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1 | INTRODUCTION

CHARGE syndrome is a relatively frequently occurring genetic syndrome
with an estimated incidence of 1in 15,000. It is a very complex syndrome
with a broad phenotype that can involve almost all organ and sensory
systems. As a result, comorbidity is high and extremely variable. There is

“CHARGE syndrome” is a complex syndrome with high and extremely variable
comorbidity. As a result, clinicians may struggle to provide accurate and comprehen-
sive care, and this has led to the publication of several clinical surveillance guidelines
and recommendations for CHARGE syndrome, based on both single case observations
and cohort studies. Here we perform a structured literature review to examine all the
existing advice. Our findings provide additional support for the validity of the recently
published Trider checklist. We also identified a gap in literature when reviewing all
guidelines and recommendations, and we propose a guideline for neuroradiological
evaluation of patients with CHARGE syndrome. This is of importance, as patients with
CHARGE are at risk for peri-anesthetic complications, making recurrent imaging
procedures under anesthesia a particular risk in clinical practice. However,
comprehensive cranial imaging is also of tremendous value for timely diagnosis,
proper treatment of symptoms and for further research into CHARGE syndrome. We
hope the guideline for neuroradiological evaluation will help clinicians provide efficient

and comprehensive care for individuals with CHARGE syndrome.
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also a striking variability in severity, with both very mild cases and severe
early lethal cases going undiagnosed. The clinical challenge of such a
complex disorder is that some clinical problems may remain undiagnosed
as other more severe or even life-threatening complications consume all
medical attention. The diverse clinical aspects of CHARGE syndrome
have been studied by several groups worldwide, resulting in extremely

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited and is not used for commercial purposes.

© 2017 The Authors. American Journal of Medical Genetics Part C Published by Wiley Periodicals, Inc.

450

wileyonlinelibrary.com/journal/ajmgc

Am J Med Genet. 2017;175C:450-464.


http://orcid.org/0000-0002-7996-056X
http://orcid.org/0000-0002-8744-1305
http://creativecommons.org/licenses/by-nc/4.0/

DE GEUS T AL

AMERICAN JOURNAL OF 451

useful guidelines and recommendations. For this special issue of the
American Journal of Medical Genetics (part C), we have examined these
guidelines by performing a structured literature search and reviewing the
existing advice, including that of hallmark papers by Blake et al. (1998)
and the clinical checklist published recently by Trider (see Figure 1,
(Trider, Arra-Robar, van Ravenswaaij-Arts, & Blake, 2017)).
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To date, no guidelines for cranial imaging in CHARGE syndrome
have been published, but we see two important reasons why there is a
need for such a guideline. First, in our experience and that of others,
cranial imaging in individuals with CHARGE syndrome is often
performed incompletely or with insufficient resolution. As a result,

some of the cranial malformations occurring in CHARGE syndrome

CHARGE SYNDROME CHECKLIST: HEALTH SUPERVISION ACROSS THE LIFESPAN

(FROM HEAD To TOE)

*Shaded boxes indicate key assessment points

INFANCY CHILDHOOD | ADOLESCENCE | ADULTHOOD

l0-2 xears) 3-11 years] ‘12-17 xears' (18+ xearsl

Clinical diagnosis (Blake et al. or Verloes or Hale et al. criteria)

«»
E Genetic testing — Genetics consult (CHD7 analysis, array CGH)

é Genetic counselling

o CNS malformations/hypoplasia olfactory bulb/temporal bone (semi-circular
|5 canal) malformations — requires MRI/CT

2 Seizures — more common at older ages — consider EEG

§ Cranial nerve problems — monitor for absent sense of smell, facial nerve

2

palsy, sensorineural hearing loss, vertigo, swallowing problems

Coloboma, risk of retinal detachment - Ophthalmology consult (dilated eye
exam in infancy, vision assessments)

Corneal exposure — lubricating eye drops

Photophobia —tinted glasses, sunhat

Choanal atresia/cleft palate/trachecesophageal fistula - ENT/Plastics consult

Audiometry and tympanometry, monitor for recurrent ear infections

Adaptive services for individuals with deafness/blindness

Cochlear implant assessment if applicable

Obstructive sleep apnea — monitor for tonsil/adenoid hypertrophy

EYES, EARS, NOSE AND THROAT

Excessive secretions — consider Botox, medication

Dental issues — consider cleaning under anaesthetic

Cardiac malformations common — major/minor defects, vascular ring or
arrhythmias possible (echocardiogram, chest x-ray, ECG) - Cardiology consult

