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ABSTRACT 

Purpose: Nonsyndromic craniosynostosis (NSC) are a group of congenital disorders sharing 

premature fusion of one or more of the cranial sutures that restricts and distorts growth of the skull and 

underlying brain.  This study examined the neurodevelopmental sequelae of NSC both prior to and 

following reconstructive cranial surgery.   

Methods: Sixty-four consecutive referrals with mixed forms of untreated NSC aged 4 to 16 months 

(M=8.9, SD=2.9) comprised the pre-operative cohort.  Forty-four of these patients aged 6 to 32 months 

(M=21.2, SD=4.5) underwent post-operative developmental evaluation. Neurodevelopmental function 

was assessed with the mental (Mental Development Index [MDI]) and motor (Psychomotor 

Development Index [PDI]) scales of the Bayley Scales of Infant Development-2
nd

 edition.   

Results: Children with untreated NSC displayed significantly lower mental (M=97.5) and motor 

(M=87.7) scores than normative expectations, with the distribution of scores also differing 

significantly from the normative distribution.  Post-operatively, children continued to display 

significantly lower mental (M=89.5) and motor (M=88.0) abilities, with mental abilities falling 

significantly lower than pre-operative levels.  An increased prevalence of severe motor delay was 

found, and no child displayed accelerated development.  Subgroup comparisons revealed no 

differences in mental or motor skills between the primary diagnostic subtypes (sagittal and metopic 

synostosis) both prior to and following corrective surgery.   

Conclusions: NSC is associated with an increased incidence of developmental delay in both 

treated and untreated conditions.   Timing of surgery appears unrelated to developmental outcome.   
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INTRODUCTION 

Isolated or nonsyndromic craniosynostosis (NSC), is a congenital craniofacial disorder which 

occurs with an incidence of approximately 1 in 2,000 live births [1, 2].  The condition involves the 

premature fusion of one or more of the cranial sutures and results in abnormal restriction and 

distortion of the skull and underlying brain.  The resultant phenotypic head shape is determined by the 

site of sutural fusion (see Figures 1-3), with additional factors, such as timing of onset, affecting the 

severity of the deformity.   

INSERT FIGURES 1-3 HERE 

Craniosynostosis carries a known risk of neurological, and concomitant neurodevelopmental, 

impairment by a range of mechanisms.  These include the effects of raised intracranial pressure due to 

growth of the brain in a restricted cavity [3-6].  Abnormal brain growth in a distorted calvarium may 

result in localized areas of compression.  There is also evidence of abnormalities in both cortical 

subcortical morphology [7] [8], which may suggest potentially altered neural circuitry.  The risk of 

impairment is particularly critical when one considers the rapid changes in brain growth and 

development in the pre- and postnatal phase. 

Management of craniosynostosis involves reconstructive cranial surgery, warranted to treat, 

ameliorate or prevent neurological impairment, as well as for improved cosmesis.   

There is an increasing body of literature documenting neurodevelopmental outcomes in infants with 

untreated craniosynostosis during early infancy, and prior to corrective surgery.  Less well understood 

are the longer-term outcomes in NSC during later infancy.  It remains controversial as to whether 

surgical intervention, and its’ timing thereof, is associated with altered neurodevelopmental outcome 

in NSC.  Also poorly understood are potential contributions of other correlates (e.g. sociodemographic 

variables) to neurodevelopmental status in these conditions.   

  

Pre-treatment Neurodevelopmental Studies in Nonsyndromic Craniosynostosis 

Empirical investigations into the neurodevelopmental features of untreated NSC have revealed 

mixed findings; in part due to methodological differences associated with varying interpretations of 

‘normal’ and ‘delayed’, wide variations in ages studied and inclusion of comparative control groups in 

only few studies.  Some have shown that for untreated infants with various forms of NSC, mental 

developmental scores do not significantly differ from normative population averages [9-13].  

However, other studies have found that these children perform significantly below normative 

expectations or control samples [14-16] with higher than expected risk of mild to significant delay in 

cognition [17].   



Motor skills appear the most susceptible to impairment, with studies evaluating this skill 

domain in untreated patients with mixed forms of NSC reporting significantly lower performances on 

motor skill abilities on varying editions of the Bayley Scales of Infant Development (Bayley Scales) 

compared with normative population estimates or control group samples [9, 14-19].  In fact, mean 

motor developmental scores in several of these samples have been placed within the mildly delayed 

range compared with cognitive scores, which fell typically within normal limits in several studies [14, 

16, 17, 20].   

