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Background: Neuroimaging of individuals with non-syndromic oral clefts have revealed subtle brain structural differences compared to matched controls. Previous studies strongly suggest a unified primary dysfunction of normal brain and face development which could explain these neuroanatomical differences and the neuropsychiatric issues frequently observed in these individuals. Currently there are no studies that have assessed the overall empirical evidence of the association between oral clefts and brain structure. Our aim was to summarize the available evidence on potential brain structural differences in individuals with non-syndromic oral clefts and their matched controls.

Methods: MEDLINE, Scopus, Cochrane Central Register of Controlled Trials, Web of Science and Embase were systematically searched in September 2020 for case-control studies that reported structural brain MRI in individuals with non-syndromic oral clefts and healthy controls. Studies of syndromic oral clefts were excluded. Two review authors independently screened studies for eligibility, extracted data and assessed risk of bias with the Newcastle-Ottawa Scale. Random effects meta-analyses of mean differences (MDs) and their 95% confidence intervals (95% CI) were performed in order to compare global and regional brain MRI volumes.

Results: Ten studies from 18 records were included in the review. A total of 741 participants were analyzed. A moderate to high risk of bias was determined for the included studies. The cerebellum (MD: −12.46 cm3, 95% CI: −18.26, −6.67, n = 3 studies, 354 participants), occipital lobes (MD: −7.39, 95% CI: −12.80, −1.99, n = 2 studies, 120 participants), temporal lobes (MD: −10.53 cm3, 95% CI: −18.23, −2.82, n = 2 studies, 120 participants) and total gray matter (MD: −41.14 cm3; 95% CI: −57.36 to −24.92, n = 2 studies, 172 participants) were significantly smaller in the cleft group compared to controls.

Discussion: There may be structural brain differences between individuals with non-syndromic oral clefts and controls based on the available evidence. Improvement in study design, size, methodology and participant selection could allow a more thorough analysis and decrease study heterogeneity.
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INTRODUCTION

Oral clefts are one of the most common birth defects with a worldwide incidence of 1:700 births (Mossey and Modell, 2012). Oral clefts can be syndromic or non-syndromic, the latter occurring as a single anomaly in the absence of other physical and developmental disorders (Mossey and Modell, 2012; Bjørnland et al., 2021). The etiology of oral clefts is multifactorial, including gene-environmental interactions, hereditary causes, antenatal nutrition, and drug exposure (Lithovius et al., 2014; Bjørnland et al., 2021). Oral clefts can be anatomically classified as cleft lip (CL), cleft palate (CP), and combined cleft lip and palate (CLP) (Lithovius et al., 2014; Bjørnland et al., 2021).

Syndromic oral clefts are predisposed to more complex treatment due to the underlying genetic disorder and other associated health complications (Sándor-Bajusz et al., 2021). Syndromic individuals often have mental comorbidities including intellectual disability and learning disorders (Hardin-Jones and Chapman, 2011; Diaz-Stransky and Tierney, 2012; Feragen et al., 2014; McDonald-McGinn et al., 2015; Zinkstok et al., 2019). Decades of research revealed the presence of neuropsychiatric and neurodevelopmental disorders in individuals with non-syndromic oral clefts (Broder et al., 1998; Richman and Ryan, 2003; Conrad et al., 2008; Pedersen et al., 2016; Ansen-Wilson et al., 2018; Tillman et al., 2018). Children with oral clefts are associated with a significant agglomeration of psychiatry disorders including intellectual disability, autism spectrum disorder, ADHD and learning disorders (Pedersen et al., 2016; Ansen-Wilson et al., 2018; Tillman et al., 2018). Neurodevelopmental delays have been documented in younger children including fine motor, gross motor and both expressive and receptive language development (Conrad et al., 2008; Hardin-Jones and Chapman, 2011; Gallagher and Collett, 2019). These observations were suggested to be the consequence of multiple stressors including social stigma, frequent anesthesia exposure and/or cleft-related airway obstruction impairing proper neurodevelopment (Gallagher and Collett, 2019).

New advances in oral cleft research have strongly suggested a unified primary dysfunction of normal brain and face development, that could explain the neurodevelopmental-related deficits observed in these children (Conrad et al., 2021). This primary dysfunction seems to affect a crucial developmental stage of a physiological migration of cells that will later form the face and parts of the brain and the central nervous system (Ansen-Wilson et al., 2018; Ornoy, 2020). Neuroimaging studies have additionally revealed significant differences in the brain structure of individuals with non-syndromic oral clefts compared to matched controls. However, a definitive statement cannot be made due to the heterogeneity among the studies including quality, sample size, methodology and outcomes (Yang et al., 2012; Gallagher and Collett, 2019).

