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ABSTRACT

Tuberous sclerosis complex is a complex
childhood disorder characterised by the
formation of hamartomas in multiple organs.
Annual review of this disease is recommended
to monitor the development of complications.
We aim to provide a concise, evidence-based
framework to assist clinicians during this annual
review. We focus on the following areas:

(A) what questions need to be asked during
annual review, (B) which areas need emphasis
on examination, (C) when is an investigation
required and (D) referral to tertiary specialists and
other members of the multidisciplinary team.

It should also be noted that there are ongoing
debates regarding screening intervals in certain
areas. These include the frequency, modality of
screening and degree of intervention for
astrocytomas and renal angiomyolipomas. This
review seeks to summarise the product of the
ongoing debates, and provide evidence-based
suggestions in light of the uncertainty.

AIM

Tuberous sclerosis complex (TSC) is a
genetically determined disorder charac-
terised by the formation of hamartomas
in multiple organs, affecting 1:5000-
1:10 000 live births. The most common
organs involved are the brain, skin,
kidneys, retina and heart.'™

Annual surveillance of children with
tuberous sclerosis is recommended to
monitor the multiorgan manifestations.
This can be daunting to paediatricians
due to the complexity and uncertainty of
the natural progression of the disease.
This review does not cover all aspects of
TSC. However, we recognise the import-
ance of an overview of the pathogenesis
and clinical manifestations, and we shall
cover them briefly.

We aim to provide a concise, evidence-
based framework to assist secondary
level, community and acute paediatricians
during a 30-60 min consultation. We
focus on the following areas: (A) what

questions need to be asked during annual
review, (B) which areas need emphasis on
examination, (C) when is an investigation
required and (D) referral to tertiary spe-
cialists and other members of the multi-
disciplinary team. Ongoing debates
regarding screening intervals remain in
certain areas. These include the fre-
quency, modality of screening and degree
of intervention for astrocytomas and
renal angiomyolipomas (AML). This
review seeks to summarise the product of
the ongoing debates, and provide
evidence-based suggestions in light of the
uncertainty.

While this article is targeted at the
review of children with TSC, there is het-
erogeneity in presentation and different
issues to be addressed across a broad age
range. We have provided a timeline to
highlight the natural progression of the
disease, providing a guide to the paedia-
trician on which areas need emphasis
across a range of ages (figure 1).

GENETICS OF TUBEROUS SCLEROSIS
TSC exhibits autosomal-dominant inher-
itance. Two distinct loci have been identi-
fied: chromosomes 9q34 (TSC1) and
16p13 (TSC2), facilitating the production
of hamartin and tuberin, respectively.
Together, they form a heterodimer which
suppresses the mammalian target of rapa-
mycin (mTOR), which is involved in
increasing cell proliferation and growth.
Hence, inactivating mutations on TSC
loci  cause dysregulation of cell
proliferation.”

CONFIRMING THE DIAGNOSIS
TSC is diagnosed by a range of clinical
criteria, as displayed in table 1.

Clinicians should consider genetic
screening for pathogenic mutations in
suspicious cases that do not fulfil the
required clinical criteria. In clinically con-
firmed cases, genetic screening may be
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«Cardiac rhabdomyomas: pre-natal presence associated with 75-80% risk of TSC
«Subependymal nodules: often prenatally detected, or at birth

T

«Hypomelanotic macules: typically appear at birth or infancy. May be presenting sign of
SC

«Infantile spasms: may be preceded by focal seizures. Early onset associated with poorer
prognosis for developmental outcome

*Retinal hamartomas: good marker for TSC

«Cardiac rhabdomyomas: usually spontaneously regress by age 6

«Multiple Renal Cysts: especially in contiguous gene deletion syndrome involving TSC2

' and PKDI1 genes.

«Facial angiofibromas: occurs in about 75% of patients with TSC. Typically appear

between 2 and 5 years.