 

Pre- and Post-Surgical Neurodevelopmental Outcomes in Nonsyndromic Craniosynostosis 

Mixed findings have emerged from longitudinal studies addressing pre- and post-surgical 

developmental characteristics of infants with NSC. Some authors have reported normal mental 

abilities both prior to and following surgery.  For example, Speltz et al., [12] compared 19 infants with 

sagittal synostosis with a control group on the Bayley Scales of Infant Development.  Mean MDI 

scores were placed within the normal range at each assessment phase prior to and twice following 

synostosis correction, and no significant group differences were found when compared with the 

normal population.  Similarly in Kapp-Simon and colleagues’ [11] sample of 84 infants with mixed 

NSC evaluated prior to treatment (mean age 8.1 months) and post-operatively (mean age 18.4 

months), mean mental abilities fell within the normal range at each assessment phase, with the 

distribution of scores following a normal distribution.   

In contrast, other studies have found mental abilities to be deficient both pre- and post-

operatively in NSC.  Starr and colleagues [20] reported persistent, significantly lower mental abilities 

than a control group sample in their post-operative cohort (n=168), as well as auditory comprehension 

deficits.  Cohen and colleagues similarly reported mildly delayed, and unchanged mental abilities, in 

22 patients with NSC following surgical repair of the synostosis.   

Mixed findings have also been found with respect to motor skill outcomes.  Speltz et al., [12]’s 

sample of 19 infants with sagittal synostosis were found to display mean PDI scores on the BSID-II 

within the normal range and not significantly different from a control group pre-operatively (mean age 

4 months), and at each of two assessment phases post-operatively (mean ages 12 and 24 months post-

operatively).  Gewalli et al., [19] also found no significant differences in pre- and post-surgical global 

developmental quotients in their sample of 26 children with sagittal synostosis, with mean scores 

falling within the average range on the Griffiths Developmental Scale. Longitudinal studies have 

however shown improvements post-operatively in gross motor skill function compared with pre-

operative levels (impaired range) in infants with isolated synostosis [14] [18].   

 

Timing of surgical intervention, severity of synostosis and neurodevelopmental functioning 



With respect to the contribution of timing of surgical intervention and developmental outcome, 

most studies addressing this issue have failed to find an association between age at surgery and post-

operative developmental status [11, 14, 20-22]. However, Arnaud et al., [23] and Bottero et al., [24] 

found that post-operative mental outcome was better when surgery was performed before one year of 

age.  Speltz et al [12] found that age at surgery was inversely correlated with Bayley growth 

coefficients; although this trend was not significant.   

 

Diagnostic subtype comparisons 

There has been limited attention paid to diagnostic subtype comparisons between the various 

NSC and neurodevelopmental function in NSC.  Kapp-Simon and colleagues and Da Costa et al., [9, 

11] found no significant differences between the diagnostic subtypes and MDI scores.  However, in a 

later study, they found significant diagnostic group differences on MDI variables [16], being lowest 

for sagittal and unicoronal synostosis, as did that of Cohen and colleagues [14].   

 

Sociodemographic factors and neurodevelopmental function 

Evidence from clinical groups, ‘at risk’ due to complex or chronic medical conditions (e.g. 

prematurity, traumatic brain injury), have identified relationships between developmental outcomes 

and family environmental factors, such as parental education and socioeconomic status [25].  Of the 

very few studies to address this in the NSC literature, no association between such risk factors and 

neurodevelopmental function has been identified to date [9, 16, 20].  However, in their sample of 

patients, lower socioeconomic status was associated with lower mental status in children with metopic 

synostosis compared with children coming from a more stable background. Gender differences in 

neurodevelopmental outcome do not appear apparent in the studies drawing these comparisons in the 

literature [16] 

 

Aims and Hypotheses 

This study sought to elucidate the following: 

1. Is NSC associated with deficits in cognitive and motor function prior to and/or following 

synostosis repair? 

2. Are there differences in the risk of developmental function relative to the fused suture location? 

3. Does timing of surgical intervention influence neurodevelopmental outcomes in NSC? 

4. Is there an association between sociodemographic variables and neurodevelopmental status in 

NSC?



METHODS 

Sample 

All infants presenting with untreated craniosynostosis to the craniofacial service at the RCH, 

Melbourne, Australia were referred the treating craniofacial surgeon for pre- and post-operative 

neurodevelopmental evaluation as part of standard clinical management.  All had a confirmed 

diagnosis of NSC (via CT scan) and a diagnosis was confirmed at operation in all cases.  There was no 

reported prior history of head injuries or neurological condition unrelated to their diagnosis that may 

have confounded assessment findings.   