The aim of the present systematic review was to assess the overall empirical evidence of the association between of non-syndromic oral clefts and the brain.



METHODS

The current meta-analysis was registered in PROSPERO (International Prospective Register of Systematic Reviews1; RRID:SCR_019061, identifier CRD42020167773), and is reported according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 2020 (PRISMA 2020, RRID:SCR_018721) guideline (Page et al., 2021).


Search Strategy

Searches of the following databases were conducted until 7 September 2020: MEDLINE (Ovid; RRID:SCR_002185), Scopus, Cochrane Central Register of Controlled Trials (CENTRAL; RRID:SCR_006576), Web of Science and Embase (RRID:SCR_001650). Clinicaltrials.gov (RRID:SCR_002309) was searched to identify ongoing/completed studies and unpublished SRs (see Supplementary Table 1 for the full search strategy used in each of the databases).



Selection of Studies


Inclusion Criteria

The following criteria had to be met for inclusion into the study: (1) Case-control studies with humans; (2) Individuals with non-syndromic (isolated) oral clefts, without restriction to age; (3) Healthy controls; (4) Structural brain differences of individuals with non-syndromic oral clefts vs. their controls as a relevant outcome: structural differences had to be explored with brain MRI. No restrictions were applied for language.



Exclusion Criteria

The publication was excluded if it had any of the following: (1) Animal studies (2) Individuals with syndromes (syndromic forms of oral clefts, such as Pierre-Robin sequence or Velocardiofacial syndrome).

The selection process was performed with the Covidence systematic review software (RRID:SCR_016484) (Veritas Health Innovation, 2017).

Two review authors (KSB and EV) screened the titles and/or abstracts of studies retrieved from the searches. Additional sources were also screened (hand searching, reference/citation lists) to identify articles that may potentially meet the inclusion criteria. Full texts of these potentially eligible records were retrieved and assessed by one review author (KSB), while a second checked the decisions (EV). Any differences between the two reviewers were settled by consensus after consulting a third author (GA or SL).




Data Extraction

Data was extracted independently by three authors (KSB, AS, and EV). Discrepancies were resolved the same way as stated above.

Study setting (design, institution, country), patient demographics (number, age, sex, ethnicity, gender, type of oral cleft, brain imaging details, data processing) and outcome measurement details (general and regional brain MRI measurements) were collected. Any data that were not described in the article were calculated from existing data, or were obtained by contacting the authors.

The primary outcome measures were structural differences of the brain of individuals with oral clefts vs. individuals without oral clefts (controls) investigated via MRI. Other sought outcomes included the correlation between observed structural differences in the brain of individuals with oral clefts and alterations in neurological and/or mental functioning compared to controls.



Risk of Bias Assessment

The Newcastle-Ottawa Scale (NOS) (Wells et al., 2000) was used for all outcomes to assess the quality of non-randomized case-control studies included in the systematic review. Assessment was completed by two authors (KSB, AS) and independently checked by a third (SL) the same way to resolve discrepancies.



Statistical Analysis and Data Synthesis Methods

Review Manager Software Version 5.4 was used for data synthesis (RRID:SCR_003581) (Cochrane, 2020). The random-effects model was chosen a priori as the primary method to estimate all pooled estimates for studies that were comparable in design, exposure and outcomes. This model was used to account for the differences within study populations such as age, sex, and type of oral clefts. Mean Differences (MDs) and their corresponding 95% confidence intervals (CI 95%) were used for continuous outcomes.

The extent and impact of between-study heterogeneity was assessed by inspecting the forest plots and by calculating the tau-squared and the I-squared statistics, respectively. The I-squared thresholds represented heterogeneity that may not be important (0–40%), moderate (30–60%), substantial (50–90%), or considerable (75–100%). Possible sources of heterogeneity in meta-analyses were sought through pre-specified mixed-effects subgroup analyses if at least two studies were included for a comparison (same intervention/outcome). Pre-defined subgroup analyses included: (i) age; (ii) sex; (iii) ethnicity; (iv) cleft form (non-syndromic vs. syndromic).


Additional Analyses

Assessment of reporting biases (small-study effects or publication bias) was planned through the inspection of a contour-enhanced funnel plot and with the Egger’s weighted regression test if a sufficient number of trials were identified (n > 10).





RESULTS


Study Selection (Systematic Literature Search)

A total of 257 records were identified following the database searches. Overall, 245 records underwent title and abstract screening following duplicate removal. Thirty-two records were retrieved and assessed for eligibility. Two records were additionally identified by handsearching, and only one met the inclusion criteria (Yang et al., 2012). A total of 10 studies from 18 records met the inclusion criteria. Three records included individuals diagnosed with Van der Woude syndrome, a syndromic form of oral clefts (Nopoulos et al., 2000, 2002, 2005). These records were included in the current systematic review as none of the syndromic individuals exceeded 15% of total cleft participants.

