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Abstract

Objective—To examine the distribution of quantitative autistic traits (QATS) in an independent
neurofibromatosis type | (NF1) sample, the relationships between QAT, sex, and attention deficit
hyperactivity disorder (ADHD) symptomatology, and to explore evidence for QAT mutational
specificity within families.

Study design—Age-appropriate versions of the Social Responsiveness Scale, second edition
and the Conners Adult ADHD Rating Scales were completed for 103 patients with NF1 from the
Washington University Neurofibromatosis Center.

Results—Patients with NF1 exhibited a pathologically shifted unimodal distribution for QAT.
Forty-four percent of the subjects exhibited a QAT burden at or above 1 SD from the population
mean; 13% scored at or above the extreme first percentile of the general population distribution.
Elevations in ADHD symptomatology exhibited a distinct bimodal distribution; however, mean
ADHD index scores were equivalent in patients who had been diagnosed in the community with
ADHD compared with those who had not. We observed striking within-family associations for
QAT, reflected by an Social Responsiveness Scale, second edition intraclass correlation of 0.77 in
pairings of first degree relatives with NF1.

Conclusions—Impairments in reciprocal social behavior and attention affect a large proportion
of patients with NF1 throughout life and are often clinically unrecognized. Further exploration of
genotype-phenotype correlation is strongly warranted for the purpose of gaining insights into
mechanisms by which specific mutational variations in the NF1 gene may influence autistic trait
severity.

Neurofibromatosis type 1 (NF1), an autosomal dominant disorder with a prevalence of
approximately 1 in 2500 people,! is characterized by cognitive impairments—primarily

learning disability and attention deficit hyperactivity disorder (ADHD) symptomatology—in
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a large proportion of affected patients.? Recently, several studies of quantitative autistic trait
(QAT) burden in individuals with NF1 have arrived at remarkably consistent prevalence
estimates (40%-60%) of the broader autism phenotype in NF1.3- The high prevalence of
autistic symptomatology observed in this monogenic condition may have important
implications for understanding the developmental ontogeny of all autistic syndromes.

To date, it is entirely unknown whether the occurrence or severity of QAT relates to the
specific nature of the NF1 gene mutation found in an individual or family. Fifty percent of
cases of NF1 are familial in origin. NF1 arises from a germline mutation in the NF1 tumor
suppressor gene (chromosome 17qg11.2) in both sporadic and inherited cases.3 In essence,
each individual or family with NF1 has a unique germline NF1 gene mutation. To date,
published reports of molecular genetic testing have identified more than 1400 pathogenic
mutations of various types dispersed throughout the gene.” This degree of genetic diversity
parallels its extraordinary variability in phenotypic expression and severity. Other than case
reports,8 there are no known associations between specific NF1 genotypes and autistic
syndromes, and there are no published studies in which both genotype and autistic
impairment in NF1 have been characterized simultaneously. Demonstration of within-family
association, if more pronounced than can be attributed to genetic background, %11 would
imply mutational specificity in the occurrence of autism spectrum disorder (ASD)
symptoms. In this study, we capitalized upon the availability of assessments in pairings of
first-degree relatives to explore this question.

This study contributes a large sample to a growing body of scientific investigation on
autistic trait burden in NF1 summarized in Table 1,356:12-14 which has capitalized on the
availability of recently validated quantitative methods for rapid measurement of autistic
symptomatology. Moreover, there are 3 distinct contributions of this data set: (1) it
implements and analyzes QAT measurements in first-degree relatives concordantly affected
by NF1; (2) it analyzes novel Diagnostic and Satistical Manual, fifth edition (DSM-5) scale
scores for impairment in social communication, recently derived empirically and validated
by confirmatory factor analysis!®; and (3) it examines the relationship between QAT and
severity measurements of ADHD in NF1 across the entire age range from childhood to
adulthood.

