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ABBREVIATIONS
AGS Aicardi–Gouti�res syndrome
BLC–PMG Band-like calcification with

simplified gyration and
polymicrogyria

CMV Cytomegalovirus
CRMCC Cerebroretinal microangiopathy

with calcifications and cysts
ICC Intracranial calcification
LCC Leukoencephalopathy with calcifi-

cation and cysts

AIM In this observational study, we adopted a systematic approach to the radiological phenotyp-

ing of disorders associated with intracranial calcification, with the aim of determining if character-

istic patterns could be defined as an aid to the future diagnosis of known conditions and the

identification of new disorders.

METHOD A cranial imaging-based scoring system was devised using both computed tomography

and magnetic resonance imaging data. Patients were grouped into diagnostic categories where a

definitive molecular diagnosis was known, or where the clinical and radiological features sug-

gested a specific diagnosis. For patients in whom the diagnosis was unknown, subgroups were

defined according to shared radiological features.

RESULTS Data on 244 scans from 119 patients were analysed. A specific diagnosis was available

for 59 patients (31males, 28 females; median age 50mo, range 1wk to 54y). These were as follows

(number of patients in brackets): Aicardi–Goutières syndrome (33), cerebroretinal microangiop-

athy with calcification and cysts (10), band-like calcification with simplified gyration and polymicr-

ogyria (6), COL4A1-related disease (3), Degos disease (2), Krabbe disease (2), Alexander disease

(1), mitochondrial disease (1), and tetrasomy 15 (1). In 60 patients the aetiology was unknown.

Within this group, subsets demonstrating shared characteristics suggestive of a specific calcifica-

tion phenotype could be identified.

INTERPRETATION This study confirms the value of a systematic approach to radiological pheno-

typing of disorders associated with intracranial calcification.

Intracranial calcification (ICC) occurs in many different neu-
rological disorders, both acquired and genetic, and may be
seen in asymptomatic individuals. As such, the presence of
ICC is likely to reflect a diversity of pathologies.

From a clinical perspective, the identification of ICC repre-
sents a common diagnostic starting point for the physician
and may provide an important clue to the underlying diagno-
sis. However, perhaps because ICC is thought of as an epiphe-
nomenon of low diagnostic specificity, there has been, to our
knowledge, no systematic study of the radiological phenotypes
associated with ICC. Those reports that have been published
relate only to small case series of specific diseases or lists of
diverse disorders associated with ICC.

The value of a systematic approach to defining radiological
phenotypes has been convincingly demonstrated for the leu-
koencephalopathies,1–3 and for disorders of neuronal migra-
tion and other brain malformations.4–6 Such a strategy has
enabled the characterization and earlier diagnosis of specific
disorders, and the identification of previously unrecognized

diseases. In turn, radiological phenotyping has facilitated the
identification of causative genes. Here, we present data to
illustrate that adopting a systematic approach to the radiologi-
cal phenotyping of ICC, taken in clinical context, allows the
definition of specific disorders associated with that radiological
finding. Furthermore, new phenotypes can be identified and
the underlying genetic basis, where relevant, determined.

METHOD
Case ascertainment
This is a selected population comprising patients whose clini-
cal details and scans were sent to the authors (YJC, JHL,
MSvdK) for a diagnostic opinion. Because of the particular
interest of two of the authors (YJC, JHL) in Aicardi–Goutières
syndrome (AGS), most patients were referred initially because
they were suspected as having a diagnosis of AGS. During the
course of this work, it became apparent that there were many
patients with ICC in whom a diagnosis of AGS could be
excluded with a high degree of confidence on clinical, radio-
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logical, and genetic grounds. Thus, there is a bias towards
AGS and disorders where, at the time of referral, the diagnosis
was unknown. The sample is also biased towards the paediat-
ric age range, although we have not excluded adult patients.

Definitions
ICC was defined as the presence of presumed calcification
within the parenchyma of the brain on computed tomography
(CT). Calcification was presumed when there were abnormal
areas of high density, of a Hounsfield unit value consistent
with calcification, within the brain parenchyma.

Data collation
Demographic details and clinical features were documented
for all cases. An imaging-based scoring system for radiological
phenotypic description was devised, and the results stored on
separate CT and magnetic resonance imaging (MRI) databas-
es. The CT database (Table SIa, online supporting informa-
tion) comprises 31 major categories, and the MRI database
(Table SIb online supporting information) 24 categories. All
scans were scored by two of the authors (JHL, YJC), and
selected scans by a third author (MSvdK). The location and
appearance of the calcification was documented and described
using a limited number of terms. These were spots, lines,
blush, rock, deep gyral, superficial gyral (or gyriform), and
reticular. Representative images illustrating these features are
shown in Figure 1.

Diagnostic categories
Patients were grouped into diagnostic categories where a
definitive molecular diagnosis was known, or where the clin-
ical and radiological features suggested a specific diagnosis
with a high probability. For patients where the diagnosis
was unknown, we defined subgroups according to shared
radiological features. In some of these groups the radiologi-
cal and clinical features were suggestive of a discrete aetiol-
ogy (see below). However, because these designations are
putative at this stage, these patients were classified in the
unknown category. The primary diagnostic categories are
described below.