Sinusitis, pneumonia, asthma - monitor

Anesthesia risk (difficult intubations/post-op airway obstruction/aspiration)
— extensive pre-operative assessment, combine surgical procedures

CARDIOLOGY
RESPIROLOGY

Gastroesophageal reflux — Gastroenterology consult — consider motility
agents with proton pump inhibitor

Poor suck/chew/swallow - feeding team assessment/intervention

Aspiration risk, tracheoesophageal fistula — swallowing studies

May need supplemental feeds — frequently requires gastrostomy tube or
gastrojejunostomy tube

Constipation — consider Senna glycoside with polyethylene glycol

GASTROENTEROLOGY
GENITOURINARY

Renal anomalies — abdominal u/s +/- VCUG, blood pressure monitoring

Hypogonadotropic hypogonadism — LH, FSH by 3 months

Genital hypoplasia (if undescended testes - consider orchidoplexy)

>
©
9 Delayed puberty — Endocrinology consult - gonadotropin levels, HRT
<]
E Osteoporosis — DEXA scan
§ Poor growth — Endocrinology consult — GH stimulation test, GH therapy
2 Obesity - monitor
Fertility and contraception - discuss
w s Note presence of thymus at open heart surgery
g & | Routine immunizations/antibody titres to immunizations in adolescence
1
S & | Recurrent infections — Immunology consult
j—
Scoliosis/kyphosis- monitor
MSK vp

Mobility (affected by ataxia, hypotonia) - evaluate

Assess gross and fine motor skills — Occupational Therapy, Physiotherapy

Communication, language, writing abilities — Speech Language Therapy

Consider deaf-blind consultant

Prepare for transitions to school, situations, places, systems

Psychoeducational assessment, Individualized Education Plan

Sleep disturbances — consider melatonin

Behavior management — self-regulation, impulse control, anxiety,
obsessions, compulsions, anger

Toileting skills - support

PSYCHOLOGY
DEVELOPMENTAL

Life skills/adaptive behaviour/social skills/social play

Address sexuality

Family stress — offer supports and resources

Medical self-management —work on managing medications, understanding
conditions, seeing healthcare provider independently

FIGURE 1 The Trider checklist. Republished (with permission) from Trider C-L, Arra-Robar A, van Ravenswaaij-Arts C, Blake K. 2017. Developing a
CHARGE syndrome checklist: Health supervision across the lifespan (from head to toe). American Journal of Medical Genetics Part A, 173A, 684-691. A PDF
of the checklist is available for download from https://www.chargesyndrome.org/wp-content/uploads/2016/03/CHARGE-Syndrome-Checklist.pdf
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were noted first in animal models (e.g., cerebellar abnormalities
(Yu et al., 2013)) or were found only after structured evaluation of
images of a series of individuals (Hoch et al., 2017). Second, as
individuals with CHARGE syndrome are at increased risk of post-
operative airway complications, procedures under anesthesia should
be combined as much as possible (Blake et al., 2009). The need to
improve imaging while reducing risks therefore warrants guidelines for
performing neuro-imaging in an optimal and efficient way. Altogether,
we argue that standardized recommendations for neuro-imaging
protocols could contribute to clinical awareness of the heterogeneous
cranial abnormalities involved in CHARGE syndrome and improve care.

2 | OVERVIEW OF GUIDELINES AND
RECOMMENDATIONS FROM LITERATURE

A literature search using PubMed was performed on August 17, 2017
using the search string: (‘“CHARGE syndrome” OR “CHARGE association”

TABLE 2 Recommendations from literature regarding CHD7 analysis

Recommendation

The indication for CHD7 analysis can be determined
through the flow diagram provided by Bergman
et al.

CHD?7 testing can confirm uncertain diagnosis in mildly
affected patients

If a parent has any features of CHARGE syndrome,
molecular genetic testing is appropriate if a CHD7
pathogenic variant has been identified in the
proband

A genome-wide array should be performed in patients
with CHARGE syndrome but without a CHD7
mutation

Basis for recommendation

Validated on cohort of 280 patients

Validated on cohorts of 280 and 28 patients

Case series of five families

Expert opinion

OR CHD7) AND (guideline* OR consensus OR recommend* OR “best
practice” OR “surveillance”). This resulted in 112 hits, of which 42
contained usable guidelines or recommendations. A further 15 articles
with guidelines or recommendations were found through an examination
of the references. The resulting full list with recommendations is given in
Supplemental Table S1. We then categorized the guidelines and
recommendations from the literature either by organ system or as
“general” (see Table 1), then checked if they were included in the Trider
checklist (see Figure 1 and Table 1).