The Washington University Neurofibromatosis Center actively follows 320 individuals from
253 families. Following review and approval of a separate protocol by the Washington
University Human Research Protection Office, the families were contacted to request
participation in the current behavioral phenotyping study. One hundred fifty-one individuals
(47.2%) agreed to participate and were sent a study packet, which included age- and rater-
appropriate versions of the Social Responsiveness Scale, second edition (SRS-2), the
Conners, third edition (Conners-3) for participants under the age of 18 years, and the
Conners Adult ADHD Rating Scales (CAARS) for participants over the age of 18 years.16.17
For children with NF1, the ratings were completed by parents. For adults, the ratings were
completed by self-report if possible; when not possible, a parent, spouse, or a close friend
completed the ratings. One hundred three individuals (32.2%) completed the SRS-2; among
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them, 95 completed either Conners-3 or CAARS. An additional 3 subjects completed an
ADHD rating but did not complete the SRS-2. Of those who did not return assessments, 5
actively declined to participate; the others were unreachable because of a combination of
change-of-address, phone disconnection, or nonresponse to letters and phone messages. The
final sample for whom informative data sets were available was 103; participants ranged in
age from 3-77 years, with a mean age of 23.0 years and a SD of 17.5.

The SRS-2 is 65-item standardized measure of ASD symptoms that uses a 4-point Likert-
type scale (from 0 = never true to 3 = almost always true) to derive quantitative ratings of
severity of the specific traits and symptoms that characterize ASD. This study utilized a
standard version for the scale typically completed by a parent or caregiver, and either of the
2 adult versions (self-report or other adult informant); typically the other adult-informant
version was completed by a spouse, close relative, or friend. Norms for each version of the
instrument are published in the SRS-2 manual, '8 in which the psychometric properties of the
SRS-2 have been previously described, summarizing data from numerous published reports.
We note that in the range from school age through adulthood, there are essentially no age
effects on SRS-2 scores in the general population. The instrument exhibits high internal
consistency, reliability, and heritability,1° and it has been validated against a widely
implemented developmental history interview, the Autism Diagnostic Interview-Revised,
with strong associations (correlation on the order of 0.55) for SRS-2 scores and Autism
Diagnostic Interview-Revised algorithm scores for Diagnostic and Satistical Manual,
fourth edition criteria.1820 Established thresholds reliably distinguish children with ASD
from both nonaffected children and those with other child psychiatric conditions.18:21.22 Use
of the SRS-2 in both general population and affected samples has demonstrated that SRS-2
scores are continuously distributed and are not related to 1Q.1923 Recently, Frazier et al
conducted a confirmatory factor analysis of the SRS-2 involving over 9000 subjects
representing the age range from school age through adulthood, which supported the ability
of the instrument to quantify reliably the partially independent symptom domains
operationalized in DSM-5: impairment in social communication and repetitive behavior/
restricted interests.1> In this report, we present findings using these scale scores in addition
to treatment scale scores and total SRS-2 scores as described in previous SRS-2 reports in
NF1. Clinically significant ASD symptoms have been associated with T-scores =60; T-
scores =75 are associated with an ASD diagnosis.18

ADHD Ratings

The Conners-3 parent report form is a 110-item standardized questionnaire measure of
ADHD symptomatology that implements a 4-point Likert-like scale (from 0 = not true at all
to 3 = very much true) for each item. The version of the Conners-3 generates an ADHD
index score for which scores =65 are associated with clinically significant ADHD
symptoms.18 The CAARS-Self Report Screening Version form is a 30-item standard
measure of ADHD symptoms in adults that generates a comparable ADHD index for
adults.17:24
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Clinical Information

Results

For the majority of patients, the clinical record provided information on the presence or
absence of the following clinical features: learning disability, prior community diagnosis of
ADHD, optic glioma, other brain tumor, Lisch nodules, peripheral neurofibromas, scoliosis,
and epilepsy.

The data for total SRS-2 scores for the full sample of patients with NF1 exhibited a
continuous unimodal distribution, pathologically shifted by 0.6 SD in adults and 1.0 SD in
children in comparison with general population norms (Figure 1, A).

DSM-5 subscale scores for social communication/interaction and repetitive behavior/
restricted interests were similarly continuously distributed. SRS-2 total scores, DSM-5
subscale scores, and all treatment scale scores on the SRS-2 were elevated in individuals
with NF1 relative to the general population. The contrasts are summarized in Table 11
(available at www.jpeds.com) for subsets of SRS-2 data for which published standardization
data exist.18 Furthermore, 43.7% of subjects with NF1 were rated with SRS-2 total scores
>60T (ie, 1 SD above the general population mean, or above the 16th percentile for the
general population distribution), and 12.7% had scores =75T (ie, 2.5 SDs from mean, or first
percentile for the general population distribution). In marked contrast to the continuous QAT
distribution, scores for ADHD symptom burden were distinctly bimodal in this sample
(Figure 1, B).