 

Cranial reconstructive surgery 

Patients with sagittal synostosis underwent total vault remodeling using The Melbourne 

Procedure [26].  A fronto-orbital advancement was performed in patients with metopic or unicoronal 

synostosis.  There were no reported intra- or post-operative neurological complications in the study 

sample. 

 

Measures and Procedure 

All patients were assessed by the same neuropsychologist (ADC) at each of the pre- and post-

operative developmental examinations.  The BSID-II [27] was administered as a measure of infants’ 

cognitive and psychomotor function.  This is a standardized, norm-referenced objective test of infant 

developmental status from 16 days to 42 months.  It yields separate indices of mental and 

psychomotor development in the mental development index (MDI) and psychomotor development 

index (PDI), respectively. The measure has demonstrated reliability and validity, and is one of the 

most common assessment measures of infant developmental functioning.  The index scores have a 

mean of 100 and standard deviation of 15.  Performance scores on the MDI and PDI scales are 

classified into four categories, ranging from accelerated at the upper, and significant delay at the lower 

functional spectrum (as shown in Table 4).  Socioeconomic status was evaluated using the Daniel 

Scales of Occupational Prestige [28].     

Statistical Analysis 

Analysis of data was performed using SPSS for Windows, Release 19.0 (SPSS Inc., Chicago, 

Illinois).  Univariate descriptive statistics were conducted to describe sample demographic 

characteristics and BSID-II indices.  One-sample t-tests, chi-square and odds-ratio analyses were 

employed to determine differences between the clinical group and normative data on the BSID-II, and 

for intra-group comparisons.  Paired sample t-tests were performed to compare pre- and post-operative 

performance of the NSC group on the BSID-II indices and other sociodemographic and medical 



variables.  Pearson’s correlations were calculated to examine the relationship between medical and 

sociodemographic factors with the developmental outcome variables.  A p-value of <.05 was 

considered statistically significant for all analyses unless otherwise specified.  



RESULTS 

1.0 Demographic Characteristics 

The pre-operative sample comprised 63 children with mixed forms of NSC.  Sixty-nine percent 

(n=44) of these infants completed developmental assessments following their reconstructive cranial 

surgery.  In keeping with population incidence rates and findings from other research samples, the pre- 

and post-operative samples comprised primarily sagittal synostosis (41.3% and 36.4%, respectively), 

followed by metopic synostosis (31.7% and 34.1%, respectively).  The post-operative sample was 

again predominantly male (71.4%).  The overall sample ranged between 4 and 32 months of age, with 

mean age at pre-operative neurodevelopmental evaluation being 8.5 (SD=2.7) months, and post-

operative assessment being 21.2 (SD=4.5) months.  Mean socioeconomic status (SES) fell within 

population averages at both T1 (M=3.7, SD=1.7) and T2 (M=3.9, SD=1.7).  There were no significant 

differences between the sample tested at the pre-operative phase alone (T1) and the pre- and post-

operative patients (tested at both T1 and T2) on any of the sociodemographic variables assessed. 

1.1 Prematurity 

The pre-operative cohort included a subset of children (n=6) who were born preterm (classified 

by gestational age < 36 weeks).  This sample comprised primarily metopic (n=4), followed by sagittal 

(n=1) and multisutural synostosis (n=1).  Four of these children were seen for post-operative 

assessment.  When the preterm cohort was removed from all analyses, the significant trends between 

the clinical sample and population averages remained for all measures. Consequently, these patients 

were included in all analyses.  The distribution of the sample according to sutural involvement, as well 

as other medical and sociodemographic characteristics is presented in Table 1.   

INSERT TABLE 1 HERE 

2.0 Neurodevelopmental Outcomes 

2.1 Pre-operative developmental function (T1)  

The mean differences on pre-operative MDI and PDI scores relative to population averages has been 

presented in Table 2. 

2.1.1 Mental (Cognition/ Language) abilities 

Patients’ MDI scores fell significantly below population expectations, t (1, 61) =2.85, p=.007, 

and within the lower end of the normal range, 95%CI= [9.3; 98.5].   

2.1.2 Motor skills  

Mean PDI were also significantly lower than population norms, t (1, 62) =7.80, p<.001, falling 

within the mildly delayed range, 95% CI= [84.5; 90.8].  Risk-ratio analyses revealed that patients had 



a 2.5 times increased risk of performing within the delayed range compared with the normative 

population (see Table 6).   

2.1.3 Mental and motor skill functioning of patients with prematurity (gestational age <36 weeks) 

compared with the normative population  

When the preterm subset were removed from the analyses, the significantly lower MDI 

(M=97.4, SD=6.8), t (1, 55) =2.87, p=.005 and motor (M=88.1, SD=12.3), t (1, 56) =7.30, p=<.001 

scores of the clinical group compared with normative averages remained.  Consequently, the preterm 

cases were included in all analyses. 

