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Abstract
Background

Phosphatase and tensin homologue (PTEN) is a cancer suppressor gene. Constitutional mutations affecting this gene are associated with several conditions, collectively termed PTEN hamartoma tumour syndromes (PHTS). In addition to hamartomas, PTEN aberrations have been associated with a range of non-tumoural phenotypes such as macrocephaly, and research indicates possibly increased rates of developmental delay and autism spectrum disorder (ASD) for people with germline mutations affecting PTEN.

Method
A systematic review of literature reporting behavioural and psychological variables for people with constitutional PTEN mutations/PHTS was conducted using four databases. Following in-depth screening, 25 articles met the inclusion criteria and were used in the review. Fourteen papers reported the proportion of people with PTEN mutations/PTHS meeting criteria for or having characteristics of ASD and were thus used in a pooled prevalence meta-analysis.

Results
Meta-analysis using a random effects model estimated pooled prevalence of ASD characteristics at 25% (95% CI 16–33%), although this should be interpreted cautiously due to possible biases in existing literature. Intellectual disability and developmental delay (global, motor and speech and language) were also reported frequently. Emotional difficulties and impaired cognitive functioning in specific domains were noted but assessed/reported less frequently. Methods of assessment of psychological/behavioural factors varied widely (with retrospective examination of medical records common).

Conclusions
Existing research suggests approximately 25% of people with constitutional PTEN mutations may meet criteria for or have characteristics of ASD. Studies have also begun to establish a range of possible cognitive impairments in affected individuals, especially when ASD is also reported. However, further large-scale studies are needed to elucidate psychological/behavioural corollaries of this mutation, and how they may relate to physiological/physical characteristics.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s11689-021-09406-w.
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Background

Phosphatase and tensin homologue (PTEN), located on chromosome 10 (10q23.3), was initially reported by Li et al. [1] and governs many processes in the cells which are disrupted in cancer [2]. For this reason, PTEN is recognised as a tumour suppressor gene. It has also been shown to play an important role in brain development [3]. PTEN mutations are related to an elevated risk of both malignant [4] and benign tumours. Conditions associated with constitutional PTEN mutations are collectively known as PTEN hamartoma tumour syndromes (PHTS). These include Cowden Syndrome (CS), Bannayan–Riley–Ruvalcaba Syndrome (BRRS) and Lhermitte–Duclos disease [5].
Constitutional PTEN mutations are found in 57 to 65% [6–8] and approximately 80% [5] of individuals diagnosed with BRRS and CS respectively. It has been suggested that a distinction between CS and BRRS is unnecessary, with age-related penetrance being the salient difference between features [9]. Indeed, 78% of individuals with a diagnosed constitutional PTEN mutation met criteria for both CS and BRRS [10], with common clinical features including (amongst other physical characteristics) hamartomas and macrocephaly [5, 11], the latter of which is reported for 85% of those with a CS diagnosis.
Whilst autism spectrum disorder (ASD) is not a listed criterion for PHTS, it has frequently been reported in patients with constitutional PTEN mutations [12, 13]. ASD and PTEN were initially linked in 2005 by Butler et al. [14] who reported that three of a group of eighteen individuals with ASD and macrocephaly had germline PTEN mutations. Mouse models suggest that deletion of PTEN in the cerebral cortex and hippocampus results in increased rates of macrocephaly and abnormal social interactions [15–17].
Whilst idiopathic ASD is considered multifactorial [18], elevated rates of ASD have also been observed in a number of genetic neurodevelopmental syndrome groups, such as Fragile X and Cornelia de Lange syndromes (see [19] for a meta-analysis). Previous research has also indicated that the precise profile of ASD-related behaviours may differ between different genetic syndrome groups and from that seen in idiopathic ASD (e.g. [20, 21]). Furthermore, there is evidence that certain social and emotional characteristics, developmental sequalae and categories of psychological distress may be phenotypic of a number of the more extensively researched genetic neurodevelopmental syndromes. For example, social anxiety may characterise Fragile X syndrome [22], low mood is especially prevalent in Cornelia de Lange syndrome [23], and increased rates of psychosis have been recognised in those with 22q11.2 deletion syndrome. However, in the case of constitutional PTEN mutations, behavioural/psychological research remains in its early stages. Whilst a number of papers have now been published in which ASD has been reported in a proportion of study participants with PTEN mutations, the overall prevalence of ASD in this population remains unknown. We are not aware of any previous pooled prevalence meta-analyses.
Research into neurodevelopmental, cognitive or behavioural features not related to ASD remains limited for those with PTEN mutations. Cognitive dysfunction has most frequently been reported in non-human animals [24–26]. Memory impairments, as well as repetitive and “depression-like” behaviours, have also been reported in PTEN-mutated mice [24]. To the authors’ knowledge, no systematic reviews of psychological/behavioural corollaries of constitutional PTEN mutations in humans have been published to date. Previous reviews exploring a phenotype for PTEN mutations have focused specifically on ASD (without meta-analysing its frequency) [27, 28] or individual disorders and their clinical features [29–31].
The present review
As is common with newly described conditions, research describing behavioural and psychological differences is often presented in disparate accounts and small studies. The current review aimed to systematically identify and synthesise literature reporting behavioural and psychological characteristics associated with PTEN mutations, including ASD, cognitive, emotional, social, sensory and motor aspects. A meta-analysis of prevalence rates of characteristics of ASD was also conducted. This may inform the theoretical understanding of implications of PTEN changes, and guide clinical practice and service development for those with PTEN mutations and their families.
Methods
The review was conducted in accordance with the Preferred Reporting Items for Systematic Review and meta-analysis protocols (PRISMA-P) 2015 statement [32].
Search strategy and selection criteria
Two comprehensive sets of search terms representing, respectively, PTEN mutations/PHTS and behavioural/psychological features, were developed (Table 1). These were informed by hand searches of terminology in relevant published research, reference to the OMIM website [33], and consultation with authors in the field and library staff at the Universities of Birmingham and Leicester (UK). These terms were used to search Web of Science, SCOPUS, PsycINFO and Cumulative Index of Nursing and Allied Health Literature between 3rd and 6th February 2020. Filters were applied to ensure the papers were written in English and were in peer-reviewed journal articles from 1997 onwards (when the PTEN gene was first reported on).Table 1Free text search terms of PTEN related conditions and behavioural and cognitive characteristics


	Search terms

	PTEN
	“Pten” OR “pten syndrome” OR “hamartoma syndrome” OR “hamartoma tumour syndrome*” OR “PTEN hamartoma tumour syndrome” OR “pten hamartoma-tumour syndrome” OR “phts” OR “phts syndrome” OR “pten mutation*” OR “pten gene mutation” OR “pten germline mutation*” OR “chromosome 10q23” OR “chromosome 10q23 mutation” OR “chromosome 10q23 deletion*” OR “chromosome 10q23 deletion syndrome” OR cowden OR “cowden syndrome” OR “cowden disease” OR “lhermitte duclos syndrome” OR “lhermitte-duclos syndrome” OR “lhermitte duclos disease” OR “lhermitte-duclos disease” OR “bannayan riley ruvalcaba” OR “bannayan riley ruvalcaba syndrome” OR “bannayan-riley-ruvalcaba” OR “bannayan-riley-ruvalcaba syndrome” OR “proteus like syndrome” OR “proteus-like syndrome” OR “proteus syndrome”

	Behavioural and cognitive characteristics
	((behavio* OR psych* OR clinical OR emotion* OR cognit* OR mental OR sensory) adj3 (phenotyp* OR abilit* OR disabilit* OR delay OR problem OR difficult* OR disorder* OR impair*)) OR ((mental OR intell* OR learning OR development* OR neurodevelopment*OR motor OR psychomotor OR language OR linguistic OR communicat* OR speech OR verbal) adj3 (abilit* OR disabilit* OR delay OR problem OR difficult* OR disorder* OR impair*)) OR “IQ” OR “mental retardation” OR “autis*” OR “autis* spectrum” OR “asd” OR “autis* disorder*” OR “autis* spectrum disorder” OR sleep OR “sleep disorder” OR “ADHD” OR “attention deficit hyperactiv* disorder” OR “attention deficit disorder” OR “ADD” OR ((attention) adj3 (deficit OR disorder* OR dysfunction)) OR “overactivit*” OR “impulsiv*” OR “mood” OR “depressi*” OR “bipolar” OR “anxi*” OR “obsess*” OR “compulsi*” OR “obsess* compulsi* disorder” OR “ocd” OR ((adaptive OR maladaptive OR challeng* OR aggress* OR self-injur* OR self injur* OR repetiti* OR ritual* OR stereotyp*) adj3 (behavio*)) OR memory OR ((memory) adj3 (impair* OR disorder)) OR “executive function*” OR “problem solving”


Note. Rows were combined using the Boolean operator [AND]



Following the removal of duplicates, 723 titles and abstracts were screened with reference to the following exclusion criteria: (a) no mention of PTEN mutations or diagnosis related to constitutional PTEN mutations; (b) non-human or molecular studies; (c) no behavioural, cognitive or developmental aspect, and (d) book chapters. This left 98 articles whose full text was screened using criteria in Table 2.Table 2Final inclusion and exclusion criteria


	Inclusion criteria
	Exclusion criteria

	Confirmed PHTS or germline PTEN mutation
Study reports on behavioural/psychological variables/features
Only human participants
	Solely biological studies/biomarkers
No confirmed PHTS or PTEN mutation
Review paper with no novel data
Proposal/conference paper
Fewer than three participants with confirmed PTEN mutation




Twenty-five articles met full criteria for the review (Fig. 1).[image: ../images/11689_2021_9406_Fig1_HTML.png]
Fig. 1PRISMA flow diagram