We observed a trend for sex differences in SRS-2 total, treatment scale, and DSM-5 scale
scores, all in the expected direction (male greater than female), but none reached statistical
significance (total score, t = 0.973, degrees of freedom [df] = 101, P <.333). SRS-2 total
scores for male and female subjects with NF1 were continuously distributed, which
represents a departure from the bimodal distribution observed for females in familial ASD
samples.25:26

An SRS-2 intraclass correlation of 0.77 was observed for 18 available pairings of first-
degree relatives with NF1, substantially higher than correlations on the order of 0.30
typically observed for first degree relatives in ASD clinical family samples!127 and in the
general population.1® Table I11 provides a listing of the respective ages and relationships
between family members in this subanalysis, and a scatter plot of the family data is provided
in Figure 2, with individual points labeled and keyed to Table I11.

The correlation between continuously distributed SRS-2 scores and bimodally distributed
ADHD index scores was moderate, as previously reported in population-based samples in
which both variables are typically continuously distributed and did not differ significantly
between children and adults with NF1. ADHD index scores exhibited an intraclass
correlation of 0.46 for pairings of first-degree relatives with NF1. When comparing subjects
above vs below an ADHD index T-score of 65, SRS-2 mean t-scores differed markedly,
both among children (t = 4.54; df = 46; P < .0001) and among adults (t = 4.05; df =45; P <.
0001). Of note, the ADHD scores, though substantially elevated among individuals with
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NF1 did not differ significantly between those with vs without community diagnoses of
ADHD. Out of 10 subjects who scored at 99% probability on the Conners 3 ADHD index, 6
reported no prior ADHD diagnosis.

Comparisons of individuals with and without specific medical features of NF1 (restricting
analysis to those with frequencies that allowed valid comparisons) are provided in Table IV
(available at www.jpeds.com). These included optic pathway glioma, other brain tumor,
presence/absence of Lisch nodules, peripheral neurofibroma, scoliosis, “learning disorder,”
and epilepsy. Although statistical power was limited to examine some of the features, none
exhibited a statistically significant association with QAT.

Discussion

We confirm prior reports of substantial autistic trait burden in individuals with NF1: 44%
with QAT burden at or above 1 SD from the population mean, and 13% at or above the
extreme first percentile of the general population distribution. These data also provide
several fundamental new insights into the association between NF1, ADHD, and autistic
symptomatology. First, although the distribution of total autistic trait scores appears fully
continuous, there is marked bimodality in the distribution of ADHD impairments. These
observations suggest that a subset of individuals with NF1 are particularly affected by
ADHD, whereas the entire NF1 population exhibits a pathologic shift in QAT burden.
Second, the association in the degree of autistic impairment endorsed in pairings of first
degree relatives is striking (intraclass correlation = 0.77), especially when considering the
diversity in age of subjects in any given pair (Table 111) and substantially higher than what
has previously been observed for QAT on the basis of family genetic background. This
finding raises the intriguing possibility of mutational specificity for autistic symptomatology
in the vast diversity of one-of-a-kind mutations that comprise the population burden of NF1.
Such mutational specificity is also suggested by the bimodal distribution of ADHD index
scores, but trait correlations for concordantly affected first degree relatives are not as strong
as those observed for QAT in this sample. Third, as observed by Walsh et al,® the
association between QAT burden and ADHD index scores is substantial and equivalent for
children and adults with NF1 who manifest ADHD. Fourth, in marked contrast to what has
been observed for other inherited autistic syndromes, QAT scores in individuals with NF1
exhibit minimal sex differences (these did not reach statistical significance), and the total
score distributions for both sexes were unimodal. This contrasts with familial autistic
syndromes in which trait distributions for females in ASD-affected families are distinctly
bimodal and suggestive of a general “female protective effect” for most familial ASDs28:29
that may not be operative in the setting of NF1.