Aicardi–Goutieres syndrome
The diagnostic criteria for AGS were a confirmed molecular
diagnosis (bi-allelic mutations in TREX1, RNASEH2A, RNA-
SEH2B, RNASEH2C, or SAMHD1), or, where no molecular
confirmation was available, a clinical and laboratory pheno-
type suggestive of AGS (i.e. an early-onset encephalopathy,
negative investigations for common prenatal infections, and a
cerebrospinal fluid lymphocytosis of more than five cells per
cubic millimetre and ⁄ or more than 2 IU ⁄ mL of interferon-a).
By definition, all patients had ICC.

Band-like calcification with simplified gyration and
polymicrogyria (BLC–PMG)
The radiological features of this syndrome are an extensive,
bilateral cortical malformation with very simplified gyration
and polymicrogyria, particularly in the frontoparietal regions,
intracortical band or ribbon-like calcification, and symmetrical
thalamic calcification.7–9 Five of the patients included had
bi-allelic mutations in the OCLN gene.10

Cerebroretinal microangiopathy with calcifications and cysts
(CRMCC)
We have included CRMCC as a diagnostic category in view
of its striking, and highly characteristic, radiological fea-
tures.11,12 At the time of the data analysis, it was not known
whether all patients grouped under the umbrella term
CRMCC had the same condition, or if one or more genetic
disorder could result in the same, or a very similar, radio-
logical phenotype. Specifically, it was unclear whether the
disorders previously called Coats plus13 and leukoencephal-
opathy with calcification and cysts (LCC)14 were distinct
entities. For this reason we assigned a label of CRMCC to
patients whose neuroimaging demonstrated all of the follow-
ing three features: (1) a leukoencephalopathy (which may be
asymmetrical ⁄ unilateral); (2) dense calcification of deep
nuclei, deep cortex and ⁄ or white matter, brainstem and ⁄ or

Table I: Summary of patient computed tomography and magnetic
resonance imaging characteristics and aetiological groupings

CT database MRI database

Number of scans 140 104
Two 12 18
Three 3 1
Four 1

Number of patients (male) 119 (59) 84 (48)
Median age (mo) (range) 18 (1wk–59y) 10 (1wk–54y)
Aetiology identified 49 34
AGS (mutation positive) 33 (27) 23 (19)
BLC 6 5
COL4A1 mutation 3 3
Krabbe disease 2 1
Degos disease 2 1
Juvenile Alexander disease 1 1
Mitochondrial disease 1 1
Chromosomal
abnormality (tetrasomy 15)

1

CRMCC 10 9
Aetiology unknown 60 41
Possible destructive
mechanism

11 11

With polymicrogyria 6 5
Predominantly grey matter 4 3
Unique familial phenotype 3
Predominantly white matter 2 2
Familial (dominant) ICC 7 1

CT, computed tomography; MRI, magnetic resonance imaging; AGS,
Aicardi–Goutières syndrome; BLC, band-like calcification with
simplified gyration and polymicrogyria; CRMCC, cerebroretinal
microangiopathy with calcification and cysts; ICC, intracranial
calcification.

What this paper adds
• A systematic approach to radiological phenotyping allows recognizable patterns

of intracranial calcification to be identified.
• Characteristic patterns of intracranial calcification are seen in a range of disor-

ders.
• Other calcification phenotypes occur, some of which may represent distinct dis-

ease entities.
• For optimal diagnostic yield, CT and MRI should be considered together.
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cerebellum; and (3) intraparenchymal cysts. We have recently
shown that mutations in CTC1, encoding conserved telomere
maintenance component 1, cause Coats plus.15 Mutations
were not identified in any patient with an exclusively neuro-
logical disorder, indicating that LCC and Coats plus are
distinct entities (see Discussion).

Other specific diagnoses
In some patients a specific aetiology for ICC was assigned
on the basis of other clinical, laboratory, or radiological
findings.

Data analysis
This was an observational study in which images were
reviewed by the authors (JHL, YJC, MSvdK), looking for phe-
notypically recognizable patterns within the imaging data by
manual inspection and pattern recognition. This approach
allowed subgroups to be identified on the basis of shared
radiological features. By definition, CT scans were available
for all patients. MRI data were available for most but not all
patients, and these data were analysed separately. Clinical fea-
tures and laboratory results, including molecular testing, were
also taken into consideration. Similarly, these data sources
were used to characterize further the neuroradiological
features of known disorders.

Scans were obtained as part of continuing clinical care, and
from patients recruited into an ongoing study of ICC. The
study had ethical approval from the Leeds Multi-Centre
Research Ethics Committee (reference number
07 ⁄ Q1206 ⁄ 7).

