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Abstract

Pivotal response treatment (PRT) is a promising intervention focused on improving social communication skills in children
with autism spectrum disorder (ASD). Since robots potentially appeal to children with ASD and may contribute to their
motivation for social interaction, this exploratory randomized controlled trial (RCT) was conducted comparing PRT (PRT
and robot-assisted PRT) with treatment-as-usual (TAU). Seventy-three children (PRT: n=25; PRT +robot: n=25; TAU:
n=23) with ASD, aged 3-8 years were assessed at baseline, after 10 and 20 weeks of intervention, and at 3-month follow-
up. There were no significant group differences on parent- and teacher-rated general social-communicative skills and blindly
rated global functioning directly after treatment. However, at follow-up largest gains were observed in robot-assisted PRT
compared to other groups. These results suggest that robot-assistance may contribute to intervention efficacy for children with
ASD when using game scenarios for robot-child interaction during multiple sessions combined with motivational components
of PRT. This trial is registered at https://www.trialregister.nl/trial/4487; NL4487/NTR4712 (2014-08-01).
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social communication, (2) responsiveness to multiple cues,
(3) self-initiations and (4) self-management [6].

Implementation strategies of PRT include: following the
child’s interests, gaining the child’s attention, using clear
instructions (prompts), providing immediate and contin-
gent reinforcement in response to a child’s initiation or
good attempt, and interspersing maintenance and acquisi-
tion tasks. Family involvement in the treatment (i.e., par-
ent training) and implementation in both home and school
contexts are important aspects of PRT since it facilitates
generalization of acquired skills in daily life [5].

So far, reviews of more than 50 (mostly non-randomized)
PRT studies for children with ASD reported promising
results on social communication and functioning and self-
initiations specifically [7-9]. In the few randomized con-
trolled trials (RCTs) available, high variability in dose rang-
ing from 60/90 min a week during 12 weeks [10] to 600 min
a week during 26 weeks [11] is reported. Results from
these studies indicate that PRT for children with ASD may
enhance the child’s number and mean length of functional
utterances (both elicited and spontaneous) [10, 12, 13], gen-
eral social-communication skills [10, 13], and global clinical
functioning [10, 14]. Despite these promising results most
of the currently conducted trials are limited by small sam-
ple sizes (n < 50), a lack of an intention-to-treat approach,
and limited follow-up measures. In addition, a gap exists in
studies investigating specific components or ways of deliv-
ery that may enhance PRT effectiveness, while identifying
these intervention-enhancing components is key for achiev-
ing optimal outcomes for children with ASD [15, 16].

In search of effective components of interventions for
children with ASD, the use of technology such as robots has
received increasing interest during the last decade [17, 18].
In contrast to other technologies, robots provide embodied
multi-modal features (speech combined with gestures and
other movements) that are important when training social-
communicative behavior. Robots are appealing to many
children with ASD, which may contribute to more positive
affect [19] and to a higher motivation for social interaction
[20]. Additionally, children with ASD may show more atten-
tion towards a robot compared to a human trainer, which
can positively affect their learning opportunities [21, 22].
Also, since children with ASD show higher intolerance of
uncertainty [23], robots may be useful in showing higher
behavioral predictability by simplified social uses and more
repetition [24, 25]. The combination of the multimodal fea-
tures and behavioral predictability of robotics combined
with eliciting more motivation and attention in children with
ASD can positively affect the learning opportunities within
interventions for this target group. Since focusing on motiva-
tion for social interaction and gaining child’s attention are
key elements of PRT, robot-assistance may further enhance
this intervention model. However, robot-assistance in PRT
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has not yet been investigated. Single-case design studies on
the use of other robot-assisted ABA-based interventions for
children with ASD (using a small sample of n=6) with a
low dosage (e.g., six 15/20-min sessions or four 10-min ses-
sions) suggested increased communication and social inter-
action after the intervention [26, 27] although no additional
gains were found for a robot-assisted condition compared to
a non-robot condition [26, 28].

In conclusion, well-designed RCT’s on PRT for young
children are limited. Additional controlled trials are needed
to examine the effects of PRT on targeted and untargeted
areas of functioning and to explore the role of robot-assis-
tance in this treatment model. Therefore, the present explor-
atory study was designed to examine the efficacy of PRT
(with and without robot-assistance) compared to treatment-
as-usual (TAU) in a clinical sample of young children with
ASD (n=73). The study included a randomized controlled
design with an intention-to-treat approach, blinded and non-
blinded outcome measures, and a follow-up assessment. The
main objectives were to assess the efficacy of PRT (with and
without robot-assistance) compared to TAU in (1) improv-
ing general social-communicative skills and (2) improving
clinical global functioning. Secondary objectives were to
examine treatment outcomes on ASD symptom severity, par-
enting stress, and self-initiations during PRT, and to explore
the influence of child-, parent- and intervention-related fac-
tors on treatment effectiveness. We hypothesized treatment
outcomes for all groups, with the largest improvement for
children who received robot-assisted PRT, and also more
improvements for children who received PRT, compared to
TAU.