In addition, these data have important clinical and scientific implications, both for patients
with NF1 and broadly for all individuals affected by autistic syndromes. First and foremost,
these results imply substantial under-recognition of both ADHD and ASD symptoms in
patients with NF1, and support the implementation of systematic screening for clinical level
symptomatology of ASD and ADHD among children affected with NF1. Early surveillance
and intervention for these behavioral syndromes are likely to improve the adaptation and
outcome of affected individuals. Developmental therapies, positive behavior support
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planning at home and at school, specific provisions in educational curricula,
psychoeducation, parent training for families, and psychopharmacologic intervention when
appropriate (for inattention, hyperactivity, aggression, or irritability) have all proved
beneficial for individuals affected by these behavioral syndromes, across an increasingly
recognized diversity of causal mechanisms that result in ASD. The presence of these
behavioral comorbidities represents an opportunity for more effective clinical intervention
for at-risk individuals with NF1.

Autism has historically been infrequently entertained in NF1; however, these and other data
from several recent reports indicate that clinical level autistic symptomatology occurs in
upwards of 40% of all patients with NF1. We also observed a substantial burden of ADHD
symptomatology in children with NF1 never diagnosed with ADHD, comparable to patients
with NF1 who had received community diagnoses. This ADHD trait burden appears to
persist well into adulthood, invoking careful clinical consideration of the potential benefit of
treatment on adaptive functioning for adults with NF1, as has been reported for adults with
ADHD.30 Future prevalence studies of ADHD and learning disability in NF1 that compare
rates of community diagnosis with prevalence derived from systematic screening and
diagnostic confirmation will provide clearer estimation of the magnitude of the under-
recognition problem. Although our study featured quantitative trait data from standardized
measurement of ADHD, association with medical record diagnosis is complicated by the
fact that ADHD and learning disability may be conceptualized differently and/or ascertained
more or less completely by different clinicians, depending upon clinical practice and how
systematic the methods were for documenting these conditions.

These data highlight unique characteristics of autistic symptomatology within the NF1
population: relative absence of sex differences, continuous distributions of total autistic trait
scores for both males and females, and the strong possibility of germline NF1 gene
mutational specificity. In this study, the degree of association for QAT between first-degree
relatives affected by NF1 far exceeded what has been observed in the general population and
in clinical ASD samples.12 Still, data from unaffected family members of patients with NF1,
which were not available in the current data set, will be of value in future studies in order to
specify more precisely the incremental increase over familial/polygenic background that is
contributed by an NF1 mutation shared between 2 family members. The inferred mutational
specificity and the repeated observations of autistic trait burden in NF1 make it a
particularly important monogenic disease model for autism, similar to fragile X syndrome,
Rett syndrome, and tuberous sclerosis. The identification and detailed characterization of
subsets of genotypes associated with ASD, how they differ from and/or, exhibit similarity to
the other monogenic syndromes that give rise to autism, and how the underlying
mechanisms of impairment in NF1 might overwhelm the usual phenomenon of sex
differentiation referred to as the “female protective effect” in autism?® could lend major
insights into understanding molecular mechanisms underlying all autistic syndromes.
Elucidation of those mechanisms could lead to new opportunities for novel, higher-impact
interventions for this devastating group of disorders.28

The limitations of this study include constraints on the size of the accumulated sample, the
use of single-informant behavioral questionnaire data, and the lack of availability of data on
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unaffected family members. This is, however, one of the larger collections of patients with
NF1 in whom QAT data have been collected to date, and limitations in sample size are
mitigated by the consistency of findings across several comparably sized studies (Table I).
The instrument used in this research, the SRS-2, has been used in most previous studies of
QAT in NF1, has been extensively validated in relation to research diagnosis of ASD, and
its prior validation included examination for the possibility of rater bias effects that would
inflate estimations of associations between family members whose SRS-2 reports were
completed by the same individual (eg, spouse and child): fortunately, prior analyses of
genetically informative family data involving thousands of subjects have indicated that rater
bias is essentially absent in the ratings.1%:31 Regarding self-report, there is evidence that
some adults with NF1 demonstrate reduced self-awareness with regard to deficits in social
skills. For example, Pride et al found that observer reports completed by friends and family
members of adults with NF1 indicated lower rates of prosocial behavior than self-reports,
whereas control subjects showed the opposite trend.32 This possible confound in the adult
self-report data would operate to minimize the ascertainment of QAT elevations, so the
aggregations observed among self-reporting adults (which were indeed slightly less
pronounced than those observed for children by parent-report) would represent conservative
estimates, which were still very significant (effect size 0.6). Ideally, clinical level
aggregations of autistic traits as measured by the SRS-2 in this study would be confirmed by
structured diagnostic interviews and observation for case confirmation. Although it is a
relative limitation of the study that these were not implemented, we note that previous
research in ASD18:20.22 and on autistic symptomatology in NF1° has established the strong
association between clinical level symptom elevation as measured by the SRS-2 and
diagnostic confirmation, and this study builds upon that background. Similarly, we did not
implement specific measures of cognitive function/impairment in this study; however, there
was no association between SRS-2 scores and presence/absence of learning disability, and
previous large studies have demonstrated the independence of SRS-2 ratings from indices of
general cognition within the typical range of variation of IQ in the population.20:23