RESULTS
CT data were available from 119 patients, and MRI data for
84 of these. A summary of all patients is shown in Table I.
Most referrals were from the UK and Europe (85), with 20
from North America, 11 from Asia, and three from Australia.
Some patients had more than one scan, and the radiological
features sometimes evolved with time. The numbers used in
the text refer to the number of patients showing a given
feature (rather than the number of scans with that feature),
and analysis was based on the chronologically earliest scan for
a given patient, although where follow-up data were available
then temporal evolution in disease appearance was captured.

A specific diagnosis could be assigned in approximately half
of all patients, slightly fewer than this if CRMCC is not
regarded as a specific diagnosis. For some patients the imaging
characteristics suggested the diagnosis and led to confirmatory
investigations, including diagnostic molecular testing. This
was particularly the case for AGS, BLC–PMG and COL4A1-
related disease.

Imaging characteristics of patients with a known diagnosis
The details of the calcification patterns and other imaging
characteristics are shown in Table SII.

Aicardi–Goutieres syndrome
CT scans were available for 33 patients (42 scans). A classical
appearance of calcification can be described (Fig. 2A, a and
b). This comprises bilateral spot calcification within the basal
ganglia and sometimes thalami, together with spot calcifica-
tion in the deep white matter of the frontal and parietal lobes.

a b c d e f
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Figure 1: Examples of types of calcification and terminology. (a) spots, (b) lines, (c) rock, (d) blush, (e) gyriform ⁄ band-like, (f) reticular. Computed tomography
(CT) at normal brain window settings (g, j), CT at bony window setting (h, k), axial T2 magnetic resonance images (i, l), illustrating how different window set-
tings or imaging modalities may be needed to determine the location of calcification. In this example, calcification is exclusively in the grey matter, i.e. basal
ganglia, deep cortex, cerebellar folia, and dentate nucleus.
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Calcification in other sites was less common, but could occur
in any location. True periventricular (i.e. along the walls of
the lateral ventricles) calcification and cortical calcification
were uncommon, whereas deep white matter calcification was
seen frequently. Progression of calcification was seen in five

of seven patients with serial scans. In one patient with four
scans, the last one at the age of 10 years, progression arrested
after 2.5 years. Typically, the brain and brainstem were
atrophic and there was diffuse low density of the cerebral
white matter.

B
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Figure 2: (A) Aicardi–Gouti�res syndrome computed tomography (CT) appearances. a, b demonstrate the `classical' appearance of spot calcification in the
deep cerebral white matter and basal ganglia with low attenuation of the cerebral white matter. Other patterns include rock calcification in the basal ganglia
(c), rock calcification in cerebellar white and grey matter (d), pontine calcifications (e), true periventricular, linear calcification (f), subtle cortical calcification
in the depth of a sulcus (g), and subtle basal ganglia and white matter calcification (h). (B) Aicardi–Gouti�res syndrome magnetic resonance (MRI) appear-
ances. Axial T2 images of severe AGS phenotype in three patients (a–c), showing diffuse high signal in the white matter, temporal pole swelling with an
apparently simplified gyration of overlying cortex (a, b), and the characteristic pattern of atrophy of the anterior temporal lobe (a, c). The brainstem is
hypoplastic. Axial T1 images showing markedly low attenuation of the cerebral white matter with an anterior greater than posterior gradient (d, e). Calcifica-
tion is apparent (e). Serial axial T2 scans (f, g) showing progression of atrophy, primarily due to loss of white matter volume. T2 axial scans showing the char-
acteristic pattern of frontal lobe atrophy with `pincer-like' appearance due to loss of volume of medial frontal white matter (h, i). Note low signal spots of
deep white matter calcification (h).
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MRI scans were available for 23 patients (32 scans) (Fig. 2B).
A universal feature was abnormal white matter in the cerebral
hemispheres. This was usually diffuse, confluent, and symmet-
rical, and in all patients involved the periventricular and deep
white matter and, in most, the subcortical white matter also. In
some of the latter, particularly older patients, the subcortical
involvement was patchy with some areas of normal U-fibre
myelination. The abnormal white matter often showed an ante-
rior to posterior gradient. In several patients myelination was
less than would be expected for chronological age, with many
scans showing no normal hemispheric myelination. However,
in one patient with mutations in TREX1, a follow-up scan at
5 years of age showed that myelination had progressed. Cere-
bral atrophy was present in most patients, and was clearly pro-
gressive in six of nine with serial scans. A characteristic pattern
of frontal and ⁄ or temporal lobe atrophy was sometimes
observed (Fig. 2B, a,c, h and i). Swelling of the anterior tempo-
ral lobes and ⁄ or the frontal lobes was seen frequently, resulting
in an appearance of simplified gyration due to stretching of the
cortex (Fig. 2B, a,b). Loss of cerebral white matter volume was
a common feature and the brainstem, cerebellum, basal gan-
glia, and corpus callosum were often atrophic.

Calcification, which was present, by definition, on the CT
scans of all patients, was demonstrable on 14 of 32 MRI scans
as low signal on T2, high signal on T1, or low signal on gradi-
ent-echo sequences. Contrast enhancement occurred in one
out of 12 patients to whom it was given.