«Shagreen patches: Observed in 50% of children with TSC. Onset in first decade of life
«"Confetti" skin lesions: Frequency varies widely in children. History of asymmetrical
involvement supports diagnosis of TSC
+Neurodevelopmental disorders eg autism spectrum disorder
+Focal Seizures with or without secondary generalisation
| *Subependymal giant cell astrocytoma (SEGA): arises during childhood or adolescence

*Renal angiomyolipoma

«Ungual fibromas: greater frequency in adolescence and adulthood. Utility in diagnosis of

TSC limited to adolescents and adults

«SEGA: unlikely to arise after the age of 20 years

*Renal angiomyolipoma
*Mood and Anxiety Disorders

«Ungual fibromas
«Pul y Ly h jolei

of 40 s
*Renal Angiomyolipoma
*Mood and Anxiety Disorders

*Also ¢ ider genetic ¢

Figure 1

useful if counselling is required for future family plan-
ning. It also offers prognostic information as muta-
tions in TSC2 tend to result in more severe
phenotypes.

NEUROLOGICAL MANIFESTATIONS
Epileptic seizures
The most common presentation is with epilepsy
occurring during the first year of life. The two main
types of TSC-associated epilepsy are focal seizures and
infantile spasms. Most children with infantile spasms
develop at least another seizure phenotype or even
multiple seizure phenotypes. Early onset of epilepsy
(especially infantile spasms) is associated with cogni-
tive and behavioural impairments.” All affected chil-
dren should be referred to an epilepsy specialist.

A baseline electroencephalogram (EEG) should be
performed in all children diagnosed with TSC

is - up to 80% of TSC females affected by the age

Timeline of various manifestations of TSC.® TSC, tuberous sclerosis complex; PKD, polycystic kidney disease.

regardless of whether clinical seizures have been

reported. Care should be taken to treat the child and

their seizures, rather than the EEG in isolation.” A

low threshold for a repeat should be maintained, espe-

cially with an unexplained decline of behavioural or
cognitive function.

We recommend the following during annual surveil-
lance for children with TSC not known to have
seizures:

A. Has there been any evidence of tonic/clonic, absence or
other types of seizures in the past year?

B. If the answer to any of the above is ‘yes’, we would rec-
ommend referral to an epilepsy specialist with the con-
sideration for a repeat EEG and 24 h video EEG.

C. Parents should be educated to recognise seizure types
irrespective of seizure history.

For children with TSC diagnosed with epilepsy or
suspected of seizure activityy, EEG frequency is
dependent on clinical need (frequency/severity of
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Table 1 Diagnostic criteria for tuberous sclerosis complex (TSC)®
Minimum Minimum
System Major criteria number Minor criteria number
Dermatology/ Facial angiofibroma 3 Dental enamel pits (on smooth surface of 3
dental Fibrous cephalic plaque 1 tooth)
Hypomelanatic macules 3, >5 mm diameter  ‘Confetti’ skin lesions 2
Shagreen patch 1 Intraoral fibroma 2
Ungual fibroma 2
Ophthalmology Retinal hamartomas 2 Retinal achromic patch 1
Neurology Cortical dysplasia* 3
Subependymal nodule 3
Subependymal giant cell 1
astrocytoma
Renal Angiomyolipomas 2 Multiple renal cysts
Cardiology Cardiac rhabdomyoma 1
Pulmonary Lymphangioleiomyomatosist 1
Gl Non-renal hamartomas#

Definite diagnosis: Two major features or one major with 2 or more minor features.

Possible diagnosis: Either one major or 2 minor features.
*Includes tubers and cerebral white matter radial migration lines.

TA combination of two major features LAM and angiomyolipoma without other features is not diagnostic.

*Includes hamartomous rectal polyps.
LAM, lymphangioleiomyomatosis; Gl, gastrointestinal.

seizures). The paediatrician should review current
antiepileptic medication. Annual screening for tuber-
ous sclerosis associated neuropsychiatric disorders
(TAND) should be performed, and any unexplained
changes should be followed up with prolonged video
EEG.” ©

The choice of treatment is age-related and differs
depending on the type of seizure; for instance, infant-
ile spasms in patients with TSC are normally treated
with vigabatrin initially despite concerns of visual
field constriction.® Risks of complications should be
minimised by initiating low doses of the drug for brief
periods.

