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ABSTRACT ARTICLE HISTORY
There is conflicting evidence whether single-suture craniosynostosis (SSC), is Received 24 January 2023
linked to adversities of cognitive development. To assess the evidence for a Revised 25 April 2023
link between SSC and cognition, a systematic literature search was con- Accepted 10 June 2023
ducted and eligible studies assessed for inclusion by two independent read- Keywords

ers. Forty-eight studies met inclusion criteria. Small to medium but persistent Single-suture

effects on both general and some specific cognitive functions across age craniosynostosis; craniofacial
bands were found in higher quality studies for SSC overall. There was limited abnormalities; cognition;
evidence for effects related to surgical correction. Methodologies varied psychological functions;
substantially and there was a lack of longitudinal studies using broad assess- neurodevelopment
ment batteries.

Introduction

Craniosynostosis (CS) is a congenital condition in which the sutures of the cranial bones in the
developing infant have fused in utero, restricting and altering the growth of the skull. The condition
affects approximately one in every 1.300 to 2,500 births (DiRocco et al., 2009; Lee et al., 2012; Tarnow
et al., 2022). Depending on the number and location of affected cranial sutures, the condition can be
subdivided into single-suture (SSC) or complex CS. SSC affects either sagittal, metopic, unicoronal or
lambdoid sutures (Governale, 2015), while complex CS signifies multi-sutural fusion and/or associa-
tion with a craniofacial or genetic syndrome. Approximately 200 genetic conditions have been
identified as involved in the etiology of CS, but a vast number of cases are still classified as non-
syndromic craniosynostosis (NSC) without an as of yet identified genetic cause (Lee et al.,, 2012;
Tarnow et al,, 2022). In recent years, significant advances have been made with regards to genetic
screening in the field and many cases formerly labeled NSC have been found to have a genetic cause
though not yet deemed syndromic in nature and scope (Timberlake et al., 2019). However, empirical
studies frequently simply refer to the condition as SSC without reference to a putative cause, a term
which will be used in the present review since it is still the most inclusive and widespread term
referring to the patient group of interest.

Apart from the esthetic effects of the skull deformity caused by CS, the condition may also restrict
the space available for the growth of the infant’s developing brain. There is a well-known risk for raised
intracranial pressure in some forms of CS, particularly in certain genetic syndromes such as Crouzon
and Apert (Tamburrini et al., 2005). In SSC, raised intracranial pressure has mainly been associated
with sagittal synostosis (Wall et al., 2014). Moreover, it has been suggested that the deformation of the
skull and the underlying brain as such may be harmful for brain development, irrespective of
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intracranial hypertension. However, a link between either intracranial hypertension or deformity and
delayed cognitive development has not been established (Knight et al., 2014). SSC is usually treated by
surgical intervention during the infant’s first year of life, aiming to correct deformity and prevent any
harmful effects on the growing brain, the balance of these two indications varying depending on the
type of craniosynostosis (Governale, 2015).

Cognition is a complex phenomenon encompassing a host of intrapsychic processing in both
humans and animals, affecting behavior in various ways (Lezak et al., 2012). Cognition can be
conceptualized both as higher-order functions such as memory or general intelligence but also as a
wide range of specific abilities such as focused attention, working memory or visuospatial reasoning
that together comprise and enable these higher-order functions to operate (Kaplan & Sacuzzo, 2017).
Traditionally, this distinction between higher-order and more specific abilities was established on
psychometric grounds. However, since the advent of functional neuroimaging techniques, this model
has also received an increasingly robust validation on structural grounds, with the mapping of cortical
networks in the human brain serving higher-order functions and specific regions of the brain serving
more specific functions (Tomasi & Volkow, 2011; Woolgar et al., 2010; Zuo et al., 2012).

Syndromic CS has been linked to a variety of adverse neurodevelopmental outcomes with cognitive
underpinnings, such as an increased prevalence of intellectual disability (ID) and attention-deficit/
hyperactivity disorder (ADHD) (Fernandes et al., 2016; Kruszka et al., 2016). The findings regarding
SSC are contradictory: Some studies based on register data regarding clinical diagnoses across the
lifespan or long-term follow-up of SSC patients have reported an increased prevalence of neurodeve-
lopmental disorders similar to those found in syndromic CS (Becker et al., 2005; Chieffo et al., 2010;
Tillman et al., 2020). However, direct assessment of general cognitive functions such as developmental
or intelligence quotients in both younger as well as school-aged children have not found definitive
evidence of global cognitive deficits in children with SSC compared to healthy controls or test norms
(Osborn et al., 2019, 2021). In contrast, cognitive deficits in more specialized functions such as
attention and visuospatial processing have been reported in SSC at least from school age (Chieffo et
al., 2010; Kljaji¢ et al., 2020; van der Meulen et al., 2008). Some studies have also suggested that factors
related to treatment, such as the age at which corrective surgery was performed (Patel et al., 2014) or
the type, amount and duration of anesthetics used during the operation (Naumann et al., 2012) may
impact long-term cognitive outcomes in these patients.

As outlined above, the study of cognition in SSC has expanded substantially since the early 2000s,
but with conflicting results. Studies in the field have utilized a wide range of data sources, designs and
methods for data collection and several literature reviews as well as two meta-analyses have been
conducted to provide more synthesized accounts of these data (Kapp-Simon et al., 2007; Knight et al.,
2014; Osborn et al., 2019, 2021; Speltz et al., 2004). However, a thorough review that formally assesses
the quality of these studies to encompass the contradictory findings is still lacking. The aim of the
present review was therefore to assess the current state of knowledge regarding cognitive development
in relation to SSC across the lifespan, in relation to sutural subtypes and surgical interventions, as well
as to assess the quality of the basis of this knowledge.

Methods
Inclusion criteria and literature search

To address the issue of whether there is a link between SSC and deficient cognition, the inclusion
criteria were formulated as follows: using the Population, Intervention, Comparison, Outcome, Study
(PICOS) format (Page et al., 2021). Being mindful of the recent advances in genetics in the field, it was
nonetheless decided to retain the SSC label in the search strategy since the term was deemed to best
encompass the population of interest across the time period studied.

Population: Studies with human subjects with SSC as the main condition, excluding known
craniofacial syndromes such as Crouzon/Pfeifer, Apert, Muenke and Saethre Chotzen.
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Intervention: Studies employing cognitive measures using structured assessment including all
forms of direct psychometric testing.

Comparison: Studies using control groups or test norms as comparisons.

