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Abstract

The present study evaluated brain development in persons with isolated cleft lip and/or cleft palate 

(iCL/P) compared to unaffected controls using an accelerated longitudinal design. A sample of 

134 males and females, ages 7–27 years, with iCL/P (184 observations, total) was compared to 

144 unaffected controls (208 evaluations, total) on Wechsler Index scores and volumetric data 

from structural MRI scans. Boys with isolated cleft palate had verbal IQ 15.5 points lower than 

perceptual IQ; a clinically significant difference. Participants with iCL/P had differential growth 

trajectories of regional cerebrum matter and consistently lower volumes of cerebellar gray matter 

and subcortical matter.

Introduction

Oral clefts are among the most common congenital anomalies, with population-based 

estimates at 10.25 per 10,000 live births (Mai et al., 2019). Of these cases, roughly 70% 

are considered “isolated” or not in connection with a known syndrome (Schutte & Murray, 

1999). Isolated cleft lip and/or palate (iCL/P) can be further differentiated into isolated 

cleft lip only (iCL), isolated cleft palate only (iCP), or isolated cleft lip and palate (iCLP). 

Although isolated clefts are not associated with any known genetic syndromes or causes, 

decades of research have shown that iCL/P is associated with outcomes beyond facial 

structure. Research has found subtle, but meaningful, differences in neuropsychological 

functioning (Conrad, Nopoulos, et al., 2010; Nopoulos, Berg, VanDemark, et al., 2002; 

Nopoulos et al., 2007) as well as neuronal structure (Conrad et al., 2020; Nopoulos, Berg, 

Canady, et al., 2002; Nopoulos et al., 2007; Shriver et al., 2006) and activation (Conrad 

et al., 2015; Rao et al., 2020; Zhang et al., 2017) between persons with iCL/P compared 

to unaffected controls, from infancy to adulthood. These neuronal abnormalities have been 

related to differences in behavior (Nopoulos et al., 2010), socialization (Boes et al., 2007), 

cognition (Shriver et al., 2006), learning (Conrad et al., 2015), and speech (Conrad, Dailey, 
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et al., 2010) suggesting a link between neuronal findings and functioning. While early 

exposure to anesthesia, obstructed airway, disrupted hearing and speech, and psychosocial 

stressors are likely related factors in these outcome findings, the presence of consistent sex 

and cleft type effects (i.e., males with palatal involvement tend to score lower than females 

and males with iCL; Collett et al., 2014; Conrad, 2018; Wehby et al., 2015) suggests an 

underlining biological link.

Etiological Theories for Neuronal Differences in Persons with iCL/P

There are 3 leading theories that have been discussed on why differences in brain structure 

exist for persons with iCL/P. First, authors have argued that early and frequent exposure to 

anesthesia may contribute to abnormal brain development and functional impairments (Laub 

& Williams, 2015). Animal studies have demonstrated neural cell death and associated 

learning problems following early exposure (Jevtovic-Todorovic et al., 2003) but human 

studies have shown minimal impact of short and single exposure (Conrad et al., 2021; Glatz 

et al., 2017; Hansen et al., 2011). No prospective research in iCL/P has been conducted to 

evaluate the impact of exposure to anesthesia, but preliminary work has presented possible 

neuronal differences in infants, before exposure to anesthesia (Conrad et al., 2020). The 

second theory suggests that obstructed airways and reduced oxygenation related to clefts 

contributes to cognitive deficits (Cielo, Konstantinopoulou, et al., 2016; Cielo, Montalva, 

et al., 2016; Cielo, Taylor, et al., 2016; Muntz, 2012). Only one study to date has been 

conducted to evaluate this possibility and found issues in sleep to be correlated to lower 

performance on cognitive tasks at 3 years of age (Smith et al., 2014). The third theory 

proposes that given the shared origination of the cells that make up the brain and face, 

abnormal migration of cells during facial development occurs concurrently with abnormal 

migration of neuronal cells (Kjaer, 1995; Sperber, 1992).