Neurological tubers
Brain lesions in TSC include tubers in the cerebral
cortex and subependymal nodules (SEN) along the
walls of the lateral ventricles. The number of cortical
tubers partially correlates with learning disability and
epilepsy, but are not associated with oncological
growth potential. SENs usually remain dormant, but
may increase in size, developing into a subependymal
giant cell astrocytoma (SEGA) which can cause hydro-
cephalus. SEGAs occur in about 6%-14% of patients
with TSC, can present within the first years, but
rarely start to grow after the age of 20 years.

Factors increasing risk of a SEN transforming into
SEGA include”:
A. location: near the foramen of Monro;
B. appearance: incompletely calcified and enhanced by

gadolinium;

C. size: >5 mm.

O’Callaghan et al'® demonstrated the incidence of
symptomatic SEGA in patients with TSC to be low

but significant—5.6% in a population-based study.

Key parts of the annual check should aim to identify

the development of symptoms related to ventricular

enlargement or TAND symptoms:

A. History: enquire about symptoms of raised intracranial
pressure (ICP) and signs that increase suspicion of SEGAs
—headaches, vomiting, head banging, increased frequency
of seizures, behavioural changes or visual changes.

B. Examination: look for focal neurological signs, fundu-
scopy for papilloedema and other signs of raised ICP

C. If raised ICP is suspected, an urgent MRI is required. A
high index of suspicion should be maintained for
patients with learning difficulties.

We would recommend an MRI with contrast at the
point of diagnosis.

Subsequent screening for SEGAs remains one of the
most debated points in surveillance of children with
TSC. A summary of the evidence and arguments is
shown in table 2. O’Callaghan et al'® proposed that
regular screening was not indicated as intervention is
normally not required without symptoms, noting that
assessment of headache could be challenging in children
with learning disabilities. More recently, the 2013 state-
ment from the TSC Consensus Meeting for SEGA and
Epilepsy Management recommends two yearly scans
throughout childhood."* On balance, we recommend a
2-yearly MRI head with gadolinium throughout child-
hood. Patients with large or growing SEGAs, who
remain asymptomatic should undergo more frequent
MRI scans. All the images, and situations where it is dif-
ficult to perform the scan (eg, older children with severe
autism), should be discussed with a tertiary specialist,
who will counsel the family on the risks versus benefits
of less frequent scans.
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Table 2 Review of original papers and consensus panels
regarding screening for astrocytomas® " 2

Consensus panel Key recommendations

Consensus panel 1999 Periodic cranial imaging with CT/MRI every
1-3 years, depending on the level of clinical

suspicion

Tuberous sclerosis alliance
guidelines 2002

Routine screening not recommended
Urgent MRI for new and unexplained
behaviour problems, mood changes, sleep
disturbance or non-convulsive status

Panel of European experts

Age-dependent monitoring: Every 2 years
2013"

before age of 20 years
Size-dependent monitoring: Every 6 months
for tumours>1 cm

NEURODEVELOPMENTAL, PSYCHIATRIC AND
COGNITIVE PROBLEMS

Approximately 55% of children with TSC have cogni-
tive function within the normal range, but 30% have
global intellectual ability in the severe to profoundly
impaired range. Developmental outcome and progress
is correlated with age of onset, severity and control of
seizure in some children. A high index of suspicion
needs to be maintained for all children who develop
TAND symptoms (table 3) at a young age, especially
under the age of 3 years.” While learning disability is
a classic and common feature of TSC, autism, atten-
tional deficits and other difficulties may be missed.

Psychiatric and behavioural disturbances

De Vries et al'? recommended that pervasive develop-
mental disorders be investigated at 2 years and again
at school entry age of 4-5 years. Multiple tools can be
used for a more objective evaluation, including the
Childhood Autism Test (CHAT) and Alzheimer’s
Disease Information Questionnaire (ADIQ) tests.