Outcome: Studies reporting outcomes based on cognitive assessment or test scores in sufficient
detail to enable thorough evaluation of quality (i.e., not a conference proceeding or brief report).

Study design: Empirical studies written in English, not considered a case report (i.e., studies based
on samples with less than five participants were excluded).

The following databases were searched in March and August 2021: PubMed, CINAHL, PsycInfo
and EmBase. The Medical Subject Heading (MESH)/index search terms were “craniosynostosis AND
cognition.” In order to ascertain that the search terms did not limit the scope of this review, a repeated
search of PubMed was performed in August 2021 using the MESH major topics “mental processes
AND craniofacial abnormalities.” The initial search rendered 643 publications for screening after
removal of duplicates.

Two independent reviewers (KO, MF) assessed all articles considered for inclusion based on the
PICOS using titles and abstracts, resulting in 54 studies being deemed eligible for full-text review.
After independent full-text review by the same reviewers, 48 studies were included in the study.
Studies based on overlapping samples were only excluded if the same set of measures was used in two
articles. In both steps of article inclusion, disagreement between reviewers was resolved using con-
sensus. A summary of the screening and inclusion process is displayed in Figure 1. The screening and
inclusion process was performed in Covidence software (Veritas International Ltd, 2014).

Data analysis

Relevant data from the 48 included articles was assessed independently and in full by the two reviewers
using a standardized extraction form based on the National Institute of Mental Health (NIMH)
Guidelines for assessment of quality in correlational studies (Se App. 1). The two reviewers then
compared notes and resolved disagreements on assessment of individual items in the NIMH guide-
lines by consensus. Additionally, the same reviewers independently assigned a Grading of
Recommendations, Assessment, Development and Evaluations (GRADE; see Table 1) (Brozek et al.,
2009) score for overall study quality from (+) to (++++) based on the NIMH guidelines assessment. In
this final quality assessment, consensually high ratings of a clear definition of inclusion criteria and an
adequate sample size were given a higher weight than other aspects of quality. For instance, two studies
deemed to have equally clearly defined research questions and reliability of measures could be deemed
of differing quality if one study used a larger sample size and included more stringent inclusion
criteria. The items used to determine aspects of quality can be referenced in the extraction template in
Appendix 1. Initial agreement between raters regarding GRADE scores was substantial (85.4%, Kappa
=.76), with disagreements being resolved by consensus. As in the case of the screening and inclusion
process, all quality assessments were performed, cross-checked and resolved using the Covidence
software (Veritas International Ltd, 2014).

Results

An overview of key data on overall features extracted from the 48 included studies is summarized in
Table 2. In total, the studies included data from 22 different cohorts.

A majority of the included studies (n=27) had been conducted in US populations with a
substantial minority (n=17) having been conducted in European settings. Only a few studies had
been conducted in Asian (n =2) or Australian (n =2) populations, and no studies based on popula-
tions from other parts of the world were included. A substantial minority of the studies (n = 19) used
data collected from individuals across several age bands in the same analyses. Key features regarding
the included studies as well as the final GRADE scores and quality assessments based on the NIMH
guidelines are summarized in Tables 3 and 4. In studies that reported both means and standard
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Figure 1. Flowchart of literature search and inclusion procedure.
Reasons for exclusion:
Reason 1: No cognitive measure
Reason 2: Not SSC individuals
Reason 3: Not an empirical study
Reason 4: Duplicate sample
Table 1. Description of GRADE scores by level of confidence.
Confidence
Score level Description
+ Very low The true effect is probably markedly different from the estimated effect.
++ Low The true effect might be markedly different from the estimated effect.
+++ Moderate The authors believe that the true effect is probably close to the estimated effect.

++++ High The authors have a lot of confidence that the true effect is similar to the estimated effect.
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Table 2. Summary of overall features of the included studies.

Subtype of
Design Comparison Sample source (single center  SSC (mixed/sagittal/
(cross-sectional/ Primary age band (<2 y/2-5y/  (test norms/ /multi-center/ metopic/coronal/
longitudinal) 6-12 y/13-18 y/> 18 y) control group) unknown) lambdoid/unknown)
27/21 13/9/26/2/0 36/12 27/20/1 26/10/8/2/0/2

Note. y = years; SSC = Single-Suture Craniosynostosis.

deviations, and when corresponding data was available for control groups or population norms,
Cohen’s d was calculated for effect size estimation. In these calculations, d was determined using
the appropriate formulas for independent or matched samples expressing differences in means
between SSC and control groups or population means taken from test norms as pooled or test
norm standard deviations (Kotz et al., 1988).

Summary of findings by subject areas

In the following sections, results are summarized according to developmental aspects (age), effects of
surgery, factors related to synostosis (including suture subtypes), demographics, and assessment
issues. Since studies on surgery primarily involve preschool participants, studies on this age group
are mainly presented under the section on effects of surgery. In the text, studies are grouped by main
findings and assessed quality and are individually referenced in Tables 3 and 4.

Age effects

Pre-surgical infant development. A third of the studies (n = 16) included measurement of cognitive
development during infancy, before surgery had been conducted. The larger set of these studies (n = 9)
found significant effects of SSC on measures of DQ/IQ before surgery. However, the vast majority of
these studies were of very low to low quality, GRADE score (+) to (++) (Arnaud et al., 2002; Becker et
al., 2005; Bellew et al., 2005, Cohen et al., 2004; Da Costa et al., 2012; Fontana et al., 2017; Panchal et al.,
2001; Shimoji et al., 2015) and a single study of moderate (+++) quality (Kapp-Simon et al., 2005).
Effect sizes varied widely in that some studies, especially retrospective studies of clinical records using
norm data for comparisons, found effect sizes of up to d = -2, implying IQ scores consistent with ID,
while other studies found effect sizes of up to d =-1 in late operated children (after age 1 year). A
smaller number of studies (1 = 5) of low quality (++) found minimal to no effects of SSC on cognition
(Kapp-Simon, 1998; Mathijssen et al., 2006; Shipster et al., 2007; Speltz et al., 1997; Warschausky et al.,
2005). A small number of studies (n=2) utilized a control group, controlled statistically for con-
founders and were assessed as high-quality studies (++++) (Speltz et al., 2007; Starr et al., 2007). Data
in these two studies were both drawn from the same longitudinal multisite study in the US; the Infant
Learning Project, suggesting small-to-medium effects on general cognition, effects that were further
attenuated and becoming small to minimal when potential confounders were accounted for.