Key Studies Examining Brain Differences in Populations with iCL/P

The first imaging study in iCL/P was conducted by Nopoulos and colleagues (Nopoulos, 

Berg, Canady, et al., 2002) on 46 males with iCL/P and 46 unaffected males. Results 

demonstrated equal global brain volumes compared to unaffected controls, but regional 

analyses identified increased anterior cerebral gray matter (GM) and reduced posterior 

cerebral white matter (WM). Further analyses with this dataset found that for participants 

with iCL/P, enlarged cerebral spinal fluid was inversely correlated to cognitive functioning 

(Nopoulos et al., 2001; Nopoulos, Berg, VanDemark, et al., 2002), reduced orbitofrontal 

cortex was correlated to social dysfunction (Nopoulos et al., 2005), and disproportionately 

enlarged superior temporal plane was inversely related to IQ and language test scores but not 

to childhood hearing (Shriver et al., 2006).

This line of research was expanded with further cross sectional structural imaging studies on 

infant (Conrad et al., 2020; Yang et al., 2011) and child/adolescent (Adamson et al., 2014; 

Bodoni et al., 2020; Conrad et al., 2021; Conrad et al., 2015; Nopoulos et al., 2007) samples. 

The majority of these studies also reported equal global measures of intracranial volume 

(ICV) and whole brain volume (Bodoni et al., 2020; Conrad et al., 2021; Yang et al., 2011); 

only one study found decreased tissue in children/adolescents with iCL/P (Nopoulos et al., 

2007). Within the cerebrum, decreased GM (Yang et al., 2011) and myelinated WM (Conrad 
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et al., 2020) is noted in infancy. However, results are mixed for children/adolescents; 

Adamson and colleagues (2014) reported increased volume and cortical thickness across 

all cerebral lobes while Bodoni and colleagues (2020) found reductions in cortical thickness. 

Others have found differences regionally (i.e., differences only in the frontal and occipital 

lobe; Conrad et al., 2021; Nopoulos et al., 2007), between GM and WM (i.e., only increased 

GM; Adamson et al., 2014; Conrad et al., 2021; Nopoulos et al., 2007), and between sexes 

(i.e., patterns of increase vs decreased GM differing for males and females; Adamson et al., 

2014; Nopoulos et al., 2007). Two findings that are consistent across the majority of these 

studies and across developmental stages include decreased subcortical volumes (Adamson 

et al., 2014; Bodoni et al., 2020; Nopoulos et al., 2007; Yang et al., 2011) and cerebellar 

volume (Conrad et al., 2020; Nopoulos, Berg, Canady, et al., 2002; Nopoulos et al., 2007).

Moving Forward in Structural Imaging Work

Multiple studies have called for longitudinal evaluation of brain abnormalities in patients 

with iCL/P (Bodoni et al., 2020; Conrad et al., 2020; Nopoulos et al., 2007; Yang et al., 

2011); providing the opportunity to evaluate changes across time within participants, rather 

than cross-sectionally. Without longitudinal data on brain structure in persons with iCL/P, 

it is difficult to draw conclusions on brain structure and development. Inconsistent findings 

in different age groups, sexes, and cleft subtypes point to the gap in the literature of a 

longitudinal study connecting brain structure and function from infancy to adulthood. The 

purpose of the study is to examine brain development in subjects with iCL/P ages 7 – 27 

years-old when compared to unaffected controls using an accelerated longitudinal design. 

This permits evaluation of a wide age range as well as collection of longitudinal data 

through repeat visits (Galbraith et al., 2017).

Materials and Methods

Recruitment and Procedures

All participants were enrolled on brain structure and neuropsychological function in children 

and young adults with iCL/P. Recruitment was conducted via letters send from cleft 

clinic patient lists (iCL/P) and local advertisements (controls). Exclusion criteria for all 

participants included: presence of braces or other metal in the body that would be contra-

indicatory to an MRI scan, history of brain injury, and presence of a major medical (aside 

from the cleft among cases), neurologic, or psychiatric illness. For participants with iCL/P, 

if there was suspicion of a genetic syndrome the case was reviewed by a clinical geneticist 

and only included if deemed “non-syndromic”. Finally, to ensure comparison to a typically 

developing group, unaffected participants were excluded if they had history of a learning or 

attention deficit (as reported by parents during the screening process).

Participants assessed during the first funding period (N = 232; November 2002 - June 2007) 

were 7 – 17 years old and have been described previously (Nopoulos et al., 2007). A total 

of 232 participants (130 unaffected and 102 with iCL/P) were assessed during this phase. 

