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Abstract

:

Although it is known that copy number variants (CNVs) on chromosome 22, such as 22q11.2 deletion (22q11.2DS) and 22q11.2 duplication (22q11.2Dup) syndromes, are associated with higher risk for neurodevelopmental issues, few studies have examined the language skills across 22q11.2Dup nor compared them with the 22q11.2DS. The current study aims to characterize language abilities in school-aged children with 22q11.2Dup (n = 29), compared to age-matched children with 22q11.2DS (n = 29). Standardized language tests were administered, assessing receptive and expressive language skills across different language domains. Results indicate that children with 22q11.2Dup demonstrate significantly more language problems compared to the general population. Mean language skills were not significantly different among children with 22q11.2 CNVs in this cohort. While children with 22q11.2DS demonstrated language difficulties starting at the word level, the most common language problems in children with 22q11.2Dup started at the sentence level. Importantly, both expressive and receptive language as well as lexico-semantic and morphosyntactic domains were impaired in children with 22q11.2 CNVs. Early identification, therapeutic intervention, and follow-up of language impairments in children with 22q11.2Dup are recommended to support language development and to reduce longitudinal impact of language and communicative deficits.
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1. Introduction


Language and speech problems are major features of 22q11.2 deletion syndrome (22q11.2DS), with most children showing communication delays and up to 95% diagnosed with speech-language disorders [1,2,3]. Since the duplication in the same chromosomal region is generally associated with milder phenotypes, one might wonder whether children with 22q11.2 duplication (22q11.2Dup) are less vulnerable to speech and language problems [3,4,5].



Until now, little has been reported regarding language in children with 22q11.2Dup. Some case reports have mentioned speech or language delays but, in most instances, these problems were not further specified, and no clear distinction was made between speech and language problems [4,6,7,8,9,10,11,12]. A prospective study using questionnaires compared social-communication skills in 19 children with 22q11.2Dup, 11 unaffected siblings, and 19 children with 22q11.2DS [13]. Parents completed the Children’s Communication Checklist (CCC-2), measuring speech, structural and pragmatic language, and social skills [14,15]. Speech-language delays were found in 79% (15/19) of children with 22q11.2Dup and 95% (18/19) of children with 22q11.2DS. Parents reported general communication problems in 47% of children with 22q11.2Dup (9/19), compared with 79% (15/19) of children with 22q11.2DS. The results also revealed that children with 22q11.2Dup were in an intermediate position between their siblings and children with 22q11.2DS [13]. Another recent study [5] in 28 patients with 22q11.2Dup demonstrated delayed speech and language milestones in 68%. In addition, a subgroup of patients who underwent standardized testing showed language problems and one received a formal diagnosis of developmental language disorder (DLD). Longitudinal language data in six patients revealed a relatively stable trajectory in 3/6, catch-up with peers in 1/6, and a growing-into-deficit profile in 2/6. Growing into deficit means that patients are making insufficient progress with age, resulting in an increasing gap in language skills in relation to their typically developing peers [5,16,17,18].



Until now, language has only been evaluated in an indirect way through questionnaires or non-specific language testing. The current study aimed to characterize language profiles through direct standardized assessments in school-aged children with 22q11.2Dup and compare them to the skills of typically developing peers and age-matched children with the 22q11.2DS. To obtain a larger sample and higher statistical power, children seen at two different clinical genetics centers were studied: CME-Leuven in Belgium and Children’s Hospital of Philadelphia (CHOP) in the USA. The following research questions are addressed.



	
Were both cohorts (Leuven and Philadelphia) sufficiently comparable to combine the data?






If both cohorts were not statistically significantly different, their data would be combined for the subsequent analyses.



	2.

	
Were language skills of the two CNV groups (22q11.2Dup, 22q11.2DS) comparable to the scores of typically developing peers (norm group scores)?







Language abilities of children in the CNV groups were expected to differ from the normative sample.



	3.

	
Which language skills did children with 22q11.2Dup show in relation to age-matched children with 22q11.2DS?







In accordance with previous indirect results (parent-reported), we hypothesized that children with 22q11.2Dup would fall between the general population and age-matched children with 22q11.2DS.



	4.

	
Did confounding factors have an impact on the language outcome, such as sex, comorbid ASD, ADHD, inheritance pattern, socioeconomic status (SES), and medical issues such as congenital heart disease (CHD), palatal defects, and hearing loss (HL)?







Confounding factors were expected to have an impact on language outcomes in children with 22q11.2 CNVs.



	5.

	
Did genotype–phenotype correlations reveal duplicated regions or genes on 22q11.2 critical for language development?







Genotype–phenotype correlations were expected to reveal critical regions on 22q11.2 for language development.




2. Materials and Methods


2.1. Participants


A total of 58 school-aged children between 6 and 16 years of age were studied, consisting of 29 unrelated children with 22q11.2Dup and 29 unrelated children with 22q11.2DS. Exclusion criteria included: first language other than Dutch/English, extreme prematurity (i.e., gestational age < 32 weeks), and moderate to severe hearing loss (≥35 dB HL) because of the known impact on language outcome [19,20,21,22,23,24]. Additionally, children with CNVs outside of the standard LCR22A-LCR22D region or those children with more than one pathogenic genetic variant were excluded because of the lack of a minimally overlapping region and the impact on the phenotype, respectively. Children with comorbid neurodevelopmental disorders (NDDs) such as autism spectrum disorder (ASD) and attention-deficit/hyperactivity disorder (ADHD) were included, due to their high comorbidity with CNVs.



All participants with 22q11.2 CNVs had a laboratory confirmed diagnosis based on fluorescence in situ hybridization (FISH), SNP microarray, or multiplex ligation-dependent probe amplification (MLPA). The typical 3 MB deletion/duplication with breakpoints situated at LCR22A-LCR22D was identified in all patients with 22q11.2DS (29) and 16 patients with 22q11.2Dup. Nested duplications included LCR22A-LCR22B (2), LCR22A-LCR22E (2), LCR22A-LCR22H, LCR22B-LCR22C, LCR22B-LCR22F, and LCR22C-LCR22D (3). All duplications with breakpoints at the LCR22A-LCR22B region included the important developmental driver gene TBX1. More than half of the 22q11.2Dup were inherited (57%), while most 22q11.2DS occurred as a de novo event (95%). All 58 children with 22q11.2 CNVs were index patients referred for genetic testing due to medical/developmental/behavioral differences.



Table 1 includes the demographic and clinical characteristics of all participants. Children from CHOP were, on average, 1.9 years younger than children from the Leuven site. This difference was not statistically significantly different for 22q11.2Dup (t = −1.776, p = 0.087) or 22q11.2DS (t = −1.740, p = 0.093). Data on developmental milestones and education were retrieved from digital medical records/questionnaires completed by parents. Delayed speech-language milestones were present in 67% of children with 22q11.2Dup and 96% of children with 22q11.2DS. Speech-language therapy was received by 83% of children with 22q11.2Dup and 100% of children with 22q11.2DS. Data on several genetic, environmental, developmental, and medical confounding factors were collected. Parental education (based on the mother’s educational attainment) was used as a marker of SES and classified according to the International Standard Classification of Education (ISCED) of UNESCO [25,26] into three categories: low (primary education or lower grades of high school), middle (graduated from secondary/high school), high (graduated Bachelor, Masters, or Doctor of Philosophy). The presence and severity of congenital heart disease were classified by structural complexity using a three-point scale based on the classification by Billett et al. [27], whereas palatal defects were classified as abnormal when having either a structural and/or functional palatal abnormality such as cleft lip/palate, cleft palate, submucous cleft palate or velopharyngeal dysfunction. Mild hearing loss was defined as having hearing thresholds between 20 and 35 dB HL [28].




2.2. Research Design


Participants were recruited across two sites: the Centre for Human Genetics of UZ Leuven in Belgium and the 22q and You Center at CHOP in the USA. For the CHOP cohort, data were obtained retrospectively through medical records/IRB approved REDCap database. Consequently, the amount of data available varied across different clinical features and patients, resulting in missing data for certain variables such as type of education, SES, speech-language delays, inheritance pattern and formal NDD diagnoses (Table 1). Hence, the total number of patients may vary depending on the available data in the described demographic and clinical features. For Dutch participants, data were prospectively collected during consultations at the hospital or home visits following a standardized research protocol. Further methodological details can be found in the study of Verbesselt et al. [13], in which we have previously reported on a subgroup of these participants.