 

2.2 Patient classifications of mental and motor function compared with the normative 

population 

Chi-square analyses were conducted to determine whether the proportion of children in the 

clinical sample demonstrated similar or discrepant neurodevelopmental functioning from that which 

would be expected in a normal distribution. 

2.2.1 Cognitive/ Language development 

There were higher percentages of the NSC performing within the normal or accelerated range 

(90.5%) compared with population averages (87.4%).  None of the NSC group displayed accelerated 

development.  However, chi-square analyses revealed these trends were not associated with significant 

overall between-
2
 (1, N = 63) =0.28, p=.597.   

2.2.2 Gross and fine-motor skill development  

Chi-square analyses also revealed significant differences in the distribution of PDI scores of the 

2
 (1, N =63) =12.07, p <.001.  This was 

associated with an over-representation of mild or severe developmental delay in the NSC group 

(31.7%) compared with population averages (14.8%).  None of the patient sample displayed 

accelerated motor skill development.  Tables 3 to 5 provide the distribution of scores of the patient 

group compared with normative averages according to the Bayley classification scale.   

 

2.3 Post-operative developmental function (T2) 

Table 2 presents the comparisons between the clinical group compared with population averages and 

post-operative function on mental and motor scores.   

2.3.1 Cognitive/ Language Skills 

Patients’ post-operative MDI scores fell significantly below population expectations, t (1, 42) 

=4.51 p<.001, 95%CI [83.6; 94.4], although still within the normal range.  Post-operative MDI scores 



in this group also fell significantly lower than the pre-operative performances MDIFF=-7.5 (SD=16.9), t 

(1, 41) =2.84 p=.007. 

2.3.2 Motor skills 

Mean PDI scores in the patient group were also significantly lower than population norms, t (1, 

38) =5.37, p<.001, 95%CI [83.5; 92.8], although still within the normal range.  Post-operative PDI 

scores in this group did not significantly differ from pre-operative levels, MDIFF= 2.9 (SD=15.4), t (1, 

39) =1.188, p=.242. 

2.3.3 Mental and motor skill functioning of patients with prematurity (gestational age <36 weeks) 

compared with the normative population  

When the preterm subset (n=4) was removed from the analyses, the significantly lower mental 

(M=89.3, SD=15.5), t (1, 39) =4.38, p<.001 and motor (M=87.7, SD=14.3), t (1, 35) =5.08, p=<.001) 

abilities of the clinical group compared with normative averages, remained.  Consequently, the 

preterm cases were included in all analyses. 

INSERT TABLE 2 HERE 

 

2.4 Post-operative patient classifications of mental and motor functioning compared with the 

normative population 

Chi-square analyses were performed to determine whether the proportion of children in the clinical 

sample demonstrated similar or discrepant neurodevelopmental functioning from that which would be 

expected in a normal distribution.   

2.4.1 Cognitive/ Language development 

Chi-square analyses revealed significant differences in the distribution of MDI scores between 

2
 (1, N = 44) =12.12, p <.001.  This was associated with 

lower proportions of the NSC group performing within the normal or accelerated range (68.1%) 

compared with population averages (87.4%).  However, there was an overrepresentation of mild or 

severe delays in the NSC group (31.9%) compared with the normative population (12.6%).  Risk-ratio 

analyses revealed that these patients were also 2.1 times more likely to be performing in the delayed 

range compared with normative population averages.   

 

2.4.2 Gross and Fine-motor development   

Chi-square analyses also revealed significant differences in the distribution of PDI scores of the 

2
 (1, N =39) = 18.12, p <.001.  This was 

associated with an over-representation of mild or severe developmental delay in the clinical group 



(41.0% compared with predicted population estimates of 14.8%).  Again, none of the clinical group 

displayed accelerated motor skill development.  Risk-ratio analysis indicated that the NSC group was 

3 times more at risk of functioning in the delayed range compared with normative expectations post-

surgery.   The distribution of scores of the patient group compared with normative averages according 

to the Bayley classification scale is presented in Tables 3 to 5.   

INSERT TABLES 3 to 5 HERE 

 

2.5 Diagnostic subtype comparisons on mental and motor domain scores 

Table 6 provides mean MDI and PDI scores for each of the four craniosynostosis subgroups.  

