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Abstract

Purpose of Review We review what is known about how pre-linguistic vocal differences in autism spectrum disorder (ASD)
unfold across development and consider whether vocalization features can serve as useful diagnostic indicators.

Recent Findings Differences in the frequency and acoustic quality of several vocalization types (e.g., babbles and cries) during
the first year of life are associated with later ASD diagnosis. Paralinguistic features (e.g., prosody) measured during early and
middle childhood can accurately classify current ASD diagnosis using cross-validated machine learning approaches.

Summary Pre-linguistic vocalization differences in infants are promising behavioral markers of later ASD diagnosis. In older
children, paralinguistic features hold promise as diagnostic indicators as well as clinical targets. Future research efforts should focus
on (1) bridging the gap between basic research and practical implementations of early vocalization-based risk assessment tools, and
(2) demonstrating the clinical impact of targeting atypical vocalization features during social skill interventions for older children.

Keywords Autism - Paralinguistics - Prosody - Early diagnosis - Speech production - Acoustic properties

Introduction

Social communication deficits are a core diagnostic fea-
ture of autism spectrum disorder (ASD) [1], and paralin-
guistic aspects of communication (i.e., non-lexical com-
ponents of the speech signal, such as prosody) may be
particularly important. Atypical prosody was part of
Kanner’s and Asperger’s initial descriptions of autism
[2, 3], and remains a salient feature of the diagnosis [4,
5e¢]. Noted in gold standard autism assessment tools,
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including the Autism Diagnostic Observation Schedule 2
(ADOS-2, [6]) and Autism Diagnostic Interview—Revised
(ADI-R, [7]), prosody communicates rich non-lexical in-
formation (e.g., emotions, grammar, sarcasm) through
pitch, duration, and volume of speech [8]. It can also be
defined to include other paralinguistic features (such as
voice quality, motor control, pauses, and stress), which
have proven useful for describing ASD [9e, 10°].

Given the core relationship between prosody and ASD,
along with new tools designed to measure prosody in an auto-
mated, quantitative fashion (low-level descriptors of acoustic
features over time can be measured with fine-grained accura-
cy), prosody is a prime candidate for use as an objective marker
in screening and diagnostic tools. However, as noted by
Fusaroli and colleagues in a recent meta-analysis, promising
work in the area of diagnostic prediction based on paralinguis-
tic features has proven difficult to reproduce [Se¢]. Univariate
approaches (i.e., focusing on diagnostic group differences in a
single measure, such as pitch or pitch variability) show rela-
tively small effects across studies, with discriminative accuracy
of approximately 61-64% [5+]. Multivariate approaches (i.e.,
combining information across many acoustic features) show
reasonably high sensitivity and specificity [11-15] but vary
substantially in methodology, making it difficult to compare
across studies and draw inferences about clinical relevance.
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Since the review by Fusaroli and colleagues was published in
2017, at least nine new classification studies have emerged.
Researchers have also begun to emphasize the use of standard-
ized acoustic feature sets, which is an important first step to-
ward addressing methodological variation and producing stud-
ies that are comparable to one another, as well as more
reproducible.

Vocal behavior has great potential power to predict later
ASD diagnosis, as delays in early speech milestones are often
the first cause of concern reported by parents of children with
ASD [16]. Non-invasive early markers of ASD risk are some-
thing of a holy grail for researchers because early, intensive
intervention predicts better outcomes [17, 18], and early inter-
vention cannot be initiated until a need for intervention is
identified. Recent work suggests that while it is possible, in
some cases, for highly trained clinicians to provide a stable
ASD diagnosis at 14 months, the typical age of diagnosis in
the USA remains between 4 and 5 years of age [19, 20].
Identifying features of early vocalizations that predict subse-
quent diagnosis and indicate the need for early intervention
could address this critical detection gap. Thus, in this review,
we examine recent research on pre-linguistic vocalizations in
infants and toddlers who have or who go on to receive an ASD
diagnosis, followed by studies of paralinguistic production in
pre-school and school-age children on the autism spectrum.
Advances in technology and in clinical research make this an
opportune time to lower the age of diagnosis through vocal
analysis, facilitating earlier intervention and improving
outcomes.