The second funding period (March 2009 – February 2013) permitted return assessments 

for the original participants, recruited additional participants, extended the age range to 27 

years old, and expanded the testing battery. During this phase, 77 new participants were 
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enrolled (23 unaffected and 54 with iCL/P), 110 returned for a second visit, 21 had a 

third visit, and 1 participant had a 4th visit. Across both funding periods of this project, 

there were a total of 311 participants with 441 observations. After review of records, 7 

participants (13 assessments) were removed for not meeting inclusion criteria (1 = did not 

have a cleft as coded, 1 = preterm birth, 1 = ADHD diagnosis, 2 = syndromic cleft, and 2 

= discontinued due to illness). Of the remaining 428 observations, 16 were removed as they 

did not have MRI scans and 20 were removed because the obtained MRI scan did not pass 

quality control. The final sample included 278 participants with 392 usable observations for 

analysis.

We employed an accelerated longitudinal design (ALD), which is a commonly used 

approach for studying brain development (Galbraith et al., 2017). ALD encompasses cross-

sectional and longitudinal components, which enables coverage of a wide age range in a 

relatively short study period.

All visits took place at the University of Iowa with completion of the neuropsychological 

battery and MRI scan on the same day. All procedures were reviewed and approved by 

the Intuitional Review Board (IRB). For participants under 18 years of age, parents signed 

an Informed Consent Document and participants provided written Assent. For participants 

18 years and older, the participant signed an Informed Consent Document. Families were 

reimbursed for travel costs and participants were compensated monetarily for participation.

Materials

Intellectual Assessment—All participants were administered select subtests from the 

age-appropriate version of the Wechsler Intelligence battery. For those ages 7 – 16 years 

old, subtests from the Wechsler Intelligence Scale for Children, 3rd Edition (WISC-III; 

Wechsler, 1991) were given. For those 17 years and older, subtests from the Wechsler Adult 

Intelligence Scale, 3rd Edition (WAIS-III; Wechsler, 1997) were given. All assessments 

were repeated at each visit and return visits were never scheduled less than a year 

apart (to limit repeat testing effects). For both the WISC-III and WAIS-III, Vocabulary, 

Block Design, and Matrix Reasoning subtests were administered to all participants. The 

Similarities subtest was added in the second year of the first study phase; subsequently, 50 

(13%) are missing this subtest. Pro-rated Verbal IQ (VIQ; Vocabulary and Similarities) and 

pro-rated Perceptual IQ (PIQ; Block Design and Matrix Reasoning) were calculated. Note 

that for those without the Similarities subtest, pro-rated VIQ was based on the Vocabulary 

subtest alone. To identify possible uneven cognitive development across these two indices, 

a difference score between VIQ and PIQ was calculated (VIQ/PIQ Difference), where a 

difference score approaching 0 indicates similar performance on both scales; and a negative 

score indicates poorer performance on PIQ relative to VIQ. Finally, pro-rated Full Scale 

IQ (FSIQ) was calculated using the pro-rated VIQ and PIQ values. VIQ, PIQ, VIQ/PIQ 

Difference, and FSIQ could not be calculated for 2 participants (both unaffected).

Structural Brain Imaging—Images were obtained on either a 1.5-Tesla GE Signa MR 

scanner (GE Medical Systems, Milwaukee, WI) or a 1.5 Siemens Avanto scanner (Siemens 

AG, Muenchen, Germany). From November of 2002 through November of 2005, 195 
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scans (78 iCL/P & 117 unaffected) were run on the GE scanner. After July of 2006, 197 

scans (106 iCL/P & 91 unaffected) were run on the Siemens scanner. Similar acquisition 

sequences were used across the scanners. At the time of the switch in machine use, 

a study was done imaging subjects on both scanners. The two machines were found 

to produce comparable measures (Andreasen et al., 2011). To directly address potential 

impact of scanner, we harmonized the neuroimaging data using the Combat harmonization 

approach (Fortin et al., 2018). Harmonization effectively removed scanner-induced variation 

(Supplemental Table 1). Statistical analyses were conducted on the harmonized data. 

Scanner was added for the aforementioned regions to account for any residual variation 

due to scanner.

Three different sequences were acquired at each visit. T1-weighted images, using a spoiled 

gradient recalled sequence, were acquired with the following parameters: 1.5-mm coronal 

slices, 40° flip angle, 24-millisecond repetition time (TR), 5-millisecond echo time (TE), 

two excitations (NEX), 26-cm field of view (FOV), and a 256×192 matrix. The proton 

density (PD) and T2-weighted images were acquired with the following parameters: 3.0-mm 

coronal slices, 36-millisecond TE (for PD) or 96-millisecond TE (for T2), 3000-millisecond 

TR, one NEX, 26-cm FOV, 256×192 matrix, and one echo train length.