Method
Study design

This study involved an exploratory three-armed RCT and
was conducted within the context of clinical outpatient units
of Karakter, a tertiary, multi-site centre for complex child
and adolescent psychiatry in The Netherlands.

Seven different outpatient sites of Karakter were involved
in this study, all using the same procedures and clinical pro-
tocols. We utilized an adaptive design to measure the effects
of clinical outpatient treatment of children with ASD in this
naturalistic sample. Participants were randomly assigned to
either PRT, robot-assisted PRT or TAU (1:1:1). Stratifica-
tion was conducted based on age, total intelligence quotient
(TIQ), and site, since treatment outcomes in young chil-
dren with ASD may vary by age [29, 30] and TIQ [30].
Participants were matched manually on these variables by
an investigator not involved in data collection and outcome
assessment. The protocol of the study was registered in the
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Netherlands Trial Register (NL4487/NTR4712, https://
www.trialregister.nl/trial/4487, contact author for full trial
protocol). The study was approved by the Local Ethics Com-
mittee (CMO Arnhem-Nijmegen, NL.50509.091.14) and all
procedures were in accordance with the 1964 Helsinki dec-
laration and its later amendments.

Participants

Participants were included when they met the following
inclusion criteria; (1) a primary clinical diagnosis of ASD,
according to the DSM-IV classification; (2) aged 3-8 years;
3) a TIQ of 70 or higher; (4) ability to speak with one-word
utterances at minimum, and (5) at least one of the parents
speaks Dutch to the child. An exclusion criterion was having
received PRT previously to eliminate the impact of earlier
intervention. Within our sample of children with complex
psychiatric problems, comorbid psychiatry disorders were
allowed, but the primary diagnosis (and intervention) of the
child had to be focused on ASD. For participants that were
assigned to one of the PRT groups dosages of medication
must be kept stable before start of the intervention, but not
for the TAU group since pharmacotherapy is part of regular
care for this complex target group. However, participants
were not excluded if dosages changed due to the intention-
to-treat (ITT) approach.

In the trial protocol, adherence to the ASD cut-off on the
Autism Diagnostic Observation Schedule-Second edition
(ADOS-2) [31] was defined as an eligibility criterion. Of
participants that were included in the analyses, 89% scored
above the ASD cut-off. In the remaining 11%, participants
scored one point (n=4) or two points (n=3) below the cut-
off, or the ADOS-2 could not be fully administered due to
behavior problems that severely interfered with administra-
tion (n=1). These participants were included in the study
as they had a very clear clinical ASD diagnosis, based on a
thorough multidisciplinary and multi-informant psychiatric
examination. Children with an ADOS-2 score below cut-off
were equally distributed to treatment groups by randomiza-
tion (X*(2)=0.24, p=0.886).

Procedures

Participants were recruited from clinical outpatient refer-
rals to Karakter. The authoritative caregivers (further called
‘parents’) of the participants received verbal and extensive
written information on the outline and aims of the study
and signed an informed consent form prior to inclusion.
After screening for study eligibility, the participants were
randomly assigned to a group. Prior to enrolment and base-
line measures, parents received psycho-education on ASD
if not received in the past. PRT and robot-assisted PRT con-
sisted of 20 sessions of therapy, once a week, by certified

PRT-therapists who were trained to reach a fidelity score
of over 80% (level III). In total, 13 certified PRT-therapists
were involved in this study. Meetings with a certified PRT-
trainer (level V) were held for additional training and super-
vision. For participants that were randomly assigned to TAU,
treatment was indicated by a clinician based on ‘shared deci-
sion-making’ with parents.

PRT protocol

The PRT and robot-assisted PRT protocols were based on
the Dutch translation of the PRT manual [32], focusing on
implementing three-term contingency learning trials in
social communicative skills: (1) presenting a clear opportu-
nity (incorporating the child’s choice and gaining the child’s
attention), (2) target behavior (child’s initiation or prompting
the child to initiate), (3) reinforcing the child’s initiation or
attempt naturally and contingently. Target behavior was in
both the PRT and robot-assisted PRT group adjusted to the
child’s current level of social communication (e.g., two (or
more)-utterances, asking for an object/activity, asking for
help, protesting, wh-questions, responding to multiple cues).
In treatment, the focus was mainly on teaching parents to
implement PRT principles in the natural environment of the
child. Further, teachers were involved in implementing PRT
techniques at school. Both PRT and robot-assisted PRT con-
sisted of 14 parent—child sessions, 4 parent-only sessions,
and 2 teacher sessions. Each PRT session had a duration of
45 min, except for one teacher session including a 90-min
school/day-care visit.

PRT

In the parent—child sessions, the therapist modelled the PRT
techniques during therapist-child interaction, after which
parents practiced the PRT techniques during parent—child
interaction while being coached by the therapist. Depend-
ent on parent and child characteristics and target goals, the
focus was on specific PRT techniques. These sessions were
recorded on tape for later analysis. In the parent-only ses-
sions, the progress of the child on individual target behaviors
was discussed as well as the parental use of the PRT tech-
niques at home. In the teacher sessions, the child’s teacher
was involved in discussing and practicing the use of the PRT
techniques at school.