Data regarding sample size, demographic information, recruitment procedure, assessments used, and relevant findings were extracted from included papers.
Two types of studies were identified: those in which participants were recruited/included on the basis of having an identified PTEN mutation or PTEN-related condition, with behavioural/psychological characteristics examined/reported (group A); those in which participants were selected on the basis of some other factor (e.g. macrocephaly), and these participants were tested for PTEN mutations (group B). For group B papers, details of behavioural/psychological characteristics of participants are only reported here for those with PTEN mutations or diagnoses of PTEN-related conditions.
Quality/bias appraisal tool
The 25 papers were assessed using the criteria developed by Richards et al. [19], adapted for the current review. Group B studies were rated on sample identification, confirmation of syndrome and quality of assessment of behavioural/psychological characteristic. For papers in group A, an additional criterion was assessed: presence and quality of a comparison group. It should be noted that these criteria are focused on establishing understanding of behavioural/psychological characteristics for this specific group, and should not be taken as ratings of “quality” of the papers more generally.
Meta-analysis of ASD prevalence
A meta-analysis was conducted of characteristics of ASD prevalence for all papers in which relevant data were reported. To determine the prevalence of diagnosis and characteristics of ASD in those with PTEN mutations or PHTS, the total number of these participants reported in the sample, and the number of those described as having ASD, or features of ASD such as “Autistic tendencies”, Asperger’s or “Autistic features” were extracted from each paper. The analysis was also repeated with only papers with more than 10 participants and papers specifically reporting on ASD/autism (excluding those reporting on “tendencies”/“features”).
Meta-analytic weighted prevalence values were generated using the generic inverse variance method. A random effects model was selected to allow for between-study variation reflecting both sampling errors and other factors [34]. Initial Q-Q plots did not indicate marked deviations from normality for the prevalence estimates; therefore, the DerSimonian and Laird method was used to calculate between-studies variance. An additional quality effects model was also employed, with adjusted weightings according to studies’ overall risk-of-bias ratings. In calculating the overall risk-of-bias rating for this analysis, the Assessment criterion focused solely on the assessment of ASD. The “quality of control group” criterion was removed for group A studies.
The existence of possible publication bias was assessed using the visual inspection of a funnel plot, in which the magnitude of the studies’ proportion estimates are plotted against the square roots of the studies’ sampling variances. Following Terrin et al.’s [35] demonstration of the unreliability of subjective judgements of funnel plot symmetry, Egger et al.’s [36] linear regression test of funnel plot asymmetry was also carried out. A trim and fill method was then used to model and correct for asymmetry due to potential publication bias [37, 38], producing adjusted weighted average prevalence estimates.
Results
Study characteristics
Information summarising the 25 studies analysed can be found in Tables 3 and 4. Those which were also used in the meta-analysis of prevalence of ASD/characteristic of ASD are marked with an asterisk.Table 3Summary characteristics of group A articles


	Author, year of publication, country of study
	Reference Number
	Recruitment procedure
	Sample size (n)
	Comparison Group (no PTEN mutation)
	Sex
	Age
	Assessment tools/methods
	Specific details of ASD definition/assessment (for papers used in meta-analysis)
	Findings
	Quality score

	*Balci et al. (2018), Canada
	[39]
	Patients seen in the Genetics clinic at the Children’s Hospital of Eastern Ontario with PTEN mutations and white matter lesions. No information on referral
	11
	N/A
	10 (M)
	4–45 years
	Search of medical records
	Diagnosis of ASD stated as present or not (no further detail)
	Normal development in six participants. Further characteristics: adult onset movement disorder (n = 1), bipolar disorder (n = 1), memory problems (n = 2), GAD (n = 2), OCD (n = 1), self-harm (n = 1), pica (n = 1), low processing speed (n = 1), speech or language delays (n = 3), ADHD (n = 2), motor delay (n = 3), psychotic episode (n = 1) and ASD (n = 1)
	0.5

	*Busa et al. (2015), France
	[40]
	Children found to carry a PTEN germline mutation between 1 January 2009 to 1 January 2014 with no family history of CS. Identified due to a variety of problems such as lipomas, macrocephaly, facial arteriovenous malformation
	7
	N/A
	3 (M)
	 	Search of clinical data
	Diagnosis of ASD stated as present or not (no further detail)
	Motor delay (n = 3), speech delay (n = 4) and ASD reported in one participant
	0.5

	Busch et al. (2013), USA
	[41]
	Recruited from an ongoing prospective observational study of PHTS in Cleveland, Ohio between July 2007 and July 2012 and complete 4 h of assessment. Invited if they had undergone mutation analysis or had phenotypic features consistent with CS or BRRS
	25 (PTEN = 23, CS = 1, BRRS = 1)
	N/A (normative data used in analysis)
	7 (M)
	5–60 years
	Wechsler Adult Intelligence Scale – Third Edition, Wechsler Intelligence Scale for Children – Fourth Edition, or Wechsler Preschool and Primary Scale of Intelligence, WMS-III=Wechsler Memory Scale – Third Edition, Children’s Memory Scale, Trail Making Test, Boston Naming Test, Semantic Fluency, COWA, Wisconsin Card Sorting, Ruff Figural Fluency Test Judgement of Line Orientation, AVLT, Finger Tapping Test and Grooved Pegboard
	N/A
	Means scores for those with PHTS were significantly lower than controls in motor (fine motor dexterity, large effect), executive functioning (verbal fluency and novel problem solving, medium effect) and memory (immediate and delayed recall, small effect) domains. Global impairments in 12%
IQ Range = 80–135, Mean = 107
	0.67

	Busch et al. (2019), USA
	[42]
	Recruited from four large tertiary medical centres as part of an ongoing, multicentre prospective study designed to examine the natural history of ASD and germline heterozygous PTEN mutations. All screened by a clinical psychologist to determine if DSM-5 criteria for ASD. No information on referral
	PTEN-ASD n = 36 and PTEN-no ASD n = 23
	Macrocephaly-autism n = 25
	64 (M)
	3–21 years
	Age appropriate measures of: Global cognitive ability, attention/impulsivity, working memory, processing speed, language, visuo-spatial skills (if severely impaired, inferred from guardians). Guardians completed a number of standardised questionnaires
	N/A
	PTEN-no ASD not significantly different from control norms on global cognitive measures. Impaired motor and sensory functioning. PTEN-ASD poorer performance than no-ASD in every domain (d = 0.41–2.21). Greater behavioural and sensory dysfunction. Severely impaired in verbal and non-verbal IQ, attention, motor and sensory. Moderate impaired on working memory, processing speed, language, visual-spatial and problem behaviour
PTEN-ASD and macro-ASD scored similarly in both repetitive behaviour and social responsiveness but lower severity on ADOS-2 which may reflect passivity of PTEN-ASD rather than reduced severity.
	0.83

	*Ciaccio et al. (2019), Italy
	[43]
	Participants are paediatric patients seen and diagnosed with PTEN mutations in two hospitals in Milan between 2006 and 2017
	16
	N/A
	14 (M)
	2 years 5 months–12 years 2 months
	Unknown
	ASD was assessed
in the research centres or in territorial neuropsychiatric using
standardised scales (no further detail)
	Developmental delay or intellectual disability in 56% of participants. ASD in 25% and normal development in 2 participants
	0.58

	Frazier et al. (2015), USA
	[44]
	Unknown
	PTEN-ASD n = 17
	Macrocephaly-ASD n = 16, ASD without macrocephaly n = 38, healthy controls n = 14
	67 (M)
PTEN: 13 (M)
	11.4–14 years (means)
	ADI-R, clinical observations, Autism Diagnostic Observation Schedule, Social Responsiveness Scale, Mullen Scales of Early Learning or the Wechsler Abbreviated Scale of Intelligence, Conners’ Continuous Performance Test and Wide Range Assessment of Memory and Learning
	N/A
	Reduced FSIQ, verbal IQ, non-verbal IQ, in PTEN-ASD group compared to other ASD groups and healthy controls (smallest Wald Χ2 (3) = 16.86, p < .001). Processing speed, working memory, auditory immediate memory and adaptive function (most notably community living) was also reduced in the PTEN-ASD group compared to the macrocephaly-ASD group (Cohen’s d = 1.15, 1.07, 0.96, 0.94)
	0.67

	*Hansen-Kiss et al. (2017), USA
	[45]
	Retrospective chart review in a paediatric population.“Problem List” on electronic medical records (EPIC) searched for: PTEN mutation, PTEN hamartoma tumour syndrome, CS and/or BRRS. “Laboratory Testing” section was queried for positive/pathogenic results on PTEN gene characterisation gene sequencing
	47
	N/A
	29 (M)
	1–26 years
	Search of medical records which, for some participants, reported on results from a number of measures including; Leiter-R Full Scale, Stanford Binet Full Scale, WISC-IV, WPPSI-III, Autism Spectrum Rating Scale, Autism Diagnostic Observation Schedule, Childhood Autism Rating Scale, Autism Diagnostic Interview, Mullen Early Learning Composite, Vineland-II Adaptive Behaviour Composite
	ASD diagnosis in medical notes. Where known, the measure used was reported in Supplementary material
	ASD: n = 25 (53%), ID: n = 15 (IQ < 80, average = 65), 18 more had diagnosis of ID or developmental delay with no scores. IQ range: 39–124, ASD and ID (n = 10), 16 participants (34%) had additional behavioural/ psychological diagnoses, including: learning disabilities, social communication disorder, disruptive behaviour disorder, ADHD, depression, bipolar disorder, OCD, ODD and/or aggression
	0.5

	Lachlan et al. (2009), UK
	[9]
	Individuals with known PTEN mutations were recruited through UK clinical genetics services
	42
	N/A
	26 (M)
	4–75 years
	Search of molecular and histological reports and clinical details
	N/A
	Motor delays and learning difficulties. 12% (2/17) of non-probands had learning difficulties
	0.58

	*Lynch et al. (2009), Ireland
	[46]
	Review of genetic and neurology records between 2004 and 2007 for PTEN mutation. No referral information available
	6
	N/A
	5 (M)
	2 years 7 months–8 years at diagnosis
	Unknown
	ASD diagnosis in medical notes (no further detail)
	Learning difficulties (n = 1), autistic features (n = 2), motor delay (n = 5), Asperger Syndrome (n = 1), language delay (n = 1) and speech delay (n = 2)
	0.5