Regions of interest (ROIs) were extracted using the BRAINSAutoWorkup pipeline which 

iteratively optimizes tissue classification producing robust brain parcellation in a multi-

scanner setting (Young Kim & Johnson, 2013). BRAINSAutoWorkup labels regions using a 

multi-atlas, similarity-weighted, majority-vote procedure (i.e., joint label fusion; Wang et al., 

2013) using expert-segmented templates adapted from the Desikan-Killiany atlas (Desikan 

et al., 2006).

It is important to account for intracranial volume (ICV) when comparing regions between 

groups, because regions scale with ICV. The goal of correction is to transform the region 

of interest (ROI) such that it is no longer related to ICV, which requires accounting for 

non-linear relationships. The power-proportion method (PPM) divides volume by β, where 

β is estimated from a non-linear regression model, ROI = αICVβ (34). We estimated β for 

each ROI, and divided each ROI by ICVβ. All ratios were subsequently standardized by 

subtracting out the grand mean, and dividing by the SD. The efficacy of detrending was 

checked by running linear regression models predicting the adjusted ROI from ICV. None of 

the estimates were statistically significant (see Supplementary Figure 1).

Statistical Analysis

Cognition—Mixed linear models were conducted to evaluate main effects of group and 

sex, as well as their interaction on FSIQ, VIQ, PIQ, and VIQ/PIQ Difference controlling 

for SES and random effect of participant. Models were also conducted to evaluate main and 

interaction effects of cleft type (i.e., unaffected, iCLO, iCPO, and iCLP) and sex.

Growth Trajectories of Brain Development in unaffected and iCL/P—To 

accommodate our study design, mixed linear models were conducted, which are designed 

to account for missing data. Across models, brain volume was predicted by the interaction 

between age and group. Additional predictor variables include sex and SES. Participant ID 
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was included as a random effect to account for non-independency of observations. Because 

brain growth can be non-linear, we tested if adding non-linear components significantly 

improved the model fit. Age was expressed as a natural cubic spline with 2 degrees of 

freedom, which allows for 1 additional knot, plus the boundary knots. We also tested 

if additional knots significantly improved model fit. Trajectories for ICV, cerebrum (and 

each lobe), cerebellum, and subcortical regions (i.e., striatum, thalamus, amygdala, and 

hippocampus) were run separately. Main effects were considered significant at p < .05 

and interaction effects were considered significant at p < .10. Correction for multiple 

comparisons was not conducted, therefore Cohen’s f2 were calculated to gauge the strength 

of the association of the reported effects (Selya et al., 2012). According to Cohen (1992), 

Cohen’s f2=.02 represents a small effect size; .15 a medium effect size and .35 a large effect 

size.

Growth Trajectories of Brain Development across Cleft Types—To identify 

potential differences in brain growth as a function of cleft type, mixed linear models were 

conducted within the iCL/P group only (i.e., iCLO, iCPO, and iCLP). Models were limited 

to regions where either a significant group main effect or age-by-group interaction effects 

were identified in the previous analyses. Given the smaller sample size, only main effects of 

cleft type, age, and sex were evaluated. As with previous models, SES was included as an 

additional predictor variable.

Results

Participants

An initial observation was obtained for 134 participants with iCL/P; 42 had a second visit 

and 8 had a third visit, for a total of 184 observations. Age at assessment ranged from 7 

to 27 (mean = 15.59, SD = 5.07). One hundred and seventeen (64%) were male; consistent 

with the higher incidence of iCL/P in males. There were 43 participants with iCLO, 47 with 

iCPO, and 94 with iCLP. Consistent with the geographic location, 147 participants (80%) 

were White. The majority of participants (51%) were considered middle-class, based on a 

modified Hollingshead ordinal scale (Hollingshead, 1975).

