL=2fews LT=N

‘syauow (£'81) £65=(as) =W
dnou8 asy ‘|

Adesayy

Jeauawdo|aAsp Jo Yoaads oy Ajijenb
03 3uaRyns Aejop |e3uswdolaAsp Jo
a3en3ue| Jo sisouSelp & YIM UJp|Iyd
34819 SPNPU| H§'8G =3[BWY ‘T8=N
‘sypuow (g/°¢) 16'127=(as) ~*w
dnoug8 gl 7

LTLL=BRWY ‘TT=N

‘syauow (£0) 61'92=(as) *w
dnoJ3 sy ‘|

'ulyD :AUN0D
suoissaadxa

[e1oe) JO UOnEIW|
‘adnseaw oynadg
(0z07) M1 pue oeyz

vsn

:Anuno)

suoissaudxa
[e1dey/Audoudioau
|euonOWa-[BIDOoS
:aunseaw dyoadg
(1707) [e 30 423uadae)

AemuoN :Aiaunod
ERTENCTENTC N-Tblely
:2unseaw olyadg
(6107) e 32 3[eD

VSN :Anuno)
sweu 03 asuodsaul
PUE UOIIUSMIE [BID0S
2Jnseaw diy1dadg

(6107) 'Ie 3@ [pqdweD

s3ynsa. AJewwins pue (s) oW Alewriyd

dnes [eauswiiadxy

suonesydads adaeQg

(uonnquisip Japuad ‘azis a|dwes
‘a3e uealy]) .s|1eaop uediiieg

aJnseaw dy1dads ‘uonend

(penunuoD) °| sqelL



Autism 00(0)

(panunuod)

92U3JYIP O SUOIIOWS JO SANISUBUI UBSL  °|

*(uaap|iyo Buikyisse|d

Ul 9A123)3 J0u (UlW Q| Jad uoneJNp Olpne [e103

PUE UOIBINP P|IYD [€101 ‘SIDUI|IS ‘SISIOU ‘SIOULIDIIN

3Npe ‘SpUNOS SA1NEISS9A ‘pIOM SSO|SUIUBSW ‘PIOM

|nj8uiuesaw e 8ura1an pjiyd) A108a3ed BdUBIIIN YIED
JO UOINEUNP) 19§ 24N} YUM [9pow Ty Adeandde | °|

'92URJYIp ON :sal3aw yoaid yooads 9joypp g
2dUaIRYIp ON :(PJom yoea) S pue a8ued yaud '
*(saeak g—7)
UDJPp|1y> 93e-|ooyds Ul SIUIISHIP IUBdHIUBIS
*(saeak 9—) uaup|iyd jooydsaud ur adudIBYIp
ON| :(P1OM UDEBD) UOIELIBA JO JUBIDIYI0D YoIld |

‘uonIpuUod |BIDOS-Uou
Ul 92UD.3JIp ON "UORIPUOD [BIDOS Ul SY{Se3 Yaoq ul
(AL > asy) @suatayip aueoyiudis Buiuies| jo paads
'UORIPUOD [B1D0S-UOU Ul 30U ING
‘le1pos ul (@1 > ASy) @2uaJayip auedyudig —djsel uondadaqg
“SUOIIIPUOD |BID0S-UOU pue [eI>0s
y30q Ul (QL>ASV) d3ud.ayp JUEdYUBIS — Xjsed IsnsI
:S[eLI3 39,1102 JO JoquinN] |

(@l > asy) @2uaJayip auedyiudig :sasueyd
1INWIS USYM [|NWIIS [SAOU O3 JYIyS Uonuany
9DUBJRYIP O :[BI20S-UOU SNSJIA [BID0S 01 UONUANY T
(@L>asv)
22URIBYIP JUBDYIUSIS :(UDDUDS DY I8 PR OO| P|IYdD
YOIYM Ul SOWELY JO JBQUUNU) UISIDS UO UONUNY |

)

ulw 7~ uoneIng
AJoreaoqeT :Bunisg

paydads 10 :s[eln#

Japeayadeq snpjoN

oY1 Aq pasA[eue ‘0apIA s,p|iyd padnides wedgapn :asuodsad pjiyd
'sasuodsa. 9ze8 pue [BINOIABYD] ‘[BLUOIIOLLS 3OS O3 SHSE} PIpNoUl SUies)
*SIX2JU0D dANEIdo-00 pue aAnNadwod Ul sai3aie.s oS se a3e10qes

pue uondadap asn 01 AJjiqe SSIsSE 01 >jse1 payies) :uondiiosap dse ]
yQ|—¢ :uoneing

JUBWIUOJIAUD Jeljiwey s p|iyD :8uniag

payads 10N :s[eln#

"AlUO SIUSWISDS [BIOA WO PINSEIW BIBP SDUBIIIN P|IYD) "SIUSWSS
JUB|IS-UOU WOy SIUSWSSS 3SI0U, PUB [EDOA, O) J3YLIn} pue ‘audjis
-uou, pue Jud|is, Se pajuawWsas a4am s[eudis olpny :asuodsau pjiyD)
'paJnided Sem JUSWIUOIAUS Jel|iLue) B Ul JNPE JBljiie) B YIIM

PIIY> X3pul dY3 USIMID] SUO[IBSIDAUOD JO SuIpIoddY Y| O3 T WOy
SuikseA spoliad Joj p|Iyd 9Ya WOy 3439W B UIYIM JO SUIylo)d S plIyd
a3 ur 3950od B uyam Jayae pase|d Japaodad 3210 (uondiidsap yse ]

paydads J0p :uoneing

paydads 10p :Buniag

T S|l

‘sisAeue 10} pa3e|os] sasuodsad 399400 Jo eiep olpny ‘sasuodsa.
[eqJaA pap.odau Sulyaopd s,pjiyd 03 paxiy auoydouoiyy :suodsad piiyD
‘WaY3 SWEU 03 PeY P|IYD "UI.IdS 3Y3 Uo

paAedsip s139[qo pue sjewiue jo sp.ed 2umoid g :uondiidsap dse |
paydads 10 :uoneing

payidads 10p :Buniag

yoes (| :s[elngt

*(xoq paieaipul Yy asoyd skemie Jaandwo?)

USPPIY SEM US>03 UdIYM Ul SUO SY3 UBY) 4930 XOQq B 3edIpUl O3
sem asuodsa. 139..102 dises uondada *(xoq Suoum sy pazedipul
sAem|e 493ndwod) 4aandwod syl Aq paiedIpul 10U SIXOG OMI 3] JO
Aue 9500y 03 sem asuodsa. 129.402 Hise) Isnasi :dsuodsad pliyD
*(uondadap) sand Suipesjsiw 3uipiroud (7) pue (asnaasip) sand
Buipes|siw 3uipioAe pue 3uisiuSodau (|) papnpul sawer) a|doad |eau
9J9M P3A3I|2q UB.P|IYd JeY3 Jusuoddo se ueeae pajjo.Jauod-4aandwod
— [eos pue Quauoddo se 423ndwod — [B120s-Uou SUOIPUOD

OM ] "U3>03 USPPIY 343 Yam Xoq a3 3usuoddo o3 paredipul
A[399.400U1 J94R|d *S9XOQ 93.1Y3 JO SUO Ul USPPIY U0 'S |Se}
uondadap pue ISNISIP UO Paseq $Hsel payiwes) :uondLidsap yse ]
ulw | :uopeing

a1u1D :Bunlag

| sjeln#

(SarUlwIR3apUI JO Y31 “Y3]) PaYjOO|

PI1Y2 3Y3 US3.3S SY3 U0 aJaym padipaad — 7 wyaiodje | "uonisod
pesay pa12939p A|[BDNBWOINE — | WYILIOS[E |\ "DIAOW Y3 PaydIem
A3y 9)1ym sospIA s,ua.p|Iyd> paanided wedqapA dsuodsad pliyD
*(sawn auaJayip 1e pateadde Loy Jo

UBLUOM JUS.4IP B) SIAOW BY3 UIY3Im sawil patydads-aud je padueyd
1Inwns jo sadA1 yrog “nwias (PUNos Yam sA01 DIWEUAP) [eI20S-uou
pue (uswom Suiduis) [e120s SujureIUOd O3PIA UlW-| :uondlidsap dse]

S3|NsaJ AJewiwns pue (s) dLnaw Adewliy

dmas [eauswiiadxy

suonesydads adeQg

L9y =2[Rw, ‘1 =N

‘syauow (y£'9) §1°25=(as) ~w
dnou8 Q] 'z

T69 =Wy ‘€1 =N

‘sypuow (54°8) 8€'85=(Qs) ~ W
dnoJ3 sy ‘|

VN =9[ews,
‘6=N ‘(VN) YN=(as) “w
dnou3 Q) 'z

VN =9ewy,

‘8=N ‘syauow (vN) YN =(as) ~w

slpuowge—g|
:sdno.g y1oq uj a8ue. a8y

dnou8 asy |

SOpS=3leWy ‘LE=N

‘syauow (g1°6) 8y'€8=(as) ~w
dnou8 gl 'z

T6'9L=3RW% ‘9T=N

‘stpuow (92°9) €7°£8=(as) ~*w
«dnoJ3 asy |

¥1T8=2[ew?, ‘8T=N

‘stpuow (40°5) 9€99=(as) ~ W
dnou83 ] 'z

¥1'T8=2[ews, ‘8T=N

‘syauow (7/£°6) 96'69=(as) " w
«dnoud asy |

Adesayy

[eauswdojaasp Jo yosads .oy Ajijenb

03 3uaINs Aejop [e3uswdojarsp
Jo Aejop a3en3ue| jo sisouelp
® Y3IM URJP|Iyd Y31 sapnjpu|

¥9'89=3Wy% .Nwwz

‘syauow (8£°€) 16'17=(as) ~'w
dnou8 g 7

LULL=3RWY ,NN&MNZ

‘syauow (£L0¥) 61°97=(as) ~'w
dnoJ3 sy ‘|

Aseduny :Anunod
suoissaudxa
[edey/Ao0oudioau
[eUOIOWS-[e1D0S
:aunseaw oyadg
(8007) 'Ie 39 11oAD

Bjue 1S :Anunod
J1IsLIPIdkIRYD Yd2adg
:aJnseaw dyy1dadg
(6107) "Ie 39 2y3uisalipg

uede[ :Anuno>
uoneuolul Yosadg
2unseaw oly1adg
(#102) "1 32 RN

'ulyD :AnuUno)
$IX23U0D

[BI20S-UOU pUE [€150S Ul
Suiu.es| 3|n. 1deNSqQY
:aanseaw dy1dadg
(6107) e 32 M

VSN :Anuno)
uonuslIe

pue a3usJae.d [eog
:2unseaw dly1adg

(1702) ‘e 30 A1orog

(uonnquisip Japuad ‘azis a|dwes

aJnseaw dy1dads ‘uonend

(penunuoD) °| aqelL



Mukherjee et al.

