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Objective: To evaluate the utility of measuring fetal cavum septum pellucidum (CSP) width during routine, mid-pregnancy
ultrasound for improving diagnosis of 22q11.2 deletion syndrome amongst fetuses with and without conotruncal anomalies.
Patients and Methods: This was a retrospective case-control study (2005-2016). Fetuses and newborns with 22q11.2 deletion and/
or conotruncal cardiac anomalies were identified using a regional, clinical database. A control group was assembled in a 2:1 ratio to
create three groups for comparison: i) 22q11.2 deletion syndrome; ii) isolated conotruncal anomalies; and iii) controls. Eligibility was
restricted to those with stored ultrasound images between 18-22 weeks’ gestation and a minimum biparietal diameter of 40 mm. Post-
processing measurement of CSP width was performed in a standardized fashion by two blinded and independent study personnel.
Descriptive and inferential statistics, regression modeling, and receiver operator curves (ROC) were used to compare outcomes
between groups and evaluate sensitivity/specificity of CSP width as a marker of 22q11.2 deletion syndrome.

Results: Twenty-nine cases of 22q11.2 deletion and 64 cases of isolated conotruncal anomalies were matched to 186 healthy controls.
Cases with 22q11.2 deletion syndrome had significantly larger CSP widths (5.36 mm; SD=1.2) compared to those with isolated
conotruncal anomalies (3.75 mm; SD=1.11) and healthy controls (2.93 mm; SD=0.57; p<0.0001). There was no difference in CSP
width amongst those with 22q11.2 deletion irrespective of the presence/absence of a conotruncal anomaly (p=0.362), or by type of
conotruncal anomaly (p=0.211). Using a CSP width cutoff >4.3 mm, fetuses with 22q11.2 deletion can be accurately identified with
good sensitivity (89.7%) and specificity (84%).

Conclusion: Fetuses with 22q11.2 deletion syndrome have dilated CSPs when compared to those with isolated conotruncal anomalies
or controls. Because CSP dilation can be evaluated during routine mid-pregnancy ultrasound using standard images of the fetal head,
measurement could easily be incorporated to enhance prenatal diagnosis of this phenotypically diverse condition.

Keywords: DiGeorge syndrome, 22qll microdeletion, cavum septum pellucidum, prenatal diagnosis, fetal ultrasound,
neurosonography

Introduction

22q11.2 deletion syndrome is a genetic condition resulting from a deletion in the small arm of chromosome 22." Also known
as “DiGeorge syndrome”, microdeletion in this region contributes to defective development of the pharyngeal pouch system in
early embryonic life and, as such, there are a wide range of clinical phenotypes associated with 22q11.2 deletion syndrome.' ™
Structural abnormalities commonly associated with this condition include conotruncal cardiac defects, thymic hypoplasia,
craniofacial abnormalities (including cleft palate), gastrointestinal and genitourinary malformations, poor growth, and even
problems with thyroid and parathyroid development.' Postnatally, those with 22q11.2 deletion syndrome can also present
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with hypocalcemia, immunodeficiency, and failure to thrive.! Long-term, it is estimated that up to 30% of patients with
22q11.2 deletion are diagnosed with schizophrenia or other mental health concerns by late adolescence/early adulthood.*
There are also described associations with developmental delay, specifically cognitive and language deficits.*® 22q11.2
microdeletion is present in approximately 1 per 4,000 liveborn infants, however it can be difficult to diagnose prior to birth."

Almost one-third of patients with 22q11.2 deletion syndrome have an underlying conotruncal cardiac defect such as
interrupted aortic arch, truncus arteriosus, tetralogy of Fallot, vascular rings, atrial septal defect (ASD) and ventricular septal
defect (VSD), among others.'* Because of this association, prenatal diagnosis of 22q11.2 deletion syndrome has relied on
testing of amniotic fluid sampled from invasive amniocentesis of fetuses with conotruncal anomalies: molecular testing for
22q11.2 microdeletion (and now microarray) has not traditionally been offered in the absence of conotruncal heart
anomalies.®” Because the other facial-type anomalies can be difficult to visualize by fetal ultrasound, and the non-anomalous
features entirely absent antenatally, it can make prenatal diagnosis of 22q11.2 deletion syndrome very challenging.