Robot-assisted PRT

In the robot-assisted PRT, a NAO robot was added in the
first 15 min of each of the parent—child sessions (but not in
the teacher sessions). Target behaviors were practiced during
robot-child interactions, in which the robot was controlled
by the PRT therapist. Motivational techniques of PRT were
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incorporated into game scenarios for robot-child interaction
(see [33] for a description of the development and protocol)
using the three-step contingency: (1) therapist controlled the
robot in providing antecedent stimulus, (2) therapist con-
trolled the robot in providing prompt(s) for child’s target
behavior, (3) therapist controlled the robot in reinforcing
the (attempt to) target behavior naturally and contingently.
Supplementary Information 1 shows details on how the robot
behavior was controlled and on the game scenarios for robot-
child interaction. Parents were asked to observe how PRT
techniques were used and the therapist modelled the tech-
niques to the parent by implementing learning opportuni-
ties by use of the robot. After the robot-assisted part of the
session (i.e., 15 min), the session was continued as similar
to the PRT condition: parents practiced the PRT techniques
during parent—child interaction and were coached by the
therapist. The parent-only sessions and teacher sessions were
also similar to the PRT condition.

Fidelity of PRT implementation

Parental Fidelity of PRT Implementation at the end of the
intervention was assessed using the partial interval record-
ing procedure as described by Verschuur et al. [34]. In this
procedure, the fidelity is based on a sequence of correctly
implemented PRT components that constitute a three-term
contingency, instead of scoring each PRT component sepa-
rately. In the current study, 10-min video probes of the last
two recorded parent—child sessions were used and a mean
of these two was calculated to determine the total percent-
age of fidelity for each parent. Videos were coded by a
trained research assistant, blinded to group assignment. Of
the video probes, 20% was coded by a naive second rater
resulting in excellent agreement (intraclass correlation
coefficient=0.97).

Treatment-as-usual (TAU)

The TAU condition consisted of guidance of parents, inten-
sive family therapy, treatment at school (e.g., mediation),
social skill training groups, pharmacotherapy, or a combi-
nation of these. These patient/family-tailored treatments
ranged in intensity and frequency (from 1.5 h per week to
1 h per month). After an intervention period of 20 weeks, all
participants in the TAU group were offered the possibility to
receive PRT (of which five actually received PRT).

Measures
Demographic information

Demographics on participant characteristics (i.e., age,
gender, psychiatric comorbidity, and medication use) and
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parental characteristics (i.e., presence of psychopathology,
education level) were extracted from case files and intake
questionnaires of Karakter. TIQ of the child was estimated
by either the Wechsler Intelligence Scale for Children
(WISC-III) [35], Wechsler Preschool and Primary Scale of
Intelligence (WPPSI-III) [36], or Mullen Scales of Early
Learning (MSEL) [37]. If TIQ could not be estimated,
approximate IQ was determined based on the child’s mental
age and/or educational performance.

Primary outcomes

General social-communicative skills in the child’s natural
environment were assessed using the Social Responsive-
ness Scale, preschool and child version (SRS) [38, 39]. The
65-item digitalized questionnaires, rated on a 4-point scale,
were completed by the parent and teacher/daycare attendant
at all time points: baseline, intermediate assessment point
(week 10), endpoint (week 20), and follow-up (week 32).

Total raw scores were computed (based on the following
subscales; Social Awareness, Social Cognition, Social Com-
munication, Social Motivation, and Restricted Interests and
Repetitive Behavior), with higher scores representing lower
general social-communicative skills. The change score com-
pared to baseline was used as a continuous outcome measure
and the percentage of clinical responders, defined as a reduc-
tion of >25% in total SRS scores compared to baseline was
used as a categorical outcome.

Change in clinical global functioning was assessed at
week 10, endpoint, and follow-up using the Clinical Global
Impression-Improvement (CGI-I) [40], rated on a 7-point
scale (very much improved — score 1—to very much worse
— score 7) by experienced child- and adolescent psychiatrists
who were unfamiliar with the participants and who were
blinded to treatment allocation. Ratings were based on infor-
mation about the clinical status of functioning, symptoms,
and well-being in major areas of the participants life (i.e.,
home, school, relations). This information was provided
by the coordinating therapist of the participant, who was
instructed not to provide details on their group assignment or
treatment phase. A clinical responder was defined as being
much improved or very much improved on the CGI-1.

Secondary outcomes

The severity of ASD-related symptoms was assessed at base-
line and endpoint with the Dutch version of the ADOS-2
[31]. The ADOS-2 was administered by a certified clini-
cian who was blinded to treatment allocation and baseline
outcomes. Of the calibrated severity score category (i.e.,
low: 1-4; moderate: 5-7; high: 8-10) based on Gotham
et al. [41], a change score (endpoint-baseline) was com-
puted. ADOS-2 Modules 1, 2, and 3 were used in 4.2%,
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16.4%, and 78.1% of participants respectively at baseline
(with 1.4% missing), and in 1.4%, 11.0%, and 74.0% of par-
ticipants respectively at endpoint (with 13.7% missing). For
83.9% of participants, the same ADOS-2 module was used
at baseline and endpoint.