This study used a cross-sectional research design with both independent and pairwise comparisons. First, both cohort sites were compared across both CNV groups. Second, 29 chronological age-matched (CA) CNV pairs were compared. Cohort sites were considered by matching only within the same cohort. Age matching was within 0.7 years of age, with a mean difference of 1.72 months. Paired samples Wilcoxon signed-rank t-tests confirmed that there were no significant differences for the matching parameter (W = 87.500, p = 0.617). According to Mervis and Klein-Tasman [29], p-values of > 0.50 suggest that group distributions are sufficiently overlapping to be considered properly matched on the matching parameter [30].




2.3. Measurements


Participants’ language abilities were measured using standardized language instruments: the Dutch adaptation of the Clinical Evaluation of Language Fundamentals-Fourth edition (CELF-4-NL) [31] and/or the CELF-Preschool-Second Edition (CELF-P2-NL) [32]. The CELF-Third, Fourth and Fifth editions (CELF-3, CELF-4 and CELF-5) [33,34,35,36] were used in the English-speaking cohort. The CELF assesses both receptive and expressive language across different language domains (i.e., semantics, syntax, and morphology); it is used in clinical practice to identify patients with language impairments, plan interventions, and evaluate progress over time. In addition, the CELF has normed references from 3–6 years of age on the CELF-P2 and 5–18 (Dutch version) or 5–21 years of age (English version) on the CELF (versions 3–5). Based on the chronological age (CA) of the child, raw scores of each subtest were converted into scaled scores (SS) with a mean of 10 and a standard deviation (SD) of 3. Scaled scores of 7–13 were considered within the average range. Children with scaled scores of ≤6 were considered to have mild–moderate language problems, whereas scaled scores of ≤3 were interpreted as severe language problems. Receptive language subtests included the following: Concepts and Following Directions (CFD), Sentence Structure (SST), Understanding Spoken Paragraphs and Semantic Relationships (SR). Expressive language subtests included: Word Structure (WS), Recalling Sentences (RS), Formulated Sentences (FS), Word Classes (WC), Expressive Vocabulary (EV), Word Definitions (WD), and Sentence Assembly (SA). Core language, receptive, and expressive index scores were calculated based on CA (mean = 100, SD = 15) with a clinical cut-off of 85 (16th percentile, −1 SD) for mild language problems, 77 (6th percentile, −1.5 SD) for moderate language problems and 70 (2nd percentile, −2 SD) for severe language deficits.



The combination of receptive and expressive subtests to obtain the core, or composite, language scores (CLS) differed depending on the chronological age and test edition. In each test, however, the CLS was a measure for overall language ability. A review study found strong correlations between CELF-4 and CELF-5 composite scores [37]. Receptive language index (RLI) and expressive language index (ELI) were calculated to measure language production and comprehension. An additional expressive composite score was calculated based on the subtests Recalling Sentences (RS) and Formulated Sentences (FS), since these were consistently administered in children of all ages, regardless of the specific test or edition. The constructed composite was formed by the combined scaled scores of both subtests, with a mean scaled score of 20: e.g., a child with scaled scores of 6 on FS and 8 on RS has an expressive composite of 14.




2.4. Data Analysis


Independent t-tests were used to investigate whether differences exist between the Leuven and CHOP cohort. Data were combined in the subsequent analyses once CNV groups were determined to be comparable. Depending on the normality of the sample, Student’s or Wilcoxon signed-rank one-sample t-tests were run to determine whether the language skills of the two target groups differ from the normative sample. Cross-CNV comparisons were carried out using paired sample Student’s t-tests. In addition, several genetic, environmental, developmental, and medical confounding factors were investigated through exploratory linear mixed models, with the CNV group and each confounding factor separately as fixed effects and intrafamilial pairs as random effect.



Due to the anticipated heterogeneity within the target CNV groups, quantitative analyses were complemented with qualitative analyses and descriptive data were generated for all variables and groups. A p-value < 0.05 was considered statistically significant. Bonferroni correction was applied to reduce type I-errors because of multiple testing. Adapted p-values ranged from 0.008 to 0.025. For all outcome variables, 95% confidence intervals were calculated. Cohen’s d was calculated as effect size measure for parametric analyses and values of 0.2, 0.5 and 0.8 were, according to Cohen’s guidelines [38,39], interpreted as small, moderate, and large effects, respectively. Analyses were carried out using JASP version 0.16.3 [40] and R 4.2.1 [41,42].





3. Results


3.1. Cohort Site Differences


Figure 1 provides the boxplots of the CELF Core Language Scores (CLS) across cohort sites and CNV groups, with the light and darker gray zones delineating mild–moderate and severe language problems, respectively, and the dotted line referring to the mean in the normative sample. Mean composite scores across both cohort sites and CNV groups are summarized in Table 2. The table illustrates that, on average, children with 22q11.2Dup from CHOP had better language skills compared to the Dutch-speaking children, though independent t-tests revealed that the data were not statistically significantly different, as shown in Table 2. In contrast, children with 22q11.2DS from both CHOP and Leuven showed similar language scores. The p-values of the 22q11.2DS group met the cut-off of p > 0.50 and, therefore, could be considered well matched, while the p-value for CLS in the 22q11.2Dup did not meet this criterion [29]. Both cohort sites were not statistically significantly different but not properly matched either in the case of the duplications. Therefore, the subsequent analyses were conducted on the combined Leuven and CHOP cohort and on each cohort site separately.




3.2. 22q11.2 CNVs Compared to Norm Group Scores


Figure 2 displays the boxplots of the combined CELF CLS for each CNV group, with the dotted line pointing to the average of the normative sample and the gray zones showing the cut-offs for mild–moderate to severe core language impairments. A wide range of scores can be observed for both CNV groups.



Comparative CELF core language scores are summarized in Figure 3. The dotted line represents the normal distribution of the normative sample (mean = 100, SD = 15). Compared to the norm group, negative shifts of 1.41 SD and 1.91 SD were observed in children with 22q11.2Dup and children with 22q11.2DS, respectively. The normative distributions of children with 22q11.2 CNVs show considerable overlap. One-sample Student’s t-tests were carried out to determine whether the core language scores of the children with 22q11.2 CNVs differed from the normative sample. Results indicated that children with 22q11.2 CNVs scored statistically significantly lower on language compared to the norm group (p < 0.001) with large effect sizes (d < −1.441) and the results remained significant after Bonferroni correction.




3.3. Quantitative and Qualitative Cross-CNV Comparisons


Mean CELF scores in Table 3 show mild–moderate core language impairments in children with 22q11.2Dup compared with moderate core language impairments in children with 22q11.2DS. Student’s paired t-tests were performed to compare across CNVs, revealing no statistically significant differences in CLS between 22q11.2DS and 22q11.2Dup. Similarly, children with 22q11.2DS did not score significantly lower on the constructed expressive composite consisting of the subtests Recalling Sentences and Formulated Sentences. Similar scores were found for receptive (RLI) and expressive language indices (ELI) in children with 22q11.2Dup (mean RLI = 79.04, mean ELI = 77.00; n = 27) and in children with 22q11.2DS (mean RLI = 73.33, mean ELI = 71.67; n = 12). Subtest scores revealed similar distributions across all subtests, suggesting that children with 22q11.2DS and children with 22q11.2Dup in this sample have comparable language skills. Within the 22q11.2Dup group, children with delayed speech-language milestones in infancy (n = 18) demonstrated mean CLS of 73.44 compared to mean CLS of 88.67 in children without speech-language delays (n = 9). Independent t-tests confirmed that children with delayed milestones in infancy performed statistically significantly lower than children without speech-language delays (t = −2.743, p = 0.011, d = −1.120).