Infants and Toddlers

Early vocalizations (e.g., crying, laughing, yelling, squealing,
vowels, babbling) are excellent candidates to use as clinically
useful biomarkers of ASD. They are easily collected from
infants (who produce them freely), are related to a core diag-
nostic symptom (unusual prosody/atypical communication),
and are supported by an emerging literature that documents
group differences in infancy and toddlerhood. One common
approach to gathering a sample of infants who will go on to
receive an ASD diagnosis is by recruiting infants at high risk
for ASD, either through genetics—by virtue of having an
older sibling with ASD [21]—or who are showing early signs
of ASD themselves [22]. Another common approach is to
collect and analyze vocalizations produced during retrospec-
tive infant home videos of children who currently hold a di-
agnosis (see [23¢] for a review).

In the next three sections, we will review separate lines of
evidence indicating various kinds of disruptions in the early
vocal behaviors of infants who develop ASD. These sections
focus on (1) standardized clinical assessments of expressive
language, (2) production rates for different vocalization types,
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and (3) acoustic features of vocalization. The longitudinal
power of early vocalizations to predict later phenotype has
only begun to be tested, and the most rigorously cross-
validated approaches to prediction have focused primarily
on acoustic features. Table 1 provides an overview of these
studies.

Standardized Assessments of Expressive Language

For infants later diagnosed with ASD, reliable group-level
impairment in expressive language ability (as measured via
direct clinical assessment and parent report) is observed by
12 months (see [24] for a meta-analysis of high-risk sibling
studies). In longitudinal samples, slower rates of expressive
language growth between 6 months and 3 years have been
observed in high-risk infant siblings who went on to receive
an ASD diagnosis [25, 26]. Difficulties with expressive lan-
guage are roughly commensurate with receptive language def-
icits in children aged 1-5 years, according to a recent meta-
analysis [27]. Taken together, these findings indicate that re-
duced language ability emerges early in life for at least a
subset of children and adults who develop ASD and is mea-
surable using standardized expressive language assessments.

Early Vocalization Rates

The literature on early vocalizing in ASD is often loosely
summarized as indicating reduced overall rates during infan-
cy, but evidence for this claim is mixed. Very few studies
report overall lower rates of voluntary vocalizing by infants
with ASD across the first few years of life [28, 29], and several
studies report no difference between infants that do and do not
develop ASD [30, 31, 32¢, 33]. Evidence is somewhat stron-
ger that ASD infants and toddlers produce fewer speech-like
vocalizations, more non-speech and atypical vocalizations, or
areduced ratio between them [22, 28, 30, 33—43] than control
infants, but there are also null [30, 33, 34, 39, 40, 44] and even
opposing findings [21, 45]. No clear patterns of study charac-
teristics (age, sex, diagnostic grouping, setting) that might
explain the discrepancies emerge from a review of this litera-
ture. One possible consequence of reductions in speech-like
vocalizing (or lower proportions of speech-like vs. other types
of vocalizing) in ASD is that social feedback loops with care-
givers might be negatively impacted. For example, an analysis
of conversational turns between 8-to-48-month-olds and their
caregivers in day-long recordings revealed a social feedback
loop for all children: Adults were more likely to respond to
speech-like vocalizations than non-speech vocalizations, and
toddlers in turn were more likely to produce speech-like vo-
calizations after an adult response [28]. However, this loop
was disrupted in ASD, such that toddlers with ASD produced
a lower ratio of speech-like vocalizations and received re-
sponses from parents that were less contingent on the type
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of vocalization they produced [28]. This can result in less
instructive interaction for the infant, leading to downstream
delays in social development and language learning.