RENAL MANIFESTATIONS

Eighty per cent of children with TSC develop renal abnor-
malities, including renal cystic disease, AML, polycystic
kidney disease (PKD) and, extremely rarely in childhood,
renal cell carcinoma. The PKD1 gene is contiguous with
TSC2, so only children with contiguous gene deletions
around TSC2 are at increased risk of PKD. TSC abnor-
malities increase in incidence and number with age.
While the majority of these lesions are asymptomatic
before adolescence, renal involvement can lead to hyper-
tension and chronic kidney disease in severe, untreated
cases. The formation of aneurysms in renal AML also
exposes patients to the risk of life-threatening haemor-
rhage.* The mean age for development of renal abnor-
malities is between 7.2 and 9.2 years.'*

Most consensus panels accept that abdominal
imaging (ultrasound, but MRI also supported’) should
be performed at diagnosis to evaluate the presence of
renal lesions. If normal, we recommend the following
for annual review (figure 2):

Best practice

Table 3 TSC-associated neuropsychiatric disorders (TAND)

Category Identifying features

Behavioural Sleep disturbances

Aggressive behaviours
Temper tantrums
Depressed mood

vVvywvyy

Psychiatric Attention-deficit hyperactivity disorder (ADHD)

Autism or autism spectrum disorder (ASD)
Depressive disorders
Anxiety disorders

vvvyywyy

Intellectual

v

May function within normal range
Severe to profound impairment of global
intellectual ability

Academic » Reading skills
Writing and spelling
» Mathematical skills

v

v

Neuropsychological . Attentional deficits (selective attention,
sustained attention and attention switching)
» Executive deficits (planning, poor sequencing,
perseveration)
» Receptive and expressive language deficits
» Memory deficits (working memory, episodic
memory)
Visuo-spatial deficits

v

Psychosodial Psychological impact of disorder

Self-esteem
Family stressors
Resilience factors

vvywyy

TSC, tuberous sclerosis complex.

A. History: symptoms associated with bleeding from AML
—back or abdominal pain, haematuria, nausea, vomit-
ing, fever, irritability.

B. Examination: renal enlargement, blood pressure.

C. Investigations: if asymptomatic, we recommend a yearly
or 2-yearly renal ultrasound, or an MRI (better delinea-
tion), from the age of 8 years. This is because it is
unlikely for AMLs identified under the age of 8 years to
require any intervention due to their early stage.

All abnormal scans should be reviewed by a TS spe-
cialist. In practice, most experts will only intervene if
the size exceeds 3.5 cm.'® Therefore, where the AML
is under 3.5 cm wide and asymptomatic, it is likely no
further action will be taken, other than reviewing scan
frequency and earlier assessment, if symptomatic.
Unless the patient is on an mTOR inhibitor, patients
with hypertension should be treated with an inhibitor
of the renin—aldosterone—-angiotensin system.

CARDIAC MANIFESTATIONS
Cardiac rhabdomyomas are common in neonates but

rarely cause complications. They occur in around
60% of children with TS, but only 20% of adults.
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Imaging at time of diagnosis - US, MRI or CT

Angiomyolipoma

Refer to Tuberous Sclerosis Expert

I

Lesion > 3.5cm

Refer to specialist
care for medical

(everolimus) or

surgical Earlier assessment
(embolisation) if symptomatic
intervention

Lesion < 3.5cm

Review frequency
of US/MRI

No Angiomyolipoma

|

Measure BP & renal function
annually.

Enquire about back/abdo pain,
nausea, vomiting, fever,
haematuria

Renal US/MRI 1-2 yearly from age 8

Figure 2 Flowchart for surveillance of renal manifestations in TSC. TSC, tuberous sclerosis complex; US, ultrasound.

This is attributed to spontaneous tumour regression,
particularly in the first 6 years of life.'®

An echocardiogram and ECG should be performed
at diagnosis to detect cardiac rhabdomyomas and
arrhythmias. During annual review, the paediatrician
should enquire about symptoms, such as chest pain,
palpitations, dyspnoea and loss of consciousness, and
perform a cardiovascular examination.