Proportions of children with difficulties across CELF composite scores and subtests are summarized in Table 4. Based on the cut-off scores, core language impairments were ascertained in 62% of children with 22q11.2Dup and 83% of children with 22q11.2DS. There were severe impairments in 28% of children with 22q11.2Dup and 45% of children with 22q11.2DS. At the subtest level, the most common impairments in children with 22q11.2Dup were issues with Recalling Sentences in 66%, Concepts and Following Directions in 63%, Sentence Comprehension (5.0–8.11) or Semantic Relations ( ≥ 9.0) in 54% and Formulated sentences in 52%. In children with 22q11.2DS, the most common difficulties were problems with Word Definitions in 90%, Formulated Sentences in 76%, Concepts and Following Directions in 72%, Word Classes in 58%, Expressive Vocabulary in 57%, Recalling Sentences in 55%, and Sentence Comprehension (5.0–8.11) or Semantic Relations ( ≥ 9.0) in 52%. Within the 22q11.2Dup group, most children with delayed speech-language milestones in infancy also showed impaired CLS (15/18), whereas 17% obtained average CLS (3/18). Most children without speech-language delays in infancy also showed average CLS (7/9), while 22% (2/7) showed impaired CLS. Within the 22q11.2DS group, most children with speech-language delays also demonstrated impaired CLS (18/22), whereas 18% (4/22) obtained average CLS. The child without speech-language delays also obtained average CLS.




3.4. Influence of Confounding Factors


Exploratory mixed models were carried out to delineate the impact of sex, comorbid ASD, ADHD, inheritance pattern, SES, and medical issues such as congenital heart disease (CHD), palatal defects, and mild hearing loss on language outcome, while accounting for intrafamilial pairs. Results indicate that none of the additional variables separately were statistically significantly associated with CELF CLS, except for high SES combined with specific CNV (CNV: t = 2.511, p = 0.0154; middle SES: t = 1.988, p = 0.0524; high SES: t = 2.057, p = 0.0229). The best fitted model included two factors in addition to the specific CNV (t = 1.785, p = 0.0873): the diagnosis of ASD (t = −1.452, p = 0.1546) and the SES (middle: t = 1.593, p = 0.1190; high: t = 2.169, p = 0.0359). Nevertheless, these associations were not statistically significant, except for high SES, although it did not remain significant after Bonferroni correction.



Descriptive data of scaled language scores were generated for all confounding factors. However, numbers were too imbalanced across groups to make meaningful comparisons and qualitative differences need to be interpreted with caution. Only qualitative differences on sufficiently large (n = 5) subgroups were explored. Within the 22q11.2Dup group, similar language scores were found independent of sex (average F: 76.4, M: 80.5), inheritance pattern (average de novo: 77.3, inherited: 79.7), and middle or high SES (average middle: 82.4, high: 80.4). Children with ASD (n = 6) performed, on average, five points higher than children without formal diagnosis of ASD (n = 23), while children with mild hearing loss (n = 5) scored, on average, nine points higher than children without hearing loss (n = 24).



Within the 22q11.2DS group, language scores were comparable regardless of sex (average F: 69.2, M: 73.4) and the presence of mild hearing loss (average HL: 73.5, no HL: 69.2). Children with either structural and/or functional palatal defects (n = 22) scored, on average, five points lower than children without palatal defects (n = 7). Children with ASD (n = 7) performed statistically significantly lower compared to children without formal diagnosis of ASD (n = 15, t = 4.089, p < 0.001, d = 0.550). Finally, children with high SES (n = 15) scored, on average, eight points higher compared to children with middle SES (n = 13, average high: 75.4, middle: 67.3).




3.5. Genotype–Phenotype Correlations


Genotype–phenotype comparisons in typical duplications (LCR22A-LCR22D) versus nested duplications distal to LCR22B reveal that 63% (10/16) children with the typical duplication show considerable language problems compared to 60% (3/5) children with nested duplications without LCR22A-LCR22B. We delineated three minimal critical regions for language impairment: LCR22A-LCR22B in 13 children, LCR22B-LCR22C in 13 children, and LCR22C-LCR22D in 15 children.





4. Discussion


The current study aimed to characterize language skills using standardized language instruments in school-aged children with 22q11.2Dup, in comparison to skills of age-matched children with 22q11.2DS. Since children were studied from two cohort sites, cohort site-related differences were first explored. Results revealed no statistically significant differences between both cohorts for children with 22q11.2Dup or 22q11.2DS. On average, children with 22q11.2Dup from CHOP scored six points higher on CLS compared to children with 22q11.2Dup from Leuven. These results may be partially explained by the fact that children from CHOP were, on average, almost two years younger and that different versions of the same test (CELF-4 in Leuven vs. CELF-5 in CHOP) were used to assess language abilities. Cultural or spoken language differences between both countries may also contribute to these differences. Additionally, since children from CHOP were slightly younger, their normed scores may still decrease with increasing age, reflecting a growing-into-deficit profile, previously reported in a subgroup of the Leuven cohort and in children with 22q11.2DS [1,5]. Finally, higher language outcomes in the CHOP cohort could be related to intellectual functioning in this group, an area requiring further study. Nevertheless, these rather small mean differences were not sufficient to consider groups as not comparable.



In agreement with the literature [3,43,44,45], we found a slight male predominance in the current cohort of 22q11.2Dup. Percentages for medical issues fell within the range of reported percentages in previous both smaller and larger studies for CHD (0–24%) [3,4,8,43,46,47,48,49], mild hearing loss (4–42%) [3,4,6,8,46,48,49], and palatal defects (8–25%) [8,12,46]. Other studies reported, on average, slightly higher rates of ASD (7–46%) and ADHD (27–44%) [3,6,8,44,45,49,50] and lower rates of language delays (33–54%) [8,12,49]. The current cohort of 22q11.2DS consisted of a relatively high proportion of males, whereas other larger studies reported more even male/female distributions. In addition, the current cohort demonstrated high rates of medical issues (CHD and palatal defects) and elevated rates of NDD (ASD and ADHD), which is in line with other studies [3,18,44,45,51,52]. Based on these findings, the current cohort of children with 22q11.2 CNVs seemed to be representative of what has been described in the literature so far.



Comparisons to the normative sample confirmed that children with 22q11.2 CNVs have statistically significantly lower language scores in relation to typically developing peers, which is in accordance with results based on parental reports [13]. In addition, a shift of approximately −2 SD in the 22q11.2DS group is consistent with findings on their cognitive profiles in previous studies [53,54,55,56]. We found a shift of approximately −1.5 SD in the 22q11.2Dup group, which is at the lower end of the range of their cognitive capabilities based on previous studies. In particular, Chawner et al. [44] found a downward shift of 0.8 SD with a mean FSIQ of 88 in 32 patients with 22q11.2Dup, whereas Modenato et al. [57,58] reported mean FSIQ of 97.82 in 12 patients and mean downward shift of 1.51 in 44 patients. Similarly, Verbesselt et al. [5] found mean FSIQ of 76 in 19 patients, corresponding to a downward shift of 1.6 SD. Although 22q11.2 CNVs appeared to shift the distribution to the left compared to the general population, they did not change its clinical features.



While there was an average seven-point difference (0.5 SD) in core language scores favoring the children with 22q11.2Dup, the differences were not statistically significant. Differences were expected because duplications are generally associated with milder phenotypes compared to deletions [59]. In addition, parents reported more communication problems in children with 22q11.2DS than in children with 22q11.2Dup [13]. General communication concerns were reported in 47% of children with 22q11.2Dup and 79% of children with 22q11.2DS, whereas the current study found considerable language problems in 62% of children with 22q11.2Dup compared with 83% of children with 22q11.2DS. Therefore, results based on parental reports might reflect that parents of children with 22q11.2Dup may underestimate the language difficulties of their children. One might ask whether this finding is related to the fact that duplications are more often inherited and that affected parents might experience developmental issues and hence have difficulties with completing the questionnaires and/or correctly assessing the abilities of their children [60]. Nevertheless, many parents of children with the 22q11.2Dup were highly educated in the current study. More likely, discrepancies might be related to the subjective nature of indirect assessment methods. Therefore, indirect measurements such as questionnaires should be validated by direct assessment such as standardized language instruments to provide additional information about the true language capacities of the child. Another possible explanation for this discrepancy might be the fact that the CELF assesses structural and semantic language components, whereas the CCC-2 questionnaire screens speech, structural, semantic, and pragmatic language skills. Consequently, the lower reported proportion of communicative problems (47%) may be attributed to better speech or better pragmatic than structural and semantic language skills in children with 22q11.2Dup.