Band-like calcification with simplified gyration and
polymicrogyria (Fig. 3)
CT data were available for six patients, five of whom have bi-
allelic mutations in the OCLN gene.10 Symmetrical cortical
calcification was present in all, and usually frontal or fronto-
parietal. In all patients there was a continuous or semi-contin-
uous ribbon of cortical calcification with, in addition, a reticu-
lar pattern in four. All patients had symmetrical thalamic
calcification. Pontine calcification was present in four. No
patient had cerebellar calcification.

MRI data were available for five patients. All scans showed
markedly abnormal, atrophic ⁄ hypoplastic cerebral hemi-
spheres with primitive sulcation. Progressive atrophy occurred
in the one patient with serial scans. Cerebellar and ⁄ or brain-
stem atrophy was observed in three, and the corpus callosum
was very small in all. Marked white matter volume loss and
abnormal high T2 signal in cerebral white matter was com-
mon. Myelination was abnormal in all patients.

Calcification was apparent in all patients, most strikingly
as a low-signal band on T2 but also as high signal on T1.
Gyration was abnormal in all patients, with a very primitive
gyral pattern, in some areas amounting to complete absence
of gyration and a ribbon-like cortex. In other areas polymicr-
ogyria was present. These changes were always symmetrical
and had a frontoparietal predominance. Contrast enhance-
ment did not occur in the two patients to whom it was
given.

a b c d
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e

Figure 3: Band-like calcification with simplified gyration and polymicrogyria (BLC–PMG). Computed tomography (CT) scans showing typical features of BLC
(a–e). Symmetrical thalamic calcification (a, b), largely symmetrical, fronto-parietal, predominantly deep cortical calcification (a–e), showing linear pattern
(b,d,e) and reticular pattern (c). Magnetic resonance imaging (MRI) scans (f–j): coronal T2 (f), axial T1 (g, h), and axial T2 (i, j). Abnormal gyration with frontal
or fronto-parietal predominance. There is a cortical malformation with polymicrogyria (g–j), and a ribbon-like cortex (i). Band-like cortical calcification visible
as low signal on T2 (f, i j), and high signal T1 (g, h). Thalamic and basal ganglia calcification is apparent on T1 (h).
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COL4A1 mutation-related disease (Fig. 4)
CT data were available for three patients. The calcification
was subtle but, taken together with the other radiological fea-
tures, apparently characteristic. Periventricular spot and ⁄ or
linear calcification was present in all patients. Spot
calcification also occurred in the deep frontal and parietal
white matter. Basal ganglia calcification was seen in two
patients, and thalamic calcification in one.

MRI data were available for all patients. Calcification was
observed in all patients, best seen as periventricular high sig-
nal on T1 sequences. Gradient echo sequences in one
patient demonstrated calcification in the deep white matter.
In all patients, features apparently characteristic of periven-
tricular leukomalacia were present.2,16 Specifically, these
were angular dilatation of the lateral ventricles, loss of peri-
ventricular white matter with the cortical sulci almost reach-
ing the margins of the lateral ventricle, and high signal on
T2 or fluid-attenuated inversion-recovery sequences in the
periventricular white matter. Porencephaly was present in
one patient.

Other specific diagnoses (Fig. 5)
This group includes Degos17,18 disease, infantile Krabbe
disease,19 juvenile Alexander disease,20 chromosomal abnor-
mality, and presumed mitochondrial disease. In these patients
the diagnosis was made because of other clinical and radiologi-
cal features, and the pattern of calcification was non-specific.

Cerebroretinal microangiopathy with calcification and cysts
(Fig. 6)
CT data on 10 patients (15 scans) were available. Bilateral cal-
cification was present in all patients but was asymmetrical in
most. Where serial scans were available, progression in calcifi-
cation was seen in three of six patients.

Cortical calcification was eventually present in all patients
and was observed as early as 2 months of age. In contrast, two
patients, one scanned at 2 and one at 3 months, did not yet
show cortical calcification. Calcification was commonly seen in
a frontoparietal distribution, but could involve all lobes or dem-
onstrate an occipital predominance. In all patients, cortical cal-
cification was predominantly in the depths of the sulci. In two

