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Actionable and incidental 
neuroradiological findings in twins 
with neurodevelopmental disorders
Lynnea Myers1,2*, Mai‑Lan Ho3, Elodie Cauvet1, Karl Lundin1, Torkel Carlsson1,4, 
Ralf Kuja‑Halkola5, Kristiina Tammimies1,6 & Sven Bölte1,7,8

While previous research has investigated neuroradiological findings in autism spectrum disorder 
(ASD) and attention‑deficit hyperactivity disorder (ADHD), the entire range of neurodevelopmental 
disorders (NDDs) has not yet been well‑studied using magnetic resonance imaging (MRI). Considering 
the overlap among NDDs and simultaneous development of the brain and face, guided by molecular 
signaling, we examined the relationship of actionable and incidental (non‑actionable) MRI 
findings and NDD diagnoses together with facial morphological variants and genetic copy number 
variants (CNVs). A cross‑sectional study was conducted with a twin cohort 8–36 years of age (57% 
monozygotic, 40% dizygotic), including 372 subjects (46% with NDDs; 47% female) imaged by MRI, 
280 with data for facial morphological variants, and 183 for CNVs. Fifty‑one percent of participants 
had MRI findings. Males had a statistically significantly higher percentage of MRI findings (57.7%) 
compared with females (43.8%, p = 0.03). Twin zygosity was not statistically significantly correlated 
with incidence or severity of specific MRI findings. No statistically significant association was found 
between MRI findings and any NDD diagnosis or facial morphological variants; however, MRI findings 
were statistically significantly associated with the number of CNVs (OR 1.20, 95% CI 1.00–1.44, 
p = 0.05, adjusted OR for sex 1.24, 95% CI 1.03–1.50, p = 0.02). When combining the presence of 
MRI findings, facial morphological variants, and CNVs, statistically significant relationships were 
found with ASD and ADHD diagnoses (p = 0.0006 and p = 0.002, respectively). The results of this 
study demonstrate that the ability to identify NDDs from combined radiology, morphology, and 
CNV assessments may be possible. Additionally, twins do not appear to be at increased risk for 
neuroradiological variants.

No clinical recommendations exist for using brain magnetic resonance imaging (MRI) in the evaluation of 
neurodevelopmental disorders (NDDs), such as autism spectrum disorder (ASD) and attention-deficit hyperac-
tivity disorder (ADHD)1–3. However, neuroimaging may be considered in individuals with NDDs based on the 
presence of co-morbidity or neurological findings on  exam4–6. Preclinically, MRI research indicates some find-
ings typical of ASD or ADHD on a group  level6–8; however, results are not sufficiently specific or sensitive to be 
reliable biomarkers for diagnostic assessment. Additionally, MRIs in individuals with NDDs have shown higher 
frequencies of neuroradiological findings. For example, Erbetta et al.9 found minor brain alterations in 44% of 
individuals with ASD versus 22% in typically developing (TD), and Boddaert et al.10 reported MRI findings in 
48% of participants with ASD. Conversely, some studies have shown similar prevalence rates of MRI findings 
in children with NDDs compared with children with TD. For example, Gupta et al.11 found comparable rates 
in children with ASD (25.5%) compared with children with TD (28.6%) and Vasa et al.12 found no statistically 
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significant differences among children with ASD (11%) and ADHD (12.1%), compared with TD children (11.1%). 
In a study by Monterrey et al.13, 68% of twins with ASD, 71% of their unaffected co-twins, and 58% of TD twin 
controls had one or more incidental finding (uncommon, but non-actionable) on MRI. The authors suggested 
twins might be at increased risk for incidental neurological findings, especially males with ASD, and that these 
may originate in utero. The study had limitations, including an exclusive focus on ASD, despite known overlap 
with other  NDDs14,15. In addition, the sample was largely skewed towards males, and the study did not examine 
incidental neuroradiological findings within twin pairs, limiting the possibility to determine their shared nature.