As shown, mean MDI scores were all within the average range, varying from 95.9 in multisutural 

synostosis, to 99.1 in metopic synostosis.  PDI scores were generally lower, and ranging from 82.6 in 

unicoronal synostosis to 90.1 in patients with metopic synostosis.   

Statistical group comparisons on MDI and PDI variables were performed for the two most 

prevalent diagnostic subtypes; sagittal and metopic synostosis.  No significant differences were found 

between these subgroups on each of the MDI t (1, 43) =1.35, p=.186 and PDI, t (1, 44) =0.61, p=.546 

indices.   

INSERT TABLE 6 HERE 

 

2.6 Pre- and Post-operative gender comparisons on mental and motor domain scores 

Table 7 lists means and standard deviations for the four developmental assessments by gender.  

There were no significant gender differences on any of the pre- and post-operative MDI and PDI 

scores.  

INSERT TABLE 7 HERE 

 

2.7  Relationship between mental and motor domain scores and sociodemographic variables  

Pearson’s correlations revealed positive significant relationships between presurgery MDI and 

PDI scores, but no significant relationships between postsurgery MDI and PDI scores.  Presurgery PDI 

scores were also significantly positively correlated with post-surgery PDI scores.  Pearson’s 

correlations revealed no significant correlations of MDI and PDI variables with respect to 

socioeconomic status, parental age (maternal and paternal) or maternal education level.  Age at 

surgery was also unrelated to post-surgery MDI and PDI scores.  A negative correlation was found 

between gestational age and MDI (r=-0.4), although this trend was not significant.  MDI I scores were 



unrelated to MDI II or PDI-II scores.  However, PDI I scores were significantly correlated with both 

PDI I and PDI II performance scores.  Results of correlation analyses are presented in Table 8. 

INSERT TABLE 8 HERE 

 

DISUSSION 

This study sought to determine whether infants with NSC display neurodevelopmental 

impairments at two time points; during the early infancy phase prior to operative intervention, and 

during later infancy following surgical correction of the deformity.  The contribution of age at surgical 

intervention and sociodemographic variables upon neurodevelopmental outcome was also explored.   

Is NSC associated with neurodevelopmental impairment during early infancy prior to treatment? 

The mental abilities of this sample were significantly poorer overall than the control group or 

normative averages; a finding consistent with prior studies (e.g. [9, 14-16]. Furthermore none of these 

patients displayed accelerated ability, thus suggestive of a lowering of developmental potential as a 

group compared with their non-afflicted counterparts.   

Similarly, as demonstrated in previous  studies, this sample of infants with NSC also displayed 

significantly poorer gross motor skills than normative averages [9, 16-18].  There was an over-

representation of infants functioning in the delayed range, and, as with mental abilities, none of this 

sample displayed accelerated ability.  Motor skills were also found to be significantly weaker overall 

than mental abilities, suggesting that such skills may be more susceptible to dysfunction during early 

infancy. 

Do neurodevelopmental delays in mental and motor skills persist during later infancy and following 

treatment of the deformity?  

There was a persistence of motor skill impairment in this sample with the risk of delay 

increasing from 2.5 to 3.0 times from pre- to post-treatment.  These findings are commensurate with a 

number of other studies with respect to motor skill function in this population, and suggest that such 

skills appear most vulnerable to impairment in NSC prior to and/ or following treatment [9, 14, 20, 

29].    

The mental abilities of this sample remained significantly lower than normative averages.  

However, the likelihood of functioning in the delayed range post-surgery increased.  On closer 

inspection of the mental scale items (which form a composite measure of both cognition and 

language), language appears to be the primary contributor to lowered test performances during this 

developmental phase.  Such findings may be reflective of studies in both infant [30] as well as 

childhood NSC samples [31], in showing the presence of language impairments exist during the infant 

phase, and persist into the school-age years.  



Are there prognostic indicators for developmental delay in NSC during later infancy? 

The relationship between pre- and post-operative developmental function in NSC was 

examined.  Pre-operative motor skill development was predictive of subsequent motor development in 

later infancy and following treatment.  No relationship between pre- and post-operative mental 

function was identified.  With respect to prognostic markers, the presence of motor skill delay during 

early infancy (particularly when significant in nature) may warrant closer developmental monitoring 

of subsequent motor skill development over time.  Such findings have additional prognostic 

significance with respect to future neurocognitive outcomes, with studies in other populations linking 

deficits in early motor development to subsequent problems in cognition [32, 33].   

Are there certain diagnostic subtypes at greater risk of neurodevelopmental impairment? 