School age and adolescence development. A majority of the studies (n =26) concerned school-aged
individuals aged 6 to mid-adolescence. Twenty of these reported effect sizes, which permitted
comparison of results.

Only one study in this age band, deemed as of low quality (++), reported substantial and global
cognitive difficulties among subjects with SSC (Becker et al., 2005). In contrast, a large set of the
studies in this age band (n = 11), of very low (+) to moderate (+++) quality, reported average global IQ,
academic achievement or language scores when compared to test norms (Alperovich et al., 2021;
Bellew & Chumas, 2015; Chieffo et al., 2010; Chuang et al., 2021; Da Costa et al., 2006; Hashim et al.,
2014; Kljajié et al., 2019; Magge et al., 2002; van der Meulen et al., 2008, Shipster et al., 2003; R. T. W,
Gabrick, et al., 2020).
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One set of studies (n = 5), of moderate-to-high quality, (+++) to (++++), used data from the same
US multicenter study and assessed both global and specific cognitive functions in a stringently defined
age band of primary school-age children with SSC in comparison with healthy controls (Collett et al.,
2017; Cradock et al., 2015; Kapp-Simon et al., 2016; Speltz et al., 2015; Wallace et al., 2016). The results
from these studies indicated that SSC children had lower global IQ scores, with small overall effects, d
=-0.16 to —0.26 (Cradock et al., 2015; Speltz et al., 2015). Similar effects were observed for visuomotor
functions, memory, language, executive functions and attention (Collett et al., 2017; Kapp-Simon et
al., 2016; Wallace et al., 2016). Comparable effects were also found in studies (n = 3) of low (++) to
moderate (+++) quality regarding other specific cognitive functions such as conceptual reasoning and
verbal short-term memory (Virtanen et al., 1999), aspects of attention (Kljaji¢ et al., 2019) and visual
motor integration and perception (R. T. Wu, Gabrick, et al., 2020) in this age band.

Adulthood cognitive functioning. Only a small number of studies (1 =4) included data from adult
patients, and none of these reported data separately for this age group, primarily due to small samples
(Becker et al., 2005; Boltshauser et al., 2003; Hashim et al., 2014; Patel et al., 2014).

Effects of surgery

Effects of surgery at infant and preschool ages

A substantial minority of the included studies (n = 10) examined cognitive development before and
after surgery in infants and preschoolers. Results from the studies assessing post-surgical cognitive
status in infants with SSC varied widely. One group of studies (1 =6) of very low (+) to low (++)
quality yielded results that reflected vast improvements in at least one domain of DQ following surgery
(Arnaud et al,, 2002; Bellew et al., 2005, 2011; Cohen et al., 2004; Fontana et al., 2017; Shimoji et al,,
2014). However, studies (n=5) of higher overall quality, (++) to (++++), did not find similar
improvements post-surgery but rather persistent small to moderate deficits in global cognition
compared to controls or test norms, or no effect of surgery (Kapp-Simon, 1998; Speltz et al., 1997;
Starr et al., 2007, 2012; van der Vlugt et al,, 2017).

A small number of studies (n=5) examined cognition in preschoolers after surgery but did not
utilize longitudinal designs that enabled assessment of the effects of surgery per se. Most of these
studies (n = 4), deemed of low quality (++), did not find any deficits in global cognition compared to
test norms (Da Costa et al., 2012; Mathijssen et al., 2006; Shipster et al., 2003) and no differences in
memory or response inhibition compared to controls in a study of high quality (++++) (Toth et al,
2008). Only one study of low quality (++) indicated moderate-to-severe deficits in global cognition in
this age group post-surgery (Byun et al., 2018) and sampled late operated children (mean age at
operation >2 years).

A small set of studies (n = 6) of very low (+) to low (++) quality were in part or entirely dedicated to
the assessment of unoperated patients. Herein, one study (Boltshauser et al., 2003) found mild deficits
in attention, processing speed, learning and memory in patients compared to sibling controls of
varying ages. Similarly, mild effects on global cognition or no effect compared to test norms were seen
in studies of infants and at preschool age (Bellew et al., 2005; Da Costa et al., 2012; Kapp-Simon, 1998;
Warschausky et al., 2005). One study of low quality (++) found deficits in aspects of DQ in unoperated
children with some indications of deterioration over time (Bellew et al., 2011).

Long-term effects of factors associated with surgical intervention

A substantial minority of studies (n = 19) reported associations between aspects related to surgery and
cognitive outcomes. A smaller number of these studies (n=6) indicated beneficial effects of early
operation. Three of these, of low (++) to moderate (+++) quality reported greater cognitive deficits in
preschool and school-aged individuals operated after age one (Arnaud et al., 2002; Byun et al., 2018;
Patel et al., 2014) and another study of moderate quality (+++) found statistically significant but small
to negligible effects on both IQ, attention and executive function in school age (Hashim et al., 2014),
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with another two studies of low quality (++) yielding similar but inconclusive results across the
preschool and school age bands (Shipster et al., 2003; Speltz et al., 1997). A greater number of studies
(n=10), of variable quality (+) to (++++), did not report this association (Collett et al., 2017, Cohen et
al., 2003; Da Costa et al., 2012; Kapp-Simon, 1998; Magge et al., 2002; Mathijssen et al., 2006; Starr et
al., 2007, 2012; Toth et al., 2008; Virtanen et al., 1999).

Two studies of low (++) to moderate (+++) quality explored the effects of the duration of exposure
to surgery and associated use of anesthesia on cognitive outcomes and reported lower test scores in
individuals exposed to longer surgeries and greater exposure to anesthetics, with a stronger association
to the latter (Naumann et al.,, 2012; J. van der Vlugt et al.,, 2021). One study of low quality (++)
(Alperovich et al., 2021), found a beneficial effect of cranial vault remodeling when compared to
spring-assisted surgery and another study of similar quality (++) did not find any negative effects on
cognition from reoperation (Chuang et al., 2021).

Suture type and other factors related to synostosis

Type of suture - sagittal subtype

A majority of the studies (n = 28) included children with the sagittal suture type and reported data in a
manner that enabled interpretation. In younger individuals (infants to preschoolers), several studies
(n=8) of varying quality, (+) to (++++), reported average general mental and motor development
(Bellew et al., 2005, 2011; Kapp-Simon, 1998, Cohen et al., 2002; Shipster et al., 2003; Speltz et al., 1997;
Starr et al., 2007, 2012). A smaller number of studies (n = 3) of similar varying quality, (++) to (++++),
in the same age group reported moderate to strong effects (d = —0.5 to —1.0) of cognitive deficits in
sagittal SSC compared to test norms, effects comparable to other subtypes (Byun et al., 2018; Da Costa
et al., 2012; Speltz et al., 2007).