It’s thought that the “face predicts the brain”16, highlighting their simultaneous development in utero and the 
likelihood of neighboring body systems within the same embryologic field to show morbidity, driven by geneti-
cally controlled molecular  signals17. Morphological variants in one’s physical appearance occur in the general 
 population18–20 and in individuals with genetic  syndromes21,22 and  NDDs23–27. In our center, we found an increase 
of whole body morphological variants in NDDs, particularly  ASD28. However, facial morphological variants alone 
were not associated NDD  diagnoses29. Still, because of the potential relationship between an increased presence 
of morphological variants in individuals with variations in brain structure and/or genetic code, morphological 
variants in individuals with NDDs may still be important for further investigation.

We have previously studied rare and postzygotic de novo copy number variants (CNVs) in twins enriched 
for  NDDs30. Rare CNVs were increased in areas where genes are located that are implicated in disorders of the 
nervous system in monozygotic twin pairs where at least one twin had ASD. Other studies support a relationship 
between CNVs and morphological variants. Engels et al.31 found atypical facial features in all participants with 
CNVs and intellectual disability (ID). Girirajan et al.32 found that individuals with ID had multiple congenital 
anomalies and higher frequencies of CNVs. Recently, Tammimies et al.33 found that individuals with ASD, mor-
phological variants, and MRI findings were more likely to have higher diagnostic yields through genetic testing. 
Still, only a handful of studies have looked at the relationship between CNVs and neuroradiological findings in 
NDDs, with most of these investigating ASD-associated duplications and deletions at 16p11.234–36.

This study expands on the study by Monterrey et al.13 to include a larger sample of twins with diagnoses of 
ASD, ADHD, and NDDs as an overarching diagnostic entity. The primary aim for our study was to examine 
actionable and incidental MRI findings by sex, zygosity, and NDD diagnosis. The secondary aim was to explore 
MRI findings in relation to facial morphological features and genetic information (i.e., CNVs). As biomarkers 
continue to be explored to identify any NDD, including neuroimaging genetics, we used regression models 
to we test if multilevel assessments together would yield biological information predictive of NDD outcomes.

Subjects and methods
Subjects. Participants were aged 8–36 years and recruited through the Roots of Autism and ADHD Twin 
Study in Sweden (RATSS)37. Monozygotic (MZ) and dizygotic (DZ) twins from Sweden with either TD or NDDs 
are recruited in RATSS to explore the genetic and environmental etiology of  NDDs37. RATSS is approved by the 
Regional Swedish Ethical Review Board and written informed consent is collected from participants if over the 
age of 18 or parents/legally authorized guardians for participants who are minors or participants who are unable 
to provide consent (i.e., participants with neurodevelopmental disorders that prevent their ability to provide 
consent). Participants undergo an extensive data collection procedure, including biosampling, neuroimaging 
with MRI, medical photography, and psychodiagnostic assessments. All procedures were carried out in accord-
ance with relevant guidelines and regulations. Only same sex pairs were used in this study due to potential 
anatomical differences between male and female brains. The final sample for this study comprised structural 
MRI findings in 372 participants, automated facial morphological assessments on 280  participants29, and genetic 
CNV data on 183 participants published  earlier30. Table 1 describes participants with MRI scans (N = 372).

Diagnostic and behavioral assessments. Participants received detailed psychodiagnostic assessments 
for ASD, ADHD and  intelligence37, which resulted in diagnoses of NDDs, psychiatric disorders, or TD through 
a consensus process involving experienced clinicians. Twin pairs are classified as concordant or discordant for 
ASD, ADHD, and TD, and NDDs overall (based on presence of any NDD diagnoses, including ASD and/or 
ADHD).