Most cardiac rhabdomyomas are asymptomatic,
with a minority experiencing arrhythmias (usually
Wolff-Parkinson—White syndrome) and/or cardiac
failure. If a rhabdomyoma is present, follow-up echo-
cardiograms should be performed one to three-yearly
in asymptomatic patients until regression is documen-
ted. A 12-lead ECG every 3-S5 years is also recom-
mended. These are performed more frequently in
children with symptoms, abnormal echocardiogram/
ECG, or additional risk factors such as patients
treated with adrenocorticotropic hormone.’

Treatment is only indicated when the tumour causes
symptomatic outflow obstruction and/or arrhythmia.
Surgical removal is technically difficult and controver-
sial, because rhabdomyomas are located deep in the
myocardium.'” An urgent referral to a paediatric car-
diologist should be made if symptoms or signs are
present, or if the patient is known to have multiple
high-risk rhabdomyomas at diagnosis.

PULMONARY MANIFESTATIONS

Lymphangioleiomyomatosis (LAM) is a slowly pro-
gressive cystic lung disease associated with mutations
in the TSC2 gene. The average age at diagnosis of
LAM is 35 years, with the risk increasing by ~8% per

year.'® Studies have found evidence of pulmonary
involvement in up to 35% of women with TSC.

LAM is very rare among the under-16's, and there
is currently no recommendation for routine testing in
asymptomatic children. In view of its age-dependent
risk, asymptomatic women above the age of 18 years
should receive a high-resolution CT (HRCT) every
5-10 years if there is no evidence of lung cysts at
baseline imaging.’ Individuals with lung cysts are
recommended to undergo annual pulmonary function
tests as well as more frequent HRCT. Counselling
regarding risks from smoking and oestrogen use is
also recommended.

DERMATOLOGICAL MANIFESTATIONS

The most common skin changes seen in TSC are
hypomelanotic macules, angiofibromas, shagreen
patches, forehead plaques and ungual fibromas, as dis-
played in table 4." Recognition of the key lesions is
important, as they can appear anytime during child-
hood and can cause anxiety.

During annual review, clinicians should enquire
about progression of known skin lesions and the
development of new ones, particularly the effects on
the child’s quality of life. Skin inspection should be
performed. Reassurance and a comforting discussion
are often sufficient. However, if these lesions are
debilitating (eg, cosmetically disfiguring or bleeding),
referral to the dermatologist is indicated.

OPHTHALMOLOGICAL MANIFESTATIONS

Approximately half the children with TSC have retinal
astrocytic (RA) hamartomas. Two studies showed that
there was no correlation between age and type of
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Table 4 Skin manifestations in tuberous sclerosis*

Best practice

Manifestation Description

except sun block.

children who can lie still.

’

]

«

Hypomelanocytic macules (ash-leaf macules): The most common skin sign, found in up to 90% of patients.
They are usually present at birth but are often difficult to see in newborns. No specific therapy needed,

Facial angiofibromas ('adenoma sebaceum’): Found in 75% of patients. Usually appear between 3 and
10 years of age. They appear in adolescence as small red papules in the malar area with a butterfly
distribution. They can bleed and cause anxiety over cosmetic appearance. Amenable to laser therapy in

Shagreen patches: Irregularly shaped and thickened, slightly elevated, soft, skin-coloured plaque, usually on
the lower back. Found in approximately 50% of patients, but may be unapparent in young children. May
cause anxiety, but they do not cause any problems other than cosmetic concerns.

Ungual fibromas: Outgrowths that arise adjacent to or from underneath the nails. Seen in 15%—-20% of
patients with TSC and appear at or after puberty. More common in toes than fingers. They can bleed and
cause anxiety over cosmetic appearance.

We would like to thank the Massachusetts General Hospital and Access Medicine, California for the pictures in table 4.

TSC, tuberous sclerosis complex.

retinal hamartomas, supporting the premise that most
retinal lesions in TSC remain stable over time.*°
Children with known TSC are at risk of ophthalmic
complications such as squint, and should have com-
munity vision screening between the ages of 4 and
4.5 years. Early referral to the hospital eye service is
warranted if a squint or reduced vision is suspected.
For the purposes of annual review, RA hamartomas
are congenital lesions that do not increase in size and

number. Thus, regular retinal examination is not
required unless ophthalmic issues such as squint, colo-
boma or papilloedema are present.