A recent study by Chaoui et al® demonstrated that there is a significant increase in width of the cavum septum
pellucidum (CSP) in patients with cardiac anomalies and 22q11.2 deletion syndrome compared to healthy controls. The
study was the first to suggest that non-invasive screening for 22ql11.2 deletion syndrome could be achieved using
obstetrical ultrasound.® The CSP is a naturally occurring space between the fetal brain hemispheres which is filled by
cerebrospinal fluid.”'? It is visible by 16 weeks of gestation and normally regresses after birth, typically by 3 months of
age.”'" The CSP is standardly imaged during routine, mid-trimester obstetrical ultrasound between 18-22 weeks’
gestation as part of screening for intracranial anomalies.'®'" Evaluation of the CSP by obstetrical ultrasound is limited
to its presence or absence — it is not routinely measured. There is some emerging evidence that adults with schizophrenia
show a persistence of the CSP into adulthood.'*'* The relationship between fetal CSP and the schizophrenic-phenotype
of 22q11.2 deletion syndrome remains unknown, as does the relationship between CSP width and 22q11 microdeletion
for fetuses without cardiac anomalies.

The purpose of this study was to evaluate the utility of measuring CSP width during routine obstetrical ultrasound for
improving prenatal diagnosis of 22ql1.2 deletion syndrome amongst fetuses with and without conotruncal cardiac
anomalies. If a relationship exists between CSP width and 22q11.2 deletion syndrome at mid-pregnancy — particularly
in the absence of conotruncal anomalies — it would improve prenatal diagnosis of 22q11.2 deletion syndrome without
conferring any additional costs or resources for the healthcare system. Such a noninvasive marker would also improve
diagnosis for those families opting out of antenatal genetic testing and assist healthcare providers with postnatal
management of affected newborns.'*

Materials and Methods

This was a retrospective case-control study at a tertiary level hospital in Winnipeg, Canada between January 2005 and
December 2016. The hospital serves as a regional referral site for all genetics and pediatric cardiology consultations for
a population of over 1.3 million individuals and a geographical region composed of rural, urban, and northern/remote
communities. Cases of conotruncal anomalies and 22q11.2 deletion within the region are referred to a centralized clinical
genetics program located at the study site. Obstetrical ultrasound images performed within the region since 2005 are stored
centrally and available for review electronically. Research ethics approval was obtained from the University of Manitoba
Health Research Ethics Board. Patient confidentiality was maintained in compliance with institutional standards and in
accordance with the Declaration of Helsinki: because this project was retrospective in nature and did not require any direct
patient contact, nor did it influence patient management or outcomes, informed consent forms were not required by our
institution. Individual patient consent was obtained for use of the stored ultrasound image of the fetal CSP.

Using a genetics clinical database, all antenatal (fetal) and postnatal (infant) cases of conotruncal cardiac anomalies
and/or 22q11.2 deletion syndrome during the study period were ascertained. The database was sequentially searched
for 1) fetuses identified on amniocentesis to have a 22q deletion based on either FISH or microarray testing without any
evidence of another chromosome anomaly or microdeletion/microduplication, 2) infants diagnosed with a 22q deletion
based on either FISH or microarray testing without any evidence of another chromosome anomaly or microdeletion/
microduplication, 3) fetuses diagnosed with a conotruncal heart defect (tetralogy of Fallot, interrupted aortic arch,
truncus arteriosus, pulmonary atresia, double outlet right ventricle, aberrant right subclavian artery, vascular ring, right
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sided aortic arch), and 4) infants diagnosed with a conotruncal heart defect. Those designated as “isolated” conotruncal
anomalies had no evidence of 22q deletion by either FISH or microarray testing, and had no evidence of another
chromosome anomaly by QF-PCR, karyotype or microarray. Cases were reviewed to exclude duplications. The database
was then reviewed to ascertain a group of structurally normal, euploid controls matched 2:1 by year of ascertainment (ie,
patients who had an amniocentesis resulting in a normal fetal karyotype, QF-PCR, or microarray). Clinic charts were
then cross-referenced to ensure accuracy of database information and case selection. Cases were also restricted to
singleton pregnancies, and excluded for incorrect dating, lack of stored images, and/or the presence of other anomalies.
This resulted in formation of three study groups: i) 22q11.2 deletion syndrome; ii) isolated conotruncal anomalies; and
iii) controls. The final list of cases and controls was randomly assorted to ensure blinding of independent observers was
maintained during the review of ultrasound images.