	*Smpokou et al. (2014), USA
	[47]
	Electronic records of all patients seen at Boston Children’s hospital between 1996 and 2011 were searched for “PTEN”, “Bannayan-Riley-Ruvalcaba”, and “Cowden”. No referral information available
	34
	N/A
	23 (M)
	2–26 at last clinical evaluation
	Developmental evaluation by a developmental paediatrician or clinical psychologist. Documentation of attainment of developmental milestones by either a clinical geneticist or a paediatric neurologist and records review
	ASD classification based on clinical/researcher developmental appraisal
	Developmental or intellectual disability, language delay, motor delay and ASD.
	0.58

	*Vanderver et al. (2014), International
	[48]
	Patients referred for unclassified white matter disorders who had clinical features of BRRS and abnormal PTEN sequencing or identified based on macrocephaly and/or developmental abnormalities with brain MRI and tested positive for PTEN mutation. In almost all cases, referrals were due to concerns related to macrocephaly and developmental delay
	23
	N/A
	13 (M)
	Newborn–5 years
	MRI and review of clinical history
	ASD diagnosis noted in clinical history (no further detail)
	Developmental delay (n = 23), autistic features (n = 2), ASD (n = 5), motor delay (n = 4)
	0.58

	Yehia et al. (2019), International
	[49]
	Medical records of patients diagnosed with CS, CS-like and BRRS
	511 (309 with confirmed PTEN)
	N/A
	161 (M)
	1–89 years (mean = 45 years)
	Review of medical records
	N/A
	ASD (n = 45), global developmental delay (n = 64), “mental retardation” (n = 12), learning disability (n = 10).
	0.50

	*Yehia et al. (2020), International
	[50]
	Participants were recruited from community and academic medical centres internationally between Sept 2005 and Jan 2018. Inclusion criteria included meeting relaxed Cowden syndrome diagnosis, macrocephaly plus a neurodevelopmental disorder and/or penile freckling or a known PTEN mutation. Checklist completed and blood specimen drawn along with medical records review
	481
	N/A
	213 (M)
	Mean = 33.2 SD = 21.6 years
	Review of medical records
	ASD diagnosis in medical records (no further detail)
	ASD or developmental delay (n = 110), no evidence of ASD or DD (n = 194)
	0.58


Note. GAD generalised anxiety disorder, OCD obsessive compulsive disorder, ADHD attention deficit hyperactivity disorder, COWA Controlled Oral Word Association Test, AVLT Auditory Verbal Learning Test, ID Intellectual delay, ODD oppositional defiant disorder, ASD autism spectrum disorder. *Included in meta-analysis


Table 4Summary characteristics of group B articles


	Author, year of publication, country of study
	Reference Number
	Recruitment procedure
	PTEN sample size (total n)
	Gender in PTEN patients
	Age
	Assessment tools/methods
	Specific details of ASD definition/assessment (for papers used in meta-analysis)
	Findings
	Quality score

	Butler et al. (2005), USA
	[14]
	Referrals to general genetics or autism clinics for diagnosis, medical management and/or genetic testing. For 6 participants, DNA was obtained from the Autism Genetic Resource Exchange and selected based on the diagnosis of classical autism and having macrocephaly
	3 (18)
	3 (M)
	2 years 6 months–4 years
	Autism Diagnostic Interview-Revised 5, clinical genetics evaluation. Psycho-behavioural examinations. Review of family and medical histories
	N/A
	Severe speech delay (n = 2), developmental delay (n = 2), speech apraxia (n = 1), short attention span (n = 2), language delay (n = 1) and ASD (n = 3)
	0.89

	Buxbaum et al. (2007), International
	[12]
	Recruited through the Paris Autism Research International Sibpair study at clinical centres internationally. Further recruitment by the Mount Sinai School of Medicine and/or the Autism Genetic Resource Exchange (AGRE). Participants with head circumference ≥ 2 SD were studied
	5 (88)
	3 (M)
	3 years 6 months–26 years
	Clinical evaluation following DSM-IV criteria for ASD, Autism Diagnostic Interview-Revised or the Asperger Syndrome Diagnostic Interview
	N/A
	Asperger Syndrome (n = 1), ASD (n = 4), developmental delay (n = 1), speech and language delay (n = 1) and delayed motor skills (n = 1)
	0.89

	*Kato et al. (2018), Japan
	[51]
	Genetic investigation of 33 Japanese patients with macrocephaly and development delay. No referral information given
	6 (33)
	2 (M)
	4–6 years
	Kinder Infant Development Scale (KIDS), Tanaka-Binet Intelligence Scale V, Kyoto Scale of Psychological Development
	1 child described as having “autistic tendencies” with no further details provided
	Developmental delay (n = 1), motor delay (n = 4), speech delay (n = 3), autistic tendencies (n = 1)
Developmental Quotients; 76, 65, 85, 59, 54, 30
	0.67

	Klein et al. (2013), USA
	[52]
	Chart review of patients seen at UCLA genetics clinic from 2008 to 2011 with ASD and macrocephaly. Patients are referred to this clinic by a neurologist or a psychiatrist who had evaluated the patient using various autism screening and assessment measures
	5 (33)
	5 (M)
	2 years 6 months–15 years
	Autism Diagnostic Observation Schedule, Pre-Linguistic Autism Diagnostic Observation Schedule, Checklist for Autism in Toddlers, and Screening Tool for Autism in Toddlers & Young Children
	N/A
	ASD
	0.78

	*McBride et al. (2010), USA
	[53]
	Medical records searched of patients who have had PTEN clinical sequencing tests performed from January 1, 2008, to June 30, 2009, at a Children’s hospital.
	4 (93)
	1 (M)
	8 months–9 years 4 months
	Medical records review, with some reporting use of Autism Diagnostic Observation Schedule
	Diagnoses made using DSM-IV criteria (ADOS used for confirmation in 20%)
	Developmental delay (n = 2), ASD (n = 2), mental retardation (n = 1), affective disorder (n = 1), behavioural problems (oppositional and anger, n = 1)
	0.67

	Negishi et al. (2017), Japan
	[54]
	Unknown. All patients had increased head circumference and neurological symptoms (such as developmental delay and epilepsy)
	3 (13)
	0 (M)
	4 years 2 months–4 years 9 months
	Kinder Infant Development Scale (KIDS)
	N/A
	Developmental delay
Developmental quotient = 59, 76 and 85
	0.56

	O’Roak et al. (2012), USA
	[55]
	Autistic probands recruited from Simons Simplex Collection. Probes used to target 44 ASD candidate genes
	3 (2495)
	2 (M)
	Unknown
	Unknown
	N/A
	ASD
Non-verbal IQ = 50, 33, 77
	0.56

	*Orrico et al. (2009), Italy
	[56]
	Patients referred for genetic counselling due to macrocephaly associated with cognitive and behavioural impairment with or without features of ASD.
	3 (40)
	2 (M)
	5–9 years
	Vineland Adaptive Behaviour Scales and Childhood Autism Rating Scale (CARS)
	Classification of ASD based on CARS
	Moderately impaired communication, daily living skills, social interaction and motor skills (n = 1), severe ASD (n = 1), overall low adaptive behaviour and communication, daily living skills, socialisation and motor skills (n = 1)
	0.78

	*Saskin et al. (2017), USA
	[57]
	Analysis of whole-exome data from National Database for Autism Research.
	6 (2392 families)
	Unknown
	Unknown
	Unknown
	ASD classification (further details unknown)
	ASD (n = 2) and developmental delay (n = 1)
	0.56

	*Varga et al. (2009), USA
	[58]
	Search of medical records of a list of patients who had clinical PTEN gene sequencing ordered between January 1, 2005, and December 31, 2007, at a children’s hospital. Records were most commonly requested from molecular and human genetics and neurology and developmental disabilities/autism clinics.
	11 (114)
	8 (M)
	3 months–35 years
	Variety of autism assessments including Autism Diagnostic Observation Scale and search of medical records
	Indicated in medical records based on DSM-IV criteria. Further information shows a range of professionals diagnosed ASD including developmental paediatricians, multidisciplinary evaluation, neurologists, psychiatrics or other physicians. ADOS used for confirmation for 13 participants
	ASD (n = 5), developmental delay without ASD (n = 6) and expressive speech delay (n = 1)
	0.67

	*Wong et al. (2018), Hong Kong
	[59]
	Patients with suspected PHTS (indicated by autistic features and/or neurodevelopmental delays and macrocephaly) were referred for assessment and genetic testing to the Clinical Genetic Service (CGS) of Department of Health between January 1995 and September 2016. Records were also retrieved
	3 (13)
	2 (M)
	9–10 years
	Unknown
	“Autism” or “Autistic features” stated in clinical features (further details on how this was diagnosed is not available)
	Intellectual disability (n = 1), Autistic features (n = 3) and developmental delay (n = 2)
	0.67

	Yeung et al. (2017), Hong Kong
	[60]
	Patients recruited from January 2013 to December 2016 at the Duchess of Kent Children’s Hospital Child Assessment Center. Patients with ASD/DD and macrocephaly were assessed by a developmental paediatrician and allied health professionals. No further referral information
	4 (21)
	4 (M)
	1 year 8 months–8 years 2 months
	Griffiths Mental Developmental Scales-Extended Revised if less than 72 months, Hong Kong Wechsler Intelligence Scale if over 72 months, Autism Diagnostic Observation Schedule
	N/A
	Mild Global developmental delay (n = 3), moderate developmental delay (n = 1)
	0.78


Note. *Included in meta-analysis



Overall, quality appraisal/risk of bias scores ranged from 0.5 to 0.89 (M = 0.64, SD = 0.12). Quality scores of the first author (KC) are presented in Tables 5 and 6. However, all studies were appraised independently by the second author (AWa), and inter-rater reliability was found to be excellent (two-way random effects, consistency, average-measures intraclass correlation coefficient for the overall score was .99, 95% CI .97–.99). Table 5Quality appraisal scores for Group A papers


	Author
	Sample Identification
	Confirmation of syndrome
	Symptom assessment
	Comparison/control group
	Total
	Quality score