Parenting stress was measured at all time points by the
digitalized 34-items Dutch “Opvoedingsbelasting vragenli-
jst” (OBVL) [42]. A reliable clinical change on the OBVL
was defined as a reduction of >4.03 points on the total
T-score [42].

Specifically for both PRT groups, percentages of spon-
taneous appropriate initiations of the child were calculated
at all time points during a semi-structured therapist-child
interaction based on PRT guidelines [43]. A percentage
was calculated dividing the number of therapist-elicited
opportunities in which the child showed appropriate initia-
tions without provided prompts (i.e., one-word sentences,
two-word sentences, asking for object/activity, asking for
help, wh-question asking (e.g., what, where, which, when),
protesting, interrogating, making statements and respond-
ing to multiple cues) by the total number of protocolized,
therapist-elicited opportunities.

Statistical analyses

Since this present exploratory study was the first in estimat-
ing the effect of robot-assisted PRT and no research was
available on comparing effects on the SRS and CGI resulting
from either PRT or TAU, no power analysis for this three-
group RCT could be performed. Measurements were con-
tinued after possible early termination of the intervention
in line with the adaptive study design and intention-to-treat
(ITT) analyses.

The ITT statistical analyses were conducted in accord-
ance with the study protocol (two-tailed, « =0.05). To
compare the effect of PRT in general, analyses on pri-
mary and secondary outcomes were conducted compar-
ing the two groups (PRT total versus TAU) and the three
groups separately. Chi-square statistics were conducted
for clinical responder analyses (SRS, CGI-I, ADOS, and
OBVL). Sensitivity analyses were conducted with differ-
ent cut-offs for clinical responders on the SRS. To exam-
ine group differences in SRS scores, analysis of variance
(ANOVA) F-tests were computed with estimated change
scores (baseline-endpoint and baseline-follow-up). Addi-
tionally, to compare percentages of spontaneous initiations
at endpoint and follow-up between both PRT groups, inde-
pendent sample #-tests were conducted. For each primary
outcome, Bonferroni-holm corrections were implemented
to account for multiple testing per reporter (i.e., parent,
teacher or blinded clinician) on each time point (i.e.,
accounting two- versus three-group comparisons and use
of both clinical responder measure and change scores for

the SRS)[44]. Exploratory paired sample t-test (or Wil-
coxon signed ranks test when the assumption of normality
was violated) were conducted for within-group compari-
sons over time. All analyses were conducted using IBM
SPSS Statistics version 25 [45]. Additional per-protocol
analyses on the primary outcomes were conducted for par-
ticipants that adhered > 75% to the treatment protocol. To
identify predictors of treatment response, clinical respond-
ers and non-responders were compared on child-, parent-,
and intervention-related factors that were described in
Table 1.

Results
Study population

Figure 1 shows the participant flow throughout the study.
Eighty-one participants, recruited from June 2015 until
December 2016 at seven different locations of Karakter,
were randomized to one of the three arms. Of these, eight
participants did not start with the allocated treatment, nor
received baseline assessment, because the primary inter-
vention focused on comorbid problems (n=4), referral to
another institution (n=1), or parents declining interven-
tion (n=3). This resulted in 73 participants that initiated
the treatment to which they were assigned. Non-adherence
in the PRT intervention groups was related to comorbid
psychiatric or family-related problems, which required
additional interventions for some participants. Specifi-
cally, some participants either (1) discontinued PRT with
no initiation of other intervention (PRT; n=6, PRT +robot;
n=3), (2) discontinued PRT and initiated other interven-
tion (PRT; n=3, PRT +robot; n=1), or (3) continued PRT
with a concomitant intervention (PRT; n=0, PRT +robot;
n=>5). This resulted in 32 participants in the PRT total group
(PRT; n=16, PRT +robot; n=16) that were included in the
per-protocol analyses. In the TAU group, 17 participants
received TAU, and 6 participants received no additional
treatment at Karakter after psycho-education, resulting in 17
TAU participants in the per-protocol analyses. Missing val-
ues were equally distributed across groups and not imputed.