Linkage to stored obstetrical ultrasound images was then performed. In keeping with existing literature and the known
relationship between CSP width and biparietal diameter, eligibility was restricted to those patients with stored images
between 18-22 weeks’ gestation and a minimum biparietal diameter of 40 mm.'® A post-processing review of stored
obstetrical ultrasound images and measurements of CSP width was performed by two experienced, independent and
blinded study personnel in a standardized fashion as previously described.'® Using standardly obtained fetal head views
in the transverse plane at the level of the thalami and symmetric view of both hemispheres, the CSP width was measured
by placing the calipers on the inner edges of the lateral borders of the CSP (Figure 1).' CSP measurements between
observers were averaged if within 10% of each other: cases with >10% difference between measurements were planned
to be resolved by a third observer, but this was not required. To further evaluate interobserver reliability, CSP widths of
controls were compared to previously published normal ranges of CSP during mid-pregnancy scan.'® The gestational age
at time of scan and fetal biometry were also collected from stored ultrasound reports and entered into a standardized data
collection form.

Statistical analysis was performed using Stata v.14.2 (Stata Corp, College Station, TX) software. Descriptive statistics
were used to present study findings. Continuous variables were described as means with standard deviations (SD) or
medians with interquartile ranges (IQR) depending on distribution. Dichotomous/categorical variables were described as
proportions. CSP width was primarily described as a mean with standard deviation. However, to account for the small
sample size per group, CSP widths were also presented graphically using box-and-whisker plots of median and IQR as
well. Chi-square, analysis of variance, and Kruskal-Wallis tests were used to compare the three study groups and across
subgroups of conotruncal anomalies. Linear regression was used to evaluate the relationship between CSP width and

Figure | Fetal cavum septum pellucidum (CSP) with caliper measurements (in yellow) at 20 week ultrasound.
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BPD. A receiver operator curve (ROC) was generated to determine the sensitivity and specificity of CSP width in relation
to 22q11.2 deletion syndrome status. CSP width was also evaluated as a dichotomous variable separately, by using: 1)
>95th percentile by biparietal diameter; and ii) the optimal cut-off modeled from the ROC curve. Interobserver reliability
was evaluated using the Spearman correlation coefficient.

Results
From the 409 fetuses and infants initially identified in the clinical repository, 134 were excluded after review due to the
following factors: incorrect diagnosis, twins/higher-order multiples, inadequate head views to assess CSP, ultrasound
performed at gestational age beyond 18-22 weeks’ gestation, biparietal diameter less than 40 mm, or presence of
multiple anomalies (Figure 2). Of the remaining 275 cases, three groups were assembled: i) 22q11.2 deletion syndrome
(n=29); ii) isolated conotruncal anomalies (n=64); and iii) controls (n=182) (Figure 2). The mean maternal age was 31.6
years (SD=5.6) and similar across all three groups (p=0.603). Most patients (52.7%) were multiparous. There were no
obvious differences between groups with respect to mean gestational age at time of ultrasound (p=0.455) or biparietal
diameter (p=0.362). One-third of cases of 22ql1 deletion syndrome (9/20) had structurally normal hearts.