The study selection process is shown in the flow diagram of Figure 1.
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FIGURE 1. Flow diagram of the study selection process.


Fifteen records seemed to meet the inclusion criteria, however, they were excluded during the full-text screening process. The reasons for exclusion were as follows: absence of a control group (n = 3 Shen and Huang, 1996; Mueller et al., 2007; Zheng et al., 2019), conference abstracts or commentaries (n = 4 Chollet et al., 2010; Tollefson and Sykes, 2010; DeVolder et al., 2014, 2015), wrong study population that only included syndromic cases of oral clefts (n = 2 Nopoulos et al., 2007a,b), absence of neuroimaging (n = 5 Čeponiene et al., 1999; Scott et al., 2005; Kummer et al., 2007; Conrad et al., 2008; Watkins et al., 2018), or neuroimaging other than brain MRI (n = 1 Becker et al., 2008).


Study Characteristics

The study characteristics are presented in Tables 1A,B. The majority were conducted in the US. Other countries included Australia (Adamson et al., 2014), Brazil (Bodoni et al., 2021), and China (Yang et al., 2012; Li et al., 2020). Study size ranged between 24 and 234 participants. The majority of the participants were males of Caucasian ethnicity. Most of the participants were children.


TABLE 1A. Characteristics of included studies.
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TABLE 1B. Demographic data of included studies.
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Risk of Bias of Included Studies

The risk of bias assessment of included studies are shown in Table 2. The overall risk of bias ranged from medium to high. Selection of cleft participants, their comparators and the assessment of exposure were described in half of the studies. Information on recruitment and reasons for dropout were not available in most studies. Only one study reported blinding personnel of group status during MRI scanning (Nopoulos et al., 2007c).


TABLE 2. Risk of bias (RoB) assessment using the Newcastle-Ottawa Scale.
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Results

Five studies were comparable in terms of study design, exposure and outcome. Studies were pooled using a random-effect meta-analysis.

All five studies segmented the brain according to all or one of the following: intracranial volume was divided into total brain tissue and cerebrospinal fluid; the brain tissue was divided into the cerebrum and cerebellum; the cerebrum was subdivided into the frontal, parietal, temporal, and occipital lobes. The majority of the studies used the Talairach Atlas-based method for measures of general and regional brain tissue. Most studies used three different sequences (T1-weighted, T2-weighted, and/or proton density images) with comparable parameters to classify tissue into gray matter, white matter, and cerebrospinal fluid. Additional details of MRI analysis are presented in Supplementary Table 2.


Primary Outcome


Studies Investigating Global Measurements

Global measurements were anatomically grouped into three groups: total brain volumes (including MRI volumes of the cerebrum and cerebellum), cerebral volumes (only MRI volumes of the cerebrum), and cerebellar volumes (only MRI volumes of the cerebellum).


Total Brain Volumes

The cleft group had lower total gray matter volume compared to controls (MD: −41.14 cm3; 95% CI: −57.36 to −24.92; n = 2; 172 participants; I2: 0%) (Figure 2). There were no differences in brain size of oral cleft subjects compared to controls (MD: −38.86 cm3; 95% CI: −83.88 to 6.16; n = 4;322 participants; I2: 48%) (Figure 3). No differences were found in white matter volume of oral cleft subjects and their controls (MD: −21.93 cm3; 95% CI: −64.20 to 20.33; n = 2; 172 participants; I2: 69%) (see Supplementary Figure 1).
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FIGURE 2. Forest plot for total brain gray matter volume (cm3).
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FIGURE 3. Forest plot for total brain volume (cm3) with subgroup analysis (non-syndromic vs. mixed).




Cerebral Volume

Total volume of the cerebrum in the oral cleft group did not differ from the control group (MD: −22.42 cm3; 95% CI: −66.40 to 21.56; n = 3; 268 participants; I2: 58%) (Figure 4). There were no differences in gray matter volume of the cerebrum between oral clefts and controls (MD: −6.45 cm3; 95% CI: −25.17 to 12.27; n = 2; 202 participants; I2: 0%) (see Supplementary Figure 2). An included study found a significantly lower gray matter volume on the left side of the cerebrum in individuals with oral cleft (Yang et al., 2012, P = 0.033). However, the study could not be included in the meta-analysis due to incomplete data (missing SD values). No differences were observed in cerebral white matter volume between oral clefts and controls (MD: −5.08 cm3; 95% CI: −20.19 to 10.03; n = 2; 146 participants; I2:0%) (Supplementary Figure 3).
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FIGURE 4. Forest plot for total volume of the cerebrum (cm3) with subgroup analysis (non-syndromic vs. mixed).