Patients with unicoronal synostosis were found to display weaker mental abilities overall 

(mildly delayed range), although meaningful statistical comparisons with other subtypes were 

precluded due to sample size.  Comparison of the primary diagnostic subtypes (sagittal and metopic 

synostosis) yielded no significant group differences in mental or motor abilities both pre- and post-

operatively.  Whilst this may suggest that the overall risk for developmental impairment is broadly 

similar across diagnostic subtype, a larger patient cohort will be necessary to elucidate subtle 

differences between the subgroups of NSC.  

 

Is surgical intervention a contributing factor in neurodevelopmental dysfunction in NSC? 

In addressing the neurodevelopmental correlates of these conditions, treatment intervention, and 

the timing thereof, has often formed a primary line of enquiry. Whilst the cosmetic benefits are 

evident, it remains unclear as to whether surgical intervention mitigates or even increases the risk of 

neurodevelopmental impairment.   

That an increased incidence of neurodevelopmental impairment post-operatively was found in 

the current, and other surgical NSC samples, does not necessarily imply a causal relationship between 

surgical intervention and developmental outcome.   

The potential contribution of, predisposing, patient-specific factors upon neurodevelopmental 

outcome should be considered.  For example, in infants undergoing cardiac surgery, the presence of a 

genetic syndrome, gestational age and birth weight have been found to be significant determinants of 

neurodevelopmental outcome.  Further, operative management variables were shown to be unrelated 

to post-operative developmental status in these groups (e.g. [34] [35]).   

It may also be that the craniosynostosis is a marker of anomalous brain development in NSC, 

rather than a causal effect.  For example, there is evidence for altered patterns of both cortical and 



subcortical neural organization in NSC, and further, that many such alterations in brain morphology do 

not mirror the overlying skeletal dsymorphology [8, 36].   

With respect to age at surgical intervention, no significant relationship emerged with 

neurodevelopmental status.  This does not necessarily imply that timing of treatment has no bearing 

upon neurodevelopmental outcomes.  The majority of infants (95%) in our patient sample underwent 

corrective surgery before 18 months of age (median age of 9.7 months).  ‘Late’ treatment cases are 

hence under-represented in the current sample.  Anecdotal evidence from our centre of patients whose 

congenital deformity is not clinically detected during the ‘normal’ treatment phase has indicated a 

more severe pattern of, in particular, language impairment (both receptive and expressive) compared 

with their earlier treated counterparts.  A more systematic study of these patients is an important line 

of further investigation in determining the merits of early vs. late treatment intervention in these 

conditions.   

To determine whether surgical intervention does contribute to neurodevelopmental impairment 

in NSC, a randomized controlled trial would be required, which would include a treatment and non-

treatment cohort. On the basis of the neurological risk factors associated with non-treatment alone 

(e.g. raised intracranial pressure), it would be ethically remiss to withdraw the option for treatment. 

Timing of disruption to brain growth and development: Early Vulnerability Theory 

The formation and maturation of the brain involves a series of programmed developmental 

processes, which commences in the third gestational week, and continues well into adulthood.  There 

exist ‘critical’ or ‘sensitive’ periods which mark phases whereby specific neural circuitry is maximally 

sensitive to acquiring certain kinds of information. Brain disruption or insult during a critical period is 

thought to be particularly detrimental, causing a cessation of development or altering its course.  This 

may result in an emergence of deficit over time, with children failing to make age-appropriate 

developmental gains.  

The theoretical relation between craniosynostosis and cognitive impairment assumes a pathway 

by which abnormal suture fusion interferes with brain development and concomitant 

neurodevelopment during the gestational and early infancy phase.  This corresponds with a time of 

increased vulnerability due to the brains’ immature form. Similar to other clinical populations (e.g. 

bacterial meningitis, cyanotic heart disease, following cranial irradiation) a young age at illness has 

been consistently associated with neurodevelopmental impairment [37-42].  Furthermore, those 

sustaining lesions within the prenatal period or first year of life have been found to be at highest risk 

of impairment [37, 43].   It is hence plausible that the etiopathogenesis of premature suture fusion 

itself has functional sequelae even before treatment can be considered.  The unanswered question is: 

can any form of surgical intervention mitigate these sequelae? 

Strengths and Limitations 



An important strength of this study is the narrow age of the cohort.  Previous studies have 

included samples of wide breadth of age and variant times of surgical intervention.  Infants of later age 

at the time of surgical intervention may be deemed at higher risk of raised intracranial pressure and 

other associated neurological risk factors.  These additional factors may mask the contribution of age-

related effects upon developmental outcome.   