Out of 73 formulated recommendations, 53 were covered by the
Trider checklist or the accompanying paper. Of the other 20, only one
is truly “missing” from the checklist: 12 were out of the scope of a
clinical surveillance checklist, six were too detailed to be included, and
one was a recommendation to not perform a test (adrenal evaluation).
The missing recommendation concerns the advice to parents,
therapists and teachers to take into account visual field defects. A
last recommendation was actually given in the Trider paper but not
included in their checklist. Trider advises screening patients with

References

Bergman, Janssen, et al.
(2011)

Bergman, Janssen, et al.
(2011); Hale, Niederriter,
Green, and Martin (2016)

Jongmans et al. (2008)

Corsten-Janssen et al.
(2013)

There is a very low yield of MLPA analysis in patients
with CHARGE syndrome but without causal CHD7
mutations

CHD7 analysis should be performed in patients with a
22q11.2 deletion phenotype without TBX1
haploinsufficiency

CHD7 analysis should be performed in patients with
Kallmann syndrome who have at least two
additional CHARGE features or semicircular canal
anomalies

CHD?7 should be included in massive parallel
sequencing gene panels for diagnostics in patients
with syndromic heart defects

CHD7 analysis should not be performed routinely in
patients with isolated atrial septal or conotrunctal
heart defects

CHD7 analysis should not be performed in patients
with septo-optic dysplasia or hypopituitarism
without features of CHARGE syndrome

Cohort of 54 patients: 1 deletion of multiple exons;
several case reports

5 CHD7 mutations in 20 patients

Yield of 6% in (2 studies combined) 96 patients with
Kallmann syndrome/normosmic idiopathic
hypogonadotropic hypogonadism; hearing loss
enriched in probands with Kallmann syndrome and
CHD7 mutation vs. without CHD7 mutation

Expert opinion

Cohort of 46 patients, no CHD7 mutations

Cohort of 100 patients, no CHD7 mutations

MLPA, multiplex ligation-dependent probe amplification; TBX1, T-box 1 gene.

Bergman et al. (2008);
Wincent et al. (2008);
Wincent et al. (2009)

Corsten-Janssen et al.
(2013)

Bergman et al. (2012);
Costa-Barbosa et al.
(2013); Jongmans et al.
(2009)

Corsten-Janssen et al.
(2014)

Corsten-Janssen et al.
(2014)

Gregory et al. (2013)



457
Seminars in Medical Genetics

AMERICAN JOURNAL OF
medical genetics

WILEY-

DE GEUS T AL

(senunuo))

(€T07) |8 3@ A103a19
(€T02) 'le 32 A103a1D
(£TOT) ‘Ie 3® YooH
(£102) "8 33 Y20H

(€102)
‘[ 33 NA {(£T0Z) ‘[e 32 Y2oH

(9T02) ‘[e 12 ISIGIDA IN3SSIA

(9T0Z) I8 13 ISIGIOA “UN3SSIA

(9T0Z) ‘(e 19 ISIGIIA “IN3SSIA

(8002) ‘e 1@ eig
(8002) ‘le 1@ axeig

(9T0Z) [ 32 ISIGISA UNBSSIA
(9T0Z) B 32 ISIGUISA UNDSSIA

(8007) ‘I8 32 UleNdN

(TT02) ‘|e 12 ‘edd0g ‘uewsiag

(L102)
‘e 33 Y2oH £(6002) ‘| 30 ening

LERITEYETEN]

21 pue T| |euoiod pue |eiSes
2L |BUOIOD pue 3siaAsuel |

21 9sIansuel ]

TL ™IV ‘TL 9siansued]

JOVAdIN
‘351-Z1 |eniSes pue asidaAsuel |

SSID Ag ‘1D auoq |esodwa |

1D auoq |eJodwia ]