	Busch et al (2013) [41]
	1
	3
	3
	1
	8
	0.67

	Vanderver et al (2014) [48]
	2
	3
	2
	0
	7
	0.58

	Smpokou et al (2014) [47]
	1
	3
	3
	0
	7
	0.58

	Frazier et al (2015) [44]
	0
	3
	3
	2
	8
	0.67

	Balci et al (2018) [39]
	1
	3
	2
	0
	6
	0.50

	Busa et al (2015) [40]
	1
	3
	2
	0
	6
	0.50

	Yehia et al (2020) [50]
	2
	3
	2
	0
	7
	0.58

	Busch et al (2019) [42]
	2
	3
	3
	2
	10
	0.83

	Ciaccio et al (2019) [43]
	2
	3
	2
	0
	7
	0.58

	Hansen-Kiss et al (2017) [45]
	1
	3
	2
	0
	6
	0.50

	Lachlan et al (2007) [9]
	2
	3
	2
	0
	7
	0.58

	Lynch et al (2009) [46]
	1
	3
	2
	0
	6
	0.50

	Yehia et al (2019) [49]
	1
	3
	2
	0
	6
	0.50



Table 6Quality appraisal scores for Group B papers


	Author
	Sample Identification
	Confirmation of syndrome
	Symptom assessment
	Total
	Quality score

	Orrico et al. (2009) [56]
	1
	3
	3
	7
	0.78

	Varga et al (2009) [58]
	1
	3
	3
	6
	0.67

	McBride et al (2010) [53]
	1
	3
	2
	6
	0.67

	O’Roak et al (2012) [55]
	2
	3
	0
	5
	0.56

	Klein et al (2013) [52]
	1
	3
	3
	7
	0.78

	Saskin et al (2017) [57]
	2
	3
	0
	5
	0.56

	Kato et al (2018) [51]
	0
	3
	3
	6
	0.67

	Yeung et al (2017) [60]
	1
	3
	3
	7
	0.78

	Negishi et al (2017) [54]
	0
	3
	2
	5
	0.56

	Butler et al (2005) [14]
	2
	3
	3
	8
	0.89

	Buxbaum et al (2007) [12]
	2
	3
	3
	8
	0.89

	Wong et al (2018) [59]
	1
	3
	2
	6
	0.67




Participant characteristics
Group a
The 13 studies in group A reported on a total of 1263 participants (51% male) with confirmed PTEN mutations or a PTEN-related condition (although, as with research into many rare syndrome groups, it is not possible to ascertain whether there is overlap between samples in some of these papers) and 93 control participants (including those with ASD with or without macrocephaly but no PTEN mutation and typically developing controls). Sample size ranged from six to 511 individuals. Age range varied from newborn to 89 years, with some studies reporting only a mean age. Only five studies included participants over the age of 30. The recruitment process was variable, and often only limited information about this was provided. Five papers had recruited people solely on the basis of PTEN mutations, three papers on the basis of PTEN mutations and some other feature (e.g. white matter lesions/disorders), and four papers reported on patients diagnosed with CS/BBRS and/or confirmed PTEN mutations.
Only two studies made comparisons of behavioural/psychological characteristics of individuals with PTEN mutations with other groups. Frazier et al. [44] used comparison groups of individuals with macrocephaly and ASD (n = 16), ASD without macrocephaly (n = 38) and healthy controls (n = 14). Busch et al. [42] included a comparison group of individuals with macrocephaly and ASD (n = 25).
Group B
Group B papers (N = 12) reported on a total of 5353 participants, including data from two large prevalence studies: O’Roak et al. and Saskin et al. [55, 57]. A total of 56 participants in these papers (1.0%) had a confirmed PTEN mutation or diagnosis of PHTS (confirmed number of cases ranged from three to 11 per paper), with age ranging from 1.6 to 35 years. Two studies did not provide demographic data specifically for those with PTEN mutations [55, 57]. The nature of the overall samples varied, with participants recruited for studies on the basis of ASD (3 studies), macrocephaly and ASD (2 studies), macrocephaly and other developmental/cognitive/behavioural/neurological symptoms (3 studies), suspected PHTS (1 study) or having been tested for PTHS/PTEN mutation (2 studies).
Measures
In group A, four papers (31%) utilised or reported neuropsychological testing or measures, with seven (54%) gathering their data through medical records or developmental review and two (15%) not stating how the characteristics were assessed. In group B, nine papers (75%) reported at least one neuropsychological measure, and three studies did not provide this information [55, 57, 59].
The most commonly used measure to identify autistic features or record a diagnosis of ASD (where a measure was identified at all) was the Autism Diagnostic Observation Schedule (ADOS; [61]), used in five studies. The Autism Diagnostic Interview-Revised (ADI; [62]) was also frequently used (four studies). A range of measures were used to determine cognitive ability, including various editions of the Wechsler Adult Intelligence Scale [63] and the Wechsler Memory Scale [64].
Common themes
A range of characteristics were noted in those with a diagnosed PTEN mutation (Table 7). Papers in group A reported on a wider range of difficulties, including emotional difficulties [39, 45] and specific types of cognitive impairments [41, 42, 44]. Group B largely focussed on the ability levels of their participants with only Orrico et al. [56] and McBride et al. [53] reporting emotional difficulties in their studies.Table 7Summary of the neurodevelopment, behavioural and cognitive characteristics reported in the papers included in the review


	 	Author
	ASD/autistic features
	Unspecified social communication disorder
	Intellectual disability/low IQ
	Unspecified developmental delay
	Communication and speech/language delays
	Motor delays or difficulties
	Attention impairment/ADHD/ADD
	Working memory
	Memory impairment
	Executive dysfunction

	Group A
	Busch et al. (2013) [41]
	 	 	•
	 	 	•
	 	 	•
	•

	Vanderver et al. (2014) [48]
	•
	 	 	•
	 	•
	 	 	 	 
	Smpokou et al. (2014) [47]
	 	 	 	 	•
	 	 	 	 	 
	Frazier et al. (2015) [44]
	 	 	•
	 	 	 	 	•
	 	 
	Balci et al. (2018) [39]
	•
	 	•
	 	•
	•
	•
	 	•
	 
	Busa et al. (2015) [40]
	•
	 	 	 	•
	•
	 	 	 	 
	Yehia et al. (2020) [50]
	•
	 	 	 	 	 	 	 	 	 
	Busch et al. (2019) [42]
	•
	 	•
	 	•
	•
	•
	•
	 	•

	Ciaccio et al. (2019) [43]
	•
	 	•
	•
	 	 	 	 	 	 
	Hansen-Kiss et al. (2017) [45]
	•
	•
	•
	 	 	 	•
	 	 	 
	Lachlan et al. (2007) [9]
	 	 	•
	 	 	•
	 	 	 	 
	Lynch et al. (2009) [46]
	•
	 	 	 	•
	•
	 	 	 	 
	Yehia et al. (2019) [49]
	•
	 	•
	•
	 	 	 	 	 	 
	Group B
	Orrico et al. (2009) [56]
	•
	•
	 	 	•
	•
	 	 	 	 
	Varga et al. (2009) [58]
	•
	 	 	•
	•
	 	 	 	 	 
	McBride et al. (2010) [53]
	•
	 	•
	•
	 	 	 	 	 	 
	O’Roak et al. (2012) [55]
	•
	 	•
	 	 	 	 	 	 	 
	Klein et al. (2013) [52]
	•
	 	 	 	 	 	 	 	 	 
	Saskin et al. (2017) [57]
	•
	 	 	•
	 	 	 	 	 	 
	Kato et al. (2018) [51]
	•
	 	 	•
	•
	•
	 	 	 	 
	Yeung et al. (2017) [60]
	 	 	 	•
	 	 	 	 	 	 
	Negishi et al. (2017) [54]
	 	 	 	•
	 	 	 	 	 	 
	Butler et al. (2005) [14]
	•
	 	 	•
	•
	•
	•
	 	 	 
	Buxbaum et al. (2007) [12]
	•
	 	 	•
	•
	•
	 	 	 	 
	Wong et al. 2018 [59]
	•
	 	•
	•
	 	 	 	 	 	 

	 	Author
	Reduced processing speed
	Sensory dysfunction
	Anxiety
	Depression
	Bipolar disorder
	Obsessive compulsive disorder
	Affective disorder
	Aggression
	ODD/disruptive behaviour disorder/problem behaviour
	Psychotic episode
	Poor adaptive functioning
	Self-harm

	Group A
	Busch et al. (2013) [41]
	 	 	 	 	 	 	 	 	 	 	 	 
	Vanderver et al. (2014) [48]
	 	 	 	 	 	 	 	 	 	 	 	 
	Smpokou et al. (2014) [47]
	 	 	 	 	 	 	 	 	 	 	 	 
	Frazier et al. (2015) [44]
	•
	 	 	 	 	 	 	 	 	 	•
	 
	Balci et al. (2018) [39]
	•
	 	•
	 	•
	•
	 	 	 	•
	 	•

	Busa et al. (2015) [40]
	 	 	 	 	 	 	 	 	 	 	 	 
	Yehia et al. (2020) [50]
	 	 	 	 	 	 	 	 	 	 	 	 
	Busch et al. (2019) [42]
	•
	•
	 	 	 	 	 	 	•
	 	•
	 
	Ciaccio et al. (2019) [43]
	 	 	 	 	 	 	 	 	 	 	 	 
	Hansen-Kiss et al. (2017) [45]
	 	 	•
	•
	•
	•
	 	•
	•
	 	 	 
	Lachlan et al. (2007) [9]
	 	 	 	 	 	 	 	 	 	 	 	 
	Lynch et al. (2009) [46]
	 	 	 	 	 	 	 	 	 	 	 	 
	Yehia et al. (2019) [49]
	 	 	 	 	 	 	 	 	 	 	 	 
	Group B
	Orrico et al. (2009) [56]
	 	 	 	 	 	 	 	 	 	 	•
	 
	Varga et al. (2009) [58]
	 	 	 	 	 	 	 	 	 	 	 	 
	McBride et al. (2010) [53]
	 	 	 	 	 	 	•
	 	•
	 	 	 
	O’Roak et al. (2012) [55]
	 	 	 	 	 	 	 	 	 	 	 	 