In school-age children, results were more unambiguous. A large set of the studies in this group (n =
11), of varying quality, (+) to (++++), reported less extensive cognitive deficits in subjects with sagittal
SSC compared to other subtypes, or average cognitive functioning in comparison to test norms
(Alperovich et al., 2021; Boltshauser et al., 2003; Chieffo et al., 2010; Chuang et al., 2021; Collett et
al., 2017; Hashim et al., 2014, Junn et al., 2021; Kapp-Simon et al., 2016; Patel et al., 2014, Shipster et al.,
2003; Speltz et al., 2015; Wallace et al., 2016). A smaller number of studies (n = 6), of very low (+) to
moderate (+++), quality reported milder cognitive deficits in sagittal SSC in IQ (Da Costa et al., 2006),
in specific functions such as language and auditory memory (Virtanen et al., 1999) and attention
(Kljaji¢ et al., 2020), or uneven IQ profiles in the presence of average general IQ (Bellew & Chumas,
2015; Kljaji¢ et al., 2019; Magge et al., 2002).

A smaller set of studies (n = 6) of low (++) to moderate (+++) quality reported separate indices for
verbal and perceptual reasoning on IQ tests in school age participants with sagittal synostosis
(Alperovich et al., 2021; Bellew & Chumas, 2015; Chuang et al., 2021; Hashim et al., 2014, Junn et
al., 2021; Kljaji¢ et al., 2019; Patel et al., 2014). In all but one of these studies, there was a pattern of
higher verbal than perceptual function, albeit with a small overall effect (mean d = 0.21).

Type of suture — metopic subtype

A substantial minority of the included studies (n = 20) reported data on individuals with the metopic
subtype of SSC. One set of studies (n=38), of varying quality, (++) to (++++), reported general
cognitive difficulties in children with metopic SSC comparable to those found in other subtypes across
infant to school age (Bellew & Chumas, 2015; Kapp-Simon et al., 2005; Speltz et al., 2007; Starr et al.,
2012), or mild deficits in specific functions such as attention, memory or visuomotor function, again
similar to other sutural subtypes (Kljaji¢ et al., 2020, Speltz et al., 2017; Toth et al., 2008; Wallace et al.,
2016). Meanwhile, several studies (n=6) of low to moderate quality, (++) to (+++), found average
overall DQ or IQ scores compared to test norms in both preschool and school aged children (Collett et
al,, 2017; Da Costa et al., 2006, 2012, Junn et al., 2021; Kljaji¢ et al., 2019; J. J. B. van der Vlugt et al.,
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2017; Warschausky et al., 2005), though Kljaji¢ et al. (2019) found higher verbal than perceptual IQ in
a manner similar to findings reported for sagittal SSC.

A few studies (n = 3) of lower quality, (+) or (++), found developmental delay in metopic SSC both
in relation to SSC individuals in general and more than —1 d compared to test norms or controls when
examining preschool and school age individuals (Byun et al., 2018; Kapp-Simon, 1998; Shimoji et al.,
2014). Two studies of low quality (++) reported higher than expected prevalence of “low IQ” or mental
retardation in individuals with metopic SSC of predominately school age (Bottero et al., 1998; J. J. B.
van der Vlugt et al., 2012). One study of low quality (++) found no similar effect in comparison to
other subtypes of SSC (Becker et al., 2005).

Type of suture - unicoronal subtype

A substantial minority of studies (n = 13) reported data on individuals with unicoronal SSC. Studies on
infants (n = 3), assessed as moderate (+++) to high (++++) quality, and originating from the same US
cohort reported lower DQ scores in right-sided unicoronal SSC compared to other subtypes in the
later preschool years but not in infancy (Kapp-Simon et al., 2005; Speltz et al., 2007; Starr et al., 2007).
Similar results were found in two studies of lower quality, (+) to (++) (Cohen et al., 2003; Da Costa et
al., 2012). Two studies of low (++) quality found average DQ/IQ in this group (Arnaud et al., 2002;
Mathijssen et al., 2006) in the infant and preschool age bands.

In the preschool and school-age bands, findings were more ambiguous. Some studies (n=4) of
moderate (+++) to high (++++) quality, again from the same US cohort study, reported DQ/IQ and
attention and executive function for unicoronal SSC as comparable to other subtypes, though lower
than for the sagittal subtype in the case of DQ/IQ (Collett et al., 2017; Speltz et al., 2015; Starr et al.,
2012; Wallace et al.,, 2016). One study of high quality (++++) reported lower scores on measures of
language, learning and memory compared to other subtypes (Kapp-Simon et al., 2016). In school aged
and adolescent children with unicoronal SSC, general IQ was reported as average with specific
difficulties noted in visuospatial function, selective attention or significantly uneven IQ profiles with
associated learning problems in a few studies (n = 3) deemed of low to moderate quality (++) or (+++)
(Bellew & Chumas, 2015; Chieffo et al., 2010; R. T. Wu, Gabrick, et al., 2020). These studies reported
findings consistent with general knowledge of hemispherical specialization in that low perceptual IQ
was associated with right-sided sutures while lower verbal IQ scores were found in left-sided sutures.

Type of suture — lambdoid subtype

As expected, given that it is the rarest subtype of SSC, data from individuals with the lambdoid subtype
was reported in a minority of the studies (n = 8). Data was reported in infants, preschool and school-age
children, all from the same US longitudinal cohort study. Some studies (n = 4) deemed as moderate-to-
high quality, (+++) or (++++), reported the lowest test scores in infants with the lambdoid subtype, with
DQ more than —1 d compared to test norms as well as control group means (Kapp-Simon et al., 2005;
Speltz et al., 2007; Starr et al., 2007, 2012). At school age in the same cohort (1 = 4), mean test scores in the
lambdoid subtype were average for general IQ as well as for more specific cognitive abilities but remained
in the lower end of the spectrum across SSC subtypes, again reported in higher quality studies, (+++) to
(++++) (Collett et al., 2017; Kapp-Simon et al., 2016; Speltz et al., 2015; Wallace et al., 2016).