SSID g ‘1D auoq |esodwa

SSID Ag dsiansuel ]
SSID dg 9sJansued]
Jeued Alojypne [eutajul
JO SYdIN @nbijqo ‘SS|D Ag asJansues ]
1D auoq [eJodwd} ‘S5|D QE SIDASUEI |

s}1g40 03 y3noJyy
¥ILS pue T1 [eUOJOD pue Z] 9SISASUeI|

JOVIdIN ‘SSID
Qg ‘eseq ||nyjs Jouajue 35 1-Z1 [BUOIOD

$91eU03U U Z| [e3nSes T [eynses

<AMNjepow SuiSew|

uoiouny Ateyniid
umoudun
o14199ds oN

o119ads oN

umouyun

aoueleq Jo asuss ‘pie dipsouselq

A1934ns Jea Jo D Sujuueld
‘sso| SulJeay paxiw Jo SAIdINPUOD SISoUSelp Ul pIy

uopjesado [ jo 3ujuueld ‘Suliesy

yd9ads ‘Buimo|jems
3uimoljiems

uojjesado [ jo Sujuued
‘uonesado |gy 10 |D ‘YHVE puno.e suoisidag
uoljesado | jo 3uluueld

pie o13souselp ‘UoISIA

pie oisouselp ‘HH Jo uoioIpad ‘||Dws Jo AsudS

pie oi3soudelq

adoueA3a. [ea1UlD)

eisejdodAy Asejinnd Jousjue
‘Ateinyid Jouasod 21do3og

eisejdodAH
eisejdodAH

wapdn|jad wnidas wnAed ‘AjeSawondLjusp

eisejdodAy SIWISA

S|eued JejndJidIwas |edaje|
pue Jouajue ‘“uouisod oisejde
‘sninolIn pawojjew :AjjedidA] -eisejdsAp/eise|dy

ploisew ay3 Jo uoljezijewnsudispun pue
AJIAeD Jed 9|ppiw JuswdojaAspiapun e
(o9
‘QUDA AJessiwa padiejus (SSd) shuls snowenbsos
-1ad juajsisiad) wnsoJ3ad SO Saljewoue Jeindsep e
SMOPUIM punoJ pue [eAO 2130U91S
J0 Juasqge ‘snoul Jo/pue sadejs eise|dsAq e

a4njuade Jeajyd0d 2130udls
‘suolrjew.ojjew Jo sadAj snouep

eise|de/eisejdodAH
eisejde/eisejdodAH

eisejde/eisejdodAH

954n0d juelage Jo/pue eisejde/eise|dodAH

ewoqo|od)

eise|de/eisejdodAH

e||as padeys-r ‘e||9s eisejdodAH e
SNAI[D paje|n3ue Ajjesiop
‘SNAIPD ||ews ‘eisejdodAy jendiddoiseg e

Ayjeuniouqy

Adeyiniid
3qo| |ejuol4
wajsulelg

S9|ILIJUSA

wnjj2gaJia)

ulelg

sjeued
Je|N2JIDIWRS

183 3IppIN

e3|y20)
Jeq

11X

Xl

A
IIA

SSAJBU [elUBID)

9seq [INS

ainpnis

awoupuAs IDYVHD Ul sanijewsouqe [elueld € 319V.L



458

(Continued)

TABLE 3

AMERICAN JOURNAL OF
medical genetics

Seminars in Medical Genetics

References

Imaging modality®

Clinical relevance

Abnormality

Structure

Hoch et al. (2017)

Coronal T2-TSE anterior skull base, 3D

Pituitary function, sense of smell

Hypoplasia/aplasia

Olfactory

CIss

groove

and gyrus

Hoch et al. (2017)

Thin slice CT with MPRs, MPRAGE with

Planning of operation

Cleft lip/palate

Lip/palate

-WILEY

coronal and sagittal reconstruction

Hoch et al. (2017)

Planning of operation Paranasal sinus CT; Thin slice CT with

Choanal atresia

Choanae

MPRs, 3D MPRAGE with coronal and

sagittal reconstruction

DE GEUS ET AL

List of MRI findings observed in CHARGE syndrome. This list is not exhaustive: rarer features include hydrocephalus and corpus callosum abnormalities. Additionally, secondary abnormalities due to (perinatal

asphyxia are fairly common. Note: it is usually not possible to conclusively diagnose aplasia of cranial nerves on cranial imaging, as very hypoplastic nerves may be missed.

3D CISS, constructive interference in steady state-a fast thin slice heavily T2 weighted sequence, also known as Fiesta, 3D T2TSE; FLAIR, fluid attenuated inversion recovery; MPRAGE, multi-planar reconstruction

acquired gradient echo-an ultrafast gradient echo, also known as 3DTFE; STIR, short-T1 inversion recovery; MPR: multiplanar reconstruction.

2Siemens terminology is used in the table.