Reduction in the social directedness of vocalizations
emerges in the second half of the first year of life in ASD
and is consistently reported thereafter [22, 30, 38, 40, 46,
47]. Directedness in these studies is typically defined as the
conjunction of vocalization and gaze or other communicative
behaviors (e.g., gesture, responding) aimed toward a social
interaction partner. When infants fail to direct their vocaliza-
tions toward another person, their vocalizations are presumed
to lack communicative intent. Although the role that social
directedness plays in the feedback loop of language learning
has not been directly studied, it is reasonable to hypothesize
that directedness affects the responses received from care-
givers (and thus, has an influence on infant learning
opportunities).

Consistent with the observation that delays in speech and
language are often among the first concerns noted by parents
of children later diagnosed with ASD [16], recent studies have
found early delays in canonical babbling. Canonical babbles
are defined as vocalizations that include mature transitions
between a consonant and a vowel (e.g., “ba”, “dada”), and
are therefore fundamental building blocks for language. In
ASD, delayed attainment of the canonical babbling milestone,
reductions in the rate of production of canonical babbling, and
smaller consonant inventories have all been reported, begin-
ning in the second half of the first year of life [36, 39, 40,
48-52]. However, the effect sizes of these differences are
much smaller when compared to developmentally or language
delayed samples [22, 41, 42, 52] vs. typically developing con-
trol groups.

Canonical babbling differences have been prospectively
associated with ASD symptoms [52], and babble character-
istics in the first year of life have been shown to predict an
individual’s subsequent diagnosis [35, 36]. Interestingly,
several reports have suggested that infants who later devel-
op ASD produce fewer socially directed babbles, in partic-
ular [22, 30, 40, 41]. This suggests that the interaction be-
tween the linguistic maturity of vocalizations and their so-
cial directedness may be a particularly potent ASD marker,
with greater specificity for predicting ASD than babbling
rates alone. Babbling has multiple functions in develop-
ment, and reductions in babbling in infants with ASD—
whether socially directed or not—may decrease their op-
portunities to practice speech, motor, language, and social
interaction skills.

The relationship of these various early vocalization fea-
tures to later language is not entirely clear. However, a
recent meta-analysis found a strong correlation between
vocalization (broadly defined, and including most measures
noted above) and standardized measures of expressive lan-
guage in children younger than age 9 (overall » = 0.5)

[53<¢]. Although correlations with expressive language
were highest for consonant-centric measures (i.e., the most
linguistically mature vocalizations, such as canonical bab-
bling, » = 0.62) and for concurrent measures (» = 0.77,
compared to longitudinal measurement, » = 0.33), all asso-
ciations were significant. This suggests that early vocaliza-
tions play a role in language development and may carry
valuable prospective information about long-term
outcomes.

Acoustics of Early Vocalizations

Cries of infants later diagnosed with ASD have been particu-
larly well investigated acoustically, as recently reviewed in
detail [54e+]. Briefly, these cries have been reported to have
unusual acoustic properties (including higher fundamental fre-
quency [55-64] and shorter pause duration [57, 59, 63, 65])
compared to non-ASD peers. Interestingly, naive raters are
sensitive to these differences, rating the cries of infants later
diagnosed with ASD as more distressed sounding—and
distressing to listen to—than the cries of infants who do not
develop ASD [56, 57, 62, 66+, 67, 68]. Cries of infants later
diagnosed with ASD produce different neural responses in
listeners [63] and behavioral responses from parents [65]. In
one study, mothers of children with and without ASD listened
to recordings of elicited cries from when the child was 1-
month old [66°¢]. The cries of children who were later diag-
nosed with ASD were rated as more distressing, more atypi-
cal, and more likely reflective of pain than typically develop-
ing (TD) infants. Although only eight total cry episodes were
rated, the ratings were nearly non-overlapping, suggesting that
when cries are elicited in a highly standardized manner, they
may hold exceptionally early clues about later diagnosis.
Although not yet instituted, a promising future direction is to
take advantage of cries that are already elicited during early
infancy in standardized (primary care) settings—specifically,
cries produced during scheduled vaccinations. Research fo-
cused on automated acoustic analysis of these cries would
be a valuable step toward identifying a pre-linguistic marker
of ASD with a clear path to translation.