	Klein et al. (2013) [52]
	 	 	 	 	 	 	 	 	 	 	 	 
	Saskin et al. (2017) [57]
	 	 	 	 	 	 	 	 	 	 	 	 
	Kato et al. (2018) [51]
	 	 	 	 	 	 	 	 	 	 	 	 
	Yeung et al. (2017) [60]
	 	 	 	 	 	 	 	 	 	 	 	 
	Negishi et al. (2017) [54]
	 	 	 	 	 	 	 	 	 	 	 	 
	Butler et al. (2005) [14]
	 	•
	 	 	 	 	 	 	 	 	 	 
	Buxbaum et al. (2007) [12]
	 	 	 	 	 	 	 	 	 	 	 	 
	Wong et al. 2018 [59]
	 	 	 	 	 	 	 	 	 	 	 	 

Note. • indicates the characteristic is noted to be present or reported at an elevated level



ASD and autism spectrum characteristics
ASD or autistic features were the most frequently reported characteristic of participants and were reported in 19 studies (76%).
ASD prevalence meta-analysis
Fourteen papers reported the prevalence of ASD or characteristics of ASD (or “autistic features”/ “autistic tendencies”; [54, 59]) in their participants with PTEN mutations or PHTS, with a total number of 486 participants, and prevalence ranging from 9 to 100%. Where the total number of participants and the authors were the same for two studies, it was deemed probable that the same participant group had been used in data analysis (Yehia et al. [49, 50]). In this case, the sample which was more specifically defined was used for the meta-analysis (Yehia et al. [50]). The random effects model (see Fig. 2) suggested a weighted average prevalence of 25% (95% CI 16–33%; z = 5.63, p < 0.001). An acceptable level of heterogeneity was observed (Higgin’s I2 = 42%; τ2 = 0.008, Q(13) = 23, p = 0.048).[image: ../images/11689_2021_9406_Fig2_HTML.png]
Fig. 2Forest plot of characteristics of ASD prevalence


The quality effects model gave a similar weighted average prevalence (24%, 95% CI 16–33%; z = 5.5, p < 0.001; I2 = 42%; τ2 = 0.008; Q (13) = 22, p = 0.048).
There was evidence of possible publication bias (Fig. 3), supported by a significant Egger’s test of funnel plot asymmetry (bias 1.13, t (12) = 3.17, p = 0.008). Using the trim and fill procedure [37, 38], six studies were introduced, leading to an imputed estimate of prevalence of 17% (95% CI 8–27%).[image: ../images/11689_2021_9406_Fig3_HTML.png]
Fig. 3Funnel plot of characteristics of ASD prevalence. The 95% confidence interval of the expected distribution is shown as an inverted “funnel”