CHARGE for cochlear implant surgery before the age of three,
however the cochlear implant box in their checklist is not shaded for
the “infancy” column. Our review indicates the Trider surveillance
checklist is well-supported by literature with only minor omissions.
Recommendations regarding analysis for CHD7, the causative gene
for CHARGE syndrome, are beyond the scope of the clinical checklist
aimed at follow-up, but we have included a summary of these
guidelines in Table 2.

As we discussed in the introduction, there are currently no formal
guidelines for cranial imaging even though we argue that cranial
imaging is an important clinical tool that needs to be handled
carefully. The guidelines we present here for cranial imaging in
patients with CHARGE syndrome are based on previously published
neuro-radiologic recommendations (Asakura et al., 2008; Bergman,
Janssen, et al.,, 2011; Fujita et al., 2009; Gregory et al., 2013; Pinto
et al., 2005; Vesseur, Free, et al., 2016) in addition to current insights
in detectable neuro-radiologic abnormalities and anatomic variants in
patients with CHARGE syndrome (see Table 3).

3 | DIAGNOSTIC VALUE OF CRANIAL
IMAGING

Imaging of the semicircular canals is recommended in patients with an
atypical presentation of the syndrome to decide whether CHD7
testing is warranted, or to confirm the clinical diagnosis when CHD7
testing reveals no or an unclassified variant (Bergman, Janssen, et al.,
2011). This is because aplasia or hypoplasia of the semicircular canals
is present in 95% of individuals with a pathogenic variant in the CHD7
gene, making it one of its most prevalent clinical features (Abadie
et al., 2000; Bauer, Goldin, & Lusk, 2002; Lemmerling et al., 1998;
Morimoto et al., 2006; Tellier et al., 1998; Wiener-Vacher, Amanou,
Denise, Narcy, & Manach, 1999). The configuration of the labyrinth in
CHARGE syndrome is typical: a malformed vestibule and aplastic or
hypoplastic semicircular canals that is sometimes combined with
cochlear malformation. These abnormalities can already be seen in
fetal imaging (Tilea et al., 2006) and can, on their own, provide a
valuable first clue toward diagnosis.

Arhinencephaly is another common feature in CHARGE syndrome
(Legendre et al., 2012; Sanlaville et al., 2006) that can be observed in
imaging. The olfactory nerves may be hypo- or aplastic, usually in
combination with olfactory sulcus effacement. Other cranial nerves,
particularly the facial and acoustic nerve, may also be hypo- or aplastic.

Hoch et al. (2017) recently published findings from MRI of the
head and neck for 10 individuals with CHARGE syndrome and noted
that skull base abnormalities (9/10) were often present in addition to
semicircular canal abnormalities (10/10) and hypoplasia of the
olfactory system (10/10). These skull base anomalies consisted of a
J-shaped sella and a dorsal angulation of the clivus. These findings
confirm the findings of Fuijita et al. (2009) and are consistent with the
preliminary results of a study in which we analyzed the clivus of 23
confirmed patients with CHARGE on MRl or CT scans. We found that
the vast majority had an abnormal clivus (Figure 2) [yet unpublished
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data). These observations thus suggest that clivus abnormalities may
be used as an important additional diagnostic tool.

Lastly, orbital abnormalities such as microphthalmia and colobo-
mata, and nasal abnormalities such as choanal atresia may also be seen
on cranial MRI.

As summarized in Table 3, there are multiple features observable
on cranial MRI or CT that can aid in clinical diagnosis of CHARGE
syndrome. These include semicircular canal hypoplasia, hypo- or
aplasia of the olfactory nerve and sulcus, other cranial nerve hypo- or

aplasias, clivus abnormalities, colobomata, and choanal atresia.

4 | VALUE OF CRANIAL IMAGING IN
TREATMENT AND MANAGEMENT

4.1 | Hearing loss

Sixty to eighty percent of patients with CHARGE syndrome have
moderate to severe hearing loss, either conductive, sensorineural,
or mixed (Blake, Hartshorne, Lawand, Dailor, & Thelin, 2008).
Auditory testing combined with the findings on CT and MRI are
necessary for (i) diagnosing the type of hearing loss; (ii) choosing
the optimal kind of rehabilitation; and (iii) planning a (possible)
cochlear implantation (Cl) or auditory brain stem implantation
(ABI). CT and MRI provide complementary information in this
situation: the bony anatomy is best studied on CT, while MRI
provides additional information about the inner ear and allows
visualization of the vestibulocochlear nerve.