The mean CSP width was significantly larger amongst fetuses with 22q11.2 deletion syndrome (5.36 mm, SD=1.2),
compared to those with isolated conotruncal cardiac defects (3.75 mm, SD=1.11) and controls (2.93 mm; SD=0.57;

Assessed for eligibility
(n=409)

Excluded (n=134)

e <18 wk GA or >22wk GA
g ® Missing US images

e Other anomalies

® |ncomplete Records

A 4

Eligible subjects

(n=113)
22q11.2 deletion syndrome Isolated conotruncal anomalies Controls
(with/without conotruncal anomalies)
(n=29) (n=64) (n=182)
Figure 2 Flow diagram of study subjects.
Abbreviations: GA, gestational age; US, ultrasound.
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p<0.0001) (Figure 3). These differences persisted amongst fetuses with 22q11.2 deletion syndrome irrespective of the
presence (or absence) of a conotruncal defect (5.22 mm; SD=1.4 versus 5.7 mm; SD=1.5; p=0.362) (Figure 4). All
fetuses with 22q11.2 deletion syndrome — with or without conotruncal anomalies — had significantly larger CSPs than
fetuses with any type of isolated conotruncal anomalies. For fetuses with isolated conotruncal anomalies, CSP widths
were similar by subtype of conotruncal anomaly: tetralogy of Fallot 3.6 mm (SD=0.91); double outlet right ventricle
3.96 mm (SD=1.2); other conotruncal lesions 4 mm (SD=1.5); p=0.211) (Figure 4). CSP widths of control patients were
comparable to those of previously published CSP widths at ~20 weeks GA."°

It was possible to measure CSP width in all 275 study subjects with stored images using standardly obtained views
between 18-22 weeks’ gestation, with good interobserver agreement (intraclass correlation=0.92; p<0.0001). There was
a positive linear correlation between CSP width and biparietal diameter (r*=0.43; p<0.0001). Using a CSP width cut-off
>4.3 mm as modeled from the optimal ROC (area under the curve=0.9181), accurate identification of fetuses with
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Figure 3 Box-and-whisker plot comparison of median CSP width between groups.
Abbreviation: CSP, cavum septum pellucidum.
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Figure 4 Subgroup comparison of median CSP width with box-and-whisker plots.
Note: Triangles indicate outliers.
Abbreviations: CSP, cavum septum pellucidum; TOF, tetralogy of Fallot; DORYV, double outlet right ventricle.
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Figure 5 ROC curve modeled to represent the diagnostic accuracy of CSP width for 22ql 1.2 deletion syndrome.
Abbreviations: AUC, area under the curve; CSP, cavum septum pellucidum.

22q11.2 deletion syndrome is possible with 89.7% sensitivity and 84.4% specificity (Figure 5). Using a cut-off of >95th
percentile of CSP width per biparietal diameter, accurate identification of fetuses with 22q11.2 deletion syndrome is
possible with sensitivity and specificity of 79.3% and 94.7%, respectively.

Discussion

Improved prenatal diagnosis of 22q11.2 deletion syndrome is possible. Our study illustrates that by simply adding
measurement calipers to standardly obtained images at the time of routine, mid-pregnancy obstetrical ultrasound — and
without any additional healthcare costs or resources — accurate identification of fetuses with underlying 22q11 micro-
deletion can be achieved with good sensitivity and specificity. As mean CSP widths were similar in fetuses that had
22ql11.2 deletion syndrome with or without co-existing conotruncal anomalies, the results of this study will be
particularly transformative in rethinking the possibility of fetal diagnosis of 22q11.2 deletion syndrome in the absence
of anomalies. With the creation of two separate control groups, our study showed that increases in CSP width were
independently associated with 22q11 microdeletion and not attributable simply to the presence of an underlying
conotruncal anomaly and/or any potential effects of shunting deoxygenated blood on the developing fetal brain.'> It
was also interesting to observe that there appeared no difference in CSP widths by type of cardiac anomaly amongst
those fetuses with conotruncal defects, which had not before been described in the literature.