(panunuo))

ERIENCTTT
ON :ssaulyIomisn.] (o) 9e) 9AIDRIIIE SUOW IO}
(AL < @SV) 22Ua.aiIp JUEDYIUSIS [SSAUIANILIY

(q) @duauayyIp ON @38y (B) :5938) AYIIOMISNI) dJ0W

10 ‘9AIOE.IIIE 2U0OW ‘DIBJ UMO BUISOOYD JO ADBJINDDY  °|

(@1 > @sv) a>ua.ayip auedyiusig

:|oA9)| Jad pa123)|0d swia paydads-aud jo daquinN
QL Ul %S ‘0 ‘0 SNsIdA ASY Ul %S|

b1 ‘01 :(s]oA9] unsjdwod Jou %) uonsjdwod ysey g
(aL>asy) e2ussayp

JUedIUSIS 1398IUOD 949 YIIM SUONDEBIDIUI JO JoquinN T

(AL < asy) @ussayp
JuedlyIuSIS IOIBIISIUILIPE YIIM UOIIDRIDIUI JO Adudle] |

ERITENETT] o)
ON :J9Ae|d passa.isip 01 SMO.Y) [[Bq JO JoquinN |

sa|dwes
payorew-ade |jediSojouc.yd pue A|[eausa o} Je|iwIs S Nsay
*92UaJaYIp ON :(uooiied)
uonow [ed13ojolq 03 sad10yd jo uoniodold g
(@.L>asy) @uaJayip wedyiudig
:(uewny) uonow [e2180j01q 03 s3dI0YD jo uonododd |

'saeak g 3e
pasueyud JaylIny (L > ASY) 1894} 38 SROUSISHIP ‘DSY 04
'sJeak g 3e sadnpad ‘(gL < Asy)
SJeaA}, 18 U9DS 9DUIBYIP 1538.UE| ‘DAA PUE 3 Y|
"DAV Ul 23ua.R4y1p ON (@1 >asv)

DSV Pue (4L <ASV) DSA ‘“DAA ‘WOH ‘3q u!
2OUIRYIP JUBDYIUSIS :3591-QNS YD UO AdeUnddy |

payioads J0N :uoneing

paydads JopN :Bunisg

‘uonipuod J4ad (| ‘s[ela g :s[eLn#

JnsiieIdRIRYd 908 paJissead yam xoq uo de| :asuodsad pliyD
Ayraomasnay

J0U SNSIDA AYIIOMISNI ‘DAIIDBIIIBUN SNSIDA DAL DJBI JDYIO
SNSJI9A UMO :S9WBY3 SUIISEIIUOD YIIM S3DB) Jo soumdid pey sexog
'S9X0Q OMI 3Y3 JO dUO Ul USpPIY Apued [eniA :uondLidsap dse]
ulwg| :uoneang

woo.sse|D :3uniag

19A3] J4ad | isjeln#

*(3983U0D 240 INOYIM

PUE UYJIM SUOINDEIDIUI 40O} SAD)| 1ededas) paeoqAad] aya uo sassaud Aoy
y3no.ya uondEIRIUI 3Y3 Jo ADUDIE| BYI PIP.OIDI OYM “IOIBIISIUILIPE
1593 U3IM 1DBISIUI O3 PBY PJIYD ‘ONUUOD 03 dwes Jo4 :dsuodsad pjiyD
"9PBLU SBM I0.ID UB UBYM 10 S OE AI9AD

paddoas sweo) “Ja3uiod & yam usa.ds sy Suiyonos Aq sjqissod se
poriad ulw-¢ & ulyum swall paiidads-aud Auew se 3unda|jod SuiajoAul
KNP JO S|9AS| 934Y3 YIIM sl pajjiwes) :uondliossp yse |
payioads JoN :uoneing

woo. jooyps 32in :3uieg

spuno. snoiaa.d ul 9| ‘puno.d [euly ul Q7 S[eln#

"|leq ssed 03 JaAe|d asooyD :@suodsau pjiyD

“JaAe|d

PassaJisip 9y se A0q pue |18 — SUOIIPUOD OM| ‘WY1 01 passed 1ou
SEM |[Bq 93 dWI1 Yded suolssaJdxa |eide) passaisip ApAlssaJdoud
pamoys Ja4e|d auo ‘(PuUnO. [BULY) INO UBI SPIEMAI USYAA "WYI 03
passed Sem ||eq USYM SpJemad aAeS oym suaAe|d pajjoauod-aaandwod
om 1surede swes 1a3ndwod Suimouyi-|ieg :uondiidsap dse |

payioads 10N :uoneing

Aioreaoqer :Buniag

“juedidn.ed/suoissas 03 dn ‘UoISSS/9 | S[elIIH

‘paJeaddesip Jayao aya S|Iym 3zis Ul Ma.3 0SPIA paydnNol

9y "aJow paji| A3Y3 03PIA BY3 PayaNol UsJp|IyD dsuodsal pjiyD
*U92.252N03

a3 Jo 3y3u pue Y3| 3Ya Uo A|snoauel NS paIudsa.d 2.9Mm SOIPIA
OM] ‘SUOIIBUIGUIOD JO 335 8SBYI WO.J [eIdlae pue [ed180[0Iq
:SUOIIOW JO SPUD| OM3I UJIM PIIBIDOSSE . (SUOOILIED OM] pUE SUBWNY
OM1) SJ9IDEBIBYD INOJ DISYM |SEI paljiues) :uoidLidsap yse ]

ulw Gg~ :uoneIng

(Jlooyas .o d1u12) woou 33N Bunieg

'159) [BUIJ SY3 Ul PAUIRIS SWR 98| /40| ‘4OAIMOH ‘G| =DSY
‘SI=DSA ‘8E=DAV ‘€5=DAA ¥1 =WOH ‘05=30 ‘s[eln#

'$H}21|2 @snow Jo sassaud £y paeoghey| Suisn sasuodsau
399.100U1/399.1102 PAP.J0J3. JOIRAISIUIIPE 359 | :dsuodsad pjiyD
*(DSY) uoisusyaudwod sdususs Alopne (9) pue

(DSA) uoisusya.adwod adus3uss [ensia () (DAY) uoisuaysidwod
AuejnqedoA Auonpne (i) (DAA) uoisuayaadwiod AIeingedoa [ensia

(€) “(WOH) sydeadowoy (g) “(3Q) 3upodap (]) — sew.ioy [ensia
pue A1oupne ul pajuasaud s1s91 a8en3ue| xig :uondiidsap yse

syynsaJ AJewwns pue (s) sLnaw Alewg

dmas [eauswiiadxy

UOI3BIDOSSY
19VNJY Aq paundyuod

sawen) "wd o Jo Jaulod
9|119€] "US34IS YoNol |7

suonedydads ad1aeQg

1998 =?eWwy, ,ommunz

‘syauow (6£°7) 1€°0£=(as) = w
dnou3 Q] 'z

1998 =3ewy ,omwz

‘stpuows (1£'6) §5€£=(as) = W
.dnou3 asy °|

dnou8 gsy aya 03 paydrew-Iopusn
VN =3eWw ‘07 =N ‘syuow ooomwm
@8ues 98y YN =(as) ~W

dnou83 ] 'z

VN =23[ewy ‘07 =N ‘syiuow wmﬂmwm
@8ues 98y YN =(as) ~'W

«dnoud asy |

9LTB=0IRWY ‘6T=N

‘stpuow (1£°9) 6£98=(as) = W
dnou83 Q] T

18'18=2[eWy TT=N

‘sypuow (56'9) 65°18=(as) = W
«dnoud sy °|

%€'85 =3eWY, ‘b =N ‘d|dwes
dsy 03 payorew-ade Ajjeausw
uaJpiy> @ 3sa3unok aya jo 7|
‘[e303 uj “sypuow (7) 6£=(as) ~w
dnou2 g ¢

%9°16 =2IEWy;

‘Tl =N ‘syuow (57) 19=(as) ~W
dnoJ3 sy ‘|

6t =2leuy,
‘00€£=N ‘spuow (z1) 09=(as) ~'w
dnou83 Q] T

VN =2[ewy, ‘SE=N

‘syauow (06'8) 11°99=(as) *w
«dnoud qsy °|

'ulyD :AnUno)
IsNJ3 3AI3IRS
2unseaw olyadg
(9107) k3@ 17 d

ureds :Auno)

19'3U0D

943 pue uonseJaiul [e1D0g
2unseaw dly1adg

(5100)
‘[e 39 Swo|olJeg-1Isaly

SpuelIaYIBN 3Y] :A43unod
JnoiAeyaq

|erosoud pue Ayzedwy
2unseaw olyadg

(#102) e 32 sdweyosaq

Qoue. :Anuno)

selq o1ydiowodouyjue
Juonouw [ed13ojoig
:aanseaw dyvadg
(§107) [e 39 apeuieyd

uemie] :Anuno)
a8en3ue
:adnseaw oyadg
(€107) ‘e 32 Uy

(uonnquiasip Jspuas ‘ozis s|dwes
‘a8e ueay) .S|1e1ap Jueddniey

aJnseaw dy1dads ‘uonend

(penunuoD) °| sqelL



Autism 00(0)

(panunuo))

(uonew.iojul sj8ue pue Yagua)
420q) sauniesy e Suisn %976 :sdno.g onsoudelp
01Ul URJP|IYD AJisse[d 03 wiyaiode 4 Jo Adrinddy

(QL < asy) sxusiayp
JuedLIUBIS :3|GISIA J0U 2L YIIM SaWE JO 'ON

(aL> asv) wa.ayp

Apueayiudig :syjse1 g4 JopJo-puodas Jo (gs) uealy
(aL> asv) wa.ayp

Apuedyiugig :syjsel g4 Jap.ao-isdy Jo (gs) uealy
‘UORIPUOD DJUIY3, Ul DOUIDHIP

ON "UonIpUOd Mowj, ul (gL > dsy) duedyiudis
Buiyoeoudde ‘uonipuod ,pusiaud, 4oy (QL > ASY)
9OURIBYIP JUBDYIUBIS :2.400s djsed [AL JO (gS) ued|y
"09pIA

[e1os-uou ul sdnoJ3 usamiag adusJayIp oN "youd
Ul 92UaJayIp ou INq (L < ASY) O3PIA [BI20S Ul [[0J
pue meA Ul 9oUayIp JuBdIUSIS :AID09A Jejnduy
‘O3pIA

[e10s-uou ul sdno.3 usamiag 9duaIaYIp ON ‘||o pue
yod .oy 2dUaJaYIp ON| "O9PIA [e120s Ul (L < ASY)
Mme£ Ul 2duaJayIp JuediyusS usawade|dsip Jenduy
92Ua.I9HIp JuedIUBIS ON :03pIA Jod (sowredy
SAIINI3SUOD paydeay

AJ|nyss920ns) sysods jo uoneanp pue JaquinN
9dURJBHIp JUBdYIUBIS

ON :SaWe.) padde.l A||nyssadans jo uoniodouy

*92Ua.IRYIp JuedIUBIS

ON :(e3ep PI[EAUI SA PI|EA JO OIIE.J) OlIeJ BIEP PI[EA
(AL < Asy) uonows pasiiduns, ul 92U
jueoyiudig :28ueyd uoissaudxa uonows jo paadg
(AL < @sy) suonows pastudins

pUE Pa.eds Ul 92USJajyIp JUBdIUSIS 1S9IBIS [BUOIIOWD
JO sa1IsuRUI (SWey-Ag-aWe.y '9°1) J1ILIS JO UBD|

ulwQ| :uoneang
sjooyds uoneanpa [eads pue Arewrlq :8uniag

| :s[eln#

‘gl 4o asy se

uaJp|Iyd Ajisse|d 01 pasn pue uonew.ojul Y18ua| pue djSue olul PIPIAIP

eIep A10333[e ]| "O9PIA Sy JO SOWE) |QQT ISl SY3 Ul SIUSWSAOW

949 Jo Au0129[e1 32R43 03 pasn ydeoudde | "INWIIS By PaAISSqO

T A3U3 3]1yM SOSPIA S,USUP|IY> PaPIOdaU BIBWEY) :dsuodsad pjIyD
‘pake|dsip a4n3oid s aayzow

| JI9Y3 YIIM UD2.DS B JO JUO Ul PRIBDS USJP|IYD) :uondLidssp dse ]
paydads 10p :uoneinq