a

b

c

Figure 4: COL4A1-related disease in three patients. (Patient 1, row a; CT, axial T2 and axial gradient-echo MR, patients 2 and 3, rows b and c respectively;
CT, axial T2 and axial T1 MR). CT in all patients demonstrates subtle spot or linear calcification in the periventricular region. Basal ganglia calcification (c)
and deep white matter calcification (a,c) is present. Axial T2 and gradient-echo MR (a) and, axial T2 and T1 MR (b,c), demonstrate loss of periventricular
white matter with angular ventricular outline and porencephaly (c), abnormal high signal in deep and periventricular white matter (a,c) and calcification visi-
ble as low signal spots on T2 sequences (a,c). Axial T1 images (b,c) demonstrate calcification as linear and spot high signal in the periventricular region and
deep frontal white matter. Axial gradient-echo sequence (a) demonstrates a more diffuse `blush' of periventricular and deep white matter low signal. It is
likely that this represents calcification, although micro-haemorrhage is a possibility.
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patients, continuous gyral calcification was present. Spots of
deep white matter calcification were present in six patients. In
three early scans (at 2, 2, and 3mo), a diffuse blush of calcifica-
tion was apparent in the cerebral white matter and basal ganglia
(Fig. 6d). This disappeared on later scans. Basal ganglia calcifi-
cation was present in all patients. Typically, this was seen as
bilateral, but not always symmetrical, rock-like aggregates in
the putamen, globus pallidus, caudate, and thalamus, and often
in all of these sites. In three early scans, calcification was spot
and blush. These patients went on to develop rock-like calcifi-
cation on follow-up imaging (Fig. 6d,e).

Rock-like calcification in the cerebellum was common and
could involve cortex, dentate nucleus, or white matter. Brain-
stem calcification was also seen. In some patients calcification
in the wall of the cysts was observed. In the one patient in
whom contrast was given, there was enhancement both in the
basal ganglia and around the cysts.

MRI data were available for nine patients (13 scans). Of
note, no scans showed cerebral or cerebellar atrophy. Ven-
tricular dilatation was frequent. Abnormal white matter was
present in all patients, seen as confluent high signal on T2
and fluid-attenuated inversion-recovery sequences. This
could be markedly asymmetrical. The abnormal signal was
periventricular and lobar in all patients, with U-fibre involve-
ment in five patients, sometimes in a patchy distribution.
All lobes could be involved. Some patients showed
predominantly posterior involvement. Background myelina-
tion was normal in all patients. Three patients showed
marked swelling and high signal of the pons and midbrain on
T2-weighted imaging. Calcification was apparent in all
patients, as both high and low signal on T2 and high signal
on T1. Calcification involving the deep cortex along the
white–grey junction was seen as a low signal serpiginous line
on T2 images (Fig. 1i). Cysts were present in all patients, and
contrast enhancement around the cysts and in the basal gan-
glia was seen in six out of seven patients to whom it was
given. Cysts could occur in any location, but most commonly
involved the brainstem, basal ganglia, or cerebral white mat-
ter. Posterior thalamic cysts enlarging into the lateral ventri-
cles were also seen.

We specifically addressed the question whether a radiologi-
cal distinction could be made between CRMCC-Coats-plus
with CTC1 mutations and CRMCC–LCC without CTC1
mutations. We found no consistent differences.

Imaging characteristics in patients where the diagnosis is
unknown
In 60 patients the aetiology of the observed ICC was
unknown. This group showed a wide spectrum of clinical and
radiological features. Within this cohort, some patients shared
several similar features that enabled them to be subgrouped
into putative categories (Table I).

Probable destructive mechanism
In eight patients the radiological features were suggestive of
an acute or subacute destructive brain insult, such as hypoxia–
ischaemia or haemorrhage (Fig. 7a,f). In two patients there
was a relevant supporting history of such. In addition to ICC,
the CT features included cortical and subcortical atrophy,
multicystic encephalomalacia, and diffuse low attenuation
involving white and grey matter. MRI features supporting this
diagnosis were ulegyria, cortical highlighting, periventricular
or cortical cystic changes, and signal change in the basal gan-
glia and thalami.

A further three patients had the features of periventricu-
lar leukomalacia and a pattern of periventricular calcifica-
tion similar to the appearances seen in the patients
described above with COL4A1 mutation-related disease.
Mutation testing of COL4A1 was negative in two of these
patients.

Calcification associated with polymicrogyria
CT images were available for six patients and MRI images for
five patients (Fig. 7b,g). One patient had unilateral open

a b
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Figure 5: Other specific diagnoses. Degos disease demonstrating non-
specific spot calcification (a, b). Infantile Krabbe disease (c, d), demon-
strating symmetrical calcification within the corona radiata. Juvenile Alex-
ander disease (e) demonstrating calcification within the abnormal
periventricular garlands. Mitochondrial disease (f) showing deep cortical
spot calcification with low-density white matter and simplified gyration.
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lipped schizencephaly with polymicrogyria. Two non-identical
twins had a pattern of frontoparietal polymicrogyria with cere-
bellar hypoplasia and thalamic calcification. Three patients
had extensive polymicrogyria, hemispheric and often patchy
white matter signal abnormalities and periventricular, basal
ganglia, and cerebellar white matter calcification. In two
patients there were cerebellar migrational abnormalities. The
radiological phenotype was suggestive of congenital cytomeg-
alovirus (CMV) infection in two of these patients even though
investigations failed to confirm this.

Familial calcification with apparently characteristic
involvement of the globus pallidus, posterior limb of the
internal capsule, genu of the corpus callosum, and deep
white matter
Three patients from the same family appeared to have a
unique phenotype that we have so far recognized only in
this single consanguineous pedigree from Qatar
(Fig. 7c,h).21 The pattern of calcification is apparently highly
characteristic, involving the genu of the corpus callosum as
well as the globus pallidus and deep white matter. The two
affected children had neonatal seizures; one had developed
normally whereas the other had mild to moderate learning
difficulties. The affected mother had no cognitive or neuro-
logical abnormalities.