The mean CSP width of our healthy controls and positive linear relationship between CSP and biparietal diameter
are consistent with previously published studies — both findings attesting to the reliability, reproducibility, and case
selection of our study. Similarly to the study published by Chauoi et al,® CSP width was greater amongst fetuses with
22q11.2 deletion syndrome compared to controls; however, their group did not include evaluation of fetuses with
isolated conotruncal defects. In that study, the CSP width amongst fetuses with 22q11.2 deletion syndrome (all of whom
had co-existing cardiac anomalies) averaged 5.6 mm and thus was similar with the fetal cases of 22q11.2 deletion
syndrome in our study (5.36 mm). However, in that study all cases of 22q11.2 deletion syndrome had conotruncal
anomalies and there was no description of CSP width for patients with 22q11.2 deletion syndrome and structurally
normal hearts. Additionally, ultrasounds of normal controls spanned 16—34 weeks’ gestation and did not evaluate the
utility of CSP measurement specifically at the time of routine obstetrical ultrasound, ~18-22 weeks’ gestation.®
Interestingly, the Chaoui group described how CSP dilation was more obvious and occurred more frequently at later
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gestational ages beyond 22 weeks in cases of 22q11.2 deletion syndrome (65.7% of fetuses <22 weeks versus 85.7% of
fetuses >22-34 weeks).® Persistence of CSP dilation or relative change in width over time may represent another
sonographic marker to enhance fetal diagnosis of 22q11.2 deletion syndrome and warrants further study.

Because only one-third of those affected by 22q11.2 deletion syndrome actually have a cardiac anomaly, it means that two-
thirds of cases are being missed by current prenatal screening algorithms. One recent study illustrated that ~95% of prenatally
diagnosed cases of 22q11.2 deletion syndrome occur in the setting of cardiac anomalies.'® Historically, confirmatory diagnosis
of 22q11.2 deletion syndrome antenatally centered around molecular testing of amniotic fluid obtained by amniocentesis:
more recently, chromosomal microarray has further expanded prenatal detection of 22q11 microdeletion.®” With modern
advances in non-invasive prenatal testing (NIPT) using cell-free fetal DNA, screening for 22q11 microdeletion is now possible
using a peripheral maternal blood sample.'” However, many families decline invasive testing by amniocentesis, and others still
decline any type of genetic testing antenatally (including NIPT), thus highlighting the need for potential sonographic markers
to improve prenatal diagnosis of this condition. For families who prefer to defer genetic testing to the postnatal period, there
remains a delay in diagnosis of 22q11.2 microdeletion at a crucial time where neonatal therapy may be important.® Because
22q11.2 deletion syndrome can be associated with critical hypocalcemia, any delay in recognizing underlying 22q11
microdeletion — especially in those newborns without anomalies who are discharged from hospital early — could be life-
threatening.'** One study from France emphasized the magnitude of the issue of under-diagnosis of 22ql11.2 deletion
syndrome.'* That paper described a mean age of diagnosis of 22q11.2 deletion syndrome over 9 years of age.'* Many of
those patients were eventually diagnosed due to minor congenital abnormalities, dysmorphisms, hypocalcemia, and intellec-
tual delay. Not surprisingly, patients with structural anomalies were diagnosed earlier (average age 2.5 years old) compared to
those without any anomalies, further underscoring the need for non-invasive markers that could be used for screening in the
general population.'* More than one in five parents were diagnosed in adulthood following a diagnosis of 22q11.2 deletion
syndrome in their offspring.'* In addition to CSP width, there are other fetal ultrasound markers that could be used to improve
prenatal diagnosis of 22q11.2 deletion syndrome.'®'®