Mean language scores of both CNV groups could be classified as within the range of mild–moderate language impairments. Within both CNV groups, similar scores were found for RLI and ELI. The presence of differences between receptive and expressive language in 22q11.2DS is the subject of debate in the literature. Pre-school children with 22q11.2DS often showed higher receptive than expressive skills, while there was more varied reporting in the literature on receptive–expressive discrepancies in the school-aged population [2,61,62,63,64]. The current results in the 22q11.2Dup group suggest that children with 22q11.2Dup might experience comparable receptive and expressive language challenges. Future longitudinal studies should clarify whether these similar receptive and expressive deficits are characteristic of the 22q11.2Dup population. Within the 22q11.2Dup group, children with speech-language delays in infancy obtained statistically significantly lower core language scores at primary school age than children without speech-language delays. These results might suggest that delayed milestones in infancy are indicative of language impairments in primary school. Nevertheless, these results should be interpreted with caution, since a history of speech-language delays did not always lead to core language impairments (n = 3, 17%) and others still developed language impairments without a history of speech-language delays (n = 2, 22%).



Children with 22q11.2DS showed higher proportions of difficulties with subtests at the word level, such as Word definitions, Expressive Vocabulary, and Word Classes, whereas children with 22q11.2Dup predominantly demonstrated difficulties with subtests on the sentence level. However, difficulties with word-level subtests were not equally representative due to the smaller age range and accompanying smaller sample. Regarding the remaining subtests, the most common problems were found across the same subtests for children with 22q11.2 CNVs, but higher proportions of difficulties were found in the 22q11.2DS group. Therefore, children with 22q11.2 CNVs seemed to have deficits across several language domains, including both lexico-semantic problems (based on Concepts and Following Directions, Sentence Structure/Semantic Relations) and morpho-syntactic problems (based on Recalling Sentences and Formulated Sentences). Moreover, both language production and comprehension may be impaired in both CNV groups. Results for the expressive language composite based on Recalling Sentences and Formulated Sentences were in line with the core language scores. Higher proportions of difficulties with Concepts and Following Directions and Recalling Sentences might be related to impaired working memory, attention, and executive functioning in both groups of children, which has been previously described in 22q11.2DS [2,65,66,67,68,69,70]. Thus, qualitatively, children with 22q11.2Dup seemed to show lower proportions of language difficulties and higher language scores, with challenges across similar domains compared to children with 22q11.2DS.



Regarding confounding factors, only comorbid ASD, SES, and the specific CNV seemed to play a role in the language scores, although these effects did not remain statistically significant after correction for multiple testing. Children with ASD only performed worse in the 22q11.2DS group and children with high SES only showed higher scores in the 22q11.2DS group. Consequently, these factors did not seem to influence language outcomes in children with 22q11.2Dup. Qualitatively, the opposite pattern was shown for other variables, such as the observation of higher language scores in children with 22q11.2Dup and mild hearing loss or ASD. However, these differences cannot be generalized and should be interpreted with caution due to the small and imbalanced numbers. Moreover, differences for hearing loss and ASD were smaller than one standard deviation, and, thus, clinically less relevant. Future studies with more participants are needed to further delineate the impact of these and other potentially confounding factors. To conclude, qualitatively, children with 22q11.2Dup seemed to be in an intermediate position between the general population and age-matched children with 22q11.2DS, albeit with more overlap with the 22q11.2DS group.



Language problems were observed both in patients with duplications proximal to LCR22-B, as well as in patients with more distal duplications, pointing toward downstream effects or the presence of multiple copy number sensitive loci for language development on chromosome 22q11. Minimal regions of overlap in patients with language problems included LCR22A-LCR22B, LCR22B-LCR22C and LCR22C-LCR22D. Woodward et al. [8] described thirteen atypical, nested duplications and investigated candidate genes within the LCR22B-LCR22D interval that might be associated with brain development and ASD traits. Based on gene expression in tissue of the nervous system, nine genes (ZNF74, KLHL22, MED15, PI4KA, SERPIND1, CRKL, AIFM3, SLC7A4, and BCRP) in the LCR22B-LCR22D interval were selected as candidate genes for these traits. Their potential link to language impairment in particular has not been established so far. Future studies with larger samples of typical and nested 22q11.2Dup, in addition to case-control variant burden studies in extensive cohorts of patients with severe language problems, are required to study the contribution of variation in genes on 22q11.2 to abnormal language development.



Strengths, Limitations, and Future


To the best of our knowledge, this is the first study to measure language in children with 22q11.2Dup. By combining data from two cohort sites, a relatively large sample was obtained, increasing statistical power. However, data in CHOP were retrospectively collected, resulting in missing data for certain variables, such as information on inheritance pattern, SES, type of education, and the presence of NDD or mild hearing loss. The current sample size, although relatively large for these CNVs, might still prevent us from finding significant differences between 22q11.2 CNVs. Hence, future studies with larger samples are needed to confirm the current results. Another methodological limitation is the use of different versions of the same language test, which might lead to slightly different outcomes. Nevertheless, all CELF editions are constructed to measure the same language components and overall language ability and are recognized and used in clinical practice. Additionally, the self-constructed expressive composite showed similar results compared to the CLS, confirming its reliability and validity. Other strengths of the current study include the use of gold standard language assessments, strict inclusion and exclusion criteria, and comparisons with the normative sample. The large variability within the CNV groups points to the role played by other factors in language outcomes, such as the broader genetic background, IQ, hearing, ASD, ADHD, SES, which should be further elucidated in future studies.



As the present study only characterized semantic and structural language skills, future studies should also delineate pragmatic skills and speech abilities through direct assessments, just as was established in 22q11.2DS [1,71]. All patients were diagnosed based on medical or developmental indications for genetic testing and only probands were included. Consequently, language outcomes may reflect the more severe end of the phenotypic spectrum due to ascertainment bias in this clinical cohort. It is likely that milder language impairments are present in those individuals identified with the 22q11.2Dup only following the diagnosis in their affected relative (e.g., a parent or sibling) as they may not have come to attention a priori with medical or developmental problems. Future studies should also include non-probands and affected relatives to obtain a complete picture of language skills in the 22q11.2Dup population. In addition, language should be interpreted in relation to the overall cognitive profile given the relationship between language and cognition. Hence, it would be an added value to perform intelligence testing prospectively in future research. Finally, the inclusion of larger samples and the collection of longitudinal data may lead to a more complete overview of the phenotypic spectrum of children with 22q11.2Dup across the lifespan.





5. Conclusions


This is the first study to characterize language skills in children with 22q11.2Dup through direct language instruments, in relation to typically developing peers in the general population and age-matched children with 22q11.2DS. Considerable language difficulties were found in a high proportion of children with 22q11.2 CNVs. Therefore, as in 22q11.2DS, regular follow-up of language development in children with 22q11.2Dup is advised. Early screening and characterization of language skills in 22q11.2Dup are recommended to identify children who qualify for educational support in school or speech-language therapy through a rehabilitation center or private practice. Finally, as in 22q11.2DS, adapted treatment is suggested to support and improve language skills and to reduce potential long-term influence of language and communicative deficits [1].







Author Contributions


Conceptualization, J.V., A.S., D.M.M.-M. and C.B.S.; methodology, J.V. and E.V.D.H.; software, J.V.; validation, A.S. and I.Z.; formal analysis, J.V.; investigation, J.V., C.B.S., T.B.C., D.M.M.-M. and E.V.D.H.; resources, A.S., I.Z. and D.M.M.-M.; data curation, J.V., C.B.S., E.V.D.H., V.G. and T.B.C.; writing—original draft preparation, J.V.; writing—review and editing, J.V., C.B.S., D.M.M.-M., E.V.D.H., A.S., I.Z. and J.B.; visualization, J.V.; supervision, I.Z., J.B., D.M.M.-M. and A.S.; project administration, A.S.; funding acquisition, A.S, J.B. and D.M.M.-M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Institute of Mental Health (NIMH), grant number: 1U01MH119759-01 (A.S.) and U01MH119737 (D.M.M.-M). J.B. is supported by a senior clinical investigator fellowship by FWO-Flanders.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee Research of University Hospitals Leuven (protocol code S54485, 6 December 2012 and 26 March 2021). Dutch patients and their parents were directly informed about the aims of the research project, and all Dutch participants signed informed consent. The study was conducted in accordance with and approved by the Institutional Review Board at the Children’s Hospital of Philadelphia.




Informed Consent Statement


Informed consent was obtained from all Dutch subjects involved in the study. Patient consent in the CHOP cohort was waived because this study is considered a secondary data analysis, and the data were deidentified.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding author upon reasonable request.