2.43ud Bujureay/jooyds Asewrad/uaiiediapuryl :Buniag

g S|eln#

“3ul0d SUO PIPIEME USMSUE 1331403 YdB]

‘ulpueasiopun g4 S3eaasuowsp 03 suonsanb Jamsuy :dsuodsad piyd
'SU9A0DDI0A YaIM $94n3d1d JO SaLISS se paruasa.d

${Se3 Jo1|9q-95|e} JSP.I0-pu0dSs pue -3s.14 :(7) uondLdssp dse]

BJOWED USSPl 09€
8uisn pap.odad s3usWSAOW
peaH ‘(papiroad

10U suonedydads)

ud.ds Jeandwo)

qr (unp, ‘smow,) §| pue puaraud, o] :sjern #
' 2qAew, pue ou, ‘sah, — suolINg 9a.y3 ay3 jo suo Zuissaud
R4 Aq juswieiess syaddnd ay3 jo yanaa aya a8pn[ :asuodsad pjiyDd

'SQUaA (,Sd]uIy,) aAndey

-uou pue (pua33.d,) 9A138-423UNOD (SMOUY|,) 9AIIDR} PUIRIUOD

SIUSLUDIBIG "UDIIDS B UO UMOYS $9.n301d InOqe sjuswalels apew

| 19ddnd suQ jsea ([A1) 3uswadpnl anjea yana] :(]) uondiidsap dse |

ulwg| :uoneang
AJoreaoqer] :Buniag

| :s[eln#

€ "dWe.j-Ag-aWe.l) JUSWSAOW peay Jo [od pue mek ‘youd
paydea3 (928)7) WyLIoS[e UoIsiA 423ndwod V/ “I|NWIIS SY3 PAAISSqO

A3 9]IyM SOSPIA S,USJP|IYD pap.Joda. elaweD) :dsuodsad pliyD

T "Y30q jo XIw & pey Inoj ulurewsay ‘[e1os A2.nd
pue [e120s-uou A[a.nd sem Ydea OdpIA dUQ "UIUIS B UO pauadsald

| 1INWIS [BI20S-UOU PUE [BI20S SUIUIRIUOD SODPIA XIS :UondLIdSIp dse |

28pa doa
SY1 UO pIJUNOW BUSWED
® UIM JOJIUOW O3PIA 6]

‘U33.2s 03 UORUIIE
32319p 03 (sa18ojouyds |
D1 4q T 1amoj|04243)
921A9p Bup|de.1-24d
paiunow-dopysap p.epuels
sisA|eue sajels

ulw 7~ :uoledn  [euonows Joj (A3ojouyds |

€ AuoredoqeT :Bunieg uonew.Iou| SNpjoN
4oea awl suo pake|d suondas awes ¢ iS[eLnH# ‘| 'GA) Jopeayade SNploN
T "3We.y 3yl 01 uonow 'suolssa.adxa [euonows

ue uBISSe O3 9|qBUN JO 98} Y3 AJIUSPI O3 J|GEUN SBM JOPEIYIdE
SNPION| 943 JI PI[EAUI SB PIJISSE[D SJ9M BIBP ‘DR OB 04
q *(8007) ‘[ 3 1MOAD) se swreg :@suodsad p|iy> pue uondiidsap yse]

paumded Jojuow
9U3 MO|9q WEdGIAA
-123ndwod dopyjseq

VYN= O_ME.YQ

‘9€ | =N ‘SYyIuow 9g—7/ :23ury
syauow (¥N) wN=(as) *w
dnou8 gl T

VN =3ewy

‘9€1 =N ‘syauow yg-gy, :a8uey
ssyauow (YN) YN =(as) *w
dnoJ3 sy ‘|

18'85=2fewy,

I =N ‘sppuow () 4022 =(as) W
dnou8 gl 7

p'I8=2rwWy

‘£1=N ‘sqpuow (6) y0'2£ =(as) ~*w

«dnou3 asy |

L9°99=3lRW% ‘IT=N

‘sypuow (5e°g1) €715=(as) ~ W
dnou8 Q] T

§6/08=9[eW5 'IT=N

‘syauow (z5'91) 8'09=(as) ~w
dnoJ3 sy ‘|

T9p=9rWy ‘€| =N

‘syauow (4£'9) §1°25=(as) ~w
dnou8 gl 'z

T69=9rWY ‘€| =N

‘syauow (s4°8) 8E'85=(as) “w
dnou8 asy ‘|

'ulyD :A13Uno)
aze3 [epog
:aunseaw dyoads
(6100) 13217

'ulyD :A3uno)
Sulpueas.apun Jaljaq-asjed
:aunseaw dyoadg

(0z07) 1232 17

VSN :Anuno)
asuodsau [eamisod peay
pue a5ua43ja.d [eog
2unseaw dly1adg

(8107) "[e 30 unuely

AseSuny Anunod
suoissaadxa
[edey/Auo0.d1dad
[euonIOWa-[B120S
2unseaw olyadg

(£107) 11049 pue sosiog

S3|NsaJ AJewwns pue (s) dLnaw AJewliyd

dnias [eauswiiadxy suonesydads adeQg

(uonnguisip Jspuasd ‘ozis s|dwes
23e ueal) ,S|1e3ap 2ueddiiey

QJnseaw U_u_uwnw ‘uonel)

(penunuoD) °| aqelL



Mukherjee et al.

(panunuo))

payioads JoN :uoneing

woo. [ooyds :3uniag

paydads 10N :s[eln#

7|se) SUIMBIP WO :dsuodsad pliyD

"BIBP YdNO3 XIS pUB [elJaul

Jnoj pap.odaJ auoydiiews -duoyd ays uo paijdde 2.0y pap.aodau
SaN[eA JOSUSS B3 JBY3 OS ‘9|qe) Je|4 B UO pade|d sem suoydiiews
‘adeys aJenbs paiop e unojod pue ade.) :uondlidsap dse]

'%G8 < Adeunddy
1(9107) ‘e 1@ zo1m3|nzUY Aq pardodau swes AlAnes.d
a3 jo sauniesy o| doa Buisn sdnous onsoudelp

03Ul UBP|IYd AJISSB[D 03 SPOYIDW |y JO AdBdnddy  °|

‘843U [eUS|S UOIIEJB[IIE B30I ‘UOIIDBIIP UOIIRID|IIE JO ujw g~ :uoneing
sa12usnba.) JUBUILIOP ‘UONEIS[9IDE JO SIUBLIBA PUB UBSW woou 32inb :3uisg
‘SOXE 9312 Y3 JO OM] USDMID] UOIIBII[DIIE JO UONE|D.LI0D | S|ela#
— uolsuaWIp 934Ya Yoea uj awn Aeld :sajdwexs auniea “Jed 3y3 yum Aeid s piyd

(%19) Andyads

PUE (%59) AuARIsSuUSs (%79) AdeJndde 9|qeuosea.
yam sdnous usamiaq pareulwlidsip (mojaq sajdwexs
12995 995 — {}) 39S 24NILY ||} BY | SPoyIRW

(WAS) TIW Jo Apiydads ‘Aaianisuas ‘Adeanddy

Suisea.dul Yam sand [ 10y §'| 03 §°( WOJ) SISEDIDUI
AjpAIssaadoud |3 ‘dnou8 Sy J4o4 "l 40 sand |je
$SOJdE G| < Appuaasisuod |3 *(QSY < 1) ddusJtayip
Juedyudig “(dwn uondead pafeds) (|1y-|) + (s402s

Sunuasaudau g ul eyep uoness|eddE pue sawn jo sajdwes OO~ JO
pa3sisuod 3|1 e3ep [edidA | “I4-IAA 4O Y30039n|g Suish pa.idjsuely eieq
‘@€ Ul JUSWSAOW § 8D PIP.I0d3. I913WO.IR|920Y dsuodsal pliyD
"J932WO.I9[932¢e

Ue Y3ImM pappaquis Jed A03 & yaim padeld uaupiyD :uondiidssp dyse ]

Souew.iopad pajeds) |d =7 :(]3) Xopul SSULAIRYT € ulw Qg :uoneing
'S9SB2JOUI UOIIBWIOMI Auoresoqe] :Bunieg

9Nd s $35B2.ID9P swn dsuodsau aessAy "QSy Ul (an> uad 7) g :seln#
J23uo| sawn 9a.ys Ajprewixoaddy (gl < AsV) ‘21042
9DUBIBHIP JUBDHIUBIS :BWIY UOIIdRR BRUdAY T JO UORBWLIJUOD UO PIP.I0ID. SIUBLLIOLID] "JOIUOW DAIISUDS-UIN0

*and [ ay3 u1 uonew.oul
BuiseaJoul yum paroadwi sduew.opad dnoud gsy -adly
and [ Jo aAndadsauur dnoud Q1 40y (%001) 32942 Su

‘uinl peay Yyaim azed aks pue
suoje azed a4 — sand om3 Ul (gL > @SY) 2usJIaylp
uedYIUBIS DISEY [ UO 2.402s dduBWL.IONMSd SZeIoAY

"$21I9W Y309 0 (@L > ASY)

92UD.IYIp JUBdIUBIS :(39SPEY YA DY3 D0M P|Iyd
SY3 Yd1ym Joy uonreJnp (7) pue swed ay3 yaum
page3us uoneJnp (|) se pauyap) uswagesus se |
(AL > @sy) @ouaJayip uedyudis :Sulweu aun1dig
(@1 > @sy) aoua.ayip auedyiusig

:$jse3 uoneliwi suoydojAx pue wn.ip 9y ul 4035

& uo and /[ Aq paaeaipul 33lqo 1984e3 ay3 Buiydno | :esuodsau pliyd
“A|WOpUR. PaJajo sand

V[ 'send y[ yam usdupzuod 3a8.e3 ays jo Suipjeds pue aAoqe ay3 jo
IIe () pue aze8 pue uJna peay ‘Bunuiod us3uy (g) 9zed yam uJni peay
(7) auoje azed 9o (|) ySnouya sand papiro.d Jeieae ay) ‘dmes YA

B UIYIIM JeIBAR (€ UM djsel (y[) uonuaiie juiof :uondiidsop yse ]
ulwQ| ~ :uopeng

AJoreloqeT :Buisg

S|elH
*([e303 ) Woou [enddiA

u1 2umoid yoes Suiweu 1oy papJeme juiod SUQ "SEISWED OSPIA OM)
Aq papJ02a. JUnolAeyaq p|IyD) 'SUOIDE 5,30q0d 3eW]| :dsuodsad p|iyD
*395peaY YA JB9M 01 paisanbau uaup|iyd “iser ySnouys Aempijy
‘uonURNE S PIYD dY3 3d2.Ip 03 5329[qo 03 pajulod $10qod ‘WOOd Y
u1 3uasa.4d s329(qo Sweu 03 9|qeUN JO SSBD U] "WIOO.I [BNLIIA SY3 Ul MES
A3aya 1BYM 9qLI2SOP 01 PaYISE UBJP[IYD 17 o35 's19|[eW SE SJ9)|0JIu0d
YA 8uisn ‘suoydojAx ay3 pue wnup [eniJiA & Aejd 01 Moy p[Iy> pamoys
10qo. [enIA :| d91g “1oresado ue eIA Aj930Wa. P3j|0JIUuod $10q0d