Magnetic resonance imaging (MRI). MRI scans were performed using a 3 T MR750 GE scanner at the 
Karolinska Institutet Magnetic Resonance Center. Both T1 (Inversion Recovery Fast Spoiled Gradient Echo—
IR-FSPGR, 3D-volume, 172 sagittal slices, 256 × 256, FOV 24, voxel size 1  mm3, flip angle 12, TR/TE 8200/3.2, 
using a 32-channel coil array) and T2 (T2-weighted Fluid Attenuated Inversion Recovery or FLAIR volume) 
images were obtained, along with resting-state functional MRI and diffusion tensor imaging (DTI). Scanning 
sessions lasted 50 min.

The MRI examinations were initially reviewed one of several clinical radiologists at the Karolinska Hospital 
and later, by one experienced, independent pediatric neuroradiologist (M.L.H.). The neuroradiologist (blinded 
to participants’ diagnoses and previous MRI readings) reviewed the anatomic (T1, T2, FLAIR, and DTI) imag-
ing sequences for all participants. Ordinal scoring was used to assess the MRI findings (Supplemental File 1).

Subsequently, readings between the clinical radiologists and the independent neuroradiologist were com-
pared, with discrepancies rated as 0 (both readers scored the case as normal, or either reader mentioned inci-
dental findings outside the brain), 1 (both readers made the same finding in the brain, but used different terms 
to describe the finding, which did not affect management), and 2 (original reader missed finding or misclassified 
a finding in a manner that affected clinical management). Those with ratings of “0” and “1” were considered 
congruent, while only eight scans from participants were found to have meaningful differences (a rating of “2”), 
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representing an agreement of nearly 98%. For the eight scans, the readings by the neuroradiologist were consid-
ered the gold standard and used in the analyses.

Automated facial morphological assessments. Two-dimensional medical facial photos were taken 
of participants in RATSS at the Karolinska Hospital Medical Photography Lab. The facial photos were securely 
transferred to the Face2Gene web platform (FDNA; Boston, USA) to be analyzed for the presence of any facial 
morphological variants, with the results reported back to the research team using Human Phenotype  Ontology38. 
A total of 56 unique facial morphological variants were identified. In a previous study by our research  group29, 
Face2Gene was found to have high interrater agreement with in-person, clinical ratings of facial morphological 
variants performed by experienced clinical geneticists (78.3–100%).

CNV calling. The CNV data and the procedure for CNV calling has been published previously in Stamouli 
et al.30. In short, saliva-derived DNA was used for genotyping with the Infinium PsychArray-24 v1.1 (Illumina 
Inc., San Diego, California, USA), followed with CNV calling using three different algorithms. CNVs called by 
at least two algorithms were annotated and their frequency within the control population was estimated using 
available cohorts. The presence and size of CNVs were determined for 200 participants overall in RATSS, of 
which 183 are included in this study.

Statistical analyses. SPSS versions 26 and R version 3.3.2. were used. Information on the presence of 
MRI findings, total number of facial morphological variants, total number of CNVs (including rare CNVs), and 
diagnostic and demographic data available for each participant were used for the analyses. To account for our 
twin design, we computed linear (for continuous outcomes) and logistic (for dichotomous outcomes) regression 
models, fitted by generalized estimating equations (GEE)39 to determine within and between pair associations.. 
Results are described either using beta (ß) estimates for linear regressions or Odds Ratios (OR) for logistic 
regressions, both with 95% Confidence Intervals (CI) (Table 3).