Cerebellar Volume

The cerebellum was significantly smaller in oral clefts compared to controls (MD: −12.46 cm3; 95% CI: −18.26, −6.67; n = 3; 354 participants; I2: 0%, n = 3) (Figure 5).
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FIGURE 5. Forest plot for total volume of the cerebellum (cm3).





Studies Investigating Regional Measurements


Frontal Lobe Volume

The size of the frontal lobe did not differ between the cleft group and controls (MD: 18.27 cm3; 95% CI: −12.62 to 49.16; n = 2; 120 participants I2: 0%) (Supplementary Figure 4). There were no differences in frontal gray matter volume between oral clefts and controls (MD: 4.77 cm3; 95% CI: −7.84 to 17.38; n = 2; 165 participants; I2: 0%) (Supplementary Figure 5). There were no differences in the two components of the ventrofrontal cortex; the straight gyrus (MD: −0.17 cm3; 95% CI: −1.35 to 1.00; n = 2; 165 participants; I2: 90%) and orbitofrontal cortex (MD: −0.99 cm3; 95% CI: −2.69 to 0.71; n = 2; 165 participants; I2: 0%) (see Supplementary Figures 6, 7).



Parietal Lobe Volume

There were no differences in the size of the parietal lobe between the cleft group and controls (MD: 4.91 cm3; 95% CI: −4.29 to 14.10; n = 2; 120 participants; I2: 0%) (see Supplementary Figure 8).



Temporal Lobe Volume

Smaller temporal lobes were found for the cleft group compared to controls (MD: −10.53 cm3; 95% CI: −18.23 to −2.82; n = 2; 120 participants; I2: 0%) (Figure 6). No differences were found on any side of the Superior temporal plane (STP) (left side MD: −0.37 cm3; −1.78 to 1.04; n = 2; 143 participants; I2: 66%. Right side MD: 0.20 cm3; 95% CI: −0.21 to 0.60; n = 2; 143 participants; I2: 0%) (Supplementary Figures 9, 10).
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FIGURE 6. Forest plot for temporal lobe volume (cm3).




Occipital Lobe Volume

The cleft group had significantly smaller occipital lobes compared to controls (MD: −7.39 cm3; 95% CI: −12.80 to −1.99; n = 2; 120 participants; I2: 0%) (Figure 7).
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FIGURE 7. Forest plot for occipital lobe volume (cm3).


Tables 3, 4 summarize studies that were not included in the meta-analyses due to the variability in either methods or outcome.


TABLE 3. Regional measurements.
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TABLE 4. 3D morphometric analysis of brain shape.
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Secondary Outcome


Studies Investigating Mental and Social Functioning

Heterogeneity of methods and outcomes prevented statistical pooling for meta-analyses for most secondary outcomes, with the exception of IQ scores. These secondary outcomes are illustrated in Table 5.


TABLE 5. Psychometric tools used to measure psychosocial functioning.

[image: Table 5]

Full-Scale IQ

Significantly lower FSIQ scores were as observed in individuals with oral clefts compared to controls (MD: −12.58; FSIQ; 95% CI: −21.98 to -3.17; n = 2; 234 participants; I2 = 84%) (Figure 8). All of the studies used the Wechsler Intelligence Scale of different editions.
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FIGURE 8. Forest plot for full-scale IQ scores.







Subgroup Analysis

Four meta-analyses demonstrated moderate to considerable levels of heterogeneity. Subgroup analysis was feasible for only two of the four meta-analyses (Figures 3, 4). Subgroup analyses were performed for age, sex, ethnicity, non-syndromic, and mixed (syndromic and non-syndromic) oral clefts.


Total Brain Volume

The non-syndromic subgroup had significantly smaller total brain volume compared to controls. However, this significant difference was not seen in the mixed subgroup (syndromic and non-syndromic cases) (MD: −77.06 cm3; 95% CI: −115.47 to −38.64; n = 2; 202 participants; I2 = 0%; Figure 3). The same phenomenon was observed for age (children vs. adults), sex (male only vs. mixed) and ethnicity (Caucasian vs. mixed) (Supplementary Figures 11A–C). These factors may be possible sources of the heterogeneity seen in the main analysis.



Total Cerebral Volume

A decrease in heterogeneity was found in the subgroup analysis of mixed oral clefts (MD: −0.80 cm3; 95%CI: −40.88 to 39.29; n = 2; 120 participants; I2 = 0%; Figure 4). The same phenomenon was observed for age (children vs. adults) and sex (male vs. male and female) (Supplementary Figures 12A,B).




Reporting Bias

Tests for funnel plot asymmetry could not be used to detect reporting bias due to the few studies included in the meta-analysis (n ≤ 10) (Higgins et al., 2019).