Aq pa| ‘swnup pue suoydojAx sy Aejd 03 dnias YA :uondiidsap dse|

‘sypuow (9€°Z1) $T'£5=(as

SpS=9RWY ‘TT=N

‘syauow (wN) YN =(as) *w

dnou8 Q] T
CLL=3rWY

‘TT=N ‘SYIuoW g W/ ‘syauow 4 |
—09 :sdnou8 yioq ui a8ue.
a8y ‘sypuow (¥N) ¥N=(as) ““w

dnoJg gsy °|

%¥9=°RWY ‘ST=N

‘syauow (9,°8) $7°09=(as) *w

dnou83 Q] 'z
%¥8=>3eWy, .mN&HNZ
) Tw
«dnou8 qsy'z

§9=3[eWy ‘0T=N

‘syauow (8°01) ¥'08=(as) *w

dnou83 Q] 'z
§9=3eWwy, ‘0T=N

age

‘stpuow (9£%1) 8'92£=(as) ~ W

«dnou8 qsy °|

VN uw_mw:.x

(801) 09=(as) “w
dnou2 gl ¢

VN=3eWy ‘| =N

‘syauow (9¢°6) 8'85 = (as) W

«dnoJu3 asy °|

uelspied :Anunod
sjuswiLAow
Suime.p Jolow-auiy
:2unseaw oly1adg
(6107) "Ie 32 anbyey

ued| :A1uno>
SUENTENCT]

Ae|d jo susamey
:aunseaw dyvads
(£107) e 32 1prIOly

eIpu| :AUNoD
uonuane juof
:aunseaw dyy1dadg
(0207) T2 32 oA

ued| :Anuno)
uoneuw

pue uonuanie ulof
2unseaw dly1adg
(£107) "Ie 32 qeyeys

S3|NsaJ AJewiwns pue (s) dLnaw Adewliyd

dmas [eauswiiadxy

suonesydads adeQg

(uonnguisip Jspuasd ‘ozis s|dwes
‘93e uealy) ,s|1e3ap Juedidiiey

aJnseaw dy1dads ‘uonend

(penunuoD) °| sqelL



Autism 00(0)

10

(ponunuon)

‘dsy u! uoneja.uod (yanol,)
ou Jo (ssaud,) JeapA ‘gL Ul uone|a.alod Juedyudis
pue 3uo.ag :(sswn Yonoa pue sassaud £33) ssuodsad
puey pue 193.e3 U0 Adud3e| UOPEXI) 94D USIMIDG

UOIIE[9J10D UOSJIBDY) UOIRUIPIOOD puey-2A3 '€
ERIVENEYIN

ON :UuoBIpuod ono3, ui 398.e3 uiyonol jo Adeinddy T
ERIENETITNCIN]

:uonipuod ssaud, ul ssaud uoling Joy swin uondedy |

*ASV Ul 92uaJayip ON ‘(L Ul 9WIl JUSWIAOW
[e303 3|qEIIBA S.J0W pUE IS3UO| :UOIIIPUOD
J010B.IISIP IO} POAISS]O SID9Y0 UONDRIAIU| °q
9|qeLIeA Joy30 Aue
ur 9duaJaylp oN (Ll <dsy) dwn uoneiedsaad
JUBWSAOW JO AM[IGRIIBA Ul 9DUSJIBYIP JUBdYIUSIS &
:S9|qRLIBA DIJBWSUD| SNOLIBA |

2dUBJ3HJIp ON HAUCO_U_tUOU UWL:IV wucwum_whw&

[eansnels pue Suimeap Sulnp suonenanyy (SWY)
paJenbs ueaw 1004 {(QSd) ANsusp [ea1dads Jamod '€

(@L<asv)

UONIPUOD SNONUIIUOISIP Ul JUIBYIP JuedYIUSIS
oW Suimedp 31D Jo (AD) UONELIBA JO JUSDIR0D T
QDUDIDYIP ON DI SUIMEIP B UBDL |

‘sisAeue AyAnisuss Sulinp dnou3 @) ays wouy

parowa. syuedpnaed g Y319 Yyaim pasueydun sUoLIDOSSY

‘09pIA $3]qqnq 03 patedwod Ijnwias xa|dwod

pey salnow anoy asay | (gl < asy) (sajqqnq 1daoxa)

S3IAOW DAl JO INO UNOJ Ul PIAIISGO SIDUIIIYIP ISNGOY
'sisouSelp SV PUe (1A0W dY) SSOIdE PUOdIS
P-IY3-9UO AIDAD J0OJ) 93BJ JUSWISAOW PEIY UIIMID]
UOIIEIDOSSE 9Y) WO.YJ PIIE|NJ[ED Ok 2IBY :DIUBIDJ

se 1 YuMm SV JO JUSWAOW peay Jo oned ey |

'sdnou8 ] pue

@SV U99M19q PAIBUILILIISIP — 94NIBAIND DSBISAY Pue AID0[9A
93eJaAY ‘94035 [230| — S2UMIedy 9.4y sdnoud aAndadsad
J19Y3 03Ul UBIP|IYD AJisse|d 01 pasn (LJAS Jeaur]) spoyIaw iy
*(own uons|dwod ‘pakeld

S[9A9] ‘2405 ‘8'9) apew s3dwale Jo I03edIpU| paseq-ssa.S0.d
(10uu2

‘34N3BAIND ‘SWI3 ‘UONEIS[SIIE ‘AID09A ‘DdueISIp “8'9) paydnol
PI'Y2 a3 sautod Juadelpe oma Suisn paiejndjeD) (paseq-siuiod
‘paseq-ssaugo.ad pue paseg-iuiod

— $391103938D OM] Ul BIEP |2N0I WOJ) PIIDBIIXD SOUMIED) G

paydads 10p :uoneinq

AJojeaoqeT :8unisg

"Yoed S[ElI) 9| JO SUOISSIS € S[elnH

'31qea ay3 uo ped e yo puey ay3 3unyl| Aq uonisod 3195 B Wo.y padels
SIUSWISAO] "U.DS 93 uo s393.e3 SY3 paydnoa sauedidni.ed : yonoa,
(7) pue :xoq uonngq e 3uisn usaJds uo uonisod 1yS1i/Yy3) s 198481 a2
paedipul sauedidiaed :ssaud, (|) — suonipuod om] :asuodsau pliyD
isea dejiao dey :uondiiosap dse ]

paydads J0p :uoneinq

AuozesoqeT :Bunieg

GT ‘s|eln#

‘ZH 67| e pajdwes

SEM JUSWUSAOW SN|AIS "PUS O3 2JBIS WO} dUl| B 9deJ | @suodsad pliyD
"193.e3 9Y3 JBSU JOIDRASIP

[eNSIA & PBY S[BLI} SWOS "1JBIS WO.l 3YS1l 4O 2.3U9d ‘Y| JaYIID
Ua.2s a3 Jo doa ay3 38 uonlIsod pug "USIDS B3 JO SJIUSD WOII0q
a3 3e uonisod 1Je3s ‘snjAas & 3uisn sueld [ed1149A B UO pauasaJd
s3uiod oma uio[ »jses 3uswaAow 3ulod-03-3ulod :uondiidsep dse |
uiw | uoneing

paynads JoN :Bunisg

(301 9) yoes | :sjeLny

'SuUonIpuod payidads Xis aya Jad se s3j2.1> mea( :@suodsad plIyD
*(ure8e 3upuels auojeq

doa aya 18 Buisned Aq snonunuodsip pue ‘aded 1sej SA 9|qEIIOJWOD
:3uisned Inoyaim Suime.p SNONURUOD) $3JA1S BUIME.IP B|2.1D 93.y3
pUE (JUBUILIOP-UOU SA JUBUILLIOP) 3SN-PUBY UO PISEq SUOIIPUOD

XIS 'snjA1s & Buisn U93.DSYINO3 € UO S3|2.I1D Med(] uonidLidsap yse ]

ulw g :uoneung
a1 :Suniag

| :s[eln#

,07 = me uaym udauds ay3 3e Supjoo| aq

03 PaJapIsUOd sem p|iyD "dwely 4ad parejndfed (3j13 3y31-39)) |joJ pue
(umop-dn) youd ‘(3ySiu-1y3]) mek — sa|Sue asod peay da.y] ‘uonisod
peay payoe.) pue pa1daIdp WY3LIOS[e L4 "US.DS I9|qEl UO InWias
pamalA ka3 SjIym ospIA pliyd paamded eiswe)) dsuodsad piyd
“(6107) ‘Ie 3@ |]2qdwer) se sweg :uondiidsap dse |

paydads J0p :uoneinq

payidads 10N :Buniag

'S[9AR] AJNDYP  UIYIM S|DAS]-qNS @ IS[elin#

‘[oA3] siyy puokaq Aejd 1ou pjnod dnoud

ASV 22Uuls | [9A97 wouy Ajuo pasA|eue ereq *(je3ol/uim) Adeandde
J19y3 uo 3uipuadep [eLiy/sJels p—() POpJeME US.P|IYD '39|qe3 9yl uo
Pap.J023. BIBP UDNO | "9AIY 01 23q 3e1 03 Yaed aded] :@suodsad pliyD
‘POMO]|0} 30U sI A103d3lea3 pauyap yi papiro.d yoeqpasy

ondey *(jiey) paJ pauIN] SI9MO|) PAYIN0IUN Il SAYINOI 3G UIYM
(UIM) U3 SUINY JBMOJ} dUld "DAIY SII O3 99q B 9)[EI O3 SIIMOJ}

Sjuid yam pasirew yaed paydads-aud e mojjo4 :uondiiosap yse |

s3ynsaJ Alewwins pue (s) oLnaw Alewryd

dmos [eauswiiadxy

J9p.1023. 03PIA
‘uone.qed juiod-g yaum
‘Uapamg ‘pAIspueq gy
‘Buppoea1-24s 4oy 1190 ] X0§
‘uonn|osa.

foxid 89/ X 701 38
(wo3sAsyono| o|3) usauds
Yono1 ad1 .L1 ZHO0!

paydiew-Jopuad pue -a3y 4| =N
‘syauow (9°£7) 9°5£=(as) *w
dnou83 ]l 'z

%L §8=3RW% b| =N

‘stpuow (7'57) vyL=(as) ='W
«dnoJs ggy °|

SL=2ewy T =N

‘syauow (1) 61'6£=(as) *'w
dnou8 @l 'z

ELTL=3W% '] =N

‘syauow (8'91) 6£¥£=(as) " W
«dnoJ3 asy |

doade| dp| g9 bedwor
dH & 03 pa1dsuuod

(0L IIWIWE Yy2no] 01o1N)
U235 Ydn01 A7 LI

Gg=23[ewy,

‘61 =N ‘squow (z1) £9=(as) *w
dnou8 @l 'z

96'98=3RW% ‘S| =N

‘syauow (806 1) 9'18=(as) ~*w
«dnous gy °|

‘Adesayn

[eauswdojaaap Jo yoaads oy Ajijenb
03 3uaidIyns Aejop [eauswdojoasp
Jo Aejop a8en3ue| jo sisouSelp

B Y3IM uaJp|iyd 3y31e sapnjou|
bS8 =oew ‘78=N

‘syauow (g/°¢) 16'17=(as) **w
dnou83 Q] 'z

LTLL=3BW% TTL=N

‘syauow (£0'%) 61°97=(as) ~*w
dnoJg gsy °|

%Y 1°LS=3[eWy
‘£=N ‘dno.3 gsy yaim paydrew
-8y “sypuow (¥N) YN =(as) *w
dnou8 @l 'z
%001 =3[ewy,
‘=N ‘syiuow yg-gy :28uey

ade
'syauow (YN) YN =(as) = w
dnoJ8 asy ‘|

Ajea| :Anunod
UOIIBUIP.I00D 9A3-pueH
2unseaw oly1adg
(€102) 'Ie 32 eddrd

elfeqIsny :Anunod
uonndaxs

pue 3ujuue|d 400
:aanseaw >ydadg

(Z107) 'le 32 pmoQ

epeUR) Kuno)
sjusWAAOW
Suime.p Jolow-auly4
:2unseaw dly1adg
(€107) e 32 Aanayy

VSN :Anunod
SjuUsWLAOW peay
Jo 21rY [PUnseaw dyadg

(8107) |e 3@ uosmeq

ued| :Auno)
sjuUaWRAOW
Suidpeay Jojow-auly
2unseaw dly1adg

(2107)
‘e 39 peloN-Ipnowye|y

(uonngquisip Japuas ‘azis a|dwes

suoneoydads sd1A9Q ‘93e ueal)) ,S|1e3sp Jueddiiey

aJnseaw dly1dads ‘uonel

(penunuoD) °| aqelL



Mukherjee et al.