Participant IQ and age were not significantly related to the presence of any MRI finding in the between-pairs 
model. Participant was significantly related to the presence of any MRI finding, so that males (57.7%) were 
more likely than females (43.8%, p = 0.03) to have an MRI finding (Supplementary Table 1). Gestational age at 
birth was examined in relationship to the presence of any MRI findings, both by the number of weeks gestation 
and a binary variable for gestational age: full-term (39 weeks or greater) or early-term or preterm (less than 

Table 1.  Demographic information on sample with MRI performed (n = 372). Unadjusted for NDD 
comorbidities. MRI magnetic resonance imaging, MZ monozygotic, DZ dizygotic, SD standard deviation, 
CNV copy number variant, IQR interquartile range, IQ intelligence quotient, TD typically developing, ASD 
autism spectrum disorder, ADHD attention–deficit hyperactivity disorder, ID Intellectual Disability, NDD 
neurodevelopmental disorder. Individuals can have a diagnosis of both ASD and ADHD and therefore, would 
be represented in both columns in the table, as well as the column titled “NDD”. Examples of other NDDs 
include communication disorder, specific learning disorder, motor disorder, or other neurodevelopmental 
disorders. Examples of psychiatric diagnoses include depression, anxiety, eating disorders, and obsessive–
compulsive disorder. Using the GEE model, statistically significant differences (p < 0.05) exist in age and IQ 
between those with TD and those with a diagnosis of ASD, ADHD, or any NDD. No statistically significant 
differences exist in facial morphological variants scores or number of total or rare CNVs between those with 
TD and those with a diagnosis of ASD, ADHD, or any NDD. Due to the comorbidity of NDD diagnoses and 
some participants having more than one NDD diagnosis, comparisons between groups of NDDs were not 
performed.

TD ASD ADHD NDD

Number of individuals 201 85 101 171

Zygosity (MZ:DZ) 131:64 (6 pending) 46:38 (1 pending) 42:56 (3 pending) 83:84

Sex ratio (Female:Male) 111:90 33:52 39:62 65:106

Age, mean (SD, range) 18.6 (6.2; 8–32) 15.1 (5.1; 8–31) 17.9 (6.1; 8–36) 14.9 (5.2; 8–36)

Facial morphological variants, median (25th and 
75th IQR range; overall range) 2 (0, 3; 0–13) 1 (0.25, 3; 0–8) 1 (0, 3; 0–8) 1 (0, 3; 0–8)

Number of total CNVs, median (25th and 75th 
IQR range; overall range) 3 (2, 5; 1–10) 3 (2, 4; 1–7) 3 (2, 4; 1–6) 3 (2, 4; 1–7)

Number of rare CNVs, median (25th and 75th 
IQR range; overall range) 1 (1, 2; 0–7) 1 (1, 3; 0–5) 1 (0, 2; 0–5) 1 (0, 2; 0–5)

IQ, mean (SD, range) 102.3 (13.3; 69–131) 90.6 (20.8; 40–142) 93.5 (17.5; 40–128) 92.9 (18.0; 40–142)

Other diagnoses

ASD: n (%) – – 41 (40.6) 85 (49.7)

ADHD: n (%) – 41 (48.2) – 101 (59.1)

ID: n (%) – 14 (16.5) 10 (9.9) 19 (11.1)

Other NDD: n (%) – 21 (24.7) 32 (31.7) 61 (35.7)

Psychiatric Diagnosis: n (%) 36 (17.9) 30 (35.3) 38 (37.6) 61 (35.7)
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39 weeks) (as defined by guidelines from The American College of Obstetricians and Gynecologists and Society 
of Maternal–Fetal Medicine, 2017)40. Neither variable was significantly associated with MRI findings (p = 0.80 
and p = 0.17, respectively).

For the primary aim, the between pairs model was used to assess differences in the presence of any MRI find-
ing by participant diagnosis and sex between those with TD and those with various diagnoses of NDDs (Table 2). 
For the secondary aim, we examined the presence of any MRI finding a binary outcome, where the presence of 
one or more MRI findings was coded as a “1” and no findings as a “0” with participants’ (i) sex, (ii) zygosity, and 
(iii) NDD diagnoses. An additional analysis using the twin pair zygosity was conducted to examine the con-
cordance of MRI findings within twin pairs to determine how many twin pairs had the same types and degrees 
of findings on MRI (including pairs where both had non-findings). The relationship between zygosity and twin 
pairs with matched MRI findings was examined with a Chi-Square Test of Independence. Then, we examined 
the relationship between MRI finding and the independent variables of (i) the number of facial morphological 
variants and (ii) the number of CNVs. Finally, we computed a simultaneous Wald test for each NDD diagnosis 
with (i) the presence of any MRI finding, (ii) the number of facial morphological variants, and (iii) the number 
of CNVs in order to test the null hypothesis that all included covariates were equal to 0, and reported the p-value 
of this test. Alpha for all statistical tests was set at 0.05.