The literature detailing acoustic properties of other kinds of
pre-linguistic vocalizations in ASD is smaller, with few stud-
ies evaluating the same sets of acoustic features. For instance,
toddlers with ASD have been reported to use a higher propor-
tion of long duration speech-like utterances [15, 45] than non-
ASD toddlers. Different patterns of pitch contour have been
reported in this age range as well, albeit in contrasting direc-
tions [45, 69]. Further research in this area would benefit from
reporting group means on standardized acoustic feature sets to
facilitate comparison and should clearly report important clin-
ical characteristics (e.g., developmental delay) to clarify the
specificity of acoustic markers.

@ Springer
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Using Early Vocalizations to Predict Outcomes

A full picture of the myriad acoustic differences in vocaliza-
tions produced by infants later diagnosed with ASD has not
yet emerged, but acoustic features have shown good classifi-
cation accuracy in cross-validated studies of diagnosed tod-
dlers, with emerging evidence of longitudinal predictive accu-
racy [14, 15, 32+, 40]. Notably, one study reported that high
prediction accuracy for diagnostic outcome based on record-
ings made before diagnosis is currently possible (at 10
months) [32¢¢]. This study extracted a standardized set of
acoustic features, the extended Geneva Minimalistic
Acoustic Parameter Set (eGeMAPS) [70], using open-source
software. eGeMAPS consists of 88 acoustic parameters, se-
lected to provide a minimalist set of features for paralinguistic
and clinical speech analysis based on theoretical significance,
potential to index affective changes in voice production, and
empirical performance. This set includes features related to
frequency, energy/amplitude, and spectral (balance/shape/dy-
namics) parameters. It is notable that eGeMAPS was designed
to be used as a standardized set that is easy to extract, reducing
the need for individual researchers to select acoustic features
and harmonizing methods across studies, which was a need
identified in a review of ASD voice signature research [See].
eGeMAPS features were extracted from vocalizations that
were manually segmented from a 12-min interaction between
10-month-olds at high familial risk for ASD who were diag-
nosed with ASD at age 3 (n = 10) and their parents, and from
low-risk TD (n = 10) infant-parent dyads. Linear kernel
Support Vector Machines (SVM, a supervised machine learn-
ing approach that performs classification on two groups based
on a model that best separates the groups) and a 1-layer bidi-
rectional long short-term memory neural network (a non-
linear machine learning approach) both achieved 75% accura-
cy in subject-level classification with an optimized decision
threshold [32¢¢]. Information about the most predictive fea-
tures from these models was not reported.

Descriptive reports of the kinds of acoustic differences con-
tributing to prediction, and when they emerge in development,
will be important for advancing our clinical understanding of
ASD. Additional prediction studies, potentially combining
acoustic features with other qualities of vocalizations (e.g.,
directedness, atypicality ratings, babbling), may help shape
these prediction models into useful clinical tools for early
detection of ASD.

Preschool and School-Age
Atypical Paralinguistics

Beginning when children can be readily diagnosed with ASD
(around age 4), a large literature supports the existence of

@ Springer

group-level differences in paralinguistic production (e.g.,
prosody, voice quality) [4, S¢¢]. That paralinguistic differences
exist is nearly indisputable; remaining questions include what
exactly those differences are, how they can be detected, what
they mean for people with autism, and how they can be used
to improve clinical care.