Severity of synostosis

A small number of studies (n = 3) examined associations between severity of synostosis measured by
skull shape or by the presence of extracranial malformations and cognitive outcome. Two of these
were of varying quality, (++) and (++++), and did not find any association between severity of
synostosis and cognitive outcome (Starr et al., 2012; Virtanen et al., 1999). In contrast, one study of
low quality (++) found an association between severity of synostosis and motor DQ in infants with
metopic SSC (Warschausky et al., 2005).
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Cerebral and neurophysiological factors

Several studies (n = 7) examined associations between cerebral anatomy or neurophysiological measures
and cognitive function measured by testing. Neither intracranial pressure (ICP) nor the presence of
beaten-copper pattern (BCP) on the cerebral cortex was significantly associated with cognitive measures,
according to studies (n = 4) of very low to low quality (+) or (++) (Shimoji et al., 2014; van der Meulen et
al., 2008; Mathijssen et al., 2006; Shipster et al., 2003). However, ventricular width was found to be a
significant predictor of cognitive outcome in a study of low quality (++) on preschool to school age
participants with metopic synostosis (J. J. B. van der Vlugt et al., 2017). Two studies of low quality (++) in
school age children with SSC also found that cognitive test scores but not school performance at this age
could be accurately predicted by Electroencephalogram (EEG) recordings taken pre- and postoperatively
during the individuals’ first year of life (Junn et al., 2021; R. Wu et al., 2021).

Sex, parental influences and assessment issues related to design

Sex

A few studies (n=3) of moderate-to-high quality, (+++) to (++++), using data from the same US
cohort examined the association between sex and cognitive functions in individuals with SSC. None
found any significant association, and only Cradock et al. (2015) found associations similar to those
found in the general population, in that males scored lower than females on all measures (Cradock et
al., 2015; Kapp-Simon et al., 2005; Speltz et al., 2007).

Parental 1Q/SES/educational level influence

A majority of the included studies (n = 27) reported parental socio-economic status (SES), educational
level, health insurance coverage or parental IQ. However, only a smaller set (n = 13) of these studies
reported actual associations between these constructs and cognitive outcomes in the participants or
used these measures as covariates in statistical analyses. In a set of these studies (n =8), of low to
moderate quality, (++) to (+++), no such associations were found (Alperovich et al., 2021; Chuang et
al., 2021; Da Costa et al., 2012; Hashim et al., 2014, Junn et al,, 2021; Panchal et al., 2001; R. T. Wu,
Gabrick, et al., 2020; R. T. Wu, Timberlake, et al., 2020). However, in the case of a set of studies from
the US infant learning project (n = 4), all of moderate-to-high quality, (+++) to (++++), parental SES
had a significant impact on cognitive outcome (Kapp-Simon et al., 2005; Speltz et al., 2007; Starr et al.,
2010; Toth et al., 2008). One study of low quality (++) also reported an association between maternal
education and language DQ (Warschausky et al., 2005).

Global DQ/IQ

A majority of the studies (n=35) used global measures of cognitive functioning such as DQ or IQ
scores as outcome measures, frequently in combination with global measures of language. When
summed across all age bands, a large set of these studies (n =23) of varying quality, (+) to (++++),
found little to no effect on general cognition in SSC, with test scores in the average range and/or small
effect sizes of less than 0.2 d in comparison to controls (Alperovich et al., 2021, Arnaud et al., 2002;
Bellew et al., 2011; Bellew & Chumas, 2015; Boltshauser et al., 2003; Chieffo et al., 2010; Chuang et al.,
2021; Da Costa et al., 2006; Cradock et al., 2015; Hashim et al., 2014; Kapp-Simon, 1998; Kljaji¢ et al.,
2019; Magge et al., 2002; Mathijssen et al., 2006; van der Meulen et al., 2008; Patel et al., 2014, Shipster
et al., 2003; Speltz et al., 1997; J. J. B. van der Vlugt et al., 2012, 2017; Warschausky et al., 2005; R. T.
Wu, Gabrick, et al., 2020; R. T. Wu, Timberlake, et al., 2020).

A smaller number of studies (n = 5) of low to high quality, (++) to (++++), found small (d=0.2 to
0.4) effects on DQ/IQ (Bellew et al., 2005; Da Costa et al., 2012; Speltz et al., 2015; Starr et al., 2007,
2012). A substantial minority of studies (1 = 8) across all age bands, of varying quality (+) to (++++),
reported moderate-to-large effects (d=0.5 to 1.5) regarding deficits in general DQ/IQ (Byun et al,,
2018, Cohen et al., 2003; Fontana et al., 2017; Kapp-Simon et al., 2005; Naumann et al., 2012, Shimoji
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etal., 2014; Speltz et al., 2007; Starr et al., 2010). All of the studies that reported effects >1 d were of very
low to low quality, (+) to (++).

Visuospatial/motor function

A substantial minority of studies (n=12) reported data on visuospatial or visuomotor function
independent of general IQ, all sampling school-age individuals. Two studies of moderate-to-high
quality, (+++) and (++++), reported small to large significant negative effects (d=0.2 to 0.9) on
visuomotor abilities in SSC generally and in a group with sagittal and metopic SSC, respectively
(Wallace et al., 2016; R. T. Wu, Gabrick, et al., 2020). A third study of low quality (++) found a small
and non-significant effect (d = 0.17) in metopic SSC (J. van der Vlugt et al., 2021) and a fourth study of
similar quality (++) did not find any effect (Chieffo et al., 2010) in unicoronal and sagittal SSC.
Another study of low quality (++) reported lower scores in SMADG6 genetic carriers but not in SSC
children without this genotype (R. T. Wu, Timberlake, et al., 2020). Three studies of low to moderate
quality, (++) to (+++), found effects on visuomotor function favoring operation before age 1 year, even
in children having undergone reoperation (Alperovich et al., 2021, Junn et al., 2021; Patel et al., 2014).
Two studies of low to moderate quality, (++) to (+++), found effects on visuomotor function favoring
cranial vault reconstruction compared to spring-assisted surgery and whole-vault cranioplasty com-
pared to strip craniectomy (Chuang et al., 2021; Hashim et al., 2014).

Memory

A few studies (n = 5) reported effects of SSC on memory, independent of general IQ. One study of high
quality (++++), on memory and response inhibition in infants found no difference in performance
between individuals with SSC and matched controls (Toth et al., 2008). Two studies of low and high
quality, (++) to (++++), on school-aged children found small to moderate effects on memory (d = 0.1
to 0.4) in comparison to matched controls (Kapp-Simon et al., 2016; Virtanen et al., 1999). Similar
effects were also reported in a similar study of low quality (++) (Chieffo et al., 2010). One study of very
low quality (+) reported a higher than expected prevalence of low test scores in their sample, especially
for visual memory (Boltshauser et al., 2003).