Table 2.  Frequency of neuroradiological (MRI) findings in total sample, by typical development, and by 
neurodevelopmental disorder diagnosis. Table presents the number and percentage of MRI findings by TD 
and diagnoses of NDDs. Using the GEE model to compare the presence of any MRI finding by TD compared 
with ASD, ADHD, or any NDD diagnosis, no statistically significant differences (p > 0.05) existed. Those with 
TD had the highest percentage of any MRI finding (51.7%). Tests of difference for specific MRI findings (e.g., 
mild or severe ventriculomegaly, cavum, etc.) were not appropriate to conduct due to the small subsample sizes 
within these specific types and degrees of MRI findings.

Neuroradiological Finding
Total (n = 372)
n (%)

TD (n = 201)
n (%)

ASD (n = 85)
n (%)

ADHD (n = 101)
n (%)

Any NDD (n = 171)
n (%)

Any MRI finding 190 (51.1) 104 (51.7) 40 (47.1) 51 (50.5) 86 (50.3)

Atrophy

Mild 100 (26.9) 50 (24.9) 21 (24.7) 28 (27.7) 50 (29.2)

Severe 1 (0.3) 1 (0.5) 0 (0) 0 (0) 0 (0)

Ventriculomegaly

Mild 20 (5.4) 13 (6.5) 2 (2.4) 6 (5.9) 7 (4.1)

Moderate 4 (1.1) 0 (0) 2 (2.4) 2 (2.0) 4 (2.3)

Cavum 7 (1.9) 5 (2.5) 1 (1.2) 2 (2.0) 2 (1.2)

Perivascular spaces-mild enlargement 16 (4.3) 8 (4.0) 6 (7.1) 5 (5.0) 8 (4.7)

Cyst 3 (0.8) 2 (1.0) 0 (0) 1 (1.0) 1 (0.6)

Cortex

Cortex-focal abnormality 3 (0.8) 2 (1.0) 0 (0) 0 (0) 1 (0.6)

Cortex-diffuse abnormality 1 (0.3) 1 (0.5) 0 (0) 0 (0) 0 (0)

Corpus callosum

Corpus callosum-low lying splenium 15 (4.0) 6 (3.0) 5 (5.9) 7 (6.9) 9 (5.3)

Corpus callosum-mild abnormality 4 (1.1) 1 (0.5) 0 (0) 1 (1.0) 3 (1.8)

Corpus callosum-severe abnormality 3 (0.8) 1 (0.5) 2 (2.4) 2 (2.0) 2 (1.2)

White matter

White matter-mild loss 1 (0.3) 0 (0) 0 (0) 0 (0) 1 (0.6)

White matter-significant loss 5 (1.3) 2 (1.0) 2 (2.4) 2 (2.0) 3 (1.8)

Abnormal hippocampi 3 (0.8) 0 (0) 2 (2.4) 2 (2.0) 3 (1.8)

Abnormal basal ganglia 4 (1.1) 1 (0.5) 2 (2.4) 2 (2.0) 3 (1.8)

Abnormal brainstem 3 (0.8) 1 (0.5) 2 (2.4) 2 (2.0) 2 (1.2)

Cerebellum

Cerebellum-minimal hypoplasia 42 (11.3) 23 (11.4) 6 (7.1) 10 (9.9) 19 (11.1)