In summary, we conclude that correlated impairments in reciprocal social behavior and
attention affect a large proportion of patients with NF1 throughout life and may often go
clinically unrecognized. Systematic ascertainment and intervention for these behavioral
morbidities are likely to improve adaptation and outcome in individuals affected with NF1.
Further exploration of a potential genotype-phenotype correlation is strongly warranted for
the purpose of gaining insights into mechanisms by which specific mutational variations in
the NF1 gene may influence, and possibly predict, autistic trait severity.
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Glossary
ADHD Attention deficit hyperactivity disorder
ASD Autism spectrum disorder
CAARS Conners Adult ADHD Rating Scales
Conners-3 Conners, third edition
df Degrees of freedom
DSM-5 Diagnostic and Statistical Manual, fifth edition
NF1 Neurofibromatosis type 1
QAT Quantitative autistic trait
SRS-2 Social Responsiveness Scale, second edition
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Figure 1.
Standardized quantitative trait distribution (T-scores) for SRS-2 scores, A, and ADHD

symptoms, B, in the NF1 sample.
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Scatter plot of SRS-2 total T-scores of pairings of first degree relatives affected by NF1,

listed in Table I1I.
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Table |
Recent studies of QAT burden in NF1, implementing the SRS

Page 12

Study Sample size  Age range (y) SRS-2 mean T-score (SD)  Proportion of subjects with SRS-2 60T
Adviento et al (2014)12 78 4-45 57.0 (16.0) 41%
Garg et al (2013)36 109 4-16 n/a 56%
Walsh et al (2013)° 52 4-18 57.9 (14.2) 40%
Van Eeghen et al (2013)%4 50 4-63 60.0 40%
Plasschaert et al (2014)13 82 5-17 69.9 (19.3) 63%

n/a, not applicable.
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Table Il

SRS-2 subscale scores in subsets of subjects with NF1; comparison to norms

Standardization sample

NF1 sample (N = 47)

Adult form SRS-2 Mean SD Mean SD
Social Awareness 6.19 3.53 7.21 291
Social Cognition 7.33 5.73 11.00 6.93
Social Communication 13.02 10.19 17.83 10.72
Social Motivation 7.66 5.97 11.09 6.75
DSM-5 Restricted Interests and Repetitive Behavior 6.08 5.98 9.15 6.65
DSM-5 Social Communication and Interaction 34.2 232 47.13 24.99
SRS-2 total score 40.4 28.4 56.28 30.58

Parent-report SRS-2 on boys

Standardization sample

NF1 sample (N = 25)

Mean SD Mean SD
Social Awareness 5.69 3.18 9.12 5.45
Social Cognition 6.15 5.38 11.40 7.62
Social Communication 10.79 9.11 20.88 13.14
Social Motivation 5.95 4.87 10.24 6.58
DSM-5 restricted interests and Repetitive Behavior 5.02 5.67 11.68 8.99
DSM-5 Social Communication and Interaction 28.6 20.2 51.64 3117
SRS-2 total score 33.6 252 63.32 39.40

Parent report SRS-2 on girls

Standardization sample

NF1 sample (N = 31)