(panunuo))

‘sadew 398483 UMOW| YaIm ddueWIIOMNRd 19339q

‘sdnou8 gq| pue @1 ay2 uj "dnou8 sy ui Aeljiwey
Aq pa1dajeun 9ouUBWLIOLIR] AlLIBl|IWE) JO BdUSNPU| T

‘dno. gsy 03 (3deduod usyaSuaaas

01) |aued puodas Jo yauaq o (uonipuod |pued

3j3uls ur gL > asv > adl) a2ua.ayip auedyudis
:(s921042 139.03 jo uondodoud) Adeandoy |

(syauow gy < ui sadeys

Suiyorew pue uonesiiodaie) KAUo syauow gy = ul

UOIIBUIPIO0D JOIOWONSIA PUB YD.JBDS [ENSIA

‘Al > dsy) 2ouatayip auedyudis ((dwn uonsjdwod
93eJaAe 01 24035 a3eJaAe Jo oned) Aouaplyg T

(syauow g < ua.p|iy> Joy

dl > dsy) 22uaJsayip aueoyiudis :(swed 3unsjdwod
sjuedipnaed jo uonuodoud) sed uonsjdwo) |

'SuoRIpuod
||l pue sauiol |je uipnpaul |opow ul (%7°0/) AdB4ndde IsET
(%9€°68) UORIPUOd A Ul SIUIO] |[e PUE UONIPUOD OVA Ul
so1139W peay Suisn USYM PIAIISGO S3IDBINIIE 1SaYSIH
"SUORIPUOD |[B Ul 3599 9Y) pauLiojiad soLIaW pesp
:Aeandde uonesyissed sy T
'sdnou8
ASV Pue (1 U29M19q SIBUIWILIDSIP 03 Pasn S|opow ||
Pe3y :OVA uonipuo
peay pue 83| :yA uonipuod
>unay pue peay ‘3s) :A uonipuod
'suopIpuod
22412 Jje ul (QL < ASY) 23udJayip uedyudis
:UOIIIPUOD YoBd Ul JUIof YoBd JO JUSWIAOW ITeIBAY °|
*S3|qRLIBA 922
Jo uoneuiquod 3uisn suoojjeq Suiddod uy uaye
SJow @] 3unedipul 9duaIayIp URdYUSIS IXFPpUI VD] b
(@L>Qsv) a>ua.ayp
auedyusis :suoojjeq dod 01 3dns Jo usWRAOL] €
(AL <@sy) 2>uaJayip JuedyIUSIS :BWI UONEY T
*(dnoud gsy ur Ajiqetiea
y3iy 03 anp aq Aew) aduaIAYIp ON AdBINDY |
‘uoiIpuod Ydno3, ul @Sy 3ou ang g ul
129)0 ded jueoyiudig “uonIpuod ssaud, ur sduaRYIp
ON :suonipuod dejiaao pue ded ul seduaRPIq  p

'SJUSLUSAOW PIP.I0J3. BISWED B D[IYM SJBIBAE S1BIW| :dsuodsad pliyD

ulw Qp—0¢ :uoneing
woou 33inb :Buniag

8 's|eln#

ujod

2Uo papJeme sasuodsau 139,407 “jaued 1a8.e3 ay3 Jo uoneandyuod
ay3 yorew 3ey3 suondo omi ay3 jo auo uo de| :@suodsad pjIyDd
'saamdid [ewiue (umousjun) dn-spew pue (umoud|

Ajjened) ugiaaoy ‘(umoud)) [e20] Suisn paulw.IIap AJLIeI|IWE) JO [9AD]
Jo 9ouanpu| 3deduUod UBYISUD.IIS 03 UMOYS SEM ‘[BLUIUE JUSIDYIP

B Y2IM Inq ‘uoiean3iyuod awes aya Yam [dued Jayioue ‘sjeln jo
395gns e U] *(s9ewl Jouliw se se[eod om3 — 3|dwexs) suoneandyuod
|EUOIIB|24 SNOLIBA Ul paJuasa.d s[ewiue Jo saunidlg :uondiidsap dse|

ulwz—§| :uoneinq
ua3.eduapup| pue 2.43udd dnnadessy | Bunieg

| :S[eln#

*J9MSUE 139.110D |oBd

Joj pap.Jeme 3uiod suQ "39|qe3 dY3 UO paJo3s sasuodsay ‘Aejdowred
8urnp uaa.3s ay3 uo s3139(qo 1933 uo de | :sesuodsau plyD
‘uofIeUIPJO0D

JOJOWONSIA pUE Y2.JB3S [ensiA ‘uonesiiodaied ‘sadeys Suiyoiew
‘s3sanbau [epos 03 Suipuodsau ‘syse1 uonuaie ulol papnpu|
‘U99.2s & UO pajuasa.d $jsel payiwes jo soLIag :uonidiidsep dse |

Ul | :uoleIng
AJoreaoqeT :Bunisg

(uonipuod Jad ¢) ¢ s|ela

‘UONIPUOD ® SSOJJE paseJoAe

UDY3 PUB SSWE. SAINDISUOD OM] SSO.DE paIndwiod Juswadedsip
ulof "awe.y yoes ui saujol Apoq 12919p 03 pasn wiyliode asoquado

‘suonoe
Jeoy pue 99s ‘||ows 03 9|qe si 3uedidied SjIYm ‘Uynw pausiIng €
01Ul 211q sJeIeAR OM) ((OVA) AJ10108)j0—AJ0aIpne—[ensiA ‘s | Joj Buos
® 03 soduep JeieAe :(yA) Alolipne—(ensia ‘Juedidn.ed o3 soaem pue
SUDDS 31 OIUI SH{[BM JBIBAE :(A) [ENSIA [SUORIPUOD IINWAS Jo sadAy
934Y3 YaIM UO13295493Ul 399435 uimoys dmias YA :uondiudsap yse )

paydads J0p :uoneinq

AJoreaoqeT] :8unisg

SUOISSaS ()] S[elIH

2135 [ea. & BulAow Aq SUOO||eq [enliA 3sing :asuodsal pliyD

‘[oA3] Aq padueyd juawadojuiaa jo adAy aya pue

SUOOJ[q JO JAQUUNN] ‘|NJSSIIINS UBYM PIPIACId SIUBLIDDIOJUID [BNSIA
pue A101ipnyy ‘dnias YA € ul SUOO|eq [endiA 3sng :uondidosap djse|

§T9=SRW, yT=N

‘stpuow (8F'£7) 9571 =(as) = w
dnoJ3 gqj ¢

99' I =3[eW%, ‘bT=N

age

‘syauow (7€) 95°£9=(as) " w
dnou83 Q] T

SL=2lewy $T=N

‘stpuow (p4°01) p8'82=(as) ~'w
.dnou3 gsy °|

‘Payaiew

-19pua8 aam sdnoun YN =9ewy,
“15=N ‘stpuows (2) ss=(as) *w
dnou2 gl ¢

VN =dJews

‘Ob=N ‘syauow (1 1) $5=(as) ~'w
«dnou3 asv |

b9 =2Jeu%, ‘ST=N

‘syauow (z6'01) Ze'85=(as) ~w
dnou8 ] 'z

§'/8=3RWY ‘$T=N

age

‘syauow (7'91) 95°19=(as) ~'w

«dnoug asy |

WN=(as) W ‘YN =dJewy
‘0Z=N ‘syauow 7/—09 :28ued a8y
dnou3 Q] 'z

£€'€g =0y,
‘TI=N ‘syauow (0) 7£=(as) ~w
«dno.g agy |

|oeus| :Anuno)
Supjuiya

(30r.135qR) [RUOHIERY
2unseaw olyadg
(6107) "Ie 32 wouzZIDH

'ulyD :A13uno)
Suiuonouny 9AnN>9X3
:aunseaw dyoadg
(6107) e 32 uay>

uredg :Anuno)
SIUBLLIDAOW I0IOW-SSO.ID)
2Jnseaw diy1dadg

(0707) ‘[e 3° ehey z1yed)y

®2J03 YInos :Anuno)
UOIBUIPJOOD J0IOWONSIA
:aunseaw dyoadsg

(9007) e 32 Bun[

S3|NsaJ AJewiwns pue (s) dLnaw Adewliyd

dnias [eauswiiadxy suonesydads adeQg

(uonnquisip Jspuasd ‘ozis s|dwes
23e ueal) ,S|1e3ap Juedidiiey

aJnseaw dy1dads ‘uonend

(penunuoD) °| sqelL



Autism 00(0)

12

‘21 Aq 3uikdinjnw Aq syauow 01 pa14aAUOD sem saeak ul patiodad uaym aSe ‘Adua1sisuod urelulew o],

*(23° ‘awoy ‘looypds

Ul ‘A1oreloqe|) Sunias [eauswIadXa dY) PUE JUBWISSISSE DY) JO S[ELID JO JaqINU 3Y3 Yaim Suoje 4nojod uoj paJ ur dnas [eauswiiadx3, Pajal UWN[Od 3y Ul PapN|aUl sI ‘9|211J4e dY3 Ul palydads Usym QuaLussasse ayl 219|dwod 01 uadel dwil ay |

's8un19s 92.4N0Sa4-MO] Ul S|003 RSP PayIUSP! aY3 SuliSIsiuIWpE Jo A31jIqises; 21edipul 03 SUIpOd UNojoD) :puads)| | d|qe O3 pappe 24ndly

(wa3sAs IAYD)
swJaope|d YA anisuadxy b-a
a|qiseay 1sea

$9110SS9I0E |BJINDS
yum saoinap dopysaq 62
9|qiseay Aja1e19poAl

sJ21ndwod 19|qel 3|qepoyy
‘souoydyews ‘62
3|qisea} 1O

!

!