An initial observation was obtained for 144 unaffected participants; 55 had a second 

visit and 9 had a third visit, for a total of 208 observations. Age at assessment ranged 

from 7 to 26 (mean = 14.90, SD = 4.32), which was not significantly different from 

participants with iCL/P (F (1, 390) = 2.124, p = .146). One hundred and three (48%) 

were male. The distribution of males and females differed significantly between groups (χ2 

(1, 392) = 7.29, p = .007). Note that analyses were adjusted for sex. One hundred and 

ninety-seven participants (95%) were White. The distribution of White vs. Non-White was 

significantly different between groups (χ2 (1, 389) = 22.185, p < .001). The majority of 

unaffected participants (65%) were considered upper-middle class. The distribution of SES 

was significantly different between groups (χ2 (3, 392) = 29.12, p < .001; See Table 1 and 

Supplemental Table 2). It should be noted that statistical models included an SES predictor 

variable.
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Out of the 278 unique participants, 97 (35%) returned at least once. Those who returned for 

at least 1 other visit were younger than individuals who did have return visits (mean = 12.05 

(3.59) years vs 14.82 (4.76) years; F (1, 278) = 25.256, p < .001). Given the age range of the 

study, younger participants would have more opportunities to return than older participants. 

There were no differences in patient type (χ2 (1, 278) = 1.434, p = .231), cleft type (χ2 (3, 

278) = 2.466, p = .481), sex (χ2 (1, 278) = 1.574, p = .210), race (χ2 (1, 275) = 1.019, p = 

.313), ethnicity (χ2 (1, 276) = 1.879, p = .170), socioeconomic status (χ2 (3, 278) = 5.072, p 
= .167), or FSIQ (F (1, 275) = 0.026, p = .872).

Cognition

Results of the mixed linear models evaluating sex and group differences in cognitive index 

scores are presented in Supplemental Tables 3 and 4. Mean Index scores were in the average 

to above average range for all subgroups with significant main effects of group and sex. For 

VIQ/PIQ difference scores, there was a significant sex by cleft type interaction where boys 

with iCPO had VIQ an average of 15.5 points (SD = 14.2) below their PIQ (See Figure 1).

Growth Trajectories of Brain Development in unaffected and iCL/P

Statistics for main effects (age, sex, and group) and interaction effects (age*group) across all 

models are presented in Table 2 and visually depicted in Figure 2. Cerebrum WM, temporal 

WM, occipital WM and cerebellum WM were fitted using a linear model. Addition of an 

additional knot was determined to be a better fit for all other regions included in the analysis.

Main Effects—Age was consistently associated with ROIs, except for the amygdala. Main 

effects of age (in the absence of a significant age*group interaction) reflected decreases 

in regional cerebral GM and increases in regional cerebral WM over time. Within the 

cerebellum, both GM and WM increased, with GM reaching a peak just before age 20 years. 

The striatum and hippocampus mirrored the trajectory of cerebellar GM, with volumes 

gradually increasing over time with a peak in later adolescence.

Some residual impact of sex after application of the power proportion was identified for 

several regions, including: ICV, temporal and cerebellar GM, and cerebral WM (particularly 

in the frontal lobe). For ICV and GM in the temporal lobe and cerebellum, males had a 

higher volume than did females. For cerebral/frontal WM, females had higher volumes than 

males.

Main effects of group (in the absence of a significant age*group interaction) were identified 

for cerebellar GM and the striatum. Both regions demonstrated smaller volumes for 

participants with iCL/P (See Table 2 and Figure 2).

Age-by-Group Interactions—Significant age*group interactions were identified for ICV, 

temporal GM, parietal WM, and the thalamus. Specifically, ICV was lower in the iCL/P 

group relative to the unaffected group throughout childhood and adolescence, but no 

differences were observed in early adulthood. Temporal GM volume decreased with age and 

at a higher rate for participants with iCL/P. Parietal WM volume peaked in the unaffected 

group around age 20, but kept increasing after age 20 years for participants with iCL/P. 
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Finally, the thalamus grew for both groups with a leveling off at age 15 for unaffected 

participants and around age 20 for those with iCL/P. (See Supplementary Table 5 for full 

model statistics)

Growth Trajectories of Brain Development across Cleft Types

Significant group, or age*group interaction effects were observed for ICV, temporal GM, 

parietal WM, cerebellar GM, striatum, and thalamus volume. Subsequent mixed linear 

models evaluating the impact of cleft type were limited to these regions. No significant 

impact of cleft type was observed (See Supplemental Table 6).

Discussion

The current study is the first to report global and regional structural growth trajectories in 

participants with iCL/P compared to unaffected controls. Significant differences in cognitive 

profile as well as global and regional growth trajectory differences were identified.