Recent studies of school-aged children with ASD have
focused on identifying acoustic signatures of atypical prosody,
with particular attention to measures of pitch and pitch vari-
ability. In one study, 8- and 9-year-olds with and without
Asperger’s syndrome (AS) completed the turn-end subtest of
the PEPS-C [71], in which they were prompted with pictures
to produce a one-word utterance with either sentence or ques-
tion intonation [71, 72]. Utterances produced by AS partici-
pants were rated by naive adult raters as more atypical and
were acoustically characterized as longer in duration, with
greater pitch range, and higher mean and maximum pitch than
TD participants [72]. A separate sample of Russian children
aged 5-14 years (25 ASD, 60 TD) revealed higher pitch and
pitch variability in spontaneous speech and word repetition in
the ASD group [73]. In recordings of the interview section of
the ADOS-2, school-age children with ASD (N = 65) pro-
duced higher and more variable vocal pitch than TD children
(N =17), but not a non-ASD clinical group (N = 18) [74].

In contrast, a few recent studies have not found evidence of
increased pitch variability in ASD—and some have found the
opposite. One small study of Swedish children aged 9-12 (11
ASD, 11 TD) found that the ASD group used significantly
more words per utterance when telling a story from pictures
but did not differ from the TD group on fundamental frequen-
Cy mean, range, or variation, nor in perceptual ratings [75]. In
another study, 6-9-year-old ASD children showed a smaller
coefficient of variation in pitch than TD children during pic-
ture-naming, suggesting that the ASD group was acoustically
more monotonous, and this difference negatively correlated
with a measure of social reciprocity [76]. Of note, this differ-
ence was not observed in the pre-school age children in the
sample, though the pre-school sample was very small (V = 6).
In sum, it is unclear whether there are consistent differences in
pitch variability in ASD. Although methodological differ-
ences between studies could have caused this pattern of dis-
crepant findings, it is more likely that true clinical heteroge-
neity is the culprit; individuals with ASD have been described
as both “monotonous” (i.e., low pitch variability) and “sing-
songy” (i.e., high pitch variability) at various times in the
literature, e.g., [77].

Social Impact of Paralinguistic Differences in ASD

Atypical acoustics impact social interaction success for indi-
viduals with ASD [9e, 78]. For example, when stories told by
34 school-age children (half with ASD and unusual prosody
as reported by their school-based speech language pathologist,
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half TD) were played for lay listeners (i.e., college students)
[9¢], listeners rated the recordings of the ASD children as more
disordered and evaluated them as less likable than TD record-
ings. Listeners also rated five aspects of speech (articulation,
clearness, fluency, accenting, and monotony). Articulation,
clearness, and fluency were collapsed into a measure of “in-
telligibility,” which accounted for 63% of the variance in rat-
ings of “disordered” versus typical. Intelligibility accounted
for 42% of the variance in likability ratings, and monotony
accounted for 21%. Accenting was not a significant predictor
of either disordered ratings or likability. Taken together, these
findings indicate that lay listeners are sensitive to speech dif-
ferences in ASD in a way that impacts likability ratings, and
which appears to be driven more by acoustic factors related to
motor control (e.g., voice quality and intelligibility) than by
linguistic prosody per se.

Atypical prosody in autistic speakers has been shown to
contribute to poor social interactions—including misunder-
standings by individuals with whom they are conversing.
For example, one naturalistic study of conversation analyzed
“trouble-source turns” (i.e., conversational turns that cause
another speaker to make some kind of correction or repair in
the conversation) in recordings of group therapy sessions from
seven boys with ASD aged 11-13 years [79¢]. Of these prob-
lematic turns, atypical prosody was observed through creaky
voice in 35.3%, quiet voice in 31.4%, pitch excursions (dra-
matic pitch changes) in 23.5%, stretched syllables in 17.6%,
and jerky speech rhythm in 15.7%. High rates of atypical
prosodic features in trouble-source turns suggest that prosody
contributes directly to sub-optimal conversational
interactions.