DISCUSSION

The aim of this review was to analyze the empirical evidence of the association between non-syndromic oral clefts and the brain. Overall, oral cleft subjects had smaller cerebral gray matter, cerebellum, temporal lobes, and occipital lobes compared to controls. Individuals with oral clefts had lower FSIQ scores compared to matched controls. Most of the studies controlled for confounders such as age and/or sex to control for brain growth and development; however, only half of the studies for subjects and/or parent’s sociodemographic level (Nopoulos et al., 2000, 2002, 2007c; Li et al., 2020; Bodoni et al., 2021). The risk of bias for the included studies was moderate to high. Most included studies did not analyze cleft subtypes separately which was likely due to the small sample size across subgroups.

Some effects of oral clefts may have remained hidden as a consequence to the small number of studies for most outcomes. A few studies have included syndromic cases of oral cleft, notably Van der Woude syndrome. Van der Woude is a dominantly inherited syndrome caused by the deletion of a gene encoding the interferon regulatory factor-6 (IRF6) on chromosome 1q32 (Johns Hopkins University, 2022). The authors state that the oral cleft occurs in an isolated matter without any other significant developmental issues and allow these individuals to be a part of the non-syndromic group. However, there have been documented cases of cognitive deficits and brain structural abnormalities of Van der Woude syndrome (Nopoulos et al., 2007a; Rincic et al., 2016). Including individuals with Van der Woude syndrome may have an impact on the results of the non-syndromic cleft population.

The total gray matter volume was significantly smaller in the cleft group, an interesting outcome as the total brain and cerebral volume did not significantly differ between the two groups. We hypothesize the following to explain this observation: (1) Shifts in brain tissue distribution in individuals with non-syndromic oral clefts have been shown previously (Nopoulos et al., 2007c). This phenomenon was suggested to occur due to a “compensatory overgrowth” of either brain tissue component unaffecting total brain size (Nopoulos et al., 2002). The cerebellum was significantly smaller in the cleft group; however, the gray or white matter volumes of the cerebellum could not be analyzed separately due to the lack of data in studies. This may indicate the presence of a smaller cerebellar cortex in the oral cleft group (i.e., gray matter), a difference which may not affect the overall tissue size of the “compensated” brain. (2) Subgroup analysis revealed a significantly smaller brain and cerebrum in studies with exclusively non-syndromic oral cleft participants. These differences were not observed in studies with mixed syndromic participants (Figures 3, 4). Total brain gray matter volume was analyzed in studies with non-syndromic individuals exclusively (Figure 2). Non-syndromic oral clefts may have smaller total brain and cerebrum, but the presence of syndromic individuals might have influenced this outcome.

There is supportive evidence regarding a primary unified maldevelopment of the brain during clefting; this might be an underlying etiology for the high risk of neuropsychiatric and neurodevelopmental issues seen in this patient population (Ansen-Wilson et al., 2018). Previous systematic reviews have shown an increased risk of neurodevelopmental and academic difficulties in individuals with non-syndromic oral clefts (Hunt et al., 2005; Al-Namankany and Alhubaishi, 2018; Gallagher and Collett, 2019). These studies, however, highlight the difficulty of summarizing the available evidence due to the lack of uniformity and consistency across studies. It has been proposed that syndromes and additional conditions related to the cleft should be analyzed in a separate group in order to observe if the additional condition is of any way a confounding variable affecting cognitive functioning (Feragen et al., 2014). Future studies should consider the assessment of brain structural data in reference to the subtype of oral clefts, the side affected, additional congenital malformations or comorbidities, anamnestic data on neurodevelopment, age and gender.

Our study has several important limitations. The majority of participants were Caucasian and originated from one register (University of Iowa Cleft Lip and Palate Registry). The clinic-based recruitment and the absence of blinding during the MRI procedures may have introduced bias. Most studies did not report participation rate or investigate the differences between participants and dropouts. We could not analyze structural brain differences across the subtypes of oral cleft and gender due to the small sample sizes. It was not possible to isolate data of the syndromic cases from the overall data of respective studies. Furthermore, the impact of surgical interventions on the developing brain could not be analyzed due to lack of data regarding the timing of the surgery, age of the patient, type of cleft repair surgery and anesthesia exposure. Only one study included the cleft repair status of its participants (Yang et al., 2012). Demographic factors, such as age and/or sex of the participants were provided by most of the included studies; however, there was a lack of detailed information of parental socio-economic factors including education and financial backgrounds. Parental socio-economic factors are known to strongly relate to the child’s neurodevelopment (Noble et al., 2015; Rakesh and Whittle, 2021) and may be a crucial factor in the developing brain of children with oral clefts. It is unclear how brain structural differences affect psychosocial functioning due to the variable assessment tools used in the included studies.