}

8uipod anojo)

'3|qIsed) 1Se3| = Pay ‘9|qISEd) ISOW = UDDIL) :s3UIIIBS DINOSI-MO| Ul 3N 10§ IIABP B3 JO AMN|IGISED) BYI BIBJIPUI O SUONEDYIAAS BIIA(], PALLIEU UWIN|OD DY Ul PAsh uaaq sey Supod Inojod SuImo||o) ay |

2ouewopad

‘uipueassapun Jai1aq as|e) :g4 dnsiiedeeyD) SunesadQ JaA1RIRY :DOY ‘Aejap [EuswdolaAsp (gQ Wil uondeal ;| Y saJ91ul Jo uoiSe

(9g00=9
‘@l > asy) 2douedyiudis Sulyoseouddy djsea Suiuueld
jusuodwodn|nw Ul S[eL3 394403 Jo JaquinN T
CRIVCNETT] )
ON :1dDd ‘0D-ON/OD ‘saxog uo Adeinddy ‘|
al > ASV :S[2A9] ssoJde A[iqelies /.
aL<asy :(swalqo
Qwies ay3 uo syPRI pajeaday) HPIP pareaday 9
dl < sy Pdwn uondesy g
alL>asv
:(s;uswow upp1 Sulnp IR Jo JAqWINN]) 0D f
aL<asv
:(sausawow Buppdipd Sulinp IR oN) 03 Buissily €
Al > asy :(spew usaq aaey
PINOYS 1|2 OU U3YM SHII|2 JO JaquunN]) 08-oN T
al>qasy Aoenny |
:SDL113UW |[B Ul PIAISSGO SIDUIDYIP JuedYIUSIS

jo uoneadepe — (Jamo | Ajuoly) ysea Suluueld 3usuodwodnny ‘¢

‘0D-0N|/0D) Adowaw Supjdom pue uoniqiyui ‘Ajiqixa|) 9AIUS0d 7

2A1IND9XD Sulssasse syjsel pasiieandwo?) :uondiidsap dse |

dnou8Ae|d 4o a13uad aued-AEp [EDIPAW B Ul WOOJ 33Inb :Buniag
*Aejdawred Burinp syd12 asnow ySnouy] :asuodsau pjiyd

‘MMM ) 3jse3 03-0N|/0D) paljied paseq-qaAA :uondiidsap yse ]

ulw 07 |-06 :uoneing
AJoreaoqeT :Bunisg

| :s|eln#

Aejdowed Surinp uaauds uo dej :asuodsau pjiyd
5|Se3 I0UBH JO J9MO |

((1LdDd) 3591 9duUBULIOLIBd SNONUNUOD-|O0YISDd

(>sea saxog) Alowaw Supjiom [eneds |
:8uluonouny

payads J0p :uoneing

‘UOISSOS/SAWES / JO XBW ‘SUOISSAS £—7 S[elin

*(Jurwijsuawies

s3ynsaJ Alewwins pue (s) oLnaw Alewryd

dmos [eauswiiadxy

suoneoynads a1

esiq [eauswdojeasg pue [emda||Pau] Q] ‘sisAeuy ausuodwo) fedidulig 1yDd {(P[eds) Xapul swia uondeau |1y {(paeds) xapul
OY 2AIN DOY Y3 Japun eade :DNY ‘Buidojaasp AjjeaidA :q ] ‘4apaosip wnudads wsnne :qsy

68'L5=3rWY% ‘6| =N

‘sypuow (£8'51) £b85=(as) *w
dnou83 ] 'z epeue)) :A1unod
£€°€8=9eWY YT=N
‘syauow (1€ 1) 88'99=(as) *w
dnou8 gsv °| (£107) "[e 30 soulpIen

Suiuonouny 9AnN>9X3
:aJnseaw diy1dadg

VN =3eWy ‘s=N

‘syauow (89°1) 9°5k = (as) W
dnou3 @1 ‘7 spuelayIdN 3y :Anunod

VN=3RWY% ‘€| =N

‘siauows (9'6) 7'19=(as) *w
«dnou8 qsy °|

Suluonouny aAIINd9X3
:2anseaw oyads
(Z107) 'Ie 3@ easuDA

(uonngquisip Japuas ‘azis a|dwes

‘a8e uea|y) .S|1e3ap Juedpdiied  dJnseaw dydads ‘uoneid

(penunuoD) °| aqelL


www.samenslim.nl
www.samenslim.nl

Mukherjee et al.

13

Risk of bias

A list of questions was compiled from two risk of bias
assessment tools — Joanna Briggs Institute Critical
Appraisal tools: Checklist for Case—Control Studies
(Joanna Briggs Institute, 2017) and the QualSyst tool:
Checklist for assessing the quality of quantitative studies
from the Alberta Heritage Foundation for Medical
Research Health Technology Assessment Initiative
Series (Kmet et al., 2004). Some questions from the
compiled list were adapted; the final set of questions
used is listed in Supplementary Table 3.

Community involvement statement

As the reported study is a review a posteriori of the
reported research, there was no community involvement.

Results

Study selection

A total of 51,953 titles and 6884 abstracts were screened
for relevance across the two phases (Figure 1). However,
567 full-text articles were screened for eligibility, of which
38 met inclusion criteria. The most common reason for
exclusion was the age criterion (mean age > 8§years;
n=193). Other reasons for exclusions were the following:
the primary focus of the article was feasibility testing, pro-
tocol description or delivery of an intervention (n=114);
absence of a TD comparison group (n=>51); sample size of
less than five in at least one group (n=40); task not admin-
istered on digital devices or child responses being coded
manually (n=35) (Figure 1).

Description of the study participants

Together, these studies analysed results from 889 ASD
participants, 1348 TD participants and 32 participants
with a neurodevelopmental disorder other than ASD (intel-
lectual disability (N=24), developmental delay or lan-
guage delay (N=28)). The proportion of males in the ASD
group (79.3%) exceeded that in the TD (60.4%) or NDD
(62.3%) comparison groups. The mean age of the ASD
group was also higher (65.3 months) compared to the TD
group (60.9 months). Among 31 studies reporting the mean
age, the TD comparison group was younger than the ASD
group in the majority of studies (21/31; 67.7%), to allow
the groups to be developmentally age-matched (Table 1 —
Participant details and Figure 2). In all but three papers
(Bovery et al., 2021; Gale et al., 2019; Ruta et al., 2017),
the participants were >36months of age, indicative of
most tools’ applicability beyond infancy and toddlerhood
(Figure 2(a)). Gamified tasks, tasks presented on virtual-
reality (VR) platforms and those assessing speech and

language, were applied to children with mean age > 5 years.
Tasks involving video recording of children’s behaviours
while they interacted with stimuli presented on a screen or
with the experimenter were typically applied to children
with mean age below 5 years (Figure 2(b)). It is to be noted
that developmental age equivalents and individual skill
profiles and preferences are more significant than chron-
ological ages in determining applicability.

Overview of scalable digital tools for early
assessment of ASD risk

This is an emerging field, 28 of the 38 included articles
(73.6%) having been published in the past Syears
(Supplementary Figure 2). The tools identified were pre-
dominantly at the pilot or ‘proof-of-concept’ stage and
typically administered in laboratory or clinic settings by
research staff. Studies demonstrated high levels of hetero-
geneity across tasks used to assess diagnostic discrimina-
tive ability, the type of technology used to implement
them, primary metrics evaluated and developmental
domains assessed. Tasks were presented on portable tech-
nologies, such as laptops (H. Li & Leung, 2020; Lu et al.,
2019), tablet computers (Anzulewicz et al., 2016; Bovery
et al., 2021; Campbell et al., 2019; Carlsson et al., 2018;
Carpenter et al., 2021; Chen et al., 2019; Chetcuti et al.,
2019; Dawson et al., 2018; Fleury et al., 2013; Gale et al.,
2019; Jones et al., 2018; Mahmoudi-Nejad et al., 2017;
Ruta et al., 2017), smartphones (Mahmoudi-Nejad et al.,
2017; Rafique et al., 2019; Zhao & Lu, 2020), intelligent
toys (Moradi etal., 2017) and digital audio recorders
(Nakai et al., 2014; Wijesinghe et al., 2019), and non-port-
able technologies, such as desktop computers (Aresti-
Bartolome et al., 2015; Borsos & Gyori, 2017; Chaminade
et al., 2015; Crippa et al., 2013; Deschamps et al., 2014;
Dowd etal., 2012; Gardiner etal.,, 2017; Gyori etal.,
2018; Hetzroni et al., 2019; J. Li et al., 2020; P. Li et al.,
2016; Lin et al., 2013; Martin et al., 2018; Veenstra et al.,
2012) and VR platforms of varying sophistication (Jung
et al., 2006; Jyoti & Lahiri, 2020; Alcaiiz Raya et al.,
2020; Shahab et al., 2017).

In total, 21 studies (55.3%) used gamified tasks
(Anzulewicz et al., 2016; Aresti-Bartolome et al., 2015;
Carlsson et al., 2018; Chaminade et al., 2015; Chen et al.,
2019; Chetcuti et al., 2019; Crippa et al., 2013; Deschamps
et al., 2014; Dowd et al., 2012; Fleury et al., 2013; Gale
etal., 2019; Gardiner et al., 2017; Hetzroni et al., 2019;
Jones et al., 2018; P. Li et al., 2016; H. Li & Leung, 2020;
Lu etal., 2019; Mahmoudi-Nejad et al., 2017; Rafique
et al., 2019; Ruta et al., 2017; Veenstra et al., 2012), mak-
ing these the most common type of performance-based
tasks to detect autism risk in early childhood. Other types
of assessments included video recording of children’s
behaviours while they viewed or interacted with stimuli
presented on a screen (n=9; 23.7%) (Borsos & Gyori,
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Figure |. Study selection flow diagram.

Articles were identified and screened into two phases (number of articles in Phases | and 2 are represented as nl and n2, respectively). During
Phase | conducted in May 2018, no date filters were applied. The search strategy was broad and aimed to capture articles describing digital tools
used for risk identification of children with developmental delays and two neurodevelopmental disorders (ASD and ADHD). Given the large number
of articles identified in Phase |, a decision was taken to focus this review only on scalable digital tools (see definition in the text) for ASD risk
detection. When this search was updated in Phase 2 in October 2020, the search strategy was modified to reflect the restricted focus. A date filter
was applied to select only those articles published between June 2018 and October 2020 during Phase 2. Title and abstract screening was done

simultaneously when updating the search.

2017; Bovery et al., 2021; Campbell et al., 2019; Carpenter
et al., 2021; Dawson et al., 2018; Gyori et al., 2018; J. Li
et al., 2020; Martin et al., 2018; Zhao & Lu, 2020), tasks
using VR platforms (n=4; 10.5%) (Jung et al., 2006; Jyoti
& Lahiri, 2020; Alcafiiz Raya et al., 2020; Shahab et al.,
2017) and audio recording of children’s speech (n=2;
5.2%) (Nakai et al., 2014; Wijesinghe et al., 2019). One
study used a toy car with an embedded accelerometer to
record the child’s movement characteristics while they
played with the toy (Moradi et al., 2017).

Together, these technologies targeted both criteria set
within the DSM-5 for ASDs (Table 1). Several technolo-
gies also assessed neurodevelopmental domains not
included within the DSM-5 criteria, but known to be
affected in many children with ASD. Examples include
deficits in motor and cognitive abilities (Figure 3). Two
papers included a non-ASD NDD comparison group in the
study design (Carpenter et al., 2021; Hetzroni et al., 2019);
both demonstrated specificity to ASD symptoms. Eight
studies (21.1%) used machine learning (ML) to identify
nonlinear combinations of metrics as discriminants
(Bovery etal., 2021; Campbell etal., 2019; Carpenter

et al., 2021; Dawson et al., 2018; J. Li et al., 2020; Martin
et al., 2018; Alcafiiz Raya et al., 2020; Zhao & Lu, 2020).

The majority of studies were conducted in high-income
countries (26/38); however, three recent studies from India
(Jyoti & Lahiri, 2020), Pakistan (Rafique et al., 2019) and
Sri Lanka (Wijesinghe et al., 2019) and three from Iran
(Shahab et al., 2017; Moradi et al., 2017; and Mahmoudi-
Nejad et al., 2017), all low- and middle-income countries
(LMICs), represent an encouraging trend for global mental
health research.

Assessment of the risk of bias

More than 90% of the included articles (34 of 38) clearly
described the aims and objectives, details of implementa-
tion and used valid statistical methods to report their
results (Figure 4). They also reported the reasons for the
loss of participants when applicable, and the results sup-
ported the conclusions. However, participant demographic
details were only reported by 3/38 (7.9%) papers
(Supplementary Table 2: Additional participant details),
which omission precluded the determination of adequate
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Figure 2. Age distribution of participants across studies and types of tasks applied to them. (a) Mean (dot) and standard
deviation (error bar) of the chronological age (CA) of participants in months is represented on the X-axis (red=ASD; blue=TD;
green =neurodevelopmental disorders not including ASD). Y-axis lists the included studies (in the order presented in Table 1).
Most studies used CA-matched samples, except for Hetzroni et al. (2019) in which the other NDD group was significantly older
as a result of being developmentally age-matched to the ASD and TD groups. Some studies reported the range of one or more

participant groups instead of the mean and SD. In those cases, the range was represented as a horizontal line (e.g. Zhao et al., 2020;
10th row) using the same colour scheme. (b) Box plot demonstrating the age group to which different types of tasks were applied.