Middle ear pathology, such as dysplastic ossicles or an absent/
stenotic oval or round window, is seen on mastoid CT in over 70% of
patients (Vesseur, Verbist, et al., 2016). In some of these children a
bone-anchored hearing aid (BAHA, sometimes known as BCD—bone
conductive device) may be a good hearing solution. A BAHA allows the
perception of sound by by-passing the middle ear, provided the
cochlea and auditory nerve are intact (Reinfeldt, Hakansson, Taghavi,
& Eeg-Olofsson, 2015). Cochlear nerve hypoplasia or aplasia is seen
relatively frequently in CHARGE (Holcomb, Rumboldt, & White, 2013),

which reduces the possibilities for Cl. In these cases, auditory brain

Seminars in Medical Genetics

stem implantation may be an option, although hearing results appear to
be less successful while the surgery is more extensive than for Cl
(Colletti, Colletti, Mandala, & Colletti, 2014).

CT imaging also provides additional information about surgical
landmarks for cochlear implantation, such as detailed information
about the lateral semicircular canals, which serves as a landmark for
mastoidectomy. Alternatively, an aberrant course of the facial nerve
increases the risk of perioperative injury and may impede cochle-
ostomy (Vesseur, Free, et al., 2016). Vascular abnormalities may also
hamper the surgical procedure. Vesseur, Free, et al. (2016) recently
published a guideline on Cl implantation in CHARGE that extensively
covers preoperative imaging.

4.2 | Olfactory bulbs and puberty induction

Fetal studies found arhinencephaly in 36 of 40 (90%) fetuses with a
confirmed pathogenic CHD7 variant (Legendre et al., 2012). This is
seen less often postnatally, although anosmia is diagnosed in
approximately 80% of individuals with CHARGE syndrome
(Bergman, Bocca, et al., 2011). Bergman, Bocca, et al. (2011) showed
that olfaction and spontaneous onset of puberty are correlated in
CHARGE syndrome: all (11/11) patients with hypogonadotropic
hypogonadism (HH) were unable to smell, whereas patients without
HH had the ability to smell (4/4). This combination of symptoms is
also seen in Kallmann syndrome and is explained by common factors
that facilitate axon guidance for both olfactory and GnRH neurons
(Yanicostas, Herbomel, Dipietromaria, & Soussi-Yanicostas, 2009).
The correlation of anosmia and HH enables prediction of HH in
patients with CHARGE experiencing anosmia, which is useful
because after the age of 3 months endocrinological assessment of
HH is impossible until the onset of puberty. Therefore, in children for
whom no endocrinological evaluation was performed before the age
of 3 months, anosmia can help predict whether it will be necessary to
induce puberty. As the formal evaluation of sense of smell is fairly
involved and only possible from a (developmental) age of 5 years,
and an impaired sense of smell can have many causes, radiological

evidence of olfactory nerve/bulb aplasia or hypoplasia can aid in

FIGURE 2 Clivus abnormalities in CHARGE syndrome. Normal anatomy (left) and typical CHARGE clivus in a 22-month-old boy (right). The
clivus and sphenobasion have been outlined in yellow with the clivus indicated with red lines
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CT AND MR SCANNING IN CHARGE SYNDROME

Objective Uniformity in MRI and CT scanning in CHARGE syndrome
Awareness of difficult airway in patients with CHARGE syndrome

Background

CHARGE syndrome is a rare congenital anomaly syndrome with a highly variable clinical spectrum. Common symptoms are
coloboma of the eye (C), congenital heart defects (H), choanal atresia (A), retardation of growth or development (R), genital
hypoplasia (G) and ear abnormalities (E). Additionally, cleft lip/palate, cranial nerve hypo- or aplasia and vestibular dysplasia are
common. Individuals with CHARGE syndrome have a significantly increased risk of post-anesthesia airway complications due to a
combination of factors, such as cranial nerve dysfunction and abnormal anatomy of the upper airways. The wide spectrum of
symptoms in CHARGE syndrome requires imaging for several different indications. For many children, CT and MR imaging will
have to be performed under anesthesia. To reduce the risk of anesthesia and minimize exposure to radiation, we recommend:

e performing comprehensive CT and MRI scanning in one session

e comprehensive pre-anesthesia screening, including cardiac screening, by a pediatric anesthesiologist

Scans to be performed

Indicated in all CHARGE patients:

e CTtemporal bone/mastoid

e MRI brain

On indication: CT thorax (larynx, trachea, bronchial tree), cervical MRI, preoperative navigational CT of choanae