Mean SD Mean SD
Social Awareness 5.10 3.21 8.58 3.58
Social Cognition 5.39 5.13 10.52 6.40
Social Communication 8.98 8.71 18.16 9.95
Social Motivation 5.39 4.57 7.90 5.09
DSM-5 Restricted Interests and Repetitive Behavior 413 4.94 10.68 7.04
DSM-5 Social Communication and Interaction 24.9 194 45.16 22.69
SRS-2 total score 29.0 23.7 55.84 27.79
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Family relationships for pairings (n = 18) of first degree relatives affected by NF1

Table llI

Page 14

Family number

Relationship

between first and

SRS-2 informants

First affected
member's sex

Second affected
member's sex

First affected
member's age

Second affected
member's age

second affected (y) (y)

members
1 Full sibling Mother Male Female 13 10
2. Child/parent Mother/spouse Female Male 11 49
3. Full sibling Mother Female Female 15 12
4. Full sibling Self Female Male 36 41
5. Child/parent Mother/self Female Female 5 35
6. Full sibling Mother Male Female 11 8
7. Full sibling Mother Female Female 12 8
8. Child/parent Mother/self Male Female 19 49
9. Child/parent Father/self Female Male 9 40
10. Child/parent Mother/self Male Female 10 33
11. Child/parent Mother/self Female Female 6 28
12. Child/parent Mother/spouse Female Female 16 51
13. Child/parent Parent/self Male Male 5 31
14. Child/parent Mother/self Male Female 8 25
15. Child/parent Father/spouse Female Male 23 58
16. Full sibling Mother Female Male 11 3
17. Child/parent Father/spouse Male Male 10 57
18. Twin sibling Self Female Female 19 19
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Comparison of SRS-2 scores between individuals with vs without specific medical features of NF1

Table IV

Condition status No Yes t test
T-scores n Mean (SD) n Mean (SD) t df P
Learning disability SRS-2total 43 585(14.1) 14 645(139) -1.379 55 .173
DSM-5 SCI 58.5(13.7) 64.7 (12.7) -1.504 55 .138
DSM-5 RRB 60.4 (15.7) 66.9 (11.4) -1.669 30 .105
Prior community diagnosis of ADHD  SRS-2 total 45 585(139) 18 61.8(13.7) -0.852 61 .398
DSM-5 SCI 57.9 (13.8) 63.6 (11.4) -1.553 61 .126
DSM-5 RRB 59.3 (15.0) 64.6 (14.0) -1.278 61 .206
Optic pathway glioma SRS-2 total 83 57.9(126) 11 59.9(15.2) -0.483 92 .631
DSM-5 SCI 58.0 (12.3) 59.1(14.3) -0.265 92 .792
DSM-5 RRB 58.6 (12.8) 62.4 (18.7) -0.646 11 531
Other brain tumor SRS-2 total 88 58.0(129) 11 60.7(11.6) -0.495 92 622
DSM-5 SCI 58.1 (12.6) 59.0(11.2) -0.171 92 .864
DSM-5 RRB 58.5 (13.4) 66.7 (16.0) -1.427 92 157
Lisch nodules SRS-2 total 9 593(206) 54 582(12.1) 0.162 8 .875
DSM-5 SCI 59.0 (19.7) 58.8(11.8) 0.025 8 .981
DSM-5 RRB 60.0 (21.1) 58.5 (12.3) 0.197 8 .848
Peripheral neurofibromas SRS-2 total 33 55.1(10.7) 61 59.8(13.6) -1.701 92 .092
DSM-5 SCI 55.9 (10.0) 59.3(136) -1.265 92 .209
DSM-5 RRB 57.6 (12.8) 59.8 (14.1) -0.758 92 450
Scoliosis SRS-2 total 84 586 (13.0) 10 54.4(11.2) 0978 92 331
DSM-5 SClI 58.6 (12.6) 54.3(116) 1.030 92 .306
DSM-5 RRB 59.6 (13.8) 54.6 (10.9) 1.098 92 .275
Epilepsy SRS-2total 90 57.6(124) 4 70.0(17.6) -1.916 92 .058
DSM-5 SCI 57.6 (12.1) 69.5(17.1) -1.881 92 .063
DSM-5 RRB 58.6 (13.2) 69.3(19.5) -1.546 92 .126

SClI, social communication and interaction; RRB, restricted interests/repetitive behaviors.
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