The meta-analysis was also re-run including only studies with 10 or more total participants, due to the tendency for studies with smaller sample sizes to show greater variability in their measurement. This also omitted the two papers [51, 59] which reported “autistic features” or “autistic tendencies” rather than ASD per se. This did not markedly affect prevalence estimates, with the random effects model again estimating a pooled prevalence of 25% (95% CI 14–36%). The meta-analysis was also re-run with group A papers only, since group B papers may be subject to extra/different sources of sampling bias (since samples comprised subsets of larger clinical groups, often defined by specific clinical characteristics). With only the eight papers from group A, the estimated prevalence was similar, at 23% (95% CI 13–33%).
Other aspects of ASD
A number of studies suggested relationships between ASD and other characteristics for participants with PTEN mutations. Three studies [41, 42, 44], compared participants with both PTEN mutations and ASD with other groups. These data indicated that PTEN mutations, lower general functioning and ASD may be interrelated: participants with PTEN mutations and ASD were more greatly impaired in a number of domains, including overall intellectual functioning, attention, inhibition, expressive and receptive language and motor coordination, than those with PTEN mutation but no ASD [42], and participants with PTEN mutations and ASD had lower average ability (including lower processing speed (d = 1.15), working memory (d = 1.07), auditory immediate memory and adaptive function most notably community living) than individuals with ASD associated with macrocephaly without PTEN mutations [44]. Effect size was reduced following adjustment for IQ scores (processing speed: Χ2 = 3.71, p = 0.054 and working memory: Χ2 = 2.63, p = 0.105). Scores on the ADI-R did not significantly differ between those with ASD and a PTEN mutation and those with ASD with or without macrocephaly [44] suggesting that levels of ASD symptomatology for those with PTEN mutations may not differ significantly from levels of ASD symptomatology reported for those with ASD of different aetiology. Unfortunately, however, scores on ASD measures representing ASD severity were reported only infrequently and not in a manner allowing robust comparison other groups (e.g. McBride et al. [53] reported ADOS II score for a single participant only).
Sensory dysfunction, which features in DSM-5 criteria for ASD [65], was reported in one study [42]. Caregivers of participants with ASD and PTEN mutations observed greater symptoms of sensory dysfunction than the caregivers of those with PTEN mutations without ASD and the caregivers of children with macrocephaly and ASD. However, participants with PTEN mutations but without ASD were also reported to have impaired sensory processing. Butler et al. [14] also described sensory integration difficulties in one participant.
Cognitive ability, developmental delay and intellectual disability
Participants’ ability levels were defined, assessed and reported in a variety of ways across papers. Some provided specific intelligence quotients (IQ), others report developmental quotients, and still others stated only whether intellectual disability or developmental delay was present for individuals.
IQ was reported in three studies in group A, and four studies in group B. Hansen-Kiss et al. [45] found that 15 of 47 participants (32%) identified as having a PTEN mutation, PHTS, CS or BRRS in their electronic records had an IQ of less than 80 (mean = 65), with 18 more (38%) having a documented history of intellectual disability or developmental delay. The full IQ range in this study was 39 to 124. This variation may relate to their recruitment method of searching medical records and therefore not limiting participation to those who can complete certain measures. Busch et al. [41] and Lachlan et al. [9] reported global impairments (borderline or lower IQ) or learning difficulties in 12% of participants, respectively. Busch et al. [41] reported IQs ranging from 80 to 120. It must be noted that participants were required to sit through four hours of neuropsychological testing, which may have resulted in individuals with lower not volunteering the study. O’Roak et al. [55] reported the non-verbal IQs of three participants (with their overall sample selected on the basis of having ASD), ranging from 50 to 77.
Other descriptions of cognitive ability/disability included Yehia et al. [49] reporting a learning disability or “mental retardation” in 22 (4%). In group B, intellectual disability was reported in three papers (e.g. in one of four [53] and one of three [59] participants). Some papers did not differentiate between intellectual disability and developmental delay [43, 47]. In these papers, intellectual disability and/or developmental delay were reported in 92% and 56% of participants respectively.
Developmental quotients (DQ) were also used to describe ability levels of participants in three group B studies [51, 54, 60], based on a variety of measures including the KIDS [66] and Kyoto Scale of Psychological Development [67]. DQs ranged from 30 [51] to 85 [51, 54] across these studies.
Developmental delay (often with no further specification) was reported in 48% of the reviewed studies (n = 12; three group A studies and nine group B papers). Reported prevalence in group A papers varied: Ciaccio et al. [43] and Vanderver et al. [48] reported 9 of 16 and 23 of 23 participants respectively to have a developmental delay, and Yehia et al. [49] reported global or variable developmental delay in 91 out of 511 participants. In group B, prevalence rates of developmental delay in participants ranged from 16 to 66% (excluding Yeung et al. [60] who looked at PTEN in this population).
Amongst specific developmental delays, motor delay was the most commonly reported (n = 11 studies, seven in group A). Busch et al. [41] found that participants with PHTS scored significantly lower than normative data in motor functioning (t(22) = − 5.02, p = .001, d = − .94), specifically in fine manual dexterity. Kato et al. [51] described motor delay in four of their six participants with a PTEN mutation. In this group, participants began walking between 14 and 29 months, with three participants walking after 26 months and showing motor delay. As well as delays in walking, general and psychomotor delays [56] and fine motor delays [14] were also reported.
Along with motor delays, speech and language delays were reported in five studies in group A and 5 studies in group B. Prevalence rates varied between 27 and 57% across the studies [39, 40, 46] in group A. Smpokou et al. [47] did not delineate between motor and language delays. Reports of profiles of ability across domains for individuals are rare. Busa et al. [40] report on one participant with an uneven ability profile, with scores within most indices on the WAIS in the “normal” range but a working memory index of 67.
Attention, executive functioning and memory
Attentional difficulties were reported in four studies (three in group A). Reduced working memory abilities and processing speed were reported at group level in three group A studies [39, 42, 44]. Attention Deficit Hyperactivity Disorder (ADHD) was reported in two of 11 participants by Balci et al. [39], and in an unspecified number by Hansen-Kiss et al. [45], and a short attention span was noted in two of three individuals in one study [14].
Two studies in group A [39, 41] identified poorer memory functioning in their participants with PTEN mutations. Busch et al. [41] reported a difference between people with PTEN mutations and data from a normative comparison group in the memory recall domain (small effect size [d = 0.38]), with 12 participants (47%) showing reduced performance on a memory recall measure, although no significant differences were found in recognition memory. Balci et al. [39] reported two patients (18%) with memory problems indicated in medical records (with no further details).
Busch et al. [41, 42] reported impairments in the executive functioning domain, in which participants with PTEN mutations overall scored significantly lower than population controls (d = − 0.7, p = 0.001).
As previously mentioned, Frazier et al. [44] found that the large effect sizes for deficits in processing speed and working memory reduced following adjustment for full-scale IQ. However, when exploring the cognitive abilities of those with PHTS, most (88%) of whom had IQ scores in at least the low average range, Busch et al. [41] noted greater difficulty on measures of verbal fluency and fine motor skills than controls.
Emotional difficulties
In group A, four studies reported emotional difficulties, including mental health diagnoses, in their participants. Balci et al. [39] reported two of 11 paediatric participants were diagnosed with generalised anxiety disorder. One participant had also received a diagnosis of obsessive-compulsive disorder (OCD) following a suicide attempt and self-harm. A psychotic episode was reported in a 5-year-old [39]. Hansen-Kiss et al. [45] reported diagnoses of disruptive behaviour disorder, oppositional defiance disorder, aggression, anxiety, depression, bipolar disorder and OCD in 34% (n = 16), but with no further delineations. “Problem behaviour” and poor adaptive functioning was more commonly reported in those with PTEN mutations and ASD than just PTEN mutations [42, 44].
Emotional difficulties were less frequently reported in group B studies. A nine-year-old female was reported to be diagnosed with an unspecified affective disorder and behavioural problems which were described as “oppositional and anger” with no further information [53].
Discussion
The current review examines literature reporting psychological and behavioural characteristics in individuals with constitutional PTEN mutations. The 25 studies meeting criteria for the review fell into two categories: those that investigated the characteristics of individuals recruited after confirmed PTEN mutations or PHTS (group A), and those which assessed for presence of PTEN mutations in a sample of participants with specific characteristics, such as ASD and macrocephaly (group B). There was a similar number of studies in each group, although the total number of participants with PTEN mutations was considerably greater for group A.
ASD was the most commonly reported characteristic. A meta-analysis of the prevalence of ASD or characteristics of ASD (including 14 papers) revealed a weighted average prevalence of 25% (95% CI 16–33%). This was not markedly changed by weighting papers by risk of bias/quality ratings, by including only group A papers, by omitting papers with ten or fewer participants, or by omitting those who referred to “features of ASD” rather than ASD. Asymmetry of papers’ reported prevalence around the weighted average raised the possibility of publication bias; it is possible that ASD prevalence remains unreported/unpublished where this prevalence is lower. Following correction for possible publication bias, the estimate of prevalence decreased to 17% (95% CI 8–27%). However, even at the estimated lower confidence interval for this lower estimate, prevalence exceeds that in the general population (1–2% [68, 69];). The calculated prevalence adjusted for publication bias is similar to that estimated in neurofibromatosis type 1 (18%) and Down’s syndrome (16%), as noted by Richards et al. [19]. The impact of possible publication bias suggests that more large-scale studies looking at ASD and ASD characteristics in those with PTEN mutations and PHTS are needed to accurately estimate prevalence. Further to this, authors should endeavour to report prevalence of diagnoses in clinical samples where this information is available even if this is low.
Reviewed literature also suggests that individuals with ASD and PTEN mutations may differ on a number of psychological/behavioural dimensions from those without ASD, with evidence of lower ability in a number of areas (see below) for those also carrying diagnoses of ASD. This is in line with evidence that ASD is associated with lower ability more generally [70]. However, there was also evidence that those with PTEN mutations and ASD may also have more difficulties than those with ASD and macrocephaly of different aetiology [42], suggesting that the combination of PTEN mutations and ASD may be particularly associated with lower abilities, an association that should be explored more in further research.
There was evidence of overall reduced IQ for individuals with PTEN mutations. It should also be noted, however, that individuals’ reported cognitive abilities varied greatly, with some papers reporting on individuals with IQs over two standard deviations above the population mean (e.g. Busch et al. [41] reported an IQ range of 80–135). Data using standardised measures suggest that people with PTEN and ASD may on average have impairments in a number of domains [42, 44], including attention, working memory, processing speed, language, visual-spatial abilities. Where no ASD is present, the picture may be less clear, with one study indicating that a group of 23 individuals with PTEN mutations but no ASD did not score statistically significantly differently from normative comparison groups on some measures of cognitive functioning, including attention and processing speed [42]. However, given the low sample size, the possibility of a type 2 error due to low power must be considered. Despite associations between ASD and lower ability, the frequency with which ASD occurs in the absence of significant impairments in general ability remains a question for future research.
Where standardised measures of motor abilities were used at a group level, functioning was found to be significantly lower for people with BBRS/CS than in normative data [41] and was impaired for people with PTEN mutations both with and without ASD (although more so for those with ASD) [42]. However, again, there is apparent variability at the individual level.
Attention, executive functioning and memory were also reported to be impaired at a group level [39, 41, 42, 44, 45]. A small number of individuals were reported to have diagnoses of ADHD [39, 45], although this was not widely investigated/reported across papers so the degree to which impairments relate to specific developmental diagnoses is unclear. It has been postulated that deficits in processing speed and working memory associated with PTEN mutations may be related to poorly developed white matter [42, 44], and details of this possible association should be explored in further research. Full-scale IQ has been shown to be significantly related to executive functioning [71] and scores on tasks tapping into working memory contribute to a full-scale IQ score. For this reason, when exploring impairments in these domains, it is important to question whether these are to be expected given the individual’s IQ. The relative degree of impairment in these domains for people with PTEN differences, and the strength of relationships between impairments in different domains of cognitive functioning, are yet to be fully explored. Future research should build on existing work [41, 44].
Emotional difficulties were reported/assessed only sporadically. Where reported, there were suggestions that the prevalence of these difficulties may be high: Hansen-Kiss et al. [45] identified these issues in 34% of their participants, citing anxiety, bipolar disorder and OCD (although with few further details). “Disruptive” or “problem” behaviour was also reported in three papers. However, the lack of systematic investigation, using established measures and appropriate comparison groups, precludes knowledge of whether emotional difficulties occur differently from or at a higher rate than in the general population and/or other genetic neurodevelopmental syndrome groups. How this may relate to other difficulties such as ASD (known to be associated with anxiety, for example), also remains to be ascertained.
Relationships between different behavioural/psychological variables and specific genetic, physical or physiological characteristics were not generally explored in the reviewed papers. The precise relationship between different PTEN variants and psychological corollaries remains to be delineated. Recent research has begun to explore this, e.g. Yehia et al. [50] found in their sample of 309 individuals with PTEN mutations that those with ASD/DD had an overall increased burden of copy number variants).
Strengths and limitations in the literature
For most studies, the presence of a PTEN mutation had been confirmed for all participants. Two studies [41, 49], however, included participants with diagnoses of CS and BRRS but without a PTEN mutation (n = 204). The precise nature of the mutations, and the additional difficulties also featured in inclusion criteria/recruitment processes for many studies, leads to potential differences in the nature of participant groups. These factors mean that interpretation of synthesised results, including meta-analytic estimates, should remain cautious. It may also be that some of the heterogeneity (e.g., in reported ability levels) between studies reflects differences in recruitment of samples which cannot be entirely characterised in the present analysis (e.g., because of limited information given in the papers). This requires thorough consideration in future research.
Nine of the 25 studies recruited participants from multiple centres or databases either nationally [9, 55, 57] or internationally [12, 48], which may enhance some aspects of generalisability. However, the data are largely from Western countries, and definitions and constructs of ASD and psychological distress may not relate to individuals in other cultures.
Small sample sizes may reflect the rarity (and relatively newly-identified) nature of the condition, which is likely to result in underpowered analyses. PTEN mutations are not routinely tested for and participants were frequently recruited through hospitals or clinics which may have led to a general bias in the literature, as this indicates that there was significant concern about the individual prior to genetic testing.
The use of clinical review as a main method for identifying behavioural characteristics in these studies also introduces possible biases [72].
Clinical and research implications
Clinical evaluation and support of individuals with PTEN-related conditions should consider a wide range of possible corollaries, including ASD, cognitive and intellectual functioning, motor development and potentially, emotional difficulties.
Future research should employ a range of validated, standardised behavioural measures to allow a more comprehensive identification of the various domains associated with the behavioural phenotype of individuals with PTEN mutations (e.g. [73, 74]). This will also aid more extensive comparisons with other groups (including those representing typical development, idiopathic ASD and other genetic neurodevelopmental conditions), which should also be included within studies, since this is important in defining the behavioural phenotype specifically associated with a syndrome group [75–77]. As more individuals with constitutional PTEN mutations are identified world-wide, and relevant support groups and databases grow, this may also allow researchers to assess psychological and behavioural factors for a greater number of individuals who may not otherwise have come to attention of services. This may then allow for samples which may be less biased towards specific difficulties, enhancing understanding of psychological/behavioural correlates of PTEN changes more broadly.
Conclusion
A systematic review of existing research with groups of people with constitutional PTEN-related conditions suggested a number of possible psychological/behavioural corollaries. Our meta-analysis estimated a prevalence of ASD or characteristics of ASD of approximately 25% (95% CI 16–33%), although it should be noted that this estimate may be inflated by publication bias, and should be interpreted with caution due to the varied nature of recruitment and basis on which ASD is determined. Further research is required on the qualitative nature of ASD phenomenology within this group. Research also indicates lower average cognitive abilities than in the general population, especially when ASD is also present, frequent reports of global developmental delay, motor and speech delay and cognitive impairment in those with PTEN mutations and PHTS. Wide variation in cognitive abilities is also noted. The relationship of psychological/behavioural variables with physiological or genetic factors remains relatively unexplored. Many studies are small scale, relying on retrospective reviews of medical records or unclear psychological assessment methods, and use of comparison groups was limited in available research. Future research, using detailed and well-established psychological assessment tools and appropriate comparison groups, may elucidate in greater depth the profile of possible characteristics associated with aberrations affecting PTEN.
Acknowledgements
Not applicable.

Authors’ contributions
AWa developed the search terms and strategy used in the review and was involved in the writing of the review. Systematic review carried out by KC who took the lead role in the write up. KC and AWe conducted and interpreted the meta-analysis with advice on interpretation and R scripts provided by CJ. RD provided expert input on medical and genetic aspects. AWa and KC were supervised by AWe who was a major contributor in writing the manuscript. The authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
Supporting data is available from the corresponding author upon reasonable request.

Declarations
Ethics approval and consent to participate
This article does not contain any studies with human participants or animals performed by any of the authors. No informed consent was required as this article is a review and no individual participants have identifying information.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.



References
	1.
Li J, Yen C, Liaw D, Podsypanina K, Bose S, Wang SI, et al. PTEN, a putative protein tyrosine phosphatase gene mutated in human brain, breast, and prostate cancer. Science 1997 Mar 28,;275(5308):1943–1947.

	2.
Song MS, Salmena L, Pandolfi PP. The functions and regulation of the PTEN tumour suppressor. Nature reviews. Molecular cell biology 2012 Apr 4,;13(5):283–296.