Acknowledgments


We are grateful to NIMH for funding. We would like to thank the children with 22q11.2DS/22q11.2Dup and their families for their contribution.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Solot, C.B.; Sell, D.; Mayne, A.; Baylis, A.L.; Persson, C.; Jackson, O.; McDonald-McGinn, D.M. Speech-Language Disorders in 22q11.2 Deletion Syndrome: Best Practices for Diagnosis and Management. Am. J. Speech. Lang. Pathol. 2019, 28, 984–999. [Google Scholar] [CrossRef]

	



Van Den Heuvel, E.; Manders, E.; Swillen, A.; Zink, I. Atypical Language Characteristics and Trajectories in Children with 22q11.2 Deletion Syndrome. J. Commun. Disord. 2018, 75, 37–56. [Google Scholar] [CrossRef]

	



Wenger, T.L.; Miller, J.S.; DePolo, L.M.; de Marchena, A.B.; Clements, C.C.; Emanuel, B.S.; Zackai, E.H.; McDonald-McGinn, D.M.; Schultz, R.T. 22q11.2 Duplication Syndrome: Elevated Rate of Autism Spectrum Disorder and Need for Medical Screening. Mol. Autism. 2016, 7, 27. [Google Scholar] [CrossRef]

	



Portnoï, M.-F. Microduplication 22q11.2: A New Chromosomal Syndrome. Eur. J. Med. Genet 2009, 52, 88–93. [Google Scholar] [CrossRef]

	



Verbesselt, J.; Zink, I.; Breckpot, J.; Swillen, A. Cross-sectional and Longitudinal Findings in Patients with Proximal 22q11.2 Duplication: A Retrospective Chart Study. Am. J. Med. Genet. A 2022, 188, 46–57. [Google Scholar] [CrossRef]

	



Van Campenhout, S.; Devriendt, K.; Breckpot, J.; Frijns, J.-P.; Peeters, H.; van Buggenhout, G.; van Esch, H.; Maes, B.; Swillen, A. Microduplication 22q11.2: A Description of the Clinical, Developmental and Behavioral Characteristics during Childhood. Genet. Couns. 2012, 23, 135–147. [Google Scholar]

	



Wincent, J.; Bruno, D.L.; van Bon, B.W.M.; Bremer, A.; Stewart, H.; Bongers, E.M.H.F.; Ockeloen, C.W.; Willemsen, M.H.; Keays, D.A.D.; Baird, G.; et al. Sixteen New Cases Contributing to the Characterization of Patients with Distal 22q11.2 Microduplications. Mol. Syndromol. 2010, 1, 246–254. [Google Scholar] [CrossRef]

	



Woodward, K.J.; Stampalia, J.; Vanyai, H.; Rijhumal, H.; Potts, K.; Taylor, F.; Peverall, J.; Grumball, T.; Sivamoorthy, S.; Alinejad-Rokny, H.; et al. Atypical Nested 22q11.2 Duplications between LCR22B and LCR22D Are Associated with Neurodevelopmental Phenotypes Including Autism Spectrum Disorder with Incomplete Penetrance. Mol. Genet. Genomic. Med. 2019, 7, e00507. [Google Scholar] [CrossRef]

	



Cordovez, J.A.; Capasso, J.; Lingao, M.D.; Sadagopan, K.A.; Spaeth, G.L.; Wasserman, B.N.; Levin, A. Ocular Manifestations of 22q11.2 Microduplication. Ophthalmology 2014, 121, 392–398. [Google Scholar] [CrossRef]

	



Courtens, W.; Schramme, I.; Laridon, A. Microduplication 22q11.2: A Benign Polymorphism or a Syndrome with a Very Large Clinical Variability and Reduced Penetrance?—Report of Two Families. Am. J. Med. Genet. A 2008, 146A, 758–763. [Google Scholar] [CrossRef]

	



Demily, C.; Lesca, G.; Poisson, A.; Till, M.; Barcia, G.; Chatron, N.; Sanlaville, D.; Munnich, A. Additive Effect of Variably Penetrant 22q11.2 Duplication and Pathogenic Mutations in Autism Spectrum Disorder: To Which Extent Does the Tree Hide the Forest? J. Autism. Dev. Disord. 2018, 48, 2886–2889. [Google Scholar] [CrossRef]

	



Yu, A.; Turbiville, D.; Xu, F.; Ray, J.W.; Britt, A.D.; Lupo, P.J.; Jain, S.K.; Shattuck, K.E.; Robinson, S.S.; Dong, J. Genotypic and Phenotypic Variability of 22q11.2 Microduplications: An Institutional Experience. Am. J. Med. Genet A 2019, 179, 2178–2189. [Google Scholar] [CrossRef]

	



Verbesselt, J.; Van Den Heuvel, E.; Breckpot, J.; Zink, I.; Swillen, A. Parent-Reported Social-Communicative Skills of Children with 22q11.2 Copy Number Variants and Siblings. Genes 2022, 13, 1801. [Google Scholar] [CrossRef]

	



Bishop, D.V.M. The Children’s Communication Checklist-2; Psychological Corporation: London, UK, 2003. [Google Scholar]

	



Bishop, D.V.M. Children’s Communication Checklist-2: CCC-2-NL; Geurts, H.M., Ed.; Pearson Assessment and Information B.V.: Amsterdam, The Netherlands, 2016. [Google Scholar]

	



Swillen, A.; McDonald-Mcginn, D. Developmental Trajectories in 22q11.2 Deletion Syndrome. Am. J. Med. Genet. C Semin. Med. Genet. 2015, 169, 172–181. [Google Scholar] [CrossRef]

	



Van Den Heuvel, E.; Jonkers, E.; Rombouts, E.; Manders, E.; Zink, I.; Swillen, A. Exploratory Study on Cognitive Abilities and Social Responsiveness in Children with 22q11.2 Deletion Syndrome (22q11DS) and Children with Idiopathic Intellectual Disability (IID). Res. Dev. Disabil. 2018, 81, 89–102. [Google Scholar] [CrossRef]

	



McDonald-McGinn, D.M.; Sullivan, K.E.; Marino, B.; Philip, N.; Swillen, A.; Vorstman, J.A.S.; Zackai, E.H.; Emanuel, B.S.; Vermeesch, J.R.; Morrow, B.E.; et al. 22q11.2 Deletion Syndrome. Nat. Rev. Dis. Primers. 2015, 1, 15071. [Google Scholar] [CrossRef]

	



Cummins, J. Language, Power and Pedagogy—Bilingual Children in the Crossfire; Multilingual Matters Ltd.: Clevedon, UK, 2000; ISBN 1-85359-474-1. [Google Scholar]

	



Kohnert, K.; Ebert, K.D.; Pham, G.T. Language Disorders in Bilingual Children; Plural Publishing Inc.: San Diego, CA, USA, 2021; ISBN 9781635501896. [Google Scholar]

	



De Houwer, A. Bilingual Development in Childhood (Elements in Child Development); Cambridge University Press: Cambridge, UK, 2021; ISBN 978-1-108-79139-7. [Google Scholar]

	



Barre, N.; Morgan, A.; Doyle, L.W.; Anderson, P.J. Language Abilities in Children Who Were Very Preterm and/or Very Low Birth Weight: A Meta-Analysis. J. Pediatr. 2011, 158, 766–774.e1. [Google Scholar] [CrossRef]

	



Crosbie, S.; Holm, A.; Wandschneider, S.; Hemsley, G. Narrative Skills of Children Born Preterm. Int. J. Lang. Commun. Disord. 2011, 46, 83–94. [Google Scholar] [CrossRef]

	



Lieu, J.E.C.; Kenna, M.; Anne, S.; Davidson, L. Hearing Loss in Children: A Review. JAMA—J. Am. Med. Assoc. 2020, 324, 2195–2205. [Google Scholar] [CrossRef]

	



OECD. Education at a Glance 2017: OECD Indicators; Education at a Glance; OECD Publishing: Paris, France, 2017; ISBN 9789264279766. [Google Scholar]

	



UNESCO Institute for Statistics. International Standard Classification of Education: ISCED 2011; UNESCO Institute for Statistics: Paris, France, 2012; ISBN 9789291891238. [Google Scholar]

	