Cognition

Consistent with previous research, participants with iCL/P had IQ scores within the average 

range, but significantly lower than unaffected controls. Of particular relevance is the finding 

that boys with iCPO had a significantly larger split between their VIQ and PIQ Wechsler 

scores. All other cleft types and unaffected controls had a mean split at or below 3.1 IQ 

points; boys with iCPO had a mean split of 15.5 IQ points (with VIQ less than PIQ). This 

difference is both statistically and clinically significant; where a discrepancy this large is 

usually indicative of a language disorder. Previous work has identified sex and cleft type 

differences where boys, particularly those with iCPO, are at the highest risk for language 

and reading disorders (Collett et al., 2014; Conrad, 2018; Conrad et al., 2014; Wehby et al., 

2015). This finding provides additional support for differential roles of sex and cleft type 

and suggests that biological processes, rather than psychosocial factors, are primary drivers 

in observed differences in brain structure and development.

ICV Differences

The current analysis identified an interaction between age and presence of a cleft for ICV. 

As reported in the baseline findings from this sample, in childhood, those with iCL/P 

started with significantly lower volumes (Nopoulos et al., 2007). The growth models in 

the current study identified a steeper growth trajectory through adolescence compared to 

unaffected participants. After adolescence, there was a trajectory of decline in volume which 

was similar between the two groups. However, caution is warranted in interpreting findings 

from the later age ranges, as there were fewer participants ≥20 years old. The predicted 

decline in volume after age 20 is likely an artifact of the spline models that were utilized. 

Interpretation should be limited to childhood and early adolescence, where participants with 

iCL/P had significantly lower ICV in childhood with some catchup through adolescence. 

Further studies in young adults with iCL/P is required to understand later ICV trajectories.
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Cerebrum Differences

Historically, there are mixed findings when the cerebrum is evaluated; decreased GM 

has been reported in infancy (Conrad et al., 2020; Yang et al., 2011) and increased GM 

(particularly with males) has been reported in childhood/adolescence (Adamson et al., 2014; 

Nopoulos et al., 2007) and adulthood (Nopoulos, Berg, Canady, et al., 2002). Evaluation of 

WM is conflicting across studies and age ranges. In the current study, no group differences 

were identified for cerebral GM or WM. However, when specific lobes were evaluated, 

differences in temporal GM and parietal WM were identified. The current study found 

significant differences in the growth trajectory of temporal GM, where participants with 

iCL/P started with a higher volume and there was a steep linear decline through the 

assessed age range. This resulted in significantly higher volume until adolescence and then 

significantly lower volume by young adulthood. This is consistent with decreased temporal 

GM that Nopoulos found in a separate sample of adult males with iCL/P (Nopoulos, Berg, 

Canady, et al., 2002). However, this is somewhat contradictory to the decreased GM volume 

in the left auditory cortex identified in infancy by Yang and colleagues (2011). This variance 

may be due to the small sample size of the Yang (2011) study (n = 27 iCL/P and 27 

controls; whereas the current sample is approximately 6 times larger) or differences in scan 

acquisition or processing. Further collection of data with standardized image collection and 

processing is needed. For parietal WM, participants with iCL/P were fairly consistent with 

controls in volume throughout the assessed age range, until about 20 years-old, when the 

growth trajectory for unaffected controls leveled out but volumes continued to increase for 

those with iCL/P. This may be related to an artifact with the spline models given the smaller 

number of participants older than 20 years old and this finding should be interpreted with 

caution.

Cerebellum

The main effect of participants with iCL/P having lower cerebellar volume (specific to GM) 

across all ages is consistent with initial reports from this sample (Nopoulos et al., 2007). 

Additionally, it fits with preliminary reports of cerebellar volume in infants (Conrad et al., 

2020) and findings from a separate adult male sample (Nopoulos, Berg, Canady, et al., 

2002). Reduced cerebellar GM in persons with iCL/P is the most robust finding across 

the developmental trajectory and across different samples. Could this reduction be due to 

underlining genetic or biological factors associated with the cleft and a less visible part 

of the phenotype? Future research needs to ensure that measurement of the cerebellum 

(including tissue segmentation) is included and evaluated in relation to cleft type, sex, 

treatment factors, and outcome measures to establish the potential etiology and functional 

impact of this finding.