The meta-analyses combined data across studies in order to estimate the effect of oral clefts on brain structure. The main limitations of these meta-analyses are the incomplete reporting of study designs and the variable definition of the patient population across the studies. The interpretation and synthesis of the included studies may have been influenced by these factors. Applicability of our results may be affected due to the limited data for certain subgroups, such as cleft type and gender.

The current review has a number of strengths. To the best of our knowledge, this is the first study to have assessed the overall empirical evidence of brain imaging studies in oral clefts carried out for over two decades. We were able to highlight possible sources of heterogeneity including sex, ethnicity, age and syndromic cases of oral clefts.

There may be structural brain differences between individuals with non-syndromic oral clefts and controls based on the available evidence. Structural brain MRI studies may provide evidence on how the type and degree of clefting plays a role with later cognitive development and functioning. Improvement in study design, size, methodology, and participant selection may allow a more thorough analysis and decrease study heterogeneity. Future studies may greatly benefit the clinical field in establishing timely therapeutic interventions for the necessary cognitive domains as a part of the complex therapy applied to these patients.
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Adamson et al. (2014) Australia No Children with non-syndromic oral clefts Genetic syndromes 52
Chollet et al. (2014) United States MRI data from previous Children with non-syndromic oral clefts Braces, FSIQ < 70, genetic syndromes 96
(Nopoulos, 2007F) study by Nopoulos
et al. (2007¢)
Bodoni et al. (2021) Brazil No Children with non-syndromic oral clefts Sensory or motor problems, psychiatric 24
disorders, claustrophobia,
contraindications to MRI
Li et al. (2020) China No N/A Brain structural abnormalities, 69

N, population size; CLR, Cleft lip and palate; CR, Cleft palate; CL, Cleft lip.

neurological or psychiatric disorders, and
MRI contraindications
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Study Outcome Results

Nopoulos (2007F) 3D brain shape analyzed with EDMA  Narrative data: Major differences in cleft subjects included posterior expansion of the occipital lobe,

(interlandmark distances) reorientation of the cerebellum, heightened callosal midbody, and posterior displacement of the caudate
nucleus and thalamus. The magnitude of expansion of the occipital lobe was greatest in children with CP.
Weinberg et al. 3D brain shape analyzed with EDMA  Narrative data: Major brain shape changes associated with clefting were observed with CVA and EDMA:
(2009) (interlandmark distances) and CVA this included selective enlargement of the anterior cerebrum coupled with a relative reduction in posterior
(shape coordinates) and/or inferior cerebral portions, changes in the medio-lateral position of the cerebral poles, posterior

displacement of the corpus callosum, and reorientation of the cerebellum.

EDMA, Euclidean distance matrix analysis; CVA, canonical variates analysis; CR, Cleft palate.
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Age: mean
(SD)

33.7 (7.3)

30.3 (N/A)

30.1 (7.04)

30.1 (7.04)

30.1 (7.04)

12.1(3.26)

9.98 (1.64)

30.1(7.1)

Separated by
cleft side:
Right, 13

(2.68); left cleft,
11.7 (2.80)

11.9 (3.9

13.27 (3.28)

Male: 13.44
(4.61), female:
14.11 (3.80)
15.6 months
(5.7 months)

32.3(7.4)
10.40 (2.57)

CP: 11.7
(:: 3.2), CLP:
12.7 (£ 3.1)

13 (1)

Group B before
therapy: 24
(4.92)*, group A
after therapy
22.8 (5.4)"

Demographic measures of clefts

Gender (%)

Male (100%)

Male (100%)

Male (100%)

Male (100%)

Male (100%)

Male (67.57%),
female
(33.33%)

Male (100%)

Male (100%)

Male (100%)

Male (100%)

Male, (59%)
female (41%)

Male: (61.68%).
female:
(38.31%)
Male: 24
(88.9%),
female: 3
(11.1%)
All male
Males: 11
(42.31%)
Females: 15
(57.69%)

Male (66, 67%),
female (33,
33%)

Male (58, 33%),
female (41,
67%)
Male: 26
(57.78%)
female:19
(42.22%)

Ethnicity (%)

Caucasian (100%)

Caucasian (100%)

Caucasian (100%)

Caucasian (100%)

Caucasian (100%)

White (90.5%), Asian
American (8, 1%), Hispanic
(1.4%)

Provided for both study
groups: African (1.37%),
Asian (1.37%), Asian
American (4.11%),
Caucasian (89.04%),
Hispanic (1,37%), and
mixed (2.74%).
Caucasian (100%)

N/A

Caucasian (95%; detailed
info N/A)

White (70%) Asian
American (9%), Hispanic
(5%), multiracial (7%)
unknown (9%)

N/A

Han Chinese (100%)

N/A
N/A

Caucasian (82%), Asian
American (8%), African
American (1%),
Hispanic/Latino (2%),
Native Hawaiian/Pacific
Islander (1%), biracial (4%),
N/A (1%)

/A

/A

N, population size; CLR, Cleft lip and palate; CF, Cleft palate; CL, Cleft lip.
*Data were calculated from median (IQR) values with statistical tool developed by \Wan et al. (2014) and Luo et al. (°018).