Cerebellum-mega cisterna magna 8 (2.2) 4 (2.0) 2 (2.4) 2 (2.0) 4 (2.3)

Cerebellum-mild hypoplasia 17 (4.6) 7 (3.5) 4 (4.7) 9 (8.9) 10 (5.8)

Cerebellum-significant atrophy 3 (0.8) 1 (0.5) 2 (2.4) 2 (2.0) 2 (1.2)

Chiari

Chiari-minimal tonsillar ectopia 30 (8.1) 23 (11.4) 2 (2.4 4 (4.0) 7 (4.1)

Chiari-mild tonsillar ectopia 12 (3.2) 8 (4.0) 2 (2.4) 0 (0) 4 (2.3)

Chiari-Chiari I malformation 3 (0.8) 2 (1.0) 0 (0) 0 (0) 1 (0.6)

Mass present 4 (1.1) 2 (1.0) 2 (2.4) 1 (1.0) 2 (1.2)
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Results
MRI findings in the sample. Fifty-one percent of all participants had a MRI finding, with the TD sample 
highest at 51.7%. However, the rate of MRI findings did not statistically significantly differ between those with 
TD versus those with ASD, ADHD, or any NDD diagnosis (all p > 0.05). Common MRI findings in the total 
sample included mild atrophy (26.9%), minimal hypoplasia in the cerebellum (11.3%), and minimal tonsil-
lar ectopia (8.1%). Males had a statistically significantly higher percentage of findings (57.7%) compared with 
females (43.8%, p = 0.03).

Thirty-four twin pairs (18.3% of total sample; 19 MZ pairs, 14 DZ pairs, 1 pair pending zygosity) had exact 
matches on the same type and degree of MRI findings. If we also included twin pairs with exact matches on 
non-findings (where both twins did not have any findings on their MRIs), 104 pairs (55.9% of the total sample; 
61 MZ pairs, 41 DZ pairs, 2 pairs pending zygosity) had exact matches. Using χ2 analyses, we found no statisti-
cally significant association between being MZ or DZ (zygosity) with the presence of MRI findings either in 
twin pairs with exact matches (p = 0.78), or in twin pairs with exact matches on either the presence of findings 
or non-findings (p = 0.76).

MRI findings and NDD diagnoses. Among the NDD diagnoses, ADHD had the highest rate of MRI find-
ings at 50.5%, followed by any NDD diagnosis at 50.3%, and ASD at 47.1% (Table 2). There were no associations 
between MRI finding (binary outcome variable) and any NDD diagnoses in the within or between pairs models, 
nor when looking at MZ or DZ twins separately (Table 3).

Relationship of MRI findings with facial morphological variants and the number of CNVs. No 
significant associations were found between the presence of MRI findings and number of facial morphological 
variants, nor when we adjusted for sex (OR 0.91, 95% CI 0.80–1.04, p = 0.15, adjusted OR 0.89, 95% CI 0.78–1.02, 
p = 0.09). Significant associations were found between the presence of MRI findings with both the total number 
of CNVs (OR 1.20, 95% CI 1.00–1.44, p = 0.05; adjusted OR for sex 1.24, 95% CI 1.03–1.50, p = 0.02) and with 
the total number of rare CNVs (OR 1.28, 95% CI 1.02–1.60, p = 0.04, adjusted OR for sex 1.29, 95% CI 1.01–1.64, 
p = 0.04) (Table 3).