Billett, J.; Cowie, M.R.; Gatzoulis, M.A.; Vonder Muhll, I.F.; Majeed, A. Comorbidity, Healthcare Utilisation and Process of Care Measures in Patients with Congenital Heart Disease in the UK: Cross-Sectional, Population-Based Study with Case-Control Analysis. Heart 2008, 94, 1194–1199. [Google Scholar] [CrossRef]

	



Michel, O. The New WHO Classification of Hearing Loss: What Changed in 2021? HNO 2021, 69, 927–930. [Google Scholar] [CrossRef]

	



Mervis, C.B.; Klein-Tasman, B.P. Methodological Issues in Group-Matching Designs: α Levels for Control Variable Comparisons and Measurement Characteristics of Control and Target Variables. J. Autism. Dev. Disord. 2004, 34, 7–17. [Google Scholar] [CrossRef]

	



Mervis, C.B. Cross-Etiology Comparisons of Cognitive and Language Development. In Developmental Language Disorders—From Phenotypes to Etiologies; Lawrence Erlbaum Associates, Publishers: Mahwah, NJ, USA, 2004; pp. 153–186. ISBN 0-8058-4662-X. [Google Scholar]

	



Kort, W.; Compaan, E.L.; Schittekatte, M.; Dekker, P.H. Clinical Evaluation of Language Fundamentals (CELF–4–NL) Nederlandse Versie. Handleiding [CELF–4 Dutch Adaptation Manual]; Pearson: Amsterdam, The Netherlands, 2010. [Google Scholar]

	



De Jong, J. Clinical Evaluation of Language Fundamentals—Preschool—Second Edition. Nederlandstalige Versie. Handleiding [CELF-P2-NL: Dutch Adaptation Manual]; Pearson: Amsterdam, The Netherlands, 2012. [Google Scholar]

	



Semel, E.; Wiig, E.H.; Secord, W.A. Clinical Evaluation of Language Fundamentals, Fourth Edition (CELF-4); The Psychological Corporation/HA Harcourt Assessment Company: Toronto, ON, Canada, 2003. [Google Scholar]

	



Wiig, E.H.; Semel, E.; Secord, W.A. Clinical Evaluation of Language Fundamentals–Fifth Edition (CELF-5); MN: NCS Pearson: Bloomington, IN, USA, 2013. [Google Scholar]

	



Paslawski, T. The Clinical Evaluation of Language Fundamentals, Fourth Edition (CELF-4). Can. J. Sch. Psychol. 2005, 20, 129–134. [Google Scholar] [CrossRef]

	



Semel, E.; Secord, W.A.; Wiig, E.H. Clinical Evaluation of Language Fundamentals 3rd Edition (CELF-3); Psychological Corporation: San Antonio, TX, USA, 1995. [Google Scholar]

	



Coret, M.C.; McCrimmon, A.W. Test Review: Wiig, E.H., Semel, E., & Secord, W.A. (2013). Clinical Evaluation of Language Fundamentals–Fifth Edition (CELF-5). J. Psychoeduc. Assess. 2015, 33, 495–500. [Google Scholar] [CrossRef]

	



Ellis, P.D. The Essential Guide to Effect Sizes; Cambridge University Press: Cambridge, UK, 2010; ISBN 978-0-521-19423-5. [Google Scholar]

	



Cohen, J. Statistical Power Analysis for the Behavioral Sciences, 2nd ed.; Lawrence Erlbaum Associates: Hillsdale, NJ, USA, 1988. [Google Scholar]

	



JASP Team. JASP (Version 0.16.4) [Computer Software]; Jasp Team: Amsterdam, The Netherlands, 2022. [Google Scholar]

	



R Core Team R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2017.

	



Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016; ISBN 978-3-319-24277-4. [Google Scholar]

	



Butensky, A.; de Rinaldis, C.P.; Patel, S.; Edman, S.; Bailey, A.; McGinn, D.E.; Zackai, E.; Crowley, T.B.; McDonald-McGinn, D.M.; Min, J.; et al. Cardiac Evaluation of Patients with 22q11.2 Duplication Syndrome. Am. J. Med. Genet. A 2020, 185, 753–758. [Google Scholar] [CrossRef]

	



Chawner, S.J.R.A.; Doherty, J.L.; Anney, R.J.L.; Antshel, K.M.; Bearden, C.E.; Bernier, R.; Chung, W.K.; Clements, C.C.; Curran, S.R.; Cuturilo, G.; et al. A Genetics-First Approach to Dissecting the Heterogeneity of Autism: Phenotypic Comparison of Autism Risk Copy Number Variants. Am. J. Psych. 2021, 178, 77–86. [Google Scholar] [CrossRef]

	



Lin, A.; Vajdi, A.; Kushan-Wells, L.; Helleman, G.; Hansen, L.P.; Jonas, R.K.; Jalbrzikowski, M.; Kingsbury, L.; Raznahan, A.; Bearden, C.E. Reciprocal Copy Number Variations at 22q11.2 Produce Distinct and Convergent Neurobehavioral Impairments Relevant for Schizophrenia and Autism Spectrum Disorder. Biol. Psychiatry 2020, 88, 260–272. [Google Scholar] [CrossRef]

	



Clements, C.C.; Wenger, T.L.; Zoltowski, A.R.; Bertollo, J.R.; Miller, J.S.; de Marchena, A.B.; Mitteer, L.M.; Carey, J.C.; Yerys, B.E.; Zackai, E.H.; et al. Critical Region within 22q11.2 Linked to Higher Rate of Autism Spectrum Disorder. Mol. Autism. 2017, 8, 58. [Google Scholar] [CrossRef]

	



Dupont, C.; Grati, F.R.; Choy, K.W.; Jaillard, S.; Toutain, J.; Maurin, M.; Martínez-Conejero, J.A.; Beneteau, C.; Coussement, A.; Molina-Gomes, D.; et al. Prenatal Diagnosis of 24 Cases of Microduplication 22q11.2: An Investigation of Phenotype-Genotype Correlations. Prenat. Diagn. 2015, 35, 35–43. [Google Scholar] [CrossRef]

	



Ensenauer, R.E.; Adeyinka, A.; Flynn, H.C.; Michels, V.V.; Lindor, N.M.; Dawson, D.B.; Thorland, E.C.; Lorentz, C.P.; Goldstein, J.L.; McDonald, M.T.; et al. Microduplication 22q11.2, an Emerging Syndrome: Clinical, Cytogenetic, and Molecular Analysis of Thirteen Patients. Am. J. Hum. Genet. 2003, 73, 1027–1040. [Google Scholar] [CrossRef]

	



Zhang, Y.; Liu, X.; Gao, H.; He, R.; Zhao, Y. Identifying of 22q11.2 Variations in Chinese Patients with Development Delay. BMC Med. Genom. 2021, 14, 26. [Google Scholar] [CrossRef]

	



Olsen, L.; Sparsø, T.; Weinsheimer, S.M.; dos Santos, M.B.Q.; Mazin, W.; Rosengren, A.; Sanchez, X.C.; Hoeffding, L.K.; Schmock, H.; Baekvad-Hansen, M.; et al. Prevalence of Rearrangements in the 22q11.2 Region and Population-Based Risk of Neuropsychiatric and Developmental Disorders in a Danish Population: A Case-Cohort Study. Lancet Psych. 2018, 5, 573–580. [Google Scholar] [CrossRef]

	



Campbell, I.M.; Sheppard, S.E.; Crowley, T.B.; McGinn, D.E.; Bailey, A.; McGinn, M.J.; Unolt, M.; Homans, J.F.; Chen, E.Y.; Salmons, H.I.; et al. What Is New with 22q? An Update from the 22q and You Center at the Children’s Hospital of Philadelphia. Am. J. Med. Genet. A 2018, 176, 2058–2069. [Google Scholar] [CrossRef]

	



Biswas, A.B.; Furniss, F. Cognitive Phenotype and Psychiatric Disorder in 22q11.2 Deletion Syndrome: A Review. Res. Dev. Disabil. 2016, 53–54, 242–257. [Google Scholar] [CrossRef]

	



Olszewski, A.K.; Radoeva, P.D.; Fremont, W.; Kates, W.R.; Antshel, K.M. Is Child Intelligence Associated with Parent and Sibling Intelligence in Individuals with Developmental Disorders? An Investigation in Youth with 22q11.2 Deletion (Velo-Cardio-Facial) Syndrome. Res. Dev. Disabil. 2014, 35, 3582–3590. [Google Scholar] [CrossRef]

	