Cleft
subtype (N)

CL (1), CPO
(5, one is
syndromic),
CLP (8, one
is syndromic)
CPO (15),
CLP (34,
three are
syndromic)
CPO (14),
CLP (32,
three are
syndromic)
CPO (14),
CLP (32,
three are
syndromic
CPO (14),
CLP (32,
three are
syndromic)
CL (18), CPO
(23), CLP (33)

CL (8), CPO
(7), CLP (15)

CPO (14),
CLP (31)

CL(9), CLP
(24)

CL(11), CPO
(13), CLP (26)
CL (7), CPO
(11), CLP (25)

CL (22), CP
(31), CLP (52)

CP (22), CLP
(35)

CLP (12)

N/A

Demographic measures of controls

Age: mean
(SD)

33.1(7.7)

27.3 (N/A)

28.8 (7.60)

28.8 (7.60)

28,8 (7.60)

12.3(3.09)

10.68 (1.45)

28.8 (7.5)

12,2 (3.01)

121 (2.7)

13.28 (3.27)

Male: 13.04

(8.92), female:

13.65 (3.82)

15.6 months
(5.7 months)

29.1 (7.9)
10,52 (1.72)

12.5(3.0)

Gender (%)

Male (100%)

Male (52%), female
(48%)

Male (100%)

Male (100%)

Male (100%)

Male (67.57%),
female (33, 33%)

All male

All male

All males

All males

Males (59%),
females, (41%)

Males (50.39%),
females: 63
(49.60%)
Same as oral cleft
group

All male

Male (61, 54%),
female (38.46%)

Male (69.23%)
female (30.77%)

Male (568.33%),
female (41.67%)

Male: 15 (62.50%),
female: 9 (37.50%)

Ethnicity (%)

Caucasian
(100%)

N/A

Caucasian
(100%)

Caucasian
(100%)

Caucasian
(100%)

White (87.8%),
Asian American
(5.4%),
Hispanic (6.8)
See oral cleft
group

Caucasian
(100%)
N/A

See oral cleft
group
White: 37
(86%),
multiracial: 1
(2%), unknown:
5(12%)
N/A

Han Chinese
(100%)

N/A
N/A

See oral cleft
group

N/A

N/A
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Outcome

Social function measured with the Psychiatric Symptoms
You Currently have-Baseline tool (PSYCH-base), and the
relationship to brain volumes.

Pediatric Behavior Scale derived
hyperactivity/impulsivity/inattention (Hll) scores and its
relationship to the volume of the vmPFC.

Boston Naming Test, Rey Auditory-Verbal Learning Test,
Rey-Osterreith Complex Figure Test, Stroop Test.
Relationship of test performance and brain volumes.
RAVEN, Rey Complex Figure, Wisconsin. Relationship
between test performance and brain volumes.

Self-Description Questionnaire: SDQ-1 and relationship to
brain volumes.

Speech measured by hypernasality, articulation proficiency,
and nasalance. Relationship between performance and
brain volumes.

Results

Social function was measured only for cleft subjects (recreational interests
and activities; relationship with friends and peers; relationship with family
members). Twenty-six percent of oral cleft subjects rated relationship with
friends as poor. Thirteen percent of oral cleft subjects rated their relationship
with family members as poor. Six percent of subjects rated recreational
participation as poor. No significant differences of social function between
CLP and CP subtypes. Significant correlation was observed between
smaller surface of the OF and social dysfunction in cleft subjects

(P =0.003).

The cleft group showed significantly elevated scores in HIl compared to
controls (P = 0.021). Boys of the control group with the lowest right vmPFC
volume scored the highest on the Hil (P = 0.041). In the cleft group, boys
with the highest volume of the right vmPFC achieved the highest HIl scores
(P =0.005).

Lower test performance on the Boston Naming Task correlated with greater
STP volume for oral cleft subjects, but not significant (P = 0.074). No
correlations observed in the other tests.

Cleft group performed significantly worse on the Raven test compared to
controls, and had non-verbal intelligence scores below average (P = 0.006).
Raven test correlated positively with decreased cortical thickness of right
pars orbitalis in oral clefts. Rey Complex Figure Test—Memory scores in
oral cleft subjects showed significant positive correlation to decreased
cortical thickness in: left supramarginal gyrus, right supramarginal gyrus, left
superior parietal lobule, left inferior parietal lobule, right inferior parietal
lobule, right middle temporal gyrus, right pars orbitalis, right superior
temporal gyrus, and right rostral middle frontal gyrus (P < 0.05).