For the remaining 40 patients the cause of ICC remained
unknown, and they could not be unequivocally assigned to any
of the above groups. In some patients, the ICC appeared to be
confined to the white (Fig. 7d,i), or grey matter (Fig. 7e,j). In
others, the features were suggestive of congenital infection but
this was not confirmed. In a further set of patients, AGS was
considered but excluded on clinical and molecular grounds. At
present, no common radiological pattern allows more precise
grouping of these patients.

Dominant familial calcification was present in two families
(seven patients), resembling what has been described as Fahr
disease.

DISCUSSION
The value of a systematic approach to radiological pheno-
typing has been clearly demonstrated for white matter dis-
orders1,3,22 and brain malformation syndromes.4–6 Here we
present the results of a systematic study of radiological data
from 119 patients demonstrating ICC on neuroimaging, and
show that systematic phenotyping of ICC also allows recog-
nizable patterns to be identified and, in some cases, disease
entities to be characterized.

Importantly, early diagnosis can prevent unnecessary,
expensive, and time-consuming investigations, thus sparing
patients and their carers anxiety and distress.3 Identifying

a b c d e f
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Figure 6: Cerebroretinal microangiopathy with calcification and cysts (CRMCC). Computed tomography (CT) (a–f), and magnetic resonance imaging (MR)
(g–l). Typical CT appearances (a–c) showing calcification in cerebellum and pons and cyst in pons (a), dense calcification in thalami and basal ganglia, deep
cortex and white-grey junction with hydrocephalus (b), and calcification around cyst in deep white matter and diffuse leukoencephalopathy (c). Serial CT
scans at 2 months (d) and 4 years 6 months (e) showing dramatic progression from blush-like calcification of basal ganglia and frontal white matter (d) to
the classical appearance (e). CT scan at 21 months (f), showing deep white matter spotty calcification and scalloped calcification in deep cortex and along
white–grey junction. Axial T2 images demonstrating extensive high signal and swelling of brain stem (g, h), with probable calcification of the red nuclei (h).
Typical T2 MR appearances (i, j), with diffuse, sometimes asymmetric white matter high signal, sparing U-fibres, cysts arising in deep white matter, and rock
calcification in basal ganglia. Axial T1 MR, pre- (k) and post- (l) gadolinium showing contrast enhancement around calcified areas and a cyst within the basal
ganglia.
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whether a disorder is genetic also allows appropriate counsel-
ling of parents and other relatives.

Pathological calcification occurs in response to many dif-
ferent processes, and thus probably represents the end-point
of a diversity of insults. If calcification is the consequence
of disordered calcium metabolism, it is usually described,
confusingly, as metastatic. All other forms of pathological
calcification are described as dystrophic, usually implying a
previous or ongoing insult. There is a paucity of pathologi-
cal data in children with ICC in general, and in the con-
text of AGS,23,24 CRMCC,11 and BLC–PMG10 in
particular. The limited data that are available show that
these genetically and clinically distinct disorders demon-
strate calcification around blood vessels (BLC–PMG), and
within the vessel wall (CRMCC and AGS). Pathological
data from adults diagnosed with Fahr disease have also
shown calcification in the vessel wall, alongside capillaries,
and within the parenchyma.25,26 Thus, the association of
calcification with blood vessels may be a common feature
of ICC, rather than revealing much about the underlying
disease process.

Why calcification occurs in one location rather than
another is unclear. There is undoubtedly a predilection for
calcification of the basal ganglia. In this series, basal ganglia
calcification was present in 116 (83%) of the 140 images,
occurring in diverse disorders. Basal ganglia calcification alone
is therefore of low specificity. These basic questions as to why

calcification occurs, and why it is seen in particular locations
in the brain, cannot be answered at present. This fact provides
further justification for an approach to disease classification on
the basis of radiological phenotyping. We propose that dis-
tinct phenotypes can be described for several disorders, and
that there may be other phenotypes yet to be defined that will
demonstrate radiological diagnostic specificity.

Aicardi–Goutieres syndrome
AGS is a Mendelian mimic of congenital infection,27 which
has been shown to be caused by mutations in any one of five
genes encoding the DNA exonuclease TREX1,28 the three
non-allelic components of the RNase H2 endonuclease com-
plex,29 and the dNTP triphosphohydrolase SAMHD1.30,31