Attention/vigilance

A few studies (n = 4) reported data on attention or vigilance in SSC. Two studies of low and moderate
quality, (++) and (+++), reported small but significant effects on both these functions in school-aged
children with SSC (Collett et al., 2017; Kljaji¢ et al., 2020). Two studies of very low and low quality (+)
and (++) in the same age group found a high prevalence of pathologically low test scores on attention
(Boltshauser et al., 2003; Chieffo et al., 2010).

Presence of comorbid neuropsychiatric conditions

A few of the included studies (n = 3) had directly assessed the presence of neuropsychiatric conditions
in their samples. Two of these studies, of low quality (++), reported an increased prevalence of such
disorders, with ASD or ADHD reported in up to 24% of cases and intellectual disability (ID) reported
in 10% of cases in two Dutch samples of school age children (J. J. B. van der Vlugt et al., 2012, 2017)
and an above 80% prevalence of features of autism in a Japanese study of very low quality (+), with a
significant decrease of such symptoms post-surgery (Shimoji et al., 2015).

Domain of individual recruitment (single clinic/multi-site/clinical referral)

Half (n = 24) of the studies sampled individuals from a single surgical institute, either by prospective
testing or by review of medical records or similar post hoc data gathering. Results for cognitive
outcomes in these studies were mixed. Several studies (n = 7) across all age bands, generally of very low
to low quality (+) or (++), one study (+++), found substantial effects with mean test scores 1 to 2 d
below the comparison mean on at least one cognitive measure (Arnaud et al., 2002; Becker et al., 2005,
Bottero et al., 1998; Byun et al., 2018; Naumann et al., 2012; Shimoji et al., 2015; J. J. B. van der Vlugt et



238 K. OLSSON ET AL.

al., 2012). A smaller number of studies (n = 5) of low quality, (++), found small-to-medium effects on
cognition (Bellew et al., 2005; Da Costa et al., 2012; Panchal et al., 2001; van der Meulen et al., 2008;
Virtanen et al., 1999). A larger set of studies (n = 12) of very low to low quality, (+) or (++), found no
significant effect on cognition (Bellew et al., 2011; Bellew & Chumas, 2015; Boltshauser et al., 2003; Da
Costa et al., 2006; Kapp-Simon, 1998; Magge et al., 2002; Mathijssen et al., 2006, Shipster et al., 2003;
Speltz et al., 1997; Warschausky et al., 2005; J. J. B. van der Vlugt et al., 2017; J. van der Vlugt et al.,
2021).

A substantial minority of the studies (n = 21) sampled individuals from several surgical centers and
reported data in a way that enabled direct comparison. Among these studies, only one of very low
quality (+) found effects of comparable magnitude to the majority of the studies mentioned above with
main effects of 1 d below the mean (Cohen et al., 2003). A set of studies in this category (n=6) of
moderate-to-high quality, (+++) to (++++), out of which five sampled infant individuals from the
infant learning project, reported moderate effects (d = 0.4 to 0.7) (Cradock et al., 2015; Kapp-Simon et
al., 2005; Patel et al., 2014; Speltz et al., 2007; Starr et al., 2010). Only a single study of infants in this
category, of high quality (++++), reported no effect on cognition (Toth et al., 2008). A set of studies (n
=9) in this category mainly sampled individuals of school age and of low to high quality (++) to (+++
+) reported small yet significant effects on cognition in SSC of up to 0.3 d below the mean (Chieffo et
al., 2010; Collett et al., 2017; Kapp-Simon et al., 2016; Kljaji¢ et al., 2020; Speltz et al., 2015; Starr et al.,
2007, 2012; Wallace et al., 2016; R. T. Wu, Gabrick, et al., 2020). Another set of studies (n = 5) in this
category deemed of low to moderate quality (++) to (+++) sampled school age children and reported
no significant effects (Alperovich et al., 2021; Chuang et al., 2021; Hashim et al., 2014; Kljaji¢ et al,,
2019; R. T. Wu, Timberlake, et al., 2020).

Use of control groups/test norms for comparison

A majority of the studies (n=35) did not include a control group and instead compared cognitive
outcomes to test norms or other measures of normative development such as developmental rating
scales. Of these, a large set (1 = 28) could be interpreted and categorized by type of cognitive outcome
in a comparable way.

A set of studies (n=6) of very low to low quality (+) or (++) found substantial effects on general
cognition with mean results for infant and school-aged SSC children more than 1 d below test norm
means (Arnaud et al., 2002; Becker et al., 2005; Byun et al., 2018, Cohen et al., 2003; Fontana et al,,
2017; Shimoji et al., 2015). A smaller number of studies (1 = 4) of low to moderate quality (++) to (++
+) sampled individuals from similarly heterogenous age bands and found effects in the moderate range
between d 0.4 and 0.8 below test norm means on general as well as specific cognitive measures (Da
Costa et al., 2012; Kapp-Simon et al., 2005; Kljaji¢ et al., 2020; Panchal et al., 2001). A large set of
studies (n = 18) in this category, chiefly sampling school-age individuals and of very low to moderate
quality (+) to (+++), found little to no effect on cognition (Alperovich et al., 2021; Bellew & Chumas,
2015; Chuang et al., 2021; Da Costa et al., 2006; Hashim et al., 2014; Kapp-Simon, 1998; Kljaji¢ et al.,
2019; Magge et al., 2002; Mathijssen et al., 2006; van der Meulen et al., 2008; Patel et al., 2014, Shipster
et al., 2003; Warschausky et al., 2005; J. J. B. van der Vlugt et al., 2012, 2017; J. van der Vlugt et al., 2021;
R. T. Wu, Gabrick, et al.,, 2020; R. T. Wu, Timberlake, et al., 2020).

A substantial minority of the studies (n=11) included a control group for comparisons and
reported results in a way that enabled direct comparison. Of these, a few studies (n=3) were of
moderate-to-high quality (+++) or (++++) and sampled children of infant to school age from the same
US cohort, finding moderate to strong effects, generally in the d =0.4 to 0.7 range on at least one
measure of general or specific function of cognition (Collett et al., 2017; Cradock et al., 2015; Speltz et
al,, 2007). A similar number of studies (n = 7) in this category sampled a wide age range from infancy
to adolescence and were generally of comparable quality, (++) to (++++), found small effects on both
general and specific cognitive functions of under d = 0.5 (Chieffo et al., 2010; Gray et al., 2015; Speltz et
al., 2015; Starr et al., 2007, 2012; Virtanen et al., 1999; Wallace et al.,, 2016). One study of high quality
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(++++) sampled infants and found no effect on memory (Toth et al., 2008). No studies in this category
reported large effects on cognition.