Subcortical

Finally, participants with iCL/P had lower volumes in the striatum (which includes the 

caudate, putamen, and accumbens) and thalamus, with some catch-up by adulthood. This 

is consistent with initial reports from this sample (Nopoulos et al., 2007) and replicates 

findings from infancy (Yang et al., 2011) and childhood/adolescence (Adamson et al., 2014; 
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Bodoni et al., 2020). Evaluation of the growth trajectory provided insight into reported lack 

of differences in subcortical structures in adulthood (Nopoulos, Berg, Canady, et al., 2002).

This study does have some limitations that warrant mentioning. The sample was over-

represented by White participants (87.8%) and there was a higher ratio of males in the iCL/P 

group (63.6%). Generalizing of findings should be made with caution. Most importantly, 

there were fewer participants that were ≥ 20 years of age, which lead to over-interpolation 

with natural splines. This was not problematic for most ROI, but did result in unusual 

findings for ICV (unexpected drop in volume after 20) and occipital GM (unexpected 

increase in volume after 20).

Conclusion

This study presents the largest evaluation of brain structure and function in persons with 

isolated oral clefts; including males and females from 7 through 27 years old and compared 

to a unaffected controls. Findings continue to reflect differential patterns of cerebral growth 

with consistently reduced cerebellar and subcortical volumes across the age span. Further 

research needs to extend this trajectory down and evaluate the earliest markers of brain 

structure and function in relation to genetics and medical factors. New imaging methods 

and protocols (e.g., Silent imaging; Alibek et al., 2014) increase the likelihood of success in 

scanning at younger ages and scanning very early (prior to surgery) can help determine the 

potential impact of anesthesia and airway obstruction on development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
VIQ-PIQ Difference Scores by Cleft Type and Sex.

Difference scores between VIQ and PIQ (y-axis) across groups (x-axis) for females (filled 

circles) and males (open circles) separately. Estimated marginal means (EMMs) are shown 

along with 95% confidence limits of EMMs. The EMMs were adjusted for sex, SES and 

random effects of participants.
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Figure 2. 
Models of Brain Growth Trajectories by Group (unaffected vs iCL/P).

Mixed linear models for each region of interest (y-axis), with the effects of age (x-axis) 

and group (iCL/P = dashed line and unaffected = solid line) demonstrated. Models also 

controlled for sex and socioeconomic status.
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Table 1.

Demographics for all Observations.

Unaffected ICL/P Overall

Number of Unique Participants 144 134 278

Number of Observations 208 184 392

 First Observation 144 134 278

 Second Observation 55 42 97

 Third Observation 9 8 17

Age at Observation

 Mean (SD) 14.9 (4.32) 15.6 (5.07) 15.2 (4.70)

 Median [Min, Max] 15.1 [7.08, 26.5] 15.8 [7.00, 27.3] 15.4 [7.00, 27.3]

Age Band at Observation

 Number 7 – 11 years old 45 41 86

 Number 12 – 14 years old 54 40 94

 Number 15 – 18 years old 70 57 127

 Number 19 – 22 years old 33 29 62

 Number 23 – 27 years old 6 17 23

Sex

 Females 105 (50.5%) 67 (36.4%) 172 (43.9%)

 Males 103 (49.5%) 117 (63.6%) 220 (56.1%)

Race

 White/Caucasian 197 (94.7%) 147 (79.9%) 344 (87.8%)

 Asian American 2 (1%) 19 (10.3%) 21 (5.4%)

 Black/African American 1 (0.5%) 2 (1.1%) 3 (0.8%)

 American Indian/Alaska Native 0 (0%) 3 (1.6%) 3 (0.8%)

 Native Hawaiian/Pacific Islander 0 (0%) 1 (0.5%) 1 (0.3%)

 Hispanic/Latino(a) 3 (1.4%) 5 (2.7%) 8 (2%)

 Multiracial 3 (1.4%) 6 (3.3%) 9 (2.3%)

 Not Provided 2 (1%) 1 (0.5%) 3 (0.8%)

SES

 High 5 (2.4%) 0 (0%) 5 (1.3%)

 Upper-Middle 136 (65.4%) 78 (42.4%) 214 (54.6%)

 Middle 62 (29.8%) 93 (50.5%) 155 (39.5%)

 Lower-Middle 5 (2.4%) 13 (7.1%) 18 (4.6%)

 Low 0 (0%) 0 (0%) 0 (0%)

Note. Demographics presented are for each observation; participants who had return visits are counted more than once. SES = Socioeconomic 
Status.
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