It is well known that individuals with 22q11.2 deletion syndrome are at increased risk of developing schizophrenia and other
neuropsychiatric complications in late adolescence and adulthood.*'?™* In fact, almost one-third of patients with 22q11
microdeletion will develop schizophrenia during their lifetime.**® Like the other features of 22q11.2 deletion syndrome, the
neuropsychiatric phenotype is also highly variable.'” 2 The psychiatric manifestations of 22q11.2 deletion syndrome are also
known to change across the lifespan of those individuals affected.”**' According to Trzesniak et al, adults with schizophrenic
phenotype of 22q11.2 deletion syndrome have a persistent and widened CSP.'> However, counseling about longer term
neurodevelopmental outcomes is less frequently incorporated into discussion with families at the time of a prenatal diagnosis
of 22q11.2 deletion syndrome.* > In one survey of parents of children with 22q11.2 deletion syndrome, most parents recalled
receiving information about the medical risks of 22q11 microdeletion but none remembered receiving any information about
psychiatric risk;*' yet parents in that study almost universally stated that caring for their child with 22q11.2 deletion syndrome
and psychotic illness was their greatest source of anxiety and stress.”'***> Educational achievement is also highly variable
amongst children with 22q11.2 deletion syndrome.>?? It seems that most attend mainstream school in early years, but academic
struggles tend to start in middle years. Later in life, only about one-third of individuals with 22q11.2 deletion syndrome will be
employed in the open market versus ~40% unemployed and the remainder receiving employment assistance.””> Comprehensive
counseling about all aspects of 22q11.2 deletion syndrome along with better predictors of long-term outcome and functioning
(like CSP width) would aide families in decision-making and improve access to educational and mental health supports to
improve developmental trajectories earlier.”'*> > The correlation between CSP width at mid-pregnancy and long-term
neuropsychiatric development is not presently known, and individualized counseling about neurodevelopmental outcomes
after cardiac anomalies remains challenging.*®

Our study has many important strengths. It is the first one in the literature to include structurally normal fetuses
with 22q11.2 deletion syndrome to evaluate CSP width independently from co-existence of a cardiac defect. Our study
also highlights that CSP measurement at midpregnancy could improve prenatal diagnosis of 22qll.2 deletion
syndrome, particularly in the absence of cardiac anomalies or other structural defects during fetal ultrasound. The
potential utility of CSP measurement is further attested to by the strong interobserver reliability between two separate
and blinded observers. As a case-control study, there are some inherent limitations. Given the relative rarity with
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which 22q11.2 deletion syndrome is diagnosed during pregnancy or early infancy — especially in the absence of
anomalies — our number of cases is small despite the 10-year study period and use of a regional database. There also
exists the possibility of known or unknown covariates confounding results. Another intrinsic limitation of case-control
studies pertains to selection bias in sampling. This risk should be minimized by use of a regional database which
serves as a central intake for all cases of 22q11.2 deletion syndrome in the catchment area and should reflect as close
to a true population mean as possible. While it is the local standard of practice for children with conotruncal cardiac
defects to be referred for genetic testing (including 22q11 microdeletion), cases where a formal referral was never
made — however unlikely — would be missed by this review. The consistency of CSP widths measured amongst cases
of 22q11.2 deletion syndrome in our study with those of other studies provides further confidence in our selection
strategy. Future multicenter studies should be conducted to evaluate CSP width and 22q11.2 deletion. Research is also
needed to develop and evaluate performance of other ultrasound markers of 22q11.2 deletion syndrome for screening
in the general population. Correlation between CSP width and other markers with long-term psychosocial functioning
is also needed to improve counseling of families and coordinating community resources to improve outcomes.

Conclusion

Prenatal diagnosis of 22q11.2 deletion syndrome is challenging in the general population, particularly in the absence of
fetal cardiac anomalies. Measurement of CSP width using standardly obtained obstetrical ultrasound images can
accurately detect fetuses with 22q11.2 deletion with great specificity and sensitivity. Beyond diagnosis, future studies
are needed to evaluate the relationship between fetal CSP width and neurodevelopment/psychiatric outcomes to better
prognosticate long-term outcomes in this highly phenotypically-variable condition.
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