Within-group variations in test scores

A substantial minority of the studies (n = 18) of low to high quality, (++) to (++++), measured DQ in
infant or preschool age participants and reported standard deviation (sd) scores in a way that
permitted comparison (Bellew et al,, 2005, 2005; Byun et al., 2018; Da Costa et al., 2012; Kapp-
Simon, 1998; Mathijssen et al., 2006; Naumann et al., 2012; Speltz et al., 1997, 2007, 2015; Starr et al.,
2007, 2010, 2012; Toth et al., 2008; van der Meulen et al., 2008; J. J. B. van der Vlugt et al,, 2012, 2017;
Warschausky et al., 2005). SD across these studies varied widely (m = 19; range = 6.8 to 21.3) with a
higher SD than test norms.

Another substantial minority of the studies (n = 13) of varying quality, (++) to (++++), measured
IQ in participants from late preschool age upwards and reported SD scores in a comparable fashion
(Alperovich et al., 2021; Bellew et al., 2005, 2011; Chuang et al., 2021; Da Costa et al., 2006; Cradock et
al., 2015; Hashim et al., 2014, Junn et al., 2021; Kapp-Simon et al., 2016; Kljaji¢ et al., 2019; Patel et al.,
2014; J. van der Vlugt et al., 2021; R. T. Wu, Gabrick, et al., 2020). In these studies, sd scores also varied
widely (m =15.5; range = 10.7-20.9), but overall without significant deviation from norm data.
However, when studies that used IQ <70 as an exclusion criterium were not included (n =4), this
discrepancy increased slightly (m = 16.5).

Discussion
Overall findings

The present review aimed to describe the current state of evidence regarding cognition in individuals
with SSC by performing a systematic literature review. Overall, there was substantial evidence for
small but possibly clinically significant negative effects on both general and specific cognitive functions
across development, with limited evidence for differences across subtypes of the condition. There was
some evidence for effects related to surgical correction. In line with previous reviews and meta-
analyses (Kapp-Simon et al., 2007; Knight et al., 2014; Osborn et al., 2019, 2021; Speltz et al., 2004), the
results show high variability both in terms of study design and obtained results. However, the results
also show signs of better methodology across time and several promising directions for future
research. The present review, being the first of its kind to formally assess quality as a central aspect,
is uniquely able to shed light on this progression within the field.

A central finding is a consistent pattern of variability in findings across studies that is associated
with quality and rigor of design: Our findings show a tendency in studies of less rigorous design to
report dramatic effects on cognition when the sample is recruited from a single surgical center or when
no control group or formal measure to ensure reliability of testing is in place. When more strenuous
designs are utilized, effects on cognition remain significant but decrease in magnitude. Studies using a
control group were more likely to show significant effects on cognition in SSC, even when the mean
score in the SSC group was within the average range (e.g., IQ = 85-115) compared to test norms. In
line with these findings, we advocate greater use of multi-center studies using control groups for
comparison. In contrast, most studies included in this review used small, single-center samples
compared by test performance solely in comparison to test norms, frequently using only test data
gathered in clinical practice without measurement of inter-rater reliability.

Inclusion and exclusion criteria

A further observation that can be made from the present review is related to issues of score distribu-
tions within studies: An inflated number of individuals with very high scores may result in average
mean scores in subject groups, but simultaneously obscuring that there may be an inflated prevalence
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of subjects with very low scores due to higher variance in SSC samples compared to the population.
This is consistent with the higher-than-expected variability regarding general cognition found in some
studies, especially in the infant and preschool age bands. In light of such findings, studies in the field
using ID diagnosis as an exclusion criterion should be called into question. Again, the generally small
sample sizes utilized in most studies hamper further progress in this regard since small samples, by
statistical necessity, are more sensitive to outliers. This problem is not remedied by systematic
exclusion of participants expected to receive test scores at a specific extreme of the spectrum as
becomes the case of DQ/IQ measures when ID is used as an exclusion criterion.

A similar line of argument can be made regarding the highly variable inclusion and exclusion
criteria observed among the included studies regarding comorbid conditions, both in terms of
associated somatic illnesses and syndromes as well as neuropsychiatric conditions. The fact that
only three of all the studies involved made a formal attempt to categorize patients in terms of
ADHD, ASD and similar conditions implies that it is likely a substantial influence of undiagnosed
conditions on the data discussed in the present review, hampering conclusions that can be drawn from
the findings. In addition, there is a persistent problem in the data regarding uncertainties of genetic
causes for SSC in many samples, which may be more feasibly addressed in the future as access to
genetic screening is more and more readily available in clinical practice.

Age and suture location effects

Opverall, the findings in studies regarding pre-school SSC children indicate small to moderate effects
on cognition. In school age and adolescence, there is also indications of some persistence of these
effects although they seem to become more subtle over time. There are also some trends of these effects
becoming isolated to more specific cognitive functions such as attention, visuomotor function and
language rather than general IQ over time. More studies are needed to validate this observation
further.

Regarding the different subtypes of SSC, there is some evidence, particularly in school-aged
individuals, of better cognitive prognosis in sagittal SSC compared to the other subtypes. Tentative
evidence exists for particular vulnerability in the metopic and lambdoid subtypes, but more studies are
needed to validate these findings. This will be difficult in the case of lambdoid SSC given the
exceptional rarity of this condition, again pointing to the need for multi-center studies in the field.

In a further line of inquiry regarding specific cognitive deficits, the evidence is tentative for a
particular vulnerability in unicoronal CS for deficits in attention, visuomotor function and language
that merit further investigation. In addition, the verbal/visuospatial discrepancy found in a number of
studies on sagittal synostosis warrants further investigation as it may provide insights into typical
brain development. Based on current understanding of cortical network reliance in higher cognitive
function, sagittal synostosis could be understood as a condition disrupting dorsal parieto-frontal
network connections across development that can be directly linked to the location of the sagittal
suture and, possibly, the mechanical effects associated with it on the developing brain. This observa-
tion could be further validated if more studies finding a mediating effect of age at surgery on this link
were to be conducted.