Fiksinski, A.M.; Bearden, C.E.; Bassett, A.S.; Kahn, R.S.; Zinkstok, J.R.; Hooper, S.R.; Tempelaar, W.; Vorstman, J.A.S.; Breetvelt, E.J. A Normative Chart for Cognitive Development in a Genetically Selected Population. Neuropsychopharmacology 2021, 47, 1379–1386. [Google Scholar] [CrossRef]

	



De Smedt, B.; Devriendt, K.; Fryns, J.P.; Vogels, A.; Gewillig, M.; Swillen, A. Intellectual Abilities in a Large Sample of Children with Velo-Cardio-Facial Syndrome: An Update. J. Intellect. Disabil. Res. 2007, 51, 666–670. [Google Scholar] [CrossRef]

	



Chow, E.W.C.; Watson, M.; Young, D.A.; Bassett, A.S. Neurocognitive Profile in 22q11 Deletion Syndrome and Schizophrenia. Schizophr. Res. 2006, 87, 270–278. [Google Scholar] [CrossRef]

	



Modenato, C.; Martin-Brevet, S.; Moreau, C.A.; Rodriguez-Herreros, B.; Kumar, K.; Draganski, B.; Sønderby, I.E.; Jacquemont, S. Lessons Learned From Neuroimaging Studies of Copy Number Variants: A Systematic Review. Biol. Psych. 2021, 90, 596–610. [Google Scholar] [CrossRef]

	



Modenato, C.; Kumar, K.; Moreau, C.; Martin-Brevet, S.; Huguet, G.; Schramm, C.; Jean-Louis, M.; Martin, C.O.; Younis, N.; Tamer, P.; et al. Effects of Eight Neuropsychiatric Copy Number Variants on Human Brain Structure. Transl. Psych. 2021, 11, 399. [Google Scholar] [CrossRef]

	



Goldenberg, P. An Update on Common Chromosome Microdeletion and Microduplication Syndromes. Pediatr Ann 2018, 47, e198–e203. [Google Scholar] [CrossRef]

	



Pizzo, L.; Jensen, M.; Polyak, A.; Rosenfeld, J.A.; Mannik, K.; Krishnan, A.; McCready, E.; Pichon, O.; le Caignec, C.; van Dijck, A.; et al. Rare Variants in the Genetic Background Modulate Cognitive and Developmental Phenotypes in Individuals Carrying Disease-Associated Variants. Genet. Med. 2019, 21, 816–825. [Google Scholar] [CrossRef]

	



Persson, C.; Niklasson, L.; Óskarsdóttir, S.; Johansson, S.; Jönsson, R.; Söderpalm, E. Language Skills in 5–8-year-old Children with 22q11 Deletion Syndrome. Int. J. Lang. Commun. Disord. 2006, 41, 313–333. [Google Scholar] [CrossRef]

	



Solot, C.B.; Gerdes, M.; Kirschner, R.E.; McDonald-McGinn, D.M.; Moss, E.; Woodin, M.; Aleman, D.; Zackai, E.H.; Wang, P.P. Communication Issues in 22q11.2 Deletion Syndrome: Children at Risk. Genet. Med. 2001, 3, 67–71. [Google Scholar] [CrossRef]

	



Glaser, B.; Mumme, D.L.; Blasey, C.; Morris, M.A.; Dahoun, S.P.; Antonarakis, S.E.; Reiss, A.L.; Eliez, S. Language Skills in Children with Velocardiofacial Syndrome (Deletion 22q11.2). J. Pediatr. 2002, 140, 753–758. [Google Scholar] [CrossRef]

	



Gerdes, M.; Solot, C.; Wang, P.P.; McDonald-McGinn, D.M.; Zackai, E.H. Taking Advantage of Early Diagnosis: Preschool Children with the 22q11.2 Deletion. Genet. Med. 2001, 3, 40–44. [Google Scholar] [CrossRef]

	



Montojo, C.A.; Ibrahim, A.; Karlsgodt, K.H.; Chow, C.; Hilton, A.E.; Jonas, R.K.; Vesagas, T.K.; Bearden, C.E. Disrupted Working Memory Circuitry and Psychotic Symptoms in 22q11.2 Deletion Syndrome. Neuroimage Clin. 2014, 4, 392–402. [Google Scholar] [CrossRef]

	



Antshel, K.M.; Fremont, W.; Ramanathan, S.; Kates, W.R. Predicting Cognition and Psychosis in Young Adults with 22q11.2 Deletion Syndrome. Schizophr. Bull. 2017, 43, 833–842. [Google Scholar] [CrossRef]

	



Maeder, J.; Schneider, M.; Bostelmann, M.; Debbané, M.; Glaser, B.; Menghetti, S.; Schaer, M.; Eliez, S. Developmental Trajectories of Executive Functions in 22q11.2 Deletion Syndrome. J. Neurodev. Disord. 2016, 8, 10. [Google Scholar] [CrossRef]

	



Swillen, A.; Moss, E.; Duijff, S. Neurodevelopmental Outcome in 22q11.2 Deletion Syndrome and Management. Am J Med. Genet. A 2018, 176, 2160–2166. [Google Scholar] [CrossRef]

	



Maeder, J.; Zuber, S.; Schneider, M.; Kliegel, M.; Eliez, S. Age-Related Improvements in Executive Functions and Focal Attention in 22q11.2 Deletion Syndrome Vary Across Domain and Task. J. Int. Neuropsychol. Soc. 2022, 28, 337–350. [Google Scholar] [CrossRef]

	



Moberg, P.J.; Richman, M.J.; Roalf, D.R.; Morse, C.L.; Graefe, A.C.; Brennan, L.; Vickers, K.; Tsering, W.; Kamath, V.; Turetsky, B.I.; et al. Neurocognitive Functioning in Patients with 22q11.2 Deletion Syndrome: A Meta-Analytic Review. Behav. Genet. 2018, 48, 259–270. [Google Scholar] [CrossRef]

	



Van Den Heuvel, E.; ReuterskiöLd, C.; Solot, C.; Manders, E.; Swillen, A.; Zink, I. Referential Communication Abilities in Children with 22q11.2 Deletion Syndrome. Int. J. Speech Lang. Pathol. 2017, 19, 490–502. [Google Scholar] [CrossRef]








[image: Genes 14 00679 g001 550] 





Figure 1. Boxplots for CELF CLS composite scores across CNV groups and cohort sites. The dotted lines show norm group averages. The gray zones indicate the severity of the problems; the darker the gray, the more severe the difficulties: mild–moderate = light gray zone and severe = darker gray zone, based on clinical cut-off scores for the CELF. Abbreviations. CELF, Clinical Evaluation of Language Fundamentals (norm group average = 100, cut-off: <85 = mild–moderate (pc 16), <70 = severe (pc 2). 
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Figure 2. Boxplots for CELF Core Language Scores across groups (22q11.2DS and 22q11.2Dup). 
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Figure 3. Normative distributions of CELF Core Language Scores across groups (22q11.2DS and 22q11.2Dup). SD, standard deviation. The dashed line illustrates the normative distribution of the norm group (mean = 100, SD = 15). SD shifts are calculated in relation to the normative sample. 
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Table 1. Demographic and clinical features across groups.






Table 1. Demographic and clinical features across groups.