With respect to study limitations, the issue of inclusion/exclusion criteria is an important 

consideration.  The presence of a known gene mutation for craniosynostosis has been associated with 

an increased risk of neurodevelopmental dysfunction.  Genetic screening was not routinely performed 

in this cohort.  However, to minimize the relative contribution of gene mutations and other potential 

correlates of neurodevelopmental impairment, a conservative approach was applied.  Infants who were 

known carriers of gene mutations and/ or whom displayed clinical features of a possible syndromal 

disorder, were excluded from the study.   

Conclusion and Future Directions 

 

This study suggests a mild, but clinically relevant risk for developmental impairment in patients 

with NSC.   

In elucidating the causal and correlative features of developmental dysfunction in these 

conditions, future research would ideally incorporate neuroimaging studies (e.g. MRI, PET scans), so 

that pre- and post-operative functional integrity of cortical and subcortical structures is correlated with 

neurodevelopmental data.  These data may help further elucidate the effects of craniosynostosis upon 

the developing brain and the potential implications of intervention or conservative management of 

these conditions upon development.   

Operative treatment variables have not been systematically studied in association with 

developmental outcome in SSC.  Recent evidence showing lower developmental scores in association 

with lengthier surgery and higher exposure to inhaled anaesthesia in SSC[44] provides an important 

line of further inquiry in this population group. 
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TABLE 1. Sample demographic characteristics. 

Demographic Characteristics  

T1 

(N=64) 

T1 and T2 

(n=44) 

T1 only 

(n=20) 

P 

Age in months, M (SD); Range 
8.5 (2.7)       

4.3-16.5 

21.2 (4.5)     

6.7-32.0 

9.5 (3.1)       

5.5-16.5 

.160 

Male Gender, % (n) 71.9 (46) 72.7 (32) 70.0 (14) 

.730 

Female Gender, % (n) 28.1 (18) 27.3 (12) 30.0 (6) 

Socioeconomic Status*, M (SD) 4.6 (1.0) 4.6 (0.9) 4.8 (1.1) .303 

Synostosis diagnostic subtype 

 

% (n) % (n) 

 

Sagittal  40.6 (26) 36.4 (16) 50.0 (10) 

.186 

Metopic  32.8 (21) 34.1 (15) 30.0 (6) 

Unicoronal (right/ left-sided)  15.6 (10) 15.9 (7) 15.0 (3) 

Multisutural 10.9 (7) 13.6 (6) 5.0 (1) 

Medical/ Developmental History     

Prematurity, % (n) 7.8 (5)  9.5 (6) 10.0 (2) .860 

Age at surgery, M (SD)  10.8 (9.8) -  

Maternal age,  M (SD) 30.4 (5.2) 31.2 (4.8) 27.8 (5.6) .03 

Paternal age, M (SD) 32.7 (4.2) 32.9 (4.5) 31.9 (3.5) .495 

T1= pre-operative, T2= post-operative 

*Socioeconomic status was determined according to Daniel’s Scale of Occupational Prestige [28], in which the scale ranges from 1.0 to 6.9, 

and where a low score reflects high occupational prestige. 
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TABLE 2.  Mean difference of the clinical group compared with population averages on pre-and post-

operative developmental scores.   

Neurodevelopmental 

measure 

Test Score 

M (SD) 

Mean difference 

from normal 

population 

95% Confidence 

Interval 

P 

T1 MDI 97.5 (6.9) -2.5 94.3-98.5 .007 

T1 PDI 87.8 (12.5) -12.2 84.5-90.8 <.001 

T2 MDI 89.5 (15.2) -10.5 83.6-94.4 <.001 

T2 PDI 88.0 (14.0) -12.0 83.6-93.1 <.001 

T1= Pre-operative; T2= Post-operative 

BSID-II, Bayley Scales of Infant Development; Second Edition, MDI, Mental Development Index; PDI, Psychomotor Index 
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TABLE 3.  Distribution of the standardized distribution by classification of mental 

development index scores 

MDI Score Groups Standardized 

distribution (%) 

T1† T2§ 

% N % N 

Accelerated 16.5 0 0 4.5 2 

Normal 68.7 90.6 57 63.6 28 

Mild delay 12.5 6.3 4 11.4 5 

Severe delay 2.3 3.1 2 20.5 9 

Total 100.0 100.0 63 100.0 44 

T1= Pre-operative; T2= Post-operative 

BSID-II, Bayley Scales of Infant Development; Second Edition, MDI, Mental Development Index 

† 2 (1, N = 63) =0.279, p=.579 

§ 2 (1, N =44) = 18.12, p <.001 
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TABLE 4.   Distribution of the standardized distribution by classification of psychomotor 

development index scores 

PDI Score Groups Standardized 

distribution (%) 