Research Gap: Preschool Children

A paucity of studies into paralinguistic features produced by
pre-school age children represents a noticeable gap in the re-
cent literature. Because many speech features change dramat-
ically across development [80], it is imperative to conduct
developmentally sensitive studies that include every age range
and report age-specific effects. The preschool age is especially
important in ASD, as this is the time frame during which the
majority of children first receive a diagnosis [19]. As men-
tioned above, one study of picture naming detected no acous-
tic differences in 4- to 6-year-olds with ASD despite finding
differences in pitch variation in school-aged children [76]. The
failure to detect differences in preschoolers may have been
due to insufficient power, especially considering that an older
study detected a wider pitch range in this age group in ASD
[13]. Additionally, at least two recent studies have indicated
the presence of paralinguistic differences in preschoolers with
ASD. In the first, 21% of children with ASD and no intellec-
tual disability (V = 83, 4-6 years of age) showed clinically
relevant phonological speech problems on a phonological

speech-production assessment [81]. In the second, utterances
were extracted from a standardized social interaction and
parent-child interactions [82] and the Prosody Voice-
Screening Profile (PVSP [83]) was applied (N = 7 children
with ASD, N = 7 TD children, 24-68 months of age). No
differences were detected in rate, loudness, or pitch, but sig-
nificant differences were observed in stress (e.g., atypical
stress of multi-syllable words [82]). Of note, many nonsignif-
icant group differences reported in this age range stand in
contrast to consistently detected differences in school-age
children. Taken together, this work suggests that there could
be developmentally-specific patterns of acoustic differences in
ASD, but more research is needed in this age range to under-
stand the exact nature of those differences.

Diagnostic Classification Using Paralinguistic
Features

The goal of most prediction studies in school-aged children is to
predict diagnosis and/or symptom severity from concurrently
measured vocalization features. This maps onto three potential
clinical uses: clinical screening, diagnostic decision support
(helping clinicians determine whether a presenting child meets
criteria for ASD at that moment in time, including differential
diagnosis), and phenotyping/individualized treatment planning
(determining which intervention—or how much intervention—
might be most helpful to improve ASD symptoms).

Several recent studies have demonstrated good accuracy in
predicting diagnostic labels from sets of acoustic speech fea-
tures (see Table 2 for studies not already reviewed in [See]).
Prediction of utterance-level and subject-level diagnostic cat-
egory from a set of acoustic speech features was reasonable
(67.6% and 66.7%) in a sample of six Japanese 10- to 13-year-
olds [84]. In 3- to 10-year-old children (30 with ASD, 54 TD),
74.9% accuracy was achieved using 24 dimensions related to
pitch when dividing utterances into thirds, which was slightly
higher than prediction using the whole utterance [85], indicat-
ing the need for attention to the kinds of utterances used for
prediction and the time-scale of analysis.