	

	
22q11.2DS

	
22q11.2Dup




	
Native Language

(Country of Residence)

	
Dutch

(Belgium)

	
English

(USA)

	
Dutch

(Belgium)

	
English

(USA)






	
Sample Size (n)

	
18

	
11

	
18

	
11




	
Sex (n, %)

  Male

  Female

	


12 (67%)

	


8 (73%)

	


10 (56%)

	


7 (64%)




	
6 (33%)

	
3 (27%)

	
8 (44%)

	
4 (36%)




	
Chronological age (yrs.mo)

  Average (SD)

  Median

  Range

	

	

	

	




	
10.10 (2.8)

	
9.1 (2.5)

	
10.10 (2.7)

	
9.1 (2.5)




	
11.3

	
8.2

	
11.2

	
8.3




	
6.7–15.2

	
6.4–13.2

	
6.11–15.5

	
6.4–13.3




	
Type of education (n, %)

  Special education

  Regular education

  Regular with assistance

  Homeschool

  Unknown

	

	

	

	




	
11 (61%)

6 (33%)

	
2 (18%)

0 (0%)

	
7 (39%)

6 (33%)

	
3 (27%)

2 (18%)




	
1 (6%)

0 (0%)

0 (0%)

	
6 (55%)

0 (0%)

3 (27%)

	
5 (28%)

0 (0%)

0 (0%)

	
3 (27%)

2 (18%)

1 (10%)




	
SES

  High

  Middle

  Low

  Unknown

	


8 (44%)

10 (56%)

0 (0%)

0 (0%)

	


5 (45%)

5 (45%)

0 (0%)

1 (10%)

	


11 (61%)

6 (33%)

1 (6%)

0 (0%)

	


2 (18%)

4 (36%)

1 (10%)

4 (36%)




	
Speech-language delays (n, %)

	
18/18 (100%)

	
4/5 (80%)

	
14/18 (78%)

	
4/9 (44%)




	
Speech-language therapy (n, %)

	
18/18 (100%)

	
5/5 (100%)

	
15/18 (83%)

	
9/11 (82%)




	
Formal NDD diagnoses (n, %)

	

	

	

	




	
  ASD

	
7/18 (39%)

	
0/4 (0%)

	
2/18 (11%)

	
4/11 (36%)




	
  ADHD

	
3/18 (17%)

	
0/4 (0%)

	
3/18 (17%)

	
3/10 (30%)




	
Inheritance pattern (n, %)

  De novo

  Inherited:

    Maternally inherited

    Paternally inherited

Unknown

	


17/18 (94%)

	


4/11 (36%)

	


8/18 (44%)

	


1/11 (10%)




	
1/18 (6%)

1/1 (100%)

0/1 (0%)

	
0/11 (0%)

0/0 (0%)

0/0 (0%)

	
7/18 (39%)

2/7 (29%)

5/7 (71%)

	
5/11 (54%)

2/5 (40%)

3/5 (60%)




	
0/18 (0%)

	
7/11 (64%)

	
3/18 (17%)

	
5/11 (54%)




	
Medical issues (n, %)

	

	

	

	




	
  CHD

	
10/18 (56%)

	
7/11 (64%)

	
2/18 (11%)

	
1/11 (10%)




	
  Palatal defects

	
11/18 (61%)

	
11/11 (100%)

	
4/18 (22%)

	
0/11 (0%)




	
  Mild HL

	
9/18 (50%)

	
1/6 (17%)

	
2/18 (11%)

	
3/11 (27%)








Abbreviations: SES, socioeconomic status; NDD, neurodevelopmental disorders; ASD, autism spectrum disorder; ADHD, attention-deficit/hyperactivity disorder; CHD, congenital heart defects; mild HL, hearing loss (≥ 20 dB HL and ≤40 dB HL).
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Table 2. Mean composite results on CELF across CNV groups and cohort sites.
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	22q11.2Dup Dutch

(n = 18)
	22q11.2Dup English

(n = 11)
	Statistical

Outcomes

Independent

t-Test
	22q11.2DS

Dutch

(n = 18)
	22q11.2DS

English

(n = 11)
	Statistical

Outcomes

Independent

t-Test





	CELF CLS Mean (SD)

Range

95% Confidence interval
	76.72 (14.67)

55.00–102.00

69.43–84.02
	82.18 (14.84)

55.00–103.00

72.21–92.15
	t = 0.968

p = 0.342
	71.33 (14.74)

55.00–104.00

64.00–78.66
	71.46 (12.00)

55.00–97.00

63.39–79.52
	t = 0.023

p = 0.982



	CELF RS + FS Mean (SD)

Range

95% Confidence interval
	11.83 (6.19)

2.00–24.00

8.76–14.91
	13.09 (5.89)

4.00–22.00

9.13–17.05
	t = 0.541

p = 0.593
	10.28 (5.42)

2.00–20.00

7.58–12.97
	11.46 (3.91)

8.00–20.00

8.83–14.08
	W = 107.000

p = 0.734







Statistical outcomes: p-value; α = 0.05; α after Bonferroni correction = 0.025; t-value or W-value. CELF, Clinical Evaluation of Language Fundamentals (norm group average = 100, cut-off: <85: mild–moderate, <70: severe); CLS, Core Language Score; RS, Recalling Sentences; FS, Formulated Sentences (norm group average = 20).
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Table 3. Cross-CNV comparisons across CELF CLS and expressive composite scores.






Table 3. Cross-CNV comparisons across CELF CLS and expressive composite scores.





	

	
Scores

	
22q11.2DS

	
22q11.2Dup

	
Statistical

Outcomes

Paired t-Test






	
CHOP + Leuven

(n = 29)

	
CELF CLS Mean (SD)

Range

95% Confidence interval

	
71.38 (13.54)

55.00–104.00

66.23–76.53

	
78.79 (14.72)

55.00–103.00

73.19–84.39

	
t = 1.982

p = 0.057

d = 0.368




	
CELF RS + FS Mean (SD)

Range

95% Confidence interval

	
10.72 (4.86)

2.00–20.00

8.87–12.57

	
12.31 (6.00)

2.00–24.00

10.03–14.59

	
t = 1.219

p = 0.233

d = 0.226




	
Leuven

(n = 18)

	
CELF CLS Mean (SD)

Range

95% Confidence interval

	
71.33 (14.74)

55.00–104.00

64.00–78.66

	
76.72 (14.67)

55.00–102.00

69.43–84.02

	
t = 1.153

p = 0.265

d = 0.272




	
CELF RS + FS Mean (SD)

Range

95% Confidence interval

	
10.28 (5.42)

2.00–20.00

7.58–12.97

	
11.83 (6.19)

2.00–24.00

8.76–14.91

	
t = 0.906

p = 0.378

d = 0.214




	
CHOP

(n = 11)

	
CELF CLS Mean (SD)

Range

95% Confidence interval

	
71.46 (12.00)

55.00–97.00

63.39–79.52

	
82.18 (14.84)

55.00–103.00

72.21–92.15

	
t = 1.681

p = 0.124

d = 0.507




	

	
CELF RS + FS Mean (SD)

Range

95% Confidence interval

	
11.46 (3.91)

8.00–20.00

8.83–14.08

	
13.09 (5.89)

4.00–22.00

9.13–17.05

	
t = 0.790

p = 0.448

d = 0.238








Statistical outcomes: p-value; α = 0.05; α after Bonferroni correction = 0.008; t-value; Cohen’s d as effect size. CLS, Core Language Score (norm group average = 100, cut-off: <85: mild–moderate, <70: severe); RS, Recalling Sentences; FS, Formulated Sentences (norm group average = 20).
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Table 4. Proportions of children with difficulties across composite and subtest scores on CELF.
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22q11.2DS

	
22q11.2Dup






	
Composite

scores

	
CELF CLS (< −1 SD & < −2 SD)

Mild–moderate < −1 SD

Severe < −2 SD

	
24/29 (83%)

11/29 (38%)

13/29 (45%)

	
18/29 (62%)

10/29 (34%)

8/29 (28%)




	
CELF RLI

	
10/12 (83%) *

	
19/27 (70%)




	
CELF ELI

	
11/12 (92%)

	
18/28 (64%)




	
Subtest scores

Receptive

	
CFD

	
21/29 (72%)

	
17/27 (63%)




	
SS / SR

	
14/27 (52%)

	
15/28 (54%)




	
WC

	
11/19 (58%)

	
10/29 (34%)




	
Subtest scores

Expressive

	
RS

	
16/29 (55%)

	
19/29 (66%)




	
FS

	
22/29 (76%)

	
15/29 (52%)




	
WS (5.0–8.11 years)

	
5/10 (50%)

	
6/12 (50%)




	
EV (5.0–9.11 years)

	
4/7 (57%)

	
2/7 (28%)




	
  WD   ( ≥  10.00 years)

	
9/10 (90%)

	
6/12 (50%)








* Available data vary by subtest due to different age ranges of specific subtests or missing data. CLS, Core Language Score; RLI, Receptive Language Index; ELI, Expressive Language Index (cut-off: <85: mild–moderate, <70: severe); CFD, Concepts and Following Directions; RS, Recalling Sentences; FS, Formulated Sentences; WS, Word Structure; SS, Sentence Structure (5.0–8.11 years); SR, Semantic Relations (≥9.0 years); WC, Word Classes; EV, Expressive Vocabulary; WD, Word Definitions (cut-off: <7: mild–moderate problems; <4: severe problems).
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