There are patients with typical clinical and radiological
features of AGS who do not have mutations in any of these
genes, suggesting that there is at least one more gene associ-
ated with this phenotype. We have presented data on 33
patients with AGS, 27 of whom have mutations in one of the
five known AGS-related genes. Although many different pat-
terns of calcification may be seen in AGS (Fig. 2), there is a
classical pattern that may be pathognomonic. Calcification
may be seen on MRI, particularly as low-signal spots on T2
within the deep white matter, and the combination of calcifi-
cation with a severe and characteristic white matter abnor-
mality is diagnostic. In our series, calcification was apparent
on MRI in only 15 out of 33 patients with AGS. This

a b c d e

f g h i j

Figure 7: Examples of calcification where the aetiology is unknown. (a, f) Probable destructive mechanism. Computed tomography (CT) at 5 days of age
(a) shows extensive destruction of both cerebral hemispheres, with high density within the abnormal cortex suggestive of haemorrhage or calcification.
Dense calcification within both thalami is demonstrated. Axial T2 magnetic resonance (MR) images (f) at 16 months of age show liquefaction of both cerebral
hemispheres with multicystic remnants. (b, g) Calcification with polymicrogyria (non-band-like calcification with simplified gyration and polymicrogyria type).
CT (b) showing periventricular spot calcification, and axial T2 MR (g) showing fronto-parietal polymicrogyria and abnormal white matter. Appearances were
suggestive of cytomegalovirus, but investigations did not confirm this. (c, h) Unique familial phenotype. Calcification in genu of corpus callosum, globus
pallidus, and deep white matter in a male aged 8 years. An identical pattern was present in his sister and mother.21 (d, i) Calcification predominantly within
cerebral white matter. (e, j) Calcification predominantly within grey matter.
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emphasizes the importance of performing CT in the face of
an unclassified white matter disorder. The MRI features of
the severe neonatal or early infantile presentation are highly
characteristic nonetheless. CT and MRI scans provide com-
plementary data in AGS as for most of the phenotypes
described in this study.

The most likely differential diagnosis to be considered in
the context of AGS is that of congenital infection, congenital
CMV in particular. However, the MRI features of congenital
CMV are distinct and different.32,33 Notably, in CMV, white
matter abnormalities are usually patchy and often asymmetri-
cal, with areas of normal myelination within the abnormal
white matter. Polymicrogyria is common. Temporal cysts and
temporal lobe swelling may occur in both disorders.

The autosomal recessive disorder cystic leukoencephalopa-
thy without megalencephaly, caused by mutations in the RNA-
SET2 gene, results in a radiological phenotype virtually
indistinguishable from congenital CMV,34,35 and is thus gen-
erally distinct from the AGS radiological phenotype (although
we note that relatively few mutation-positive cases have been
published).

Although the classical pattern, described above, was com-
mon in our series, many other patterns of ICC can be seen in
AGS, including very mild radiological phenotypes particularly
associated with mutations in RNASEH2B. For this reason, we
hold that AGS should be considered in any unexplained
leukoencephalopathy.

Band-like calcification with simplified gyration and
polymicrogyria
This is a rare disorder defined by its radiological phenotype,
the recognition of which enabled the causative gene to be
identified.10 The radiological phenotype is best appreciated by
considering both the CT and MRI appearances. In BLC–
PMG a characteristic pattern of calcification occurs in a mal-
formed brain. It is not only a cortical malformation, but a
more global developmental ⁄ destructive abnormality. There is
an abnormality of primary sulcation and the brain has a sim-
plified ‘hourglass’ form. There is complete absence of gyri in
some areas, but with a thin, rather sclerotic-looking, cortex
quite different from that seen in type 1 or 2 lissencephaly.
Both the brain malformation and the pattern of calcification
are distinct from that seen in congenital CMV infection,
which is the most common cause of the association of ICC
with polymicrogyria. It is not yet known whether milder phe-
notypes occur, and if they might show radiological overlap
with congenital infection.

COL4A1 mutation-related disease
Mutations in the COL4A1 gene, encoding type IV collagen
alpha 1, cause a genetic small-vessel disease affecting the brain,
eyes, and kidneys.36–39 COL4A1 mutations lead to intracere-
bral haemorrhage and ischaemic damage that may have an
ante-, peri-, or postnatal onset. Characteristically, but not
exclusively, the disorder is associated with porencephaly.

In this series we identified three patients with COL4A1
mutations and a characteristic radiological phenotype, associ-

ating periventricular leukomalacia and subtle periventricular,
basal ganglia, and ⁄ or deep white matter calcification (Fig. 4).
The diagnosis was considered because of the clinical features
and suggestive imaging appearances. Periventricular leukomal-
acia is most commonly associated with preterm birth-related
risk factors, and the presence of ICC is recognized in this con-
text.2 We have recently identified several cases demonstrating
this pattern,40 and we conclude that ICC may not be rare in
COL4A-related disease. The combination of calcification with
either porencephaly or irregular dilatation of lateral ventricles
suggestive of periventricular leukomalacia should prompt con-
sideration of COL4A1 mutation testing when there is no
history of preterm birth or other pre- or perinatal risk factors.
The presence of eye abnormalities and ⁄ or a family history of
cerebral palsy, aneurysm, stroke, eye disease (especially cata-
ract), nephropathy, or muscle cramps are additional pointers
to the diagnosis.