Effects of surgery

On the subject of interventions, there was some limited evidence for early surgery as a component in
positive prognosis and a potential dose-response relation with more dramatic effects of a better
cognitive prognosis in early operated children than in those operated after 6 and 12 months of age.
More research is needed here given how crucial this issue is for clinical decision-making. Also, the
findings indicating possible substantial effects of anesthesia and surgical methods on cognitive
prognosis warrant further study. Overall, the lack of assessment of SES in many studies, which has
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previously been found to be highly correlated with age of diagnosis and treatment in SSC (Gray et al,,
2015.) and an important contributor to cognition, hampers further progress in this line of inquiry.
Regarding prognostic demographic factors, there is inconclusive evidence about the influence of
sex on cognition in SSC, though commendable efforts have been made to address this subject. In this
context, it is striking that so few studies have included parental IQ as a covariate in analyses, given the
well-established high heritability of cognitive abilities, an observation that has also been made in the
SSC field (Bergen et al., 2007; Gray et al., 2015; Polderman et al., 2006). Better control of background
variables will enable more powerful study designs, by eliminating a substantial portion of noise.

Assessment issues

In a wider context, we argue that the results of this review point toward two important assessment
issues not usually raised in the field. Firstly, our results indicate an over-reliance on global measures of
cognition. We argue that cognition in SSC individuals from school age and upwards is too narrowly
conceptualized and advocate the use of broader neuropsychological test batteries to assess this
population in future studies. The findings of the present review support this position in the sense
that they reflect an attenuated effect on global cognitive measures, such as IQ, over time while
indicating persistent effects on more specific abilities such as visuospatial abilities or attention.

Our second point of argument is regarding the age bands under study in the field, where a wide
literature search was unable to find a single study that had specifically examined cognition in adults
with SSC. Humans spend most of their lifetimes in adulthood, and prediction of cognitive function at
this age should be the ultimate goal of any assessment of cognitive function in SSC children, under-
scoring the need for more studies on this age group.

Directions for future research

Overall, the present review must reiterate the recommendations given in previous reviews of the field
regarding the need for multicenter, longitudinal studies using appropriate control groups (Kapp-
Simon et al., 2007; Knight et al., 2014; Speltz et al.,, 2004). Apart from including parental IQ as a
covariate, formal checks of interrater reliability and, when applicable, procedures for double-blind
assessment are under-utilized in the field. To date, the US Infant Learning Project remains the only
cohort that fulfill all these criteria (Kapp-Simon et al., 2005; Gray et al., 2015; Speltz et al., 2007; Starr et
al.,, 2012, 2007, 2010, 2012; Toth et al., 2008; Cradock et al., 2015; Wallace et al., 2016 among others).

It must be stated that several progressions in the field hold substantial promise. This includes the
use of EEG for direct assessment of brain function in SSC that has attracted some attention in recent
years, as well as the renewed interest in genetics in connection with the SMAD6 genotype (R. T. Wu,
Timberlake, et al., 2020; Junn et al., 2021). Non-invasive procedures for cortical mapping hold the
promise of becoming a paradigm for direct assessment of network-based brain functioning in SSC
individuals. When correlated with behavioral measures such as cognitive tests, these types of biomar-
kers could lead to a new understanding of the still largely unknown mechanisms underpinning the
neurodevelopmental effects in SSC.

Strengths and limitations of the present review

The present study reviewed cognition in SSC using an ambitious search strategy including repeated
searches with higher-order definitions and across several databases. We are confident that we have
been able to achieve a high degree of coverage of relevant studies in the field. This review is the first in
the field to incorporate a formal assessment of quality using independent raters as a central outcome,
which lends further confidence to the results.

Another strength of the current review is its relatively narrow definition of cognition as test-based
data rather than parental or professional rating scales. This explains why studies performed prior to
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2014 included in the current review are not fully overlapping with the studies included in the review by
Knight et al. (2014).

The chief limitation of the present review is inherent to the differing terminology across the field
and concerns the inclusion criteria of the studies included regarding NSC/SSC, with several studies
using scant exclusion criteria and a focus on suture presentation in inclusion. This infers that a
substantial proportion of the included studies probably contain a set of subjects with genetic causes for
their SSC. Direct comparisons between studies using more and less stringent inclusion criteria might
be the focus of a future review of the field.

Conclusions

The present review describes the current state of evidence regarding cognition in SSC by using a
systematic literature search according to the PRISMA statement, combined with a stringent procedure
for assessment of quality using the GRADE system. The results show that there is growing evidence for
small to moderate overall effects on cognition in SSC that seem to be persistent across infancy and
childhood, but more research is needed to determine its more precise nature and to ascertain whether
these effects persist into adulthood. We postulate that the findings point to SSC as a disorder of cortical
network organization of higher-order cognition of substantial interest to neuroscience as a whole
beyond the scope of craniosynostosis if the pathophysiology underlying the cognitive effects of SSC
were to be understood more fully. A more thorough understanding of these effects is also critical to
informing clinical judgment regarding surgical intervention as well as to providing correct informa-
tion to parents at the critical junction when the decision on whether or not to operate on synostosis is
taken in the child’s infancy.
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Table A1. A standardized extraction form based on the National Institute of Mental Health (NIMH) Guidelines for assessment of

quality in correlational studies.

Reference number

Methods

Participants

Study population

No of participants

Ages of participants

Conditions of participants (type of craniosynostosis)
Treatments related to craniosynostosis
Age at treatment

Comorbid conditions

Study country

Comment/Follow-up

Measures

Cognitive instruments

Cognitive outcomes measured
Comment/Follow-up

Design

Type of study

(prospective, retrospective, register)
Was some kind of comparison to a control group performed?
Time of data collection
Comment/Follow-up

Results

Cognitive outcome

Comparison to controls?

Comment/Follow-up

Quality

Was the study question or objective clearly stated?

Was the research question or objective appropriate?
Was the study population clearly specified and defined?

Were the participants in the study representative?

Were all eligible participants that met the prespecified entry criteria enrolled?

Was the sample size sufficiently large to provide confidence in the findings?

Was a sample size justification, power description, or variance and effect estimates provided?

Were controls selected or recruited from the same or similar population that gave rise to the cases (including the same

timeframe)?

Was the test clearly described and delivered consistently across the study population?

Were the outcome measures prespecified, clearly defined, valid, reliable, and assessed consistently across all study participants?

Were the people assessing the outcomes blinded to the participants’ exposures/interventions?

Were key potential confounding variables measured and adjusted statistically for their impact on the relationship between

exposure(s) and outcome(s)?
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