Typical abnormalities in cranial imaging in CHARGE syndrome

e Cranial nerves: hypoplasia or aplasia of cranial nerves, aberrant course of the facial nerve, colobomata

e Cochlea: various types of malformations

e Middle ear: dysplasia of the stapes/incus, absent or stenotic oval and round windows, persistent petrosquamous sinus,
aberrant emissary vein, underpneumatization of the mastoid

e Semicircular canals and utriculus/vestibulum: aplasia or dysplasia

e Brain: cerebellar vermis hypoplasia, ventriculomegaly, frontal lobe hypoplasia, ectopic posterior pituitary, anterior pituitary
hypoplasia, hypo- or aplasia of the olfactory nerve/bulb and effacement of olfactory groove

o Skull base: basioccipital hypoplasia, clivus hypoplasia, hypoplasia/J-shaped sella

Advised scanning techniques and sequences

CT temporal bone

Patient in supine position; minimize radiation dose to the lens (e.g. scan parallel to the inferior orbitomeatal line)

Scan range should include tegmen tympani up to the mastoid tip

Axial acquired volume of the temporal bone. Perform volume scan acquisition if the target can be covered in one single rotation.

Otherwise, perform a helical acquisition in 4-slice mode with 0.5-0.625mm as slice thickness (i.e. 4x0.5 mm or 4x0.625 mm

collimation)

Zoomed in reconstructions (field of view=90mm, slice thickness 0.5-0.625mm and same or halved image spacing) of each ear

magnified separately, selecting an ultrahigh resolution reconstruction algorithm specific for bone:

e axial plane: parallel to horizontal semicircular canal

e coronal plane: perpendicular to axial MPR

MRI brain

The MR imaging should ideally be performed on a 1.5 or 3 Tesla MRI

e Brain, including cerebellum: axial T2-TSE, 2D or 3D FLAIR, IR, SWI, DWI, and a sagittal MPRAGE through the entire brain and
skull base. Sagittal T2 for additional imaging of cerebellar and clival pathology

e Orbits and choanal area: axial T2 images and coronal STIR and T1

e Clivus: sagittal T1. In neonates, with less contrast between marrow and bone, T2 may be useful

e Olfactory nerves: coronal T2-FSE from the frontal basis to the brain stem, to include the olfactory nerves and sulci.
MPRAGE/3D T1/SPACE from the frontal basis, to the brain stem through to the level of the hypoglossal nerve, to include the
olfactory nerves

e Other cranial nerves and labyrinth: T2 CISS 3D from the level of the olfactory nerves through to the foramen magnum with
sagittal and coronal reconstructed slices

e Pituitary gland: small field of view sagittal and coronal T1 and T2

If the child is restless acquisitions with radial k-space filling (e.g. BLADE, PROPELLOR, MultiVane) may be used in order to minimize

artifacts, while retaining the contrast and spatial resolution

Acronyms and synonyms: CISS - Constructive Interference in the Steady State. Synonym: FIESTA-C; DWI - diffusion weighted
images; FLAIR - fluid-attenuated Inversion recovery; IR - Inversion recovery; MPRAGE - Magnetization Prepared Rapid Gradient
Echo. Synonyms: 3D T1-TFE; 3D BRAVO; PROPELLOR - Periodically Rotated Overlapping Parallel Lines with

Enhanced Reconstruction. Synonym: MultiVane; STIR - short T1 inversion recovery; SWI - susceptibility weighted images; TSE -
turbo spin echo. Synonym: FSE

Centre of Expertise for CHARGE syndrome, University Medical Center Groningen, the Netherlands

FIGURE 3 Guideline for CT and MR imaging in CHARGE syndrome

predicting patients at risk for HH. However, because olfactory
imaging is not a perfect predictor of sense of smell, olfactory imaging

alone is insufficient to determine HH status.

4.3 | Other brain abnormalities

MR imaging has revealed a variety of other brain abnormalities in
CHARGE syndrome (Hoch et al., 2017). In specific cases, the presence of

brain abnormalities on MRI can explain a particular clinical feature in a
patient. For instance, post-asphyxia damage may explain an otherwise
unexpected severe developmental delay in a child with overall mild
symptoms. However, predicting clinical symptoms from MRI abnormal-
ities is more difficult. For instance, even though cerebellar dys- or
hypoplasia is fairly common in CHARGE syndrome (Yu et al., 2013), no
relationship to ataxia has been reported so far (Sohn et al., 2016).