Baseline descriptive characteristics and hours of treat-
ment did not differ between the groups (see Table 1). Change
of medication dosages during the intervention occurred in all
groups and was equally distributed (16% PRT +robot, 12%
PRT, 13% TAU, respectively, p=0.91). In both PRT groups,
none of the parents showed adherence to the 80% PRT Fidel-
ity of Implementation criterion at the end of treatment. The
mean fidelity percentage for the PRT +robot group was
20% (SD=15%) and for the PRT group 36%, (SD=28%),
p=0.04.
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Table 1 Baseline Descriptive

2
Characteristics and Hours of Mean (SD)/ N (%) Fan, Xdh p
Treatment PRT PRT +robot TAU
(n=25) (n=25) (n=23)
Age in years 6.43 (1.71) 6.18 (1.31) 6.09 (1.30) 0.704
Gender 0.61 (2) 0.739
Male 22 (88.00) 20 (80.00) 19 (82.61)
Female 3 (12.00) 5 (20.00) 4(17.39)
TIQ 105.83 (15.18) 101.78 (14.18) 99.74 (13.24) 1.12(2,67) 0.333
CGI- Severity 4.64 (1.22) 4.80 (0.82) 4.52 (0.89) 0.59 (2,69)  0.560
Psychiatric comorbidity* 10 (40.00) 7 (28.00) 12 (52.20) 1.46 (2,72)  0.232
AD(H)D 6 (24.00) 3 (12.00) 5(21.70)
AD(H)D + other 2 (8.00) 0 (0.00) 2 (8.70)
Other 2 (8.00) 4(16.00) 5(21.70)
Medication use® 6 (24.00) 6 (24.00) 6 (26.09) 0.04 (2) 0.982
Stimulants 5 (20.00) 3 (12.00) 2 (8.70)
Stimulants + antipsychotics 1 (4.00) 0 (0.00) 3 (13.00)
Antipsychotics 0 (0.00) 2 (8.00) 1 (4.30)
Other 0 (0.00) 1 (4.00) 0 (0.00)
Psychopathology mother® 8 (32.00) 8 (32.00) 8 (34.80) 0.06 (2) 0.973
Psychopathology father? 3 (12.50) 6 (24.00) 6 (27.30) 1.69 (2) 0.429
Education mother 3.17 4) 0.530
Low 4 (16.70) 6 (24.00) 5(21.70)
Average 12 (50.00) 9 (36.00) 6 (26.10)
High 8 (33.30) 10 (40.0) 12 (52.20)
Education father 3.27 (4) 0.514
Low 5(22.70) 6 (27.30) 7 (31.80)
Average 10 (45.50) 5(22.70) 8 (26.40)
High 7 (28.00) 11 (50.00) 7 (31.80)
Hours of treatment (week 0-20) 14.68 (4.92) 15.96 (6.20) 17.39(9.30) 0.78 (2,70)  0.462
AD(H)D Attention-deficit (hyperactivity) disorder, CGIClinical Global Impression, Ftest statistic result-
ing from analysis of variance, Nnumber of participants, pp value (two-tailed), PRT group of participants
who received Pivotal Response Treatment, PRT + robot group of participants who received robot-assisted
Pivotal Response Treatment, SD standard deviation, TAU group of participants who received treatment-as-
usual, TIQ total intelligence quotient, X test statistic resulting from chi-square analysis
Education level: low=primary or secondary education, average=intermediate vocational education,
high =higher professional education/university
*Number of presence and percentage
Primary outcomes PRT vs PRT+robot vs TAU No significant differences

SRS continuous change score rated by parents and teachers

PRT total vs TAU Change scores on the SRS rated by par-
ents and teachers did not differ significantly between the
PRT total group and the TAU group from baseline to end-
point (parents; F(1,69)=1.14, p=0.289, d=0.28, teach-
ers; F(1,65)=0.30, p=0.585, d=0.13) and from baseline
to follow-up (parents; F(1,68)=2.02, p=0.160, d=0.41
teachers; F(1,65)=0.19, p=0.663, d=0.11). There were no
differences in change in general social-communicative skills
between the total PRT group and TAU.
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were found between the three groups in the change scores
from baseline to endpoint on the SRS rated by parents
(F(2,69)=2.55, p=0.086). However, there were signifi-
cant group differences in the continuous change scores
from baseline to follow-up (F(2,68)=6.67, p=0.002,
see Fig. 2). Post hoc analyses indicated a larger improve-
ment in general social-communicative skills at follow-up
for the PRT +robot group compared to the PRT group
(F(1,48)=9.38, p=0.004, d=0.88) and also compared
to the TAU group (F(1,43)=7.91, p=0.007, d=0.87).
For the SRS rated by teachers, there were no differences
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[ Enrollment ]

Assessed for eligibility (n=444)

Excluded (n=363)

¢ Not meeting inclusion criteria (n=180)

¢ Parents declined to participate (n=48)

¢ Referred to other type of intervention (n=72)
¢ No reason provided (n=63)

Randomized (n=81)

Allocation ]

Allocated to PRT (n=27)

+ Did not receive allocated
intervention, nor baseline
assessment (n=2)

-primary intervention focused on
comorbid problems (n=2)

Allocated to PRT+robot (n=25)

+ Did not receive allocated
intervention, nor baseline
assessment (n=0)

Allocated to TAU (n=29)

+ Did not receive allocated
intervention, nor baseline
assessment (n=6)

-primary intervention focused on
comorbid problems (n=2)

-referred to other institution (n=1)
-parents declined intervention (n=3)

A 4

A 4

A 4

Intervention phase (n=25)

+ Discontinued PRT (n=6)

+ Discontinued PRT and initiated
other intervention (n=3)

+ Received PRT and concomitant
intervention (n=0)

Intervention phase (n=25)

+ Discontinued PRT+robot (n=3)

+ Discontinued PRT+robot and
initiated other intervention (n=1)

+ Received PRT+robot and
concomitant intervention (n=5)

Intervention phase (n=23)
+ Received outpatient TAU (n=17)
+ Received no outpatient TAU (n=6)

\ 4

[ Follow-up ]

[Analysis intention-to-treat]

v

Analyzed (n=25)

Analyzed (n=25)

Analyzed (n=23)

Fig. 1 Consort participant flow diagram

between the three groups on SRS change scores (both
baseline-endpoint and baseline-follow-up p > 0.05).