Boys with oral clefts had significantly poorer peer relations in the
self-reported SDQ-1 score (P = 0.002). Significant correlation between
small SG measures and self-reported low peer relation scores was
observed (P < 0.05).

Boys had greater impaired speech than girls in all three domains. These
differences reached significance only for the hypernasality rating

(P =0.003). Speech and structure correlations for boys with oral clefts were
significant for cerebellar volume and articulation (P = 0.015), and those with
worse articulations had smaller cerebellar volumes.

Validated

Yes

Yes

Yes

Yes

Yes

N/A

CLR Cleft lip and palate; CR, Cleft palate; OFC, orbitofrontal cortex; vmPFC, Ventro-medial prefrontal cortex.
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Author, year Isthe case Representativeness Selection Definition Comparability Ascertainment of Same method Non- 9 = Low RoB;
definition of the cases of controls of controls of cases and outcome of ascertain- response 7-8 = Medium
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Outcome

Total lobar volumes: frontal, parietal,
temporal and occipital

Total lobar volumes, gray and white

matter volumes provided separately:

frontal (and VFC), parietal, temporal
(and STP) and occipital

Lobar gray and white matter volumes
separately: frontal (and VFC), parietal,
temporal and occipital

STR, thalamus

Left postcentral gyrus, right inferior
frontal gyrus

Eight corpus callosum landmarks
assessed.

Enlargement of CSP analyzed by a
rating scale designed for the study.

Results (mean, SD)

Significantly larger frontal lobes for clefts (440.4, 39.1) than controls (421.4, 46.0; P = 0.02). Smaller
temporal and occipital lobes for clefts (226.1, 21.7) vs. controls (235.2, 19.9; P = 0.02); clefts (115.4,
10.8) vs. control (123.7,15.4; P = 0.009), respectfully. No significant differences between parietal lobe
volumes.

Significantly smaller volumes observed in clefts for all the following: total frontal lobe (463, 55.9) vs.
controls (460, 49.7; P = 0.029); frontal gray matter (275, 32.3) vs. controls (270, 30.0; P = 0.028);
parietal lobe (264, 28.0) compared to controls (260, 26.7; P = 0.001); parietal gray matter (143, 15.6)
vs. controls (139, 15.3; P = 0.006); smaller temporal lobe (227, 22.9) vs. controls (238, 20.6;

P < 0.0001); temporal gray matter (153, 14.4) vs. controls (159, 12.9), P = 0.002; temporal white matter
(74,0, 10.3) vs. controls (78,9, 10.8; P = 0.005); smaller occipital lobe (124, 14.3) vs. controls (131,
17.2; P = 0.007); and occipital white matter (Kummer et al., 2007; Mueller et al., 2007; Luo et al., 2018)
vs. controls (61.6, 7.39; P < 0.0001). The volume of SG (of the VFC) was smaller in clefts (5.876, 1.184)
than controls (6.733, 1.533; P = 0.02). Total volume of STP greater in clefts (11.96, 1.807) vs. controls
(11.61, 1.776; P = 0.034), but no significant differences when two sides were compared separately.
Only means were provided: Frontal white matter was significantly lower in boys with right clefts (156.0)
compared with boys with left clefts (166.3; P = 0.01), and healthy boys (164.5; P = 0.01). Same was
observed occipital white matter in right cleft (35.1), left cleft (39.5) and controls (38.6; P = 0.004). The
VFC, parietal, temporal lobes, and gray matter of frontal and occipital lobe did not differ between the
two groups.

Total volume of the STP on the left side significantly smaller for cleft subjects (7.42, 2.91) vs. controls
(8.77, 3.38; P = 0.0006). Thalamus on the left side significantly smaller for cleft (4.98, 0.66) than
controls (5.59, 1.06; P < 0.001).

Only narrative data available: before articulation therapy group had an increased gray matter volume in
left postcentral gyrus compared to controls (P < 0.001) and after therapy group (P < 0.05). Increased
gray matter volume in right inferior frontal gyrus in the before therapy group compared to controls

(P < 0.05).

Mean corpus callosum shape of cleft subjects was significantly different from controls (Procrustes
distance = 0.049; P = 0.029). There was a decrease in overall antero-posterior length of the corpus
callosum with an increase in convexity of the body in cleft subjects compared to controls.

One individual out of the 75 controls had an enlarged CSP. Four out of the 49 cleft subjects had
enlarged CSP. The incidence of enlarged CSP was significantly different between the two groups

(P =0.039).

VIFC, Ventrofrontal cortex; STR, Superior temporal plane; CSP, Cavum septum pellucidum.