Research on the clinical relevance of cerebellar anomalies is ongoing.
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5 | RESEARCH AND CRANIAL IMAGING

Since the identification of CHD7 as the causal gene for CHARGE
syndrome, several animal models have been developed, with mouse
models being the most-studied. This has led to the identification in mice
of significant anatomical features that were not known or were only
anecdotally described in individuals with CHARGE syndrome. The best
example for this is the hypoplasia of the cerebellar vermis. Abnormalities
of the cerebellum were sporadically mentioned in papers on CHARGE
syndrome, but it was only after the identification in mice of a role for
Chd7 in the isthmic organizer that a systemic study of human MRI scans
revealed cerebellar abnormalities in at least half of individuals with
CHARGE syndrome (Haldipur & Millen, 2013; Yu et al., 2013).

Jiang et al. (2012) described telencephalic midline abnormalities in
a mouse model with a nonsense Chd7 mutation. These mice had
arhinencephaly, dilated third and lateral ventricles, reduced cerebral
cortex, and corpus callosum crossing failure. As described above,
arhinencephaly is a well-known CHARGE feature, but it was not until
recently that ventriculomegaly and corpus callosum abnormalities
were described in patients with CHARGE (Hoch et al., 2017; Jiang
et al.,, 2012).

Sperry et al. (2014) found several phenotypic features that are
well-known in humans with CHARGE syndrome in Foxgl and Wnt1
conditional knockout mice, but they also observed skull bone
abnormalities such as frontal, parietal and occipital bone dysplasia
and hypoplasia of the maxilla (Sperry et al., 2014). The same
abnormalities were not seen in heterozygous Chd7 mice and have
not been described in humans, but as described above, clivus and
petrosal abnormalities are common in individuals with CHARGE
syndrome.

Inner and middle ear abnormalities (os petrosum) have been
studied extensively in humans and mice because of their effect on
hearing. Therefore, most anatomic anomalies seen in Chd7-deficient
mice had already been extensively documented in individuals with
CHARGE syndrome. One lesser-known feature, however, is the
otosclerosis-like fusion of the stapes footplate to the cochlear oval
window as described by Ogier et al. (2014) in Looper mice. A recent
study of CT images of the os petrosum of individuals with CHARGE
syndrome showed that, in addition to the (known) abnormalities of
the oval window, the stapes was dysplastic or not identifiable in half
of the ears with a stenotic oval window (Vesseur, Verbist, et al.,
2016).

It is obvious that researchers studying animal models are
interested in translating their findings to humans. Performing MRI or
CT scans in children with CHARGE syndrome solely for the sake of
research is ethically difficult to accept, especially since most children
will have to be sedated with a risk of post-sedation respiratory
problems. However, when there is a clinical indication to perform
imaging studies, performing imaging as complete and as detailed as
possible aides both individuals with CHARGE syndrome through
better and more complete diagnosis and researchers through a
better and more complete picture of the features of CHARGE
syndrome.
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6 | GUIDELINE FOR CRANIAL IMAGING

In our experience, in each individual with CHARGE, a wide variety of
scans are usually performed by different medical specialists. This leads
to scans that differ in completeness and sequences used. A further
complication is that scans are often performed in different hospitals
and parents may find it difficult to recall if and where imaging was
done, illustrating that the early years of children with CHARGE
syndrome are often hectic and overwhelming.

Individuals with CHARGE syndrome often undergo a great many
procedures under anesthesia (Blake et al., 2009). To reduce the risk of
recurrent anesthesia and minimize exposure to radiation, neuro-
imaging should preferentially be completed within one efficient
session. With that objective in mind, a radiology guideline, combining
CT and MRI scanning and outlining the correct sequences, may enable
accurate diagnostic radiologic assessment of the cranial and auditory
anatomy within one session. This guideline is presented in Figure 3. In
children up to 6 months of age, the unnecessary risk of anesthesia may
be avoided by swaddling (CT duration 0.5-2min, MRI duration
approximately 30 min). In our opinion, avoidance of unnecessary
anesthesia is more important than the small chance of movement
artifacts in the MRI of a swaddled infant.

7 | CONCLUSION

CHARGE syndrome is a complex entity with a wide range of congenital
abnormalities and clinical symptoms. The multitude of issues that
individuals with CHARGE syndrome face, particularly early in life, greatly
increases the risk that their care will be fragmented or incomplete. Our
review confirms that the Trider checklist provides a well-supported
framework for clinical surveillance. Our guideline for cranial imaging
provides an aid to clinicians for providing accurate and optimal care
while limiting risky anesthetic procedures, and may enable more

effective research into cranial abnormalities in CHARGE syndrome.
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