Table 3.  Between and within pair associations: neuroradiological findings on MRI, facial morphological 
variants, copy number variants, and neurodevelopmental disorder diagnoses. OR odds ratio, # Number, IQ 
intelligence quotient, ASD Autism Spectrum Disorder, ADHD attention–deficit/hyperactivity disorder, NDD 
neurodevelopmental disorder, CNVs copy number variants, MZ monozygotic, DZ dizygotic. Table presents 
the associations between dimensional and categorical variables and finding(s) on MRI. Sex was adjusted 
for in each of the analyses due to the statistically significant difference in MRI findings by sex; however, in 
within pair analyses, all factors shared between pairs are adjusted for, thus the estimate is already adjusted for 
sex since only same-sexed pairs are analyzed. A statistically significant association exists between the total 
number of CNVs and rare CNVs and a finding on an MRI, so that increasing numbers of CNVs and rare 
CNVs were associated with the presence of MRI findings. This appears to be an error in the table footnote. 
For some analyses, within-pair estimates, including within-pair estimates split by MZ or DZ twin pairs, were 
not conducted due to the small sample sizes and lack of variability in outcomes for the twin participants. 
Using a simultaneous Wald test, both ASD and ADHD diagnoses were statistically significantly correlated 
with the presence of increasing numbers of facial morphological variants, numbers of CNVs, and presence of 
MRI findings (p = 0.0006 for ASD, p = 0.002 for ADHD). However, no relationship was found between these 
variables and the diagnosis of any NDD as an overarching diagnostic category (p = 0.21).

Outcome ~ independent variable

Between pair estimate Within pair estimate MZ only within pair estimate DZ only within pair estimate

Beta 95% CI (beta) p Beta 95% CI (beta) p Beta 95% CI (beta) p Beta 95% CI (beta) p

IQ ~ finding on MRI
No adjustments 1.49 − 2.40 to 5.37 0.45 5.60 1.32 to 9.87 0.01 3.26 − 1.76 to 8.29 0.20 8.42 1.36 to 15.48 0.02

Adjusted for sex 1.66 − 2.26 to 5.57 0.41

OR 95% CI (OR) p OR 95% CI (OR) p OR 95% CI (OR) p OR 95% CI (OR) p

Finding on MRI ~ # facial 
morphological variants

No adjustments 0.91 0.80 to 1.04 0.15 1.16 0.73 to 1.86 0.53 1.75 0.88 to 3.47 0.11 0.76 0.37 to 1.59 0.47

Adjusted for sex 0.89 0.78 to 1.02 0.09

Finding on MRI ~ # total 
CNVs

No adjustments 1.20 1.00 to 1.44 0.05

Adjusted for sex 1.24 1.03 to 1.50 0.03

Finding on MRI ~ # rare 
CNVs

No adjustments 1.28 1.02 to 1.60 0.04

Adjusted for sex 1.29 1.01 to 1.64 0.04

Any NDD ~ finding on 
MRI

No adjustments 0.94 0.60 to 1.49 0.80 0.58 0.23 to 1.49 0.26 0.38 0.10 to 1.42 0.15 1.00 0.29 to 4.04 > 0.99

Adjusted for sex 0.85 0.53 to 1.37 0.51

ASD ~ finding on MRI
No adjustments 0.81 0.48 to 1.37 0.43 .56 0.19 to 1.66 0.29 0.33 0.07 to 1.66 0.18 1.00 0.20 to 5.01 > 0.99

Adjusted for sex 0.76 0.45 to 1.29 0.09

ADHD ~ finding on MRI
No adjustments 0.97 0.57 to 1.64 0.91 .56 0.19 to 1.66 0.29 0.33 0.034 to 3.24 0.34 0.67 0.19 to 2.38 0.53

Adjusted for sex 0.90 0.52 to 1.56 0.72
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Relationship of NDD diagnosis with neuroradiological, morphological, and genetic vari‑
ants. The number of facial morphological variants, MRI findings, and the number of CNVs did predict ASD 
diagnoses (p = 0.0006) and ADHD diagnoses (p = 0.002). However, no relationship was found to NDD as an 
overarching diagnostic category (p = 0.21).