TRANSITION

Active planning needs to be undertaken from the age
of 14 years, for transition through to adult services
when the individual reaches the age of 16. The young
adult, family and general practitioner should be
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-mvaﬂable, refer to geneticist

*Hypomelanocytic macules: usually present at birth
+Facial angiofibromas: usually appear ages 3-10

+Ungual fibromas: Nail outgrowths close to puberty
*Shagreen patches: Soft skin coloured patch on back

Refer to TS expert and/or
dermatology review if
debilitating i.e. bleeding or

N —— cosmetic concern
+Take full history for paroxysmal episodes, including
unexplained decline of cognitive function "
3 . . . N Refer to epilepsy
S eIn cases of known epilepsy, review seizure frequency e ’
specialist
*Subependymal nodules (SEN) may develop into
subependymal giant cell astrocytoma (SEGA) which
cause headaches/vomiting/focal signs, and eventually MRI at diagnosis. If
[ —— can cause hydrocephalus. Check for raised ICP asymptomatic, repeat every
2 years. Show all images and
discuss scanning difficulties
with TS specialist
Pre-school: Developmental
- — check, if abnormal then full
-G_Iobal intellectual ability often reduced. Developmental assessment. Check for ASD
disorders in language, reading/spelling and motor functions
o 5 3 - atages 2 and 4.
+Other features include autism, attentional deficits
e - School age: Check progress
in cognition, social
communication and
behaviour
*Main complications in TSC are renal angiomyolipoma,
polycystic kidney disease and renal cell carcinoma Consider 1-2 yearly renal
——— «History: Enquire about frank haematuria US/MRL. If AML, refer to
«Examination: Kidney enlargement (APKD), blood pressure TS Expert
«History: Enquire chest pain & palpitations ECG &
—— «Examination: Arrhythmia, murmurs, ECG echocardiogram. Refer
to cardiologist if
symptomatic or signs
*Retinal astrocytic hamartomas are diagnostic but do not
increase in size and number If change in symptoms/
*However, note squints, coloboma or papilloedema signs, refer to
—— ophthalmologist
Plan for transition-to-adult services from the age of 14 years. S ise r dations in a format

comprehensible to the young adult and appropriate carers.

Consider referral for genetic counselling in adults with TSC

Figure 3 Annual review of checklist for children with TSC. (A complete checklist and a more detailed version of the evidence used
to produce this review are available online via the Eastern Paediatric Epilepsy Network: http:/www.networks.nhs.uk/nhs-networks/
eastern-paediatric-epilepsy-network. We also hope that paediatricians will find the updated proforma in the website useful during
review of patients with tuberous sclerosis). TSC, tuberous sclerosis complex; ICP, intracranial pressure; US, ultrasound; AML,

angiomyolipoma; ASD, autism spectrum disorder.

empowered to take ownership of subsequent surveil-
lance, with referral to specialist services, such as those
for epilepsy and adult learning disability, only where
needed. The paediatrician, with help from the tertiary
TS specialist, should summarise the recommendations
in a format allowing understanding by the young
adult (depending on their mental age), and appropri-
ate carers.

CONCLUDING THE CONSULTATION

The family should be given the floor at the end of
the consultation to ask questions. TSC, with its mul-
tiple complex manifestations, can cause substantial
parental anxiety and can prove to be a social,

emotional and economic burden to the family. The
role of patient organisations such as the TS
Association can be invaluable. Alongside the welfare
concerns is the ongoing research with mTOR inhibi-
tors such as everolimus, which at its initial stages, has
proven helpful in shrinking SEGAs, AML and
rhabdomyomas.

We have provided an illustrated summary of our
suggestions for annual review in Figure 3. We hope
that this article can provide some answers to questions
from parents; but very often their questions will be
beyond its scope. The paediatrician should have a low
threshold to ‘phone a friend’, especially the regional
TS expert.
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