The vertical line within the box represents the median age of participants to which the tasks were administered. The whiskers

represent the 25th and 75th percentiles of participant age, respectively.
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Figure 3. DSM-5 criteria and developmental area(s) assessed by scalable digital tools.

The X-axis represents the developmental domains targeted for ASD risk assessment. Y-axis lists the included studies (in the order presented in
Table I). The criteria covered by the studies are indicated on the right-hand side. Green boxes (social communication/social interaction; RRBI:

repetitive or restrictive behaviours or interests) are part of the DSM-5 criteria. Purple boxes (motor and cognitive) are not part of the DSM-5

criteria for ASD diagnosis, hence marked with an ** symbol.

matching of participant characteristics across groups in a
case—control study design. However, 12/38 (31.6%) papers
did not describe the study setting or population from which
the TD group was recruited. Groups were adequately
matched on gender and developmental age only in 9/38
(23.7%) studies. Gender distribution across groups was
largely mismatched, with the ASD group typically having
a greater proportion of males compared to the TD group

(Table 1). In total, 21/38 studies did not clearly describe
the inclusion/exclusion criteria for participant recruitment
across both the groups. Whereas, 17/38 articles used stand-
ardised diagnostic or screening tools to select participants
in the ASD group. Meanwhile, 36/38 papers did not
include an NDD group without ASD to demonstrate the
specificity of the tasks and metrics to ASD symptoms.
Finally, while all the included studies were at the
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Figure 4. Risk of bias of included studies.

The X-axis lists the parameters used to assess the risk of bias of the included studies. Y-axis represents the proportion of studies classified into the
four groups, normalised to 100%. In addition to Yes (green)/No (red) responses to each question, responses were also classified as partial (orange:
some, but not all criteria met) and unclear (brown: no data available to make a decision).

proof-of-concept stage, limitations related to small sample
sizes, lack of generalisability and inadequate matching of
samples were described only in 20/38 (52.6%) studies
(Figure 4). Of note, none of the included articles explicitly
reported on any measure related to reliability (intra- and
inter-assessor reliability, test—retest reliability) or validity
(face, construct, content and criterion). While greater
understanding of each tool’s validity and reliability is
important for their ultimate use, this state of development
is to be expected for an emerging field, as the main focus
of these initial studies is to demonstrate feasibility and
explore the discriminative ability of these tools.

Characteristics of digital ASD assessment tools

Detailed characteristics of individual tasks, details of
implementation and their discriminative ability as reported
by the studies are presented in Table 1. Detailed descrip-
tion and comparisons of tasks used to address the primary
research questions are presented in the Supplementary

material. Based on the evidence, the potential of these
tools to screen for autism risk in low-resource settings is
discussed below.

Tasks using portable technologies (tablet computers, smart-
phones, toy cars and digital audio recorders). All tasks using
mobile technology could be completed in 8 min on average
(range=1-20 min). Except for tasks assessing accuracy on
executive functioning skills (Chen et al., 2019; Jones et al.,
2018), all other tasks and metrics could discriminate
between ASD and TD at a group level (details in Supple-
mentary material). Tasks tapping the social and motor
domains were particularly reliable, as discriminative abil-
ity was demonstrated by a total of 13 studies led by differ-
ent study groups using a variety of tasks, metrics and
devices. This included seven tasks tapping the social
domain (Bovery et al., 2021; Campbell et al., 2019; Carls-
son et al., 2018; Gale et al., 2019; H. Li & Leung, 2020; Lu
et al., 2019; Ruta et al., 2017) encompassing social versus
non-social stimulus preference and theory-of-mind, and
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six tapping fine- and gross-motor domains (Anzulewicz
etal., 2016; Chetcuti et al., 2019; Dawson et al., 2018;
Fleury et al., 2013; Mahmoudi-Nejad et al., 2017; Rafique
et al., 2019). Also within the social domain, two studies
assessed group differences in facial expressions in two
ways — evoked expressions while watching animated vid-
cos (Carpenter etal., 2021) versus imitating the facial
expressions presented on the screen (Zhao & Lu, 2020).
Therefore, while similar data capture and analysis methods
were used and significant group differences were reported
by both, a direct comparison of the tasks and metrics for
this particular construct was not possible. One study each
used a toy car and digital audio recorder to assess autism
risk. The former was moderately successful while the lat-
ter failed — however, more replications of these tasks are
required to determine their utility.

Tasks using non-portable technology (desktop computers and
VR platforms). Tasks presented on desktop computers were
highly heterogeneous in terms of the ASD phenotype
assessed, making it difficult to synthesise results across
studies. Except for three studies assessing EF, all others
assessed a unique skill using different tasks and metrics.
Consistent with tasks presented on mobile devices, accu-
racy on EF tasks showed mixed results in the desktop tech-
nology format as well. Results related to reaction time
were consistent, with the ASD group reported to be slower
in providing responses in EF tasks. Most tasks tapping the
social (Aresti-Bartolome et al., 2015; Chaminade et al.,
2015; Martin et al., 2018) and motor (Crippa et al., 2013;
Dowd et al., 2012) domains continued to demonstrate sig-
nificant group differences. The two studies assessing
speech and language (Lin et al., 2013; Nakai et al., 2014)
used very different metrics to assess group differences
(pitch characteristics vs accuracy), so no comparison was
possible. Similarly, the results from facial expression anal-
ysis using the Noldus FaceReader (Borsos & Gyori, 2017;
Gyori et al., 2018) were too preliminary to determine their
utility for use as autism screening measures.

The VR format of ASD risk assessment, although show-
ing promising results, depended on sophisticated devices
and administration in laboratory settings by trained research
staff. However, the discriminative ability of these tasks tap-
ping joint attention, motor imitation and visuomotor coordi-
nation continues to highlight the promise of the social and
motor domains to identify autism risk. Tasks using desktop
technology were completed in 23 min on average, about
thrice as long as those on portable devices (§ min). VR tasks
took 14.6 min on average (see Supplementary material).

Discussion

Tasks can be brief, portable and largely
automated

This study identifies and characterises digital tools that
have the potential to be applied in direct assessment of

autism risk in early childhood in low-resource settings.
Because the availability of skilled human resources is a
major limitation in these settings (Divan et al., 2021), we
focused on tools that require minimum assessor judgement
during administration, and whose data analysis could be
automated with no to minimal manual inputs. Two main
modalities of direct child assessments were identified —
gamified tasks and video or audio recordings of the partici-
pant while they viewed/responded to stimuli on the screen
or VR platforms, or interacted with research staff or family
members. Tasks were presented on both portable and non-
portable technologies, namely laptops, tablet computers
and smartphones on the one hand, and desktop computers
and VR platforms on the other. However, some tasks pre-
sented on non-portable technologies but requiring child
responses on touchscreens, or in which children’s videos
were captured using webcams, are easily adaptable to port-
able devices (Jyoti & Lahiri, 2022). The majority of the
assessments were administered in laboratory or clinic set-
tings, but some were also deployed in homes, schools and
daycares. While trained research staff administered these
tasks in all studies, they typically provided only simple
instructions and demonstrations before participants
became able to engage with the tasks independently —
extending these tasks’ promise in the hands of non-
specialists. Finally, tasks delivered on portable technolo-
gies could be completed in less than 10 min on average,
and most others within 30 min. Therefore, once validated,
the types of tasks identified and their potential to be deliv-
ered on low-cost devices by non-specialists pave a promis-
ing path for ASD risk detection in low-resource settings,
which bear the largest burden of cases worldwide (Baxter
et al., 2015). Six recent studies’ being based in LMICs is
an encouraging trend towards this direction.

Social and motor skills discriminate best

While specific tasks and metrics targeted multiple devel-
opmental domains, those tapping social and motor domains
were the most promising. Most studies assessing these
domains reported significant group differences using a
variety of technologies, tasks and metrics. Lower prefer-
ence for social stimuli emerged as one of the most reliable
metrics. The ASD group consistently preferred non-social
stimuli irrespective of the format in which these were pre-
sented, be it static images or videos presented on tablet or
desktop screens. This general result of aversion to social
stimuli aligns with the literature, including decades of eye-
tracking literature demonstrating reduced time spent look-
ing at social stimuli in the ASD group (Papagiannopoulou
et al., 2014). Individual studies reported unique tasks and
metrics relevant to the social domain that successfully dis-
criminated between the ASD and TD groups; examples
include anthropomorphic bias and the applied theory-of-
mind ability to deceive and to distrust opponents. The
ASD group was also found to take longer to orient to the
person calling their name, or to initiate social interactions.



Mukherjee et al.

19

These are examples of digital tasks tapping literature-
backed autism-relevant phenotypes that historically have
been assessed by in-person interactions with trained staff
(Baron-Cohen et al., 1985; Bruinsma et al., 2004; Federici
et al., 2020; Zwaigenbaum et al., 2005). Their success in
digital and gamified formats is encouraging for their
potential to scale as screening tools in low-resource
settings.

Similarly, a variety of tasks tapping the motor domain
found consistent differences between the ASD and TD
groups. Tasks assessing fine-motor abilities, which were
largely administered on portable technology including tab-
lets and smartphones, found differences in the pattern of
interactions with smart devices. Kinematic analyses con-
trasting autistic versus non-autistic touchscreen move-
ments in gamified tasks have demonstrated greater
variance in speed and direction with longer, less straight
movement paths, amid a less fluid, more piecewise move-
ment style (Weisblatt et al., 2019) and greater spatiotem-
poral error across a range of tasks (Dubey et al., 2021). A
challenge in quantifying visuomotor behaviour is the
choice of specific derived metrics from a large number of
possible ones, for example, acceleration, jerk, direction,
variances and maxima thereof, duration and extent of
movement. An important element of the future research
agenda will be to combine motor and developmental litera-
tures so as to give the autism field a standard set of param-
eters with which movements can be described and
compared across studies. Discriminative results reviewed
here focus thematically on inter-trial variability in response
duration in motor planning tasks, accuracy in imitation of
complex motor gestures, and visuomotor coordination, but
the devil is in the details of specific derived measures.

However, studies assessing gross motor movements
were typically based on video recordings of child behav-
iour while viewing on-screen stimuli or imitating avatars
presented on VR platforms. The most consistent result was
differences in head movements, indicative of poor postural
head control in the ASD group. These results are consistent
with the literature on autism-related motor phenotypes, for
example, stride length variability (Kindregan et al., 2015),
and differences across a range of behaviours including arm
movements, gait (Lum et al., 2021), postural stability and
oculomotor coordination (Fournier et al., 2010; Johnson
et al., 2016), all of which are suggestive of an overall defi-
cit in motor planning (Rinehart et al., 2006) and coordina-
tion. Mechanisms proposed for these observed autistic
deficits are an inability to chain together sequential motor
events (Cattaneo et al., 2007; von Hofsten & Rosander,
2012) and difficulty incorporating visual error feedback in
an online movement process (Haswell et al., 2009).