Cerebroretinal microangiopathy with calcification and cysts
At the time of the data analysis, it was not known whether all
patients grouped under the umbrella term CRMCC had the
same condition or discrete genetic disorders demonstrating
the identical, or a very similar, radiological phenotype. From a
clinical perspective, patients fall into two categories: those
with a purely neurological disorder and those with significant
extra-neurological involvement, notably retinopathy, bone,
and gastrointestinal disease.11,12 We have recently shown that
mutations in CTC1, encoding conserved telomere mainte-
nance component 1, cause Coats plus, a multisystem disorder
the most characteristic features of which are retinal telangiec-
tasia and exudates (Coats disease), ICC with an associated leu-
koencephalopathy and brain cysts, osteopenia with a tendency
to fractures and poor bone healing, and a high risk of life-lim-
iting gastrointestinal bleeding and portal hypertension caused
by the development of vascular ectasias in the stomach, small
intestine, and liver.15 Mutations were not identified in any
patient with a purely neurological disorder, indicating that
LCC and Coats plus are distinct entities.

The patients described here all shared the three radiologi-
cal features of ICC, leukoencephalopathy, and intraparenchy-
mal cysts. This group of 10 comprised three patients with
Coats plus who harboured CTC1 mutations and seven with a
purely neurological presentation. From a radiological per-
spective, there were no distinguishing features. The pattern
of calcification is characteristic, but not on its own pathogno-
monic. White matter abnormalities are a hallmark of these
disorders, and extensive confluent white-matter high signal
on T2 images was seen in all patients. This could be mark-
edly asymmetrical. Notably, background myelination was
normal in all patients, and in many patients the peripheral
white matter was spared or only patchily involved. Another
feature of note was that cerebral atrophy did not occur in any
patient.

Intracranial calcification cause undetermined
In 60 patients, half of our series, the cause of ICC remained
undetermined. In 20 of these patients it was possible to sug-
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gest a subgrouping based on shared radiological features.
Notably, the clinical and radiological evidence suggested a
possible destructive process in 11 patients. Attributing a
destructive mechanism does not preclude a genetic cause, as
illustrated by the three patients with COL4A1 mutations.

The association of polymicrogyria and ICC is of particular
interest. Although a growing number of genetic causes of
PMG have been identified,5,41–43 to our knowledge ICC has
not been reported in any of these disorders.

In our series, two families (seven patients) demonstrated
dominant inheritance of basal ganglia, with or without deep
white-matter calcification. These are examples of what has
loosely been called Fahr disease (synonyms striopallidodentate
calcification, idiopathic basal ganglia calcification).44 There is
much confusion surrounding the use of Fahr disease as a
diagnostic term. The published studies have used differing
inclusion criteria, and often provide little detail of the radio-
logical features. Even the more systematic studies have not
provided detailed consideration of the radiological pheno-
type.44 Fahr disease is almost certainly not a single entity, and
may include different disorders resulting in a common and
non-specific pattern of calcification. Familial and sporadic
forms occur; some patients are asymptomatic, but in others a
wide spectrum of clinical manifestations have been described,
most commonly movement disorders, cognitive impairment,
or psychiatric disease. Mutations in the SLC20A2 gene, encod-
ing the type III sodium-dependent phosphate transporter,
have recently been identified in Fahr disease pedigrees from
China, Brazil, and Spain.45 It is likely that other discrete
genetic subtypes will be identified.

CONCLUSION
We have shown that a systematic approach to describing the
radiological phenotype of ICC allows consistent, recognizable
patterns to be identified. These patterns may be specific for a
given diagnosis, for example BLC–PMG, or strongly sugges-
tive, for example AGS. Other patterns may indicate a mecha-
nism such as a destructive cause. For many patients the
aetiology remains obscure, but within this group some patterns
can be identified that may represent distinct entities. We have
shown that CT and MRI are complementary, and that for opti-
mal diagnostic yield they should be considered together. We
would recommend that CT be performed in all patients with an
undefined neurological disorder in which MRI has not enabled
a precise diagnosis. Gradient echo MRI will often demonstrate
calcification, but is not as sensitive as CT, and the images pro-
duced have low definition and anatomical detail. Susceptibility-
weighted MRI is highly sensitive to both blood and calcium and
may prove of value in the future. For the moment, however, gra-
dient-echo or susceptibility-weighted MRI should not be seen
as a substitute for CT when the possibility of ICC is being con-
sidered. The potential for additional diagnostic information jus-
tifies the need for a further procedure.

Considering the premise of the present study, that is, to
delineate the radiological characteristics of a set of scans
showing ICC sent to the co-authors, our data set is inevi-
tably characterized by a selection bias and non-blinded
reporting. We are now exploring the use of an automated
decision-tree analysis of imaging characteristics to produce
a formalized descriptor set for ICC imaging analysis. Vali-
dation of this strategy will require the incorporation of
data from a larger number of scans from patients with
ICC of both known and unknown aetiology. We would
hope that his methodology can then be tested in a blinded
fashion for applicability by non-expert users. Such an
approach may enable robust diagnostic categories to be
determined.
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