PRT total vs TAU

SRS clinical responder rated by parents and teachers

Percentages of clinical responders on the SRS rated by
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parents and teachers did not differ significantly between the
PRT total group and the TAU group at endpoint and follow-
up (see Table 2).

PRT vs PRT +robot vs TAU

No significant differences were found between the three
groups in the percentage of clinical responders on the SRS
rated by parents at endpoint. However, a higher percentage
of clinical responders was found for the PRT +robot group
compared with the PRT group and TAU group at follow-up
(*(2)=9.66, p=0.008). For the SRS rated by teachers, there
were no differences between the groups on the percentages
of clinical responders at endpoint and follow-up, although
the difference at endpoint showed a marginal trend towards
significance, with a higher percentage in the PRT + robot
group compared with the other groups (y*(2)=5.75,
p=0.050). Sensitivity analyses using Chi-square with other
cut-off percentages for clinical response on the SRS con-
firmed the higher percentage of clinical responders in the
PRT +robot group at follow-up (see Supplementary Infor-
mation 2).

CGl-I rated by blinded clinician
PRT total vs TAU

There were no significant differences between the groups
on the percentage of participants that showed a clinically

@ Springer

significant response on the CGI-I at endpoint and follow-up
(see Table 2).

PRT vs PRT +robot vs TAU As in the two-group compari-
son, there were no significant differences between the three
groups on the percentage of clinical responders on the CGI-I
at any time point (see Table 2).

Secondary outcomes
ADOS-2 rated by blinded clinician

PRT total vs TAU No significant differences in percentages
of participants that showed a decrease in ADOS-2 severity
category were found between PRT total group and the TAU
group (see Table 2).

PRT vs PRT +robotvsTAU A significant difference was found
when comparing the three groups (¥*(2)=9.66, p=0.008);
more children in the PRT +robot group showed a decrease
in ADOS-2 severity category compared with both the PRT
and the TAU group (see Table 2). No differences were found
between the PRT group and the TAU group.

OBVL rated by parents
PRT total vs TAU

No significant differences in percentages of participants that
showed reliable clinical change on the OBVL at endpoint
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Table 2 Percentages of clinical responders per group and results of chi-square analyses
PRT total TAU Chi-square analyses results
% Endpoint % Follow-up % Endpoint % Follow-up  Endpoint Follow-up
PRT PRT+robot PRT PRT +robot XXdp p X*(df) P
Outcome
Comparison
SRS parents
2-group 20.8 30.6 18.2 20.0 0.06 (1) 0.797 0.80(1) 0.371
3-group 13.0 28.0 120 500 10.72(2) 0.419 90.66 (2)  0.008%**
SRS teachers
2-group 27.3 25.6 18.2 21.7 0.66(1) 0417 0.12(1) 0.729
3-group 13.0 429 16.7  36.8 50.75(2)  0.050 20.47(2) 0.291
CGI-I
2-group 55.1 59.2 36.4 45.5 2.13(1) 0.144 10.16 (1)  0.282
3-group 440 66.7 48.0 708 40.65 (2) 0.098 30.74 (2)  0.155
ADOS-2
2-group 38.6 222 1.54 (1) 0.215
3-group 13.6  63.6 130.81 (2)  0.009%*
OBVL
2-group 64.6 63.3 66.7 579 023(1) 0.867 0.17(1) 0.683
3-group 739 56.0 640 625 10.72(2) 0.423 0.18(2) 0914

ADOS Autism Diagnostic Observation Schedule second edition, CGI-IClinical Global Impression- Improvement scale, dfdegrees of freedom,
OBVLDutch Opvoedingsbelasting vragenlijst, pp value (two-tailed); PRT=group of participants who received Pivotal Response Treatment,
PRT + robot group of participants who received robot-assisted Pivotal Response Treatment, PRT fotaltotal group of participants that received
PRT, SRS Social Responsiveness Scale, TAU group of participants who received treatment-as-usual, X>test statistic resulting from Chi squared
analyses, 2-group comparison between PRT total and TAU, 3-group comparison between PRT, PRT +robot and TAU

*p<.05, *¥*p<.01

and follow-up were found between PRT total group and the
TAU group (see Table 2).

PRT vs PRT +robot vs TAU

Although both the PRT +robot group and TAU group
showed a decrease from baseline to follow-up on the paired
sample #-tests (see Supplementary Information 3), there
were no significant differences between the three groups
(see Table 2).