Another consistent discriminating metric was slower
reaction times in the ASD group, measured as the latency
to respond selectively to pre-specified target objects. This
slowing manifested in a range of tasks including tablet-
based gamified tasks assessing executive functioning,

VR-based tasks of joint attention and visuomotor coordi-
nation, and video recording of child behaviour to assess
latency in orienting to name. The validity of this metric is
supported by the literature demonstrating slower reaction
times in older children (Herrero et al., 2015) and adults
(Lartseva etal.,, 2014; Schmitz etal.,, 2007; van den
Boomen et al., 2019) with ASD using computerised sim-
ple and choice reaction tasks. Although pathologically
slowed reaction time can flag developmental issues in gen-
eral, by itself it would be too blunt an instrument to dis-
criminate autism from other neurodevelopmental
conditions. Similarly, task completion and task engage-
ment, the latter defined variably as number of frames in
which an ML algorithm was able to compute relevant met-
rics from children’s facial landmarks, or the duration for
which the child played the game, were found to be a useful
discriminating metric in six different studies, but cannot
point to autism in particular.

Accounting for heterogeneities, sex differences,
ages and stages, and available resources

Arriving at a set of screening tasks that can discriminate
autism in all its forms and presentations is not as simple as
deciding which tasks work. One needs to know, rather,
which tasks work for which subtypes of this heterogeneous
condition, at what ages and developmental stages, and in
which real-world circumstances dependent on culture and
context. Given the early stage of development, most stud-
ies are limited in their generalisability to broader samples
and contexts. The absence of demographic details in the
majority of papers not only precludes determining the
comparability between the ASD and TD groups within and
across studies but also obscures our understanding of the
heterogeneity of the study samples and the subpopulations
for whom these tools are applicable. For instance, motor
tasks might be especially predictive in some individuals
who are not beginning to speak on time (Belmonte et al.,
2013), and conversely, assays of social responsiveness
might be more predictive in others. Furthermore, while
gender specificities in ASD prevalence and symptoms
exist (Halladay et al., 2015), gender differences were not
addressed in any of the studies. Therefore, further confirm-
atory studies are required to test the validity, reliability and
specificity of these tools before they can be deployed as
screening measures. One group has already started plan-
ning Phase 3 trials using large samples in different con-
texts (Millar et al., 2019), which is an important stride in
the right direction. The US Food and Drug Administration
(FDA) recently authorised marketing of the Cognoa ASD
Diagnosis Aid, software using ML algorithms to help pre-
dict the risk of autism based on parent reports, videos of
child behaviour and health provider inputs, as an adjunct
though not a substitute to the regular diagnostic process. A
similar open-source effort has shown > 78% accuracy in
discriminating between autism, intellectual disability and



20

Autism 00(0)

typical development in 2- to 7-year-old toddlers in low-
resource settings (Dubey et al., 2021).

These studies demonstrate great potential pending fur-
ther validation. All social and motor tasks met our mini-
mum criteria for use in low-resource settings — (1)
independent of assessor judgement and hence with the
potential to be easily administered by non-specialist pro-
viders and (2) capturing data in digital format that could be
objectively analysed. Furthermore, they could be com-
pleted in less than 20 min, largely on easily accessible and
affordable devices. The potential for portability of some of
the tasks administered on non-portable technology (desk-
tops, VR) is high since most tasks were in a format that
could be adapted to portable technologies (e.g. Jyoti &
Labhiri, 2022). With respect to the type of tasks, computer
vision analysis of child behaviour is more versatile as it is
applicable to the full spectrum of children of varying ages
and abilities. Gamified tasks, however, the majority identi-
fied by our search, are only suitable for older or less
impaired children who can understand and follow game
instructions.

Advantages of digital tools for ASD risk
assessment and implications for global health
research

These novel tools are uncovering nuanced differences in
child behaviour using objective and automated measures.
Examples include inter-trial variability of a few seconds
during motor planning, and differences in force, pressure
and patterns of tap-and-drag gestures in tablet-based
gamified tasks. The Research Domain Criteria framework
theorises that early deviations from normative develop-
mental trends may be predictive of later disorders
(Cuthbert, 2014, 2020), including autism (Tung et al.,
2019). Digital tools provide the most feasible method to
develop global normative trends of ASD-relevant pheno-
types, which could be used to flag children with differen-
tial trajectories. Their potential to be administered by
non-specialists make them amenable to task-sharing and
stepped-care approaches, paving the way for large-scale
ASD screening across diverse locations including low-
resource settings. Given the current state of development
of the tools, magnitude of demand and heterogeneity
within the ASD population, digital tools can potentially aid
in the initial screening of autism risk at scale. However, a
confirmatory diagnosis should only be made by a
clinician.

Notwithstanding their potential, it is important to rec-
ognise that a ‘digital divide’ currently exists between high-
and low-resourced settings, the developmental benefits of
technological advances disproportionately accruing to
educated and resource-rich communities that have access
to smart devices, adequate power supplies and the know-
how of Internet services (World Bank, 2016). Therefore,

the feasibility of using various types of digital platforms
for ASD risk assessment must be carefully considered with
respect to the specific LMIC context and setting in which
they will be used. Portable computers and mobile devices
provide the highest levels of accessibility, affordability
and potential for scale across all settings of the global
South. Therefore, tools that are adapted for delivery on
these platforms would be most feasible to use across all
settings and ensure that the technological advances do not
inadvertently increase the digital divide in the global ASD
community (Kumm et al., 2022).

Methodological considerations to advance the
field

Based on the key findings and limitations discussed above,
we provide the following directions for future studies.
Tasks tapping the social and motor domains that are avail-
able in gamified formats or that estimate metrics using
computer vision analysis, and provide objective measures
analyzable using standard and machine learning methods,
should be prioritised for further development. The main
goal should be to further validate these tasks and metrics
using prospective cross-sectional study designs and larger
samples, and to standardise derived measures across tasks.
Studies should focus on establishing reliability (intra- and
inter-assessor reliability, test-retest reliability) and valid-
ity (face, construct, content and criterion) of these tools
and report these metrics in future publications. Larger
samples would allow assessing heterogeneity using dimen-
sional measures (Stevens et al., 2019) and refining ML
algorithms when applicable. Once a tool or task is vali-
dated for a single population, its acceptability, feasibility
and validity should be assessed in diverse settings and
geographies, checking the consistency of psychometric
properties across contexts. Once metrics describing relia-
bility, validity, sensitivity and specificity are available for
these tools, we can begin to make judgements about their
use as screening or diagnostic tools.

For this reason of cultural context, especially, stake-
holder families and community members must be involved
in the design and execution of such research (Staniszewska
et al.,, 2018), ideally with representation on the research
team itself. Stakeholder and community involvement
heightens recruitment and retention in general (Crocker
et al., 2018), and in autism studies in particular (McKinney
et al., 2021), makes tools globally relevant, especially to
low-resource and underserved communities (Witham
et al., 2020) and must be an integral part of the research
design process from the stage of conceptualisation, rather
than left as an afterthought. None of the studies reviewed
has reported a strategy for stakeholder and community
involvement. This must change.

The social and motor tasks currently being administered
on desktop computers and VR platforms should be
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translated for delivery on portable devices to improve
access, and then subjected to feasibility and validation test-
ing in different settings riding the wave of widespread
mHealth technology use worldwide (Abaza & Marschollek,
2017; Osei & Mashamba-Thompson, 2021). Since research
is linked to local capacity building (Durkin et al., 2015),
greater testing of these tools in diverse low-resource set-
tings will also generate the necessary awareness and skills,
in the community and in researchers, to build momentum
towards universal screening of children’s development.
Finally, longitudinal studies should be designed to evaluate

the developmental trajectories using metrics of the most
promising tools and to develop a deeper understanding of
the normative trends of ASD-relevant phenotypes.

We identified a few standalone studies that assessed
ASD-related behaviours using very specific and unique
tasks that could significantly discriminate between groups.
Examples include studies assessing evoked and imitated
facial expressions, and speech and language. We recom-
mend replication of these studies by different groups in
different populations to further test their validity and
reliability.

Box I. Considerations for future studies evaluating digital tools for ASD risk assessments.

I. Specificity to developmental delay in general, not to autism in particular: Although the addition of other NDD
comparison groups can demonstrate digital assessment tools’ specificity to ASD symptoms, at the stage of community screening
and referral, it may be impractical to focus specifically on autism risk alone: a child who is at risk of a developmental delay but
not autistic still needs a referral.

2. Participant characteristics: Future studies should report participants’ demographic characteristics in detail. Studies would
also benefit from using standardised measures to rule out ASD symptoms in the TD group, especially as we move towards more
dimensional and nuanced measures proposed to characterise heterogeneity within groups. Mental age-matched TD comparison
groups should be included in studies involving ASD participants with comorbid ID.

3. Choice of device: While Android devices could be prioritised since they are cheaper and more widely available in

LMICs, care must be taken to ensure that the sensitivity and accuracy of the device-derived metric is appropriate for the task
delivered on the device, and that the delivery of stimuli and collection of responses will be robust to the fast pace of hardware
development and marketing.

4. Individual risk measures: Finally, while group differences are adequate to evaluate the potential of these novel
technologies, the analytical methods should be refined to allow quantifying individual risk. Bayesian classification and ML methods
have been employed by a few studies reviewed. Discriminative features from multiple developmental domains could serve as
individual features in an ML algorithm designed to predict autism risk (Dawson & Sapiro, 2019; Jin et al., 2015; Kang et al., 2020;
Liu et al., 2016). This multidimensional strategy would be akin to the standard practice of observing multiple behaviours for ASD
diagnosis. Therefore, while any one of the features may not be enough to capture the full heterogeneity of the spectrum, the

combination as determined through an ML approach may achieve higher degrees of sensitivity or specificity.

5. Ecological validity: Taking advantage of rapid advancements in computer vision, future assessments should focus on
computing social and motor metrics relevant to the autism phenotype from brief, automated tasks portable into homes, schools
or other ecologically valid settings. Some examples include reciprocal social interactions, repetitive behaviours and sensory
sensitivity during regular interactions of the child with their peers, teachers and parents in home or school settings or during
solitary play, captured using cameras on tablet computers or smartphones.

6. Patient and public involvement: Stakeholders and community members (e.g. community health workers) must be
involved in planning and execution of the research, from the beginning.

ASD: autism spectrum disorder; TD: typically developing; NDD: neurodevelopmental disorders; ID: Intellectual Disability.

Limitations

As this review was limited to case—control studies, digital
tools piloted or validated using other types of study
designs will have been missed. Second, since we only
included peer-reviewed published articles in English,
emerging technologies that may have been presented in
conferences or in other languages are not included. Third,
the search was last updated in October 2020. This review
does not cover new tools and new data (including some
of our own) published beyond this date, posing a limita-
tion in view of the rapid pace at which new technologies
are introduced and evaluated in this dynamic area of
research.

Conclusion

This review identifies and characterises digital tools for
direct observational assessment of autism risk in early
childhood that have the potential to scale in low-resource
settings. This characterisation encompasses tasks and
their associated metrics, developmental domains assessed,
discriminative ability and details of implementation.
Tasks assessing social and motor domains were found to
be particularly promising and reliable in discriminating
between ASD and TD groups. Their implementation on
readily accessible technologies — half of them on portable
devices, such as tablet computers and smartphones —
coupled with objective output measures make them
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suitable for task-sharing with non-specialist providers.
Novel methods, such as computer vision and ML, are
increasingly being coupled with these tasks to allow for
objective and automated analysis of data, leading to more
in-depth and nuanced understanding of ASD symptoms
and furthering their potential for task-sharing approaches
and identification of autism risk at the individual level.
The time is ripe for the field to move beyond pilot studies
and small samples to large-scale, multinational validation
studies, using prospective cross-sectional or longitudinal
designs conceived, developed and implemented in col-
laboration with stakeholders and communities.
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