	3.
Veleva-Rotse BO, Barnes AP. Brain patterning perturbations following PTEN loss. Front Mol Neurosci. 2014;7:35.

	4.
Tan M, Mester JL, Ngeow J, Rybicki LA, Orloff MS, Eng C. Lifetime cancer risks in individuals with germline PTEN mutations. Clinical cancer research : an official journal of the American Association for Cancer Research 2012 Jan 15,;18(2):400–407.

	5.
Blumenthal GM, Dennis PA. PTEN hamartoma tumor syndromes. Eur J Hum Genet. 2008;16(11):1289–300.

	6.
Bhargava R, Au Yong KJ, Leonard N. Bannayan-Riley-Ruvalcaba syndrome: MRI neuroimaging features in a series of 7 patients. AJNR. Am J Neuroradiol. 2014;35(2):402–6.

	7.
Marsh DJ, Coulon V, Lunetta KL, Rocca-Serra P, Dahia PL, Zheng Z, et al. Mutation spectrum and genotype-phenotype analyses in Cowden disease and Bannayan-Zonana syndrome, two hamartoma syndromes with germline PTEN mutation. Hum Mol Genet. 1998;7(3):507–15.

	8.
Marsh DJ, Kum JB, Lunetta KL, Bennett MJ, Gorlin RJ, Ahmed SF, et al. PTEN mutation spectrum and genotype-phenotype correlations in Bannayan-Riley-Ruvalcaba syndrome suggest a single entity with Cowden syndrome. Hum Mol Genet. 1999;8(8):1461–72.

	9.
Lachlan KL, Lucassen AM, Bunyan D, Temple IK. Cowden syndrome and Bannayan–Riley–Ruvalcaba syndrome represent one condition with variable expression and age-related penetrance: results of a clinical study of PTEN mutation carriers. J Med Genet. 2007;44(9):579–85.

	10.
Pilarski R, Stephens JA, Noss R, Fisher JL, Prior TW. Predicting PTEN mutations: an evaluation of Cowden syndrome and Bannayan–Riley–Ruvalcaba syndrome clinical features. J Med Genet. 2011;48(8):505–12.

	11.
Parisi MA, Dinulos MB, Leppig KA, Sybert VP, Eng C, Hudgin L. The spectrum and evolution of phenotypic findings in PTEN mutation positive cases of Bannayan-Riley-Ruvalcaba syndrome. J Med Genet. 2001;38(1):52–8.

	12.
Buxbaum J, Cai G, Chaste P, Nygren G, Goldsmith J, Reichert J, et al. Mutation screening of the PTEN gene in patients with autism spectrum disorders and macrocephaly. Am J Med Genet B Neuropsychiatr Genet 2007 Jun 5,;144(4):484–91.

	13.
Goffin A, Hoefsloot LH, Bosgoed EAJ, Swillen A, Fryns JP. PTEN mutation in a family with Cowden syndrome and autism. Am J Med Genet. 2001;105(6):521–4.

	14.
Butler MG, Dasouki MJ, Zhou X, Talebizadeh Z, Brown M, Takahashi TN, et al. Subset of individuals with autism spectrum disorders and extreme macrocephaly associated with germline PTEN tumour suppressor gene mutations. J Med Genet. 2005;42(4):318–21.

	15.
Kwon C, Luikart BW, Powell CM, Zhou J, Matheny SA, Zhang W, et al. Pten regulates neuronal arborization and social interaction in mice. Neuron 2006 May 4,;50(3):377–388.

	16.
Cupolillo D, Hoxha E, Faralli A, De Luca A, Rossi F, Tempia F, et al. Autistic-like traits and cerebellar dysfunction in Purkinje cell PTEN knock-out mice. Neuropsychopharmacology : official publication of the American College of Neuropsychopharmacology. 2016;41(6):1457–66.

	17.
Mahmood U, Ahn S, Yang E, Choi M, Kim H, Regan P, et al. Dendritic spine anomalies and PTEN alterations in a mouse model of VPA-induced autism spectrum disorder. Pharmacol Res. 2018;128:110–21.

	18.
Cardoso IL, Almeida S. Genes involved in the development of autism. International Archives of Communication Disorder. 2019 Mar 27;2(1):1–9.

	19.
Richards C, Jones C, Groves L, Moss J, Oliver C. Prevalence of autism spectrum disorder phenomenology in genetic disorders: a systematic review and meta-analysis. Lancet Psychiatry, The. 2015;2(10):909–16.

	20.
Moss J, Howlin P. Autism spectrum disorders in genetic syndromes: implications for diagnosis, intervention and understanding the wider autism spectrum disorder population. J Intellect Disabil Res. 2009;53(10):852–73.

	21.
Moss J, Oliver C, Nelson L, Richards C, Hall S. Delineating the profile of autism spectrum disorder characteristics in Cornelia de Lange and fragile X syndromes. Am J Intellect Dev Disabil. 2013;118(1):55–73.

	22.
Crawford H, Moss J, Groves L, Dowlen R, Nelson L, Reid D, et al. A Behavioural assessment of social anxiety and social motivation in fragile X, Cornelia de Lange and Rubinstein-Taybi syndromes. J Autism Dev Disord. 2020;50(1):127–44.

	23.
Nelson L, Moss J, Oliver C. A longitudinal follow-up study of affect in children and adults with Cornelia de Lange syndrome. American journal on intellectual and developmental disabilities. 2014;119(3):235–52.

	24.
Clipperton-Allen AE, Page DT. Pten haploinsufficient mice show broad brain overgrowth but selective impairments in autism-relevant behavioral tests. Human molecular genetics 2014 Jul 1,;23(13):3490–3505.

	25.
Sperow M, Berry RB, Bayazitov IT, Zhu G, Baker SJ, Zakharenko SS. Phosphatase and tensin homologue (PTEN) regulates synaptic plasticity independently of its effect on neuronal morphology and migration. J Physiol. 2012;590(4):777–92.

	26.
Wang Y, Cheng A, Mattson M. The PTEN phosphatase is essential for long-term depression of hippocampal synapses. NeuroMolecular Med. 2006;8(3):329–35.

	27.
Abghari FZ, Moradi Y, Akouchekian M. PTEN gene mutations in patients with macrocephaly and classic autism: a systematic review. Med J Islam Repub Iran. 2019;33:10.

	28.
Zhou J, Parada LF. PTEN signaling in autism spectrum disorders. Curr Opin Neurobiol. 2012;22(5):873–9.

	29.
Pilarski R, Burt R, Kohlman W, Pho L, Shannon KM, Swisher E. Cowden syndrome and the PTEN hamartoma tumor syndrome: systematic review and revised diagnostic criteria. Journal of the National Cancer Institute 2013 Nov 6,;105(21):1607–1616.

	30.
Pilarski R. PTEN hamartoma tumor syndrome: a clinical overview. Cancers 2019 Jun 18,;11(6):844.

	31.
Uppal S, Mistry D, Coatesworth AP. Cowden disease: a review. Int J Clin Pract. 2007;61(4):645–52.

	32.
Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew M, et al. Preferred reporting items for systematic review and meta-analysis protocols (PRISMA-P) 2015 statement. Systematic reviews 2015 Jan 1,;4(1):1.

	33.
Online Mendelian Inheritance in Man, OMIM®. McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins University (Baltimore, MD), {date}. World Wide Web URL: https://​omim.​org/​

	34.
Hedges LV, Vevea JL. Fixed-and random-effects models in meta-analysis. Psychol Methods. 1998;3:486.

	35.
Terrin N, Schmid CH, Lau J. In an empirical evaluation of the funnel plot, researchers could not visually identify publication bias. J Clin Epidemiol. 2005;58(9):894–901.

	36.
Egger M, Smith GD, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical test. Br Med J. 1997;315:629634.

	37.
Duval S, Tweedie R. Trim and fill: a simple funnel-plot-based method of testing and adjusting for publication bias in meta-analysis. Biometrics. 2000a;56(2):455–63.

	38.
Duval S, Tweedie R. (2000b). A nonparametric ‘trim and fill’ method of accounting for publication bias in meta-analysis. Journal of the American Statistical Society. 2000;95:89–98.

	39.
Balci TB, Davila J, Lewis D, Boafo A, Sell E, Richer J, et al. Broad spectrum of neuropsychiatric phenotypes associated with white matter disease in PTEN hamartoma tumor syndrome. Am J Med Genet B Neuropsychiatr Genet. 2018 Jan;177(1):101–9.

	40.
Busa T, Milh M, Degardin N, Girard N, Sigaudy S, Longy M, et al. Clinical presentation of PTEN mutations in childhood in the absence of family history of Cowden syndrome. Eur J Paediatr Neurol. 2014;19(2):188–92.

	41.
Busch RM, Chapin JS, Mester J, Ferguson L, Haut JS, Frazier TW, et al. Cognitive characteristics of PTEN hamartoma tumor syndromes. Genetics Med. 2013;15(7):548–53.

	42.
Busch RM, Srivastava S, Hogue O, Frazier TW, Klaas P, Hardan A, et al. Neurobehavioral phenotype of autism spectrum disorder associated with germline heterozygous mutations in PTEN. Translational psychiatry 2019 Oct 8,;9(1):253–9.

	43.
Ciaccio C, Saletti V, D’Arrigo S, Esposito S, Alfei E, Moroni I, et al. Clinical spectrum of PTEN mutation in pediatric patients. A bicenter experience. European Journal of Medical Genetics 2019;62(12):103596.

	44.
Frazier TW, Embacher R, Tilot AK, Koenig K, Mester J, Eng C. Molecular and phenotypic abnormalities in individuals with germline heterozygous PTEN mutations and autism. Mol Psychiatry. 2015;20(9):1132–8.

	45.
Hansen-Kiss E, Beinkampen S, Adler B, Frazier T, Prior T, Erdman S, et al. A retrospective chart review of the features of PTEN hamartoma tumour syndrome in children. J Med Genet. 2017 Jul;54(7):471–8.