Spontaneous initiations

Although both PRT groups improved in percentages sponta-
neous appropriate initiations (see Supplementary Informa-
tion 3), there were no significant differences between the
groups at endpoint (#(36)=1.05, p=0.299) and follow-up
(t(35)=-1.02, p=0.315).

Exploratory within-group analyses using paired-sample
t-tests on the primary and secondary outcomes are described
in Supplementary Information 3.

Child-, parent- and intervention-related factors

A significantly higher proportion of females (45.5%) versus
males (15.3%) were clinical responders on the SRS rated
by parents at endpoint in the total sample (X*(1)=5.29,
p=0.036). This effect was specifically found for the PRT
group (X*(1)=8.75, p=0.034). Also, maternal educa-
tion level marginally modified the percentages of clini-
cal responders on the CGI-I at follow-up (X*(2)=6.01,
p=0.050), with children of mothers with higher and mod-
erate education levels showing higher gains. There were no
effects of age, TIQ, ADOS severity, psychiatric comorbid-
ity, medication use, psychopathology of parents, educational
level of fathers, and amount of treatment hours on the SRS
and CGI-I outcomes.

Per-protocol analyses

After corrections for multiple testing, per-protocol analyses
on the primary outcome measurements indicated a simi-
lar pattern of results as the ITT analyses, namely a larger
improvement in general social-communicative skills at fol-
low-up for the PRT +robot group compared to other groups.
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Discussion

This study is the first exploratory RCT of clinician- and
parent-delivered PRT with and without robot-assistance
compared to TAU in a clinical sample of young chil-
dren with ASD. Strong points include blinded outcome
measures and the inclusion of a follow-up assessment.
As hypothesized, positive treatment outcomes in terms of
improved general social-communicative skills were found
for all groups, with the largest improvements for children
who received robot-assisted PRT. However, the PRT total
group and the TAU group did not differ in change of per-
centage of clinical responders in general social-commu-
nicative skills. This finding contradicts earlier RCTs that
found larger gains for children receiving PRT compared
to controls [10-13]. However, our treatment-as-usual
condition included intensive patient- and family-tailored
treatment for ASD focused on a variety of individualized
target behaviors. This is in contrast to prior RCTs that
used a standardized psycho-education group interven-
tion besides community-based treatments [10], a struc-
tured one-to-one, clinician-led ABA focused on few target
behaviors [13, 46], or a waiting list control group [11, 12]
as a comparison.

The higher gains in the robot-assisted PRT group on the
parent-rated SRS and the blindly-rated ADOS-2 suggest
that robot-assistance may contribute to treatment efficacy
for children with ASD when combined with motivational
components of PRT, such as incorporating child-preferred
activities, stimulus variation, direct-response-reinforce-
ment relationships, and reinforcement of attempts. Robot-
assistance may enhance positive learning opportunities by
contributing to higher motivation and attention in children
with ASD. Also, the multi-modal features of robotics may
be useful when training social-communicative behavior
while more consistent behavioral predictability may con-
tribute to an attractive learning environment for children
with ASD. However, the mechanisms underlying these
treatment enriching effects of robot-assistance need fur-
ther exploration.

Our findings are in contrast with other studies that used
robotics in ABA-based interventions for children with
ASD, who found no additional gains of robot-assistance
[26, 28]. This may be explained by differences in design.
In these previous studies, the behavioral repertoire of the
robot was limited by a low differentiation of prompt lev-
els, a technical assistant controlling the robot [28], very
small samples (n=3 to 6) and the robot-assistance being
implemented in only four or five sessions. In contrast, in
our study, a variety of prompt levels was used in a larger
library of game scenarios, the robot was controlled by
the PRT therapist and was implemented in a much larger
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group of children during a 20-week intervention. This sug-
gests that implementing robot-assistance in more sessions
using game scenarios that can be easily amended in com-
plexity may enhance established interventions for children
with ASD.

Our results highlight the contribution of parent-related
factors since the largest gains on clinical global functioning
were found in children of mothers with a moderate or higher
education level. However, it is unclear whether this is due to
further implementation of PRT techniques at home after the
treatment was finished or a combination with other interven-
tions since a naturalistic follow-up was used.

While parents reported increases in social-communicative
skills, no increases were found in teacher ratings. Low cor-
respondence between parent and teacher ratings of ASD-
related symptoms has been reported earlier [47]. Possibly,
the sensitivity of teacher ratings was limited and the imple-
mentation at school was rather an introduction to PRT (i.e.,
teachers were included in only two sessions). Future studies
should focus on how to better embed PRT implementation
at school.

In our study, exploratory results suggested a higher per-
centage of girls that showed clinical improvement in social-
communicative skills compared to boys, while no effects
were found for other child-related factors. Other PRT studies
found high non-verbal problem-solving skills [10], or high
expressive language skills, positive affect, appropriate toy
contact, low social avoidance, and low stereotyped vocaliza-
tions [48] as predictors of treatment response. These findings
warrant further study to investigate which child-related fac-
tors serve as robust modifiers on outcomes of PRT.