As in infant research, several recent studies of school-aged
children have used standardized acoustic sets, including
eGeMAPS and the ComParE feature set (a set of 6373 features
which won the Interspeech 2013 Computational
Paralinguistics Challenge for classifying ASD diagnosis)
[86]. Notably, much of the development in this area comes
from engineering, computational, and linguistics conferences,
highlighting the importance of collaborative relationships be-
tween clinicians and technical researchers. For example, using
a standard acoustic set on a sample of 803 utterances from 14
autistic children (4 to 10 years old), support vector machine
learning correctly classified severity according to the Social
Responsiveness Scale, 2nd edition (SRS-2) (mild, moderate,
severe) with 73.7% accuracy [87, 88]. This is particularly
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notable given that the task of classifying severity levels based
on narrow bands within ASD is much more challenging than
separating ASD from TD. In a different sample of 35 French
school-age children with autism, pervasive developmental
disorder-not otherwise specified, or specific language impair-
ment, and 70 TD children, several standardized acoustic sets
produced high accuracy in discriminating picture book narra-
tions from TD group vs. diagnosed groups (83.2—89.4%
across different feature sets) [89]. Prediction accuracy was
lower when predicting specific diagnosis (56.4% in the best
case), though the inclusion of both autism and pervasive de-
velopmental disorder-not otherwise specified makes this task
more challenging than necessary, as these labels both fall un-
der the category of ASD in DSM-5 [90]. By applying gener-
ative adversarial networks (a machine learning approach in
which two neural networks compete to produce new data sim-
ilar to the provided data) to the same dataset, researchers
achieved an unweighted average recall for the four groups of
44.06% using eGeMAPs features, and 46.93% for
COMPARE features (both significantly above chance, 25%)
[91]. In one attempt to test the cross-linguistic prediction ca-
pability of such machine learning, SVM classifiers were
trained and tested on a sample of children speaking either
English, French, Swedish, or Hebrew (aged 6 to 11 years,
ASD N =37, TDC N = 47) [91]. Models trained and tested
within a language using eGeMAPs or ComParE features did
reasonably well (UARs ranging from 62.2 to 87.1% in the test
set, where chance is 50%) [92¢]. However, models trained on
one or more languages and tested on another language did not
fare well, with many models performing at or worse than
chance, with even the best models achieving less than 70%
accuracy [92¢]. This work suggests that while paralinguistic
features that are predictive of ASD diagnosis exist in every
language, the specific features that predict membership may
need to be selected using non-ASD speakers of the same lan-
guage as a baseline reference.

Two studies directly addressed the question of whether
automated, machine-learning classification is better at deter-
mining diagnosis than human judgment. One study of 35 chil-
dren with ASD and 35 TD children used ComParE features
and linguistic features from both the child and a confederate to
achieve 66% accuracy (precision 82%, recall 66%) in classi-
fying ASD (Gradient Boosting Model) [93]. This was similar
to the accuracy achieved by undergraduate students listening
to the conversation—67% (precision (73%, recall 89%). In a
second study, using the same recordings of picture-naming
described in [76], a set of 24 features related to fundamental
frequency were used to classify diagnosis using SVM [94e].
Ten speech therapists rated these sets of words as being from a
child with ASD or TD. With only these data available, the
machine-learning classifier outperformed therapists using the
F-measure (an index of both precision and sensitivity). While
this comparison is unfair to speech therapists in that they

would traditionally have significantly more information avail-
able to them (e.g., full utterances), it nonetheless serves as
proof of principle that automated detection of acoustic features
holds promise as a method for objectively augmenting the
work of expert therapists. Further research in this area should
examine how automated detection can support the diagnostic
accuracy of a clinician working with a more reasonably lim-
ited set of data, such as the data available to a clinician in an
under-resourced clinic.

Conclusions

A brief review of the recent literature on pre- and paralinguis-
tic vocalizations in ASD indicates two primary ways that these
features are meaningful in ASD: as developmentally impor-
tant clinical targets and as potential behavioral biomarkers.
Clinically, atypical acoustic productions impact children’s ex-
periences across the first decade of life, beginning with paren-
tal responses to infant cries and speech-like vocalizations, and
later in the form of negative ratings by observers and difficul-
ties during conversation. Taken together, the impact of atypi-
cal vocalizing likely contributes to a sub-optimal developmen-
tal social feedback loop, including altered parental responsive-
ness early in life and negative social evaluation as children get
older, all of which compound to deprive children of valuable
social and language learning experiences (Fig. 1). Thus, para-
linguistic speech differences are important intervention tar-
gets, as ameliorating these differences (while acquiring words
and grammar) could have cascading effects on long-term so-
cial and linguistic development.

The second value of these speech features is as an objective
bio-behavioral marker, which could be used to indicate ASD
risk in infants and as an adjunctive clinical decision support
tool for young children. In infants, promising existing research
is sufficient to justify further explorations in this area.
Multivariate studies suggest that early vocalization acoustics
can predict diagnostic outcome, as measured later in life. The
full realization of this potential has deep implications for clin-
ical care, as earlier flagging for treatment will improve inter-
vention effectiveness and outcomes.