	46.
Lynch NE, Lynch SA, McMenamin J, Webb D. Bannayan–Riley–Ruvalcaba syndrome: a cause of extreme macrocephaly and neurodevelopmental delay. Arch Dis Child. 2009;94(7):553–4.

	47.
Smpokou P, Fox VL, Tan W. PTEN hamartoma tumour syndrome: early tumour development in children. Arch Dis Child. 2015;100(1):34–7.

	48.
Vanderver A, Tonduti D, Kahn I, Schmidt J, Medne L, Vento J, et al. Characteristic brain magnetic resonance imaging pattern in patients with macrocephaly and PTEN mutations. American journal of medical genetics. Part A. 2014;164(3):627–33.

	49.
Yehia L, Ni Y, Feng F, Seyfi M, Sadler T, Frazier TW, et al. Distinct alterations in tricarboxylic acid cycle metabolites associate with cancer and autism phenotypes in Cowden syndrome and Bannayan-Riley-Ruvalcaba syndrome. Am J Hum Genet. 2019 Oct 3;105(4):813–21.

	50.
Yehia L, Seyfi M, Niestroj L, Padmanabhan R, Ni Y, Frazier TW, et al. Copy number variation and clinical outcomes in patients with germline PTEN mutations. JAMA Network Open 2020 Jan 3,;3(1):e1920415.

	51.
Kato K, Mizuno S, Inaba M, Fukumura S, Kurahashi N, Maruyama K, et al. Distinctive facies, macrocephaly, and developmental delay are signs of a PTEN mutation in childhood. Brain Dev. 2018;40(8):678–84.

	52.
Klein S, Sharifi-Hannauer P, Martinez-Agosto JA. Macrocephaly as a clinical indicator of genetic subtypes in autism. Autism Res. 2013;6(1):51–6.

	53.
McBride KL, Varga EA, Pastore MT, Prior TW, Manickam K, Atkin JF, et al. Confirmation study of PTEN mutations among individuals with autism or developmental delays/mental retardation and macrocephaly. Autism Res. 2010;3(3):137–41.

	54.
Negishi Y, Miya F, Hattori A, Johmura Y, Nakagawa M, Ando N, et al. A combination of genetic and biochemical analyses for the diagnosis of PI3K-AKT-mTOR pathway-associated megalencephaly. BMC medical genetics 2017 Jan 13,;18(1):4.

	55.
O’Roak B, Vives L, Fu W, Egertson JD, Stanaway IB, Phelps IG, et al. Multiplex Targeted Sequencing Identifies Recurrently Mutated Genes in Autism Spectrum Disorders. Science 2012 Dec 21,;338(6114):1619–1622.

	56.
Orrico G, Buoni O, Vonella S. Novel PTEN mutations in neurodevelopmental disorders and macrocephaly. Clin Genet. 2009;75(2):195–8.

	57.
Saskin A, Fulginiti V, Birch AH, Trakadis Y. Prevalence of four Mendelian disorders associated with autism in 2392 affected families. J Hum Genet. 2017;62(6):657–9.

	58.
Varga EA, Pastore M, Prior T, Herman GE, McBride KL. The prevalence of PTEN mutations in a clinical pediatric cohort with autism spectrum disorders, developmental delay, and macrocephaly. Genetics in medicine : official journal of the American College of Medical Genetics. 2009;11(2):111–7.

	59.
Wong CW, Or PM, Wang Y, Li L, Li J, Yan M, et al. Identification of a PTEN mutation with reduced protein stability, phosphatase activity, and nuclear localization in Hong Kong patients with autistic features, neurodevelopmental delays, and macrocephaly. Autism Res. 2018 Aug;11(8):1098–109.

	60.
Yeung KS, Tso WWY, Ip JJK, Mak CCY, Leung GKC, Tsang MHY, et al. Identification of mutations in the PI3K-AKT-mTOR signalling pathway in patients with macrocephaly and developmental delay and/or autism. Molecular autism. 2017;8(1):66.

	61.
Lord C, Rutter M, Goode S, Heemsbergen J, Jordan H, Mawhood L, et al. Autism diagnostic observation schedule: a standardized observation of communicative and social behavior. J Autism Dev Disord. 1989;19(2):185.

	62.
Lord C, Rutter M, Le Couteur A. Autism diagnostic interview-revised: a revised version of a diagnostic interview for caregivers of individuals with possible pervasive developmental disorders. J Autism Dev Disord. 1994;24(5):659–85.

	63.
Wechsler D. Wechsler adult intelligence scale- third edition. 3rd ed. San Antonio, TX: Psychological corporation; 1997.

	64.
Wechsler D. Wechsler memory scale- third edition. San Antonio, TX: Psychological corporation; 1997.

	65.
American Psychiatric Association. Diagnostic and statistical manual of mental disorders (5th ed.). Washington DC. American Psychiatric Association. 2013 May 27;70.

	66.
Miyake K, Ohmura M, Takashima M, Yamanouchi S, Hashimoto T, Kobayashi K. A new test developmental screening scale—kinder infant development scale. Hum Dev Res. 1990;6:147–63.

	67.
Ikuzawa M, Iwachidou S, Oogami R. The guide of Kyoto scale of psychological development. Kyoto Kokusai Shakaifukushi Center: The guide of Kyoto scale of psychological development. Kyoto; 2001.

	68.
Baio J. Prevalence of autism spectrum disorder among children aged 8 years-autism and developmental disabilities monitoring network, 11 sites, United States, 2010.

	69.
Brugha T, Cooper SA, McManus S, Purdon S, Smith J, Scott FJ, Spiers N, Tyrer F. Estimating the prevalence of autism spectrum conditions in adults: extending the 2007 Adult psychiatric. https://​pdfs semanticscholar org/efe8/77ab95ca23b45c6aa72c77ea643e67f23a08 pdf 2012 Jan 31.

	70.
Skuse DH. Rethinking the nature of genetic vulnerability to autistic spectrum disorders. Trends Genet. 2007;23(8):387–95.

	71.
Arffa S. The relationship of intelligence to executive function and non-executive function measures in a sample of average, above average, and gifted youth. Arch Clin Neuropsychol. 2007 Nov 1;22(8):969–78.

	72.
Flint J. Annotation: behaviour phenotypes: a window on to the biology of behavior. J Child Psychol Psychiatry. 1996 May;37(4):355–67.

	73.
Tierney E, Nwokoro NA, Porter FD, Freund LS, Ghuman JK, Kelley RI. Behavior phenotype in the RSH/Smith-Lemli-Opitz syndrome. Am J Med Genet. 2001 Jan 15;98(2):191–200.

	74.
O’Brien G, editor. Behavioural phenotypes in clinical practice. Cambridge University Press; 2002 Jan 21.

	75.
Hodapp RM, Dykens EM. Strengthening behavioral research on genetic mental retardation syndromes. Am J Ment Retard. 2001 Jan;106(1):4–15.

	76.
Waite J, Heald M, Wilde L, Woodcock K, Welham A, Adams D, et al. The importance of understanding the behavioural phenotypes of genetic syndromes associated with intellectual disability. Paediatr Child Health. 2014 Oct 1;24(10):468–72.

	77.
Finegan J. Study of behavioral phenotypes: goals and methodological considerations. American Journal of Medical Genetics 1998 Mar 28,;81(2):148–155.



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Behavioural and psychological features of PTEN mutations: a systematic review of the literature and meta-analysis of the prevalence of autism spectrum disorder characteristics


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/11689_2021_9406_Fig3_HTML.png
144

6820
Joll3 plepuels

€EV'0

L1180

Proportion





OEBPS/css/envelope.png





OEBPS/images/11689_2021_9406_Fig1_HTML.png
=
=
g
<
]
£
=
9
=
L

Screening

[ Included ] [ Eligibility ]

881 papers identified through
database searching
(CINAHL=31, PsycINFO=128,
SCOPUS=242, Web of
Science=476) and via manual
searches (n=4)

v

Records after duplicates
removed (n=723)

Excluded duplicates
(n=158)

v

Records screened
(n=723)

|

Records excluded on
basis of title or
ausiract
(n=625)

Full-text articles assessed for
eligibility
(n=98)

|

Full-text articles
excluded
(n=73)

Sudies relnded inreviow
(n=25)

Case studies
(n=22)
Low N

(n=3)

No behavioural
characteristics
reported
(n=10)

No focus on PTEN
mutation
(n=19)
Non-
human/molecular
studies
(n=5)
Reviews
(n=14)






OEBPS/images/11689_2021_9406_Fig2_HTML.png
Study TE seTE PR PR 95%-Cl Weight

Yehia et al (2020) 0.15 0.0217 —=5 0.15 [0.10; 0.19] 22.4%
Vanderver et al 0.30 0.1150 0.30 [0.08;0.53] 9.1%
Lynch et al 0.50 0.2887 0.50 [-0.07;1.07] 2.1%
Hansen-Kiss et al 0.53 0.1064 0.53 [0.32; 0.74] 10.0%
Ciaccio et al 0.25 0.1250 0.25 [0.01;0.49] 8.2%
Busa et al 0.14 0.1429 0.14 [-0.14; 0.42] 6.8%
Balci et al 0.09 0.0909 0.09 [-0.09; 0.27] 11.8%
Kato et al 0.17 0.1667 0.17 [-0.16; 0.49] 5.4%
Saskin et al 0.33 0.2357 0.33 [-0.13; 0.80] 3.0%
Varga et al 0.45 0.2033 0.45 [0.06; 0.85] 3.9%
Smpokou et al 0.21 0.0778 —_— 0.21 [0.05; 0.36] 13.6%
McBride et al 0.50 0.3536 0.50 [-0.19;1.19] 1.5%
Orrico et al 0.33 0.3333 0.33 [-0.32; 0.99] 1.6%
Wong et al 1.00 0.5774 1.00 [-0.13;2.13] 0.6%
Random effects model —_— 0.25 [ 0.16; 0.33] 100.0%
Prediction interval : [ 0.03; 0.47]

Heterogeneity: 1> = 42%, <> = 0.0082, p = 0.05 ' ' ' !
0 02 04 06 08 1





OEBPS/css/sidebar.gif