T1† T2§ 

% N % N 

Accelerated 14.8 0 0 0 0 

Normal 72.6 69.4 43 59.0 23 

Mild delay 11.1 19.4 12 17.9 7 

Severe delay 1.5 11.3 8 23.1 9 

Total 100.0 100.0 63 100 39 

T1= Pre-operative; T2= Post-operative 

BSID-II, Bayley Scales of Infant Development; Second Edition, PDI, Psychomotor Index 

† 2 (1, N = 63) =12.07, p <.001 

§ 2 (1, N =39) = 18.12, p <.001 
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TABLE 5:  Comparison of pre- and post-surgical risk of neurodevelopmental delay in patients 

with NSC compared with normative averages 

 

BSID scale % mild/ significantly delayed Risk Ratio 95% CI 

normal population NSC   

T1 MDI 14.8 9.5 0.6 0.3-1.4 

T2 MDI 14.8 31.9 2.1** 1.4-3.4 

T1 PDI 12.6 31.7 2.5** 1.7-3.7 

T2 PDI 12.6 40.1 3.0** 2.2-4.8 

T1= Pre-operative T2= Post-operative 

BSID-II, Bayley Scales of Infant Development; Second Edition: MDI, Mental Development Index; PDI, Psychomotor Index 

*p<.05, **p<.001 
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TABLE 6.   Diagnostic group comparisons on mental and motor measures: Pre- and post-treatment 

 Diagnostic Group 

Variable Sagittal† 

M (SD) 

Range 

Metopic† 

M (SD) 

Range 

Unicoronal§ 

M (SD) 

Range 

Multisutural§ 

M (SD) 

Range 

Total Sample 

M (SD) 

Range 

 T1 (n=26) T2 (n=26) T1 (n=21) T2 (n=15) T1 (n=10) T2 (n=7) T1   (n=7) T2 (n=6) T1 (n=64) T2 (n=44) 

MDI 96.4 (8.0) 

80-111 

93.7 (18.6) 

69-124 

99.1 (4.9) 

86-106 

86.5 (14.4) 

54-104 

98.7 (6.3) 

87-109 

85.9 (11.3) 

69-99 

95.9 (8.6) 

79-104 

91.0 (12.4) 

69-105 

97.0**6.4) 

80-109 

89.5**15.2) 

54-124 

PDI 87.8 (11.2) 

58-106 

86.7 (12.7) 

69-104 

90.1 (14.2) 

50-108 

89.5 (14.7) 

69-110 

82.6 (15.0) 

55-101 

82.2 (18.4) 

66-112 

87.9 (8.8) 

81-106 

93.0 (12.7) 

69-105 

85.9**13.8) 

50-108 

88.0**14.0) 

 66-112 

T1= Pre-operative; T2= Post-operative 

BSID-II, Bayley Scales of Infant Development; Second Edition, MDI, Mental Development Index; PDI, Psychomotor Index 

† compared with BSID normal population; § sample too small for statistical comparison with normal population 

*p<.05, **p<.001 
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TABLE 7.   Gender comparisons on mental and motor measures: Pre- and post-treatment 

 Male (n=44) 

M (SD) 

Female (n=17) 

M (SD) 

Difference 

M (SEM) 

Significance 

T1 MDI 97.3 (6.7) 98.1 (7.8) -0.79 (2.0) .69 

T1 PDI 88.4 (11.6) 86.2 (15.1) 2.2 (.55) .55 

 

 (n=31) (n=12)   

T2 MDI 88.5 (16.5) 92.3 (11.5) -3.8 (5.2) .47 

T2 PDI 88.0 (13.0) 88.0 (16.8) 0.0 (5.0) 1.0 

T1= Pre-operative; T2= Post-operative 

BSID-II, Bayley Scales of Infant Development; Second Edition, MDI, Mental Development Index; PDI, Psychomotor Index 

† compared with BSID normal population; § sample too small for statistical comparison with normal population 

*p<.05, **p<.001 
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TABLE 8. Correlations among sociodemographic and developmental variables 

 

Variable MDI I PDI I MDI II PDI II 

Gestational age (T1) -.09 -.31* -.22 -.38* 

Socioeconomic status .02 -.13 -.29 .09 

Maternal education level     

Maternal age .02 -.08 -.02 -.31 

Paternal age -.01 .04 -.07 -.37* 

Age at surgery - - .09 -.02 

MDI-I - .44** -.07 .14 

PDI-I  - .07 .41** 

* Correlation is significant at the 0.05 level 

** Correlation is significant at the 0.05 level 

 

 

 

 

 

 

 

 

 

 

 

 

 