This study included several limitations. Although the
results of the per-protocol analyses were similar to those
of the intention-to-treat analyses and treatment intensity
was not related to outcomes, it is notable that in both PRT
groups participants discontinued the intervention or started
a concomitant intervention. Due to the adaptive nature of our
study design, we measured the naturalistic flow of treatment
in this clinical outpatient group. While the PRT protocol
was primarily focused on social communication goals, treat-
ment for other ASD-related, comorbid, or family problems
was required for many families as well (based on thorough
multidisciplinary deliberation during the study). This study
included children with complex psychiatric problems as is
represented by (1) the comorbidity rates (around 40%) while
earlier PRT trials did not include children with comorbidities
[10, 11, 13, 14, 46] and (2) high rates of required psychop-
harmacological intervention use in this relatively young age
group of children with ASD. Although standardized proto-
cols are viewed as a strength of the PRT approach [8], inte-
grating patient- and family tailored co-interventions may be
necessary for many children with ASD and their families due
to the complexity and heterogeneity of the condition. The
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similar results in the intention-to-treat analyses compared
with the per protocol analyses suggests that integrating co-
interventions with PRT is as effective as utilizing standard-
ized protocols with no co-interventions. Furthermore, since
we did not find lower parenting stress after highly protocol-
ized PRT (but did find lower parenting stress at follow-up
in the robot-assisted PRT and TAU groups), it may also be
important to study how integration of specialized family-
tailored interventions may contribute to lower stress and
higher well-being. Although not necessarily a limitation, the
contrasts between the health care system in The Netherlands
and the United States of America and Canada contributed
to differences in intensity and delivery of the current inter-
vention (low intensity and outpatient orientated) compared
to previous PRT trials that have been primarily conducted
in Northern America. Currently, evidence is growing for
a lower PRT intensity model that is more congruent with
logistics of family routines and educational attendance
while stimulating parents to use the PRT techniques also
in between therapy sessions [11]. The results of the current
study also support that a relatively low-intensity intervention
(20 weeks) may be sufficient to improve the general social-
communicative skills of children with ASD. However, since
significant differences between groups were demonstrated
at follow-up and not at earlier previous timepoints, further
research is needed to get insight into the optimal dose and
treatment delivery.

Also, it is notable that none of the parents in our study
achieved the 80% Fidelity of Implementation criterion after
the intervention. This may be due to (1) a high emphasis
on parent implementation of PRT techniques during daily
routines at home that were not recorded on video, rather than
intensively during a video-recorded 10-min parent—child
interaction and (2) the use of a different (and more strin-
gent) fidelity coding system in this study, in which a correct
sequence of PRT skills are highly emphasized, compared
to fidelity measures with a more global calculation (scor-
ing each PRT component separately) that are generally
used [33]. More systematic training of parents with hand-
ing in video recordings for weekly review may facilitate
faster acquisition of PRT fidelity [10]. Also, no informa-
tion is available on the validity of current measures for PRT
Fidelity of Implementation and future development of such
measures should incorporate the use of PRT techniques dur-
ing daily routines. Furthermore, the results of the study of
Hardan et al. [10] indicated that Fidelity of Implementa-
tion of parents modified treatment effects for some, but not
all, targeted verbal communication outcomes. Therefore,
whether and how PRT Fidelity of Implementation modifies
treatment effects is currently unclear and should be subject
of future study.

Due to pragmatic reasons, only one PRT therapist
(IvdB-S, shared first author) was trained to control the

robot and use it within PRT, which may have induced bias.
However, PRT training, intervision and supervision were
similar for therapists in both PRT groups. Further studies
should focus on training more therapists to control the
robot, using software that is more easily understood by
non-technically educated interventionists. Also, studies
including the possibility of child’s (and parents’) choice in
(PRT) intervention with and without the robot that system-
atically assesses reasons for choices, can provide insights
in perspectives of children and parents on the usefulness
of robot-assistance in interventions, for whom and why
the robot is appealing to children with ASD. In this way,
patient-tailored interventions can be improved. Further-
more, long-term follow-up measures should be included in
future studies to assess whether PRT may generate long-
lasting positive effects on both targeted child behavior and
generalized outcomes.

In conclusion, this first RCT to PRT with and without
robot-assistance including blinded raters suggests gains in
general social communication in all intervention groups,
with the largest gains in the robot-assisted PRT group. The
following may be recommended for future research and
clinical practice: (1) higher focus on child- and parent-
related modifiers of intervention efficacy, within a higher
sample size (2) better embedding of PRT in the school con-
text, (3) better integration of PRT with co-interventions,
(4) inclusion of long-term follow-up measures, (5) further
development of adjustable game scenarios for robot-child
interaction using software that is easily understood by
non-technically trained therapists and (6) exploration of
the mechanisms underlying treatment enhancing effects of
robot-assistance. Together, these factors may contribute to
further optimization of PRT for children with ASD.
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