In older children, translational research that bridges the
basic and clinical domains is critically needed. A number of
reports using different samples, settings, languages, and fea-
ture sets collectively indicate that acoustic features can cor-
rectly classify diagnostic labels with reasonable accuracy.
Echoing conclusions drawn by Fusaroli and colleagues [5e¢],
we argue that it is currently difficult to draw conclusions from
the multivariate acoustic feature prediction literature—
because we need to know significantly more about which
acoustic features predict best for whom and in what setting.
However, it is also important to note that a full theoretical
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Fig. 1 The developmental feedback loops of pre- and paralinguistic fea-
tures. Orange circles represent features that may be useful in diagnostic

decision support. Loop “a” is an infant/toddler social feedback loop for

speech development [28]. This model posits that reduced babbling,
speech-like vocalizing, and directed vocalizations elicit reduced parental
response, which reduces language-learning opportunities. Loop “b” rep-
resents a cry feedback loop, in which atypical cry serves as a “self-

understanding of why a tool works is not necessary for the tool
to be clinically useful.

To achieve the goal of diagnostic decision support based on
paralinguistics, several intermediary steps are required. First,
there is a need for methodological advances that will automat-
ically segment child vocalizations from complex audio
streams in a variety of contexts. Most of the successful clas-
sification work presented in this review relies on audio seg-
ments that have been painstakingly segmented by human
coders. Although some automatic speech detectors for chil-
dren exist (e.g., the Language Environment Analysis System
(LENA) algorithm [95]), they are imperfect [96], and techno-
logical improvements in this domain could improve both the
accuracy and scalability of diagnostic classifiers. It is essential
for engineers and clinicians to form partnerships to accom-
plish this goal and other methodological advancements.
Second, research on the kinds of samples that can realistically
be gathered in a clinical setting is needed. The discriminability
of acoustic features of speech is sensitive to collection strate-
gies (e.g., spontaneous versus elicited), and so translation of
classification algorithms will depend on training the
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generated environmental factor” which results in parental difficulty un-
derstanding cry, eliciting different parental response [54]. This could alter
learning opportunities and temperamental development. Both of these

loops may lead developmentally to Loop “c,” a negative social feedback

loop. Atypical prosody and voice features result in negative social eval-
uation and sub-optimal social interaction, leading to fewer social interac-
tions and social/language learning opportunities

algorithms on appropriate data. Of note, although recordings
of children completing the ADOS-2 are likely convenient for
researchers who already have such samples collected, this
may not be the most valuable for clinicians who wish to rely
on automated speech detection specifically to eliminate the
need to administer the ADOS-2. For this purpose, research
on cries administered by vaccine administration or unstruc-
tured speech samples that can be easily collected by primary
care providers are needed. Third, studies should investigate
how vocalization analysis might be useful for clinicians.
Although studies of vocalizations and their predictive power
focus exclusively on speech features to rigorously demon-
strate that they have predictive value, a real-world application
would incorporate other knowledge, such as responses to
screener questionnaires or brief history questionnaires.
Research investigating the incremental value of paralinguistic
classifiers (i.e., asking how much they improve classification
beyond a standard screener) is necessary to understand what
role they might realistically play in clinical practice. Fourth,
studies of preschool aged children are particularly needed.
Most children in the US are diagnosed during the preschool
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years [19], but many children diagnosed in community set-
tings never receive an ADOS-2 or other time-consuming gold-
standard measures as part of their diagnostic evaluation.
Clinicians in settings with fewer resources might benefit from
decision support generated by an automated paralinguistic risk
detection tool. In summary, pre- and paralinguistic features
hold promise as clinically useful markers of ASD in infants
and young children, and with further research effort, may form
the foundation for automated tools that seamlessly integrate
with clinical care.
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