Discussion
This study is the first to examine the predictability of NDDs using combined biological data from MRI, facial 
morphological variants, and CNVs. We found that these assessments together may be valuable for identification 
of ASD and ADHD and this finding has potential to translate to clinical practice related to the diagnosis for 
NDDs. Within the model, the presence of MRI findings in particular predicted increasing numbers of CNVs, 
including the number of rare CNVs. In addition, males showed more MRI findings than females; however, there 
was no difference in the rates of matched MRI findings in twins who were MZ versus DZ.

We were unable to replicate the high rates of neuroradiological findings that were reported in by Monterrey 
et al.13, especially for twins diagnosed with ASD. However, similar to the Monterrey et al.13 study, we did find 
individual twins with TD had the highest rates of MRI findings compared with those with a diagnosis of ASD. 
Our study did identify a statistically significant difference for MRI findings in males compared with females, in 
alignment with Monterrey et al.13. In contrast to Monterrey et al.13, our study used a more stringent classifica-
tion to determine concordance of MRI findings so that findings (and/or non-findings) within the twin pair 
needed to be an exact match in type and severity. For some analyses, Monterrey et al.13 counted the presence of 
any incidental finding within twin pairs as a concordant finding. Because incidental findings can be completely 
different, and spatially and etiologically unrelated, this assumption resulted in a very high calculated percentage 
of twins with concordance of MRI findings in the Monterrey et al.13 study. When we looked at the percentage 
of twins who had exact matches of types and severities of findings (and/or lack of any incidental findings), we 
did not find such high rates.

Recommendations vary on the inclusion of MRIs for individuals undergoing diagnosis for  NDDs1–6; how-
ever, our results indicate that the use of MRIs in individuals with facial morphological variants, and CNVs in 
particular, may be warranted in the diagnosis of ASD and ADHD. Further studies are needed, and it is possible 
that using more detailed measures such as quantitative metrics from MRI scans and full body morphological 
assessments, may yield a higher degree of precision and information. Additionally, only a handful of studies have 
explored the relationship between CNVs and MRIs previously in  NDDs34–36; therefore, further studies exploring 
this relationship are also needed to confirm the potential role CNVs may play in abnormal brain development.

Despite our study’s strengths, some limitations need to be addressed. Selection bias may have resulted in TD 
participants in our study who lacked NDD diagnoses, but who may have had other psychiatric or neurological 
disorders potentially resulting in higher rates of MRI findings in our sample compared with some previous stud-
ies. Sample sizes for individuals within each individual NDD diagnosis were small, potentially resulting in lack 
of significant findings for some analyses. Overall, we found a small number of MRI findings, even with a large 
sample size, which may have occurred due to recruitment of higher-functioning participants who were able to 
participate in the various study procedures. The age of participants was limited in this study to those greater than 
8 years due to the recruitment methods used in the RATSS project overall, as well as the procedures performed 
in the RATSS that are either difficult or burdensome to perform in younger children. Although we lacked a sin-
gleton control group, the purpose of RATSS, from which the sample in this study is derived, is to generate novel 
hypotheses that can be tested subsequently in larger singleton samples, such as EU-AIMS  LEAP41,42. Therefore, 
this is a plan for a subsequent study within a larger consortium context. Finally, due to the subjective nature 
of clinical MRI interpretations, individual errors cannot be ruled-out, though the use of multiple raters helps 
establish reliability.

In conclusion, both TD twins and those with NDDs had either similar or higher rates of MRI findings in 
comparison to previous studies on  singletons9–12, the percentage of findings were higher in males, but individu-
ally, were not related to NDD diagnosis. We found higher numbers of CNVs associated with the presence of 
MRI findings. Both ASD and ADHD were predicted by the presence of MRI findings, the number of facial mor-
phological variants, and the number of CNVs combined; thereby, providing some support for the use of MRI in 
the diagnosis of these disorders. Compared with the previous twin study by Monterrey et al.13, our rates of MRI 
findings in twins with ASD were lower. We also found no difference in the rates of the matched MRI findings in 
between MZ and DZ twins in our sample.
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