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Summary

Most inborn errors of metabolism (IEMs) have a potential
for central nervous system (CNS) injury resulting in
chronic encephalopathy. IEMs may affect CNS structures
in a manner dependent upon disorder type, stage of brain
development, severity, and/or duration. Several of the dis-
orders share a final common pathway to brain dysfunction
such as disruption of astrocyte function, excitotoxicity,
and/or energy failure.

Neuroimaging has emerged as a powerful clinical tool
to study the brain in a noninvasive manner in order to
assist in distinguishing disorders from one another,
despite very similar clinical manifestations. As there are
limited ways in which the CNS can respond to insults,
imaging manifestations are often  nonspecific.
Nonetheless, there is a striking anatomical pattern of vul-
nerability in many IEMs. Some IEMs cause reasonably
predictable disease patterns that can be suggestive or
diagnostic. Specific neuroimaging patterns of inborn met-
abolic errors are the focus of this chapter.

Introduction

It is important to alert the radiologist or neuroradiologist
whenever there is clinical concern for a metabolic abnormal-
ity affecting the CNS. The MRI armamentarium contains
numerous sequences that can be chosen to identify altera-
tions in brain structure, texture, water movement, metabo-
lism, and mineralization and to detect hemorrhage. Time
constraints limit sequence selection to only those most nec-
essary and relevant. Therefore, the provided history should
be as specific as possible to ensure that the imaging exam
will be tailored using an appropriate pulse-sequence pre-
scription most likely to determine the IEM type and/or
answer the clinical question. “New onset generalized sei-
zures and developmental regression” is an example of an
adequate history, while “encephalopathy” is more nonspe-
cific and “rule out pathology” is simply unacceptable. “Rule
out X is never appropriate in isolation, but welcomed after
explaining why x needs to be excluded. Pertinent lab values
and head circumference are useful to include in the neuroim-

aging order request in some cases. A history of prematurely
and estimated gestational age should always be disclosed as
the expected normal appearance of the brain changes over
time, especially with regard to myelination. This concept is
best captured by the idiom ‘“‘garbage in, garbage out.”
Inadequate exam indications have a higher chance of yield-
ing the unsavory phrase, “correlate clinically.”

Dominant factors influencing modality selection and
examination protocols include patient age, past medical his-
tory (especially contraindications to contrast material and/or
MRI), signs, symptoms, and the history of present illness.
Head ultrasound is often the initial imaging exam in the neo-
natal setting given its near universal access, portability, ease
of acquisition, and lack of ionizing radiation. Drawbacks of
ultrasound include a relative insensitivity and poor specificity
for brain pathology. CT excels in the detection of calcifica-
tions and hemorrhage. It can also be useful in the acute setting
to quickly identify actionable intracranial abnormalities and
when sonographic findings require clarification. However,
MRI is the reigning gold standard in the neuroimaging assess-
ment of the CNS. In addition to its ability to demonstrate mul-
tiplanar fine structural details, it exploits inherent and acquired
differences in tissue properties to reveal changes in disease
states. Therefore, the sensitivity and specificity of MRI gener-
ally exceed those of ultrasound and CT.

A typical brain MR protocol for suspected metabolic
abnormalities should include both conventional sequences
(i.e., TIWI, T2WI) and advanced imaging techniques such
as diffusion tensor imaging, perfusion, and proton magnetic
resonance spectroscopy (1H MRS). A magnetization transfer
sequence is also useful in the evaluation of leukodystrophies
to determine the type of white matter disturbance. Intravenous
gadolinium-based contrast agents (GBCAs) may be useful
when the specific diagnosis is uncertain as these add speci-
ficity to some IEMs and help exclude mimics such as infec-
tion and subacute infarction. Spine MR imaging can also be
useful in some disorders to improve diagnostic specificity.

1H MRS has great utility in the initial work-up and sub-
sequent follow-up of metabolic disturbances/disorders.
Although a nonspecific pattern (elevated choline, depressed
NAA) is common in many types of brain disease, short
echo 1H MRS (TE < 40 ms) can reveal more specific meta-
bolic signatures. Furthermore, temporal changes on subse-
quent exams can support or refute the benefit of ongoing
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therapeutic measures. A simple single voxel technique
boasts better signal-to-noise ratios and allows shorter TE
options when compared with multivoxel technique (Bluml
and Panigrahy 2013). Voxel size is a balance between sig-
nal-to-noise (SNR) and tissue specificity; ideally, it should
be as large as possible to achieve satisfactory SNR but
small enough to target the area of interest. Generally, a
2 x 2 x 2 cm voxel is used; voxels smaller than 1 cm? are
unlikely to be worthy of the acquisition time it would
require to achieve reasonable SNR. Voxel location and
echo times should be selected based on the suspected and/
or discovered disease patterns. Hemorrhage, iron, and cal-
cification hamper 1H MRS quality and impact SNR; these
should be avoided, and if unavoidable, 1H MRS should not
be performed as misleading information could be returned.
In our experience, two acquisitions using two different
echo (short and longer) are more useful and preferable to
one whenever feasible. The reasons are multifactorial, but
some notable issues relate to the fact that metabolites in
small concentrations tend to be more visible using short
echo times, metabolic peak overlap may be more or less
apparent at different echo times, J coupling and J modula-
tion are altered at different echo times, longer echo times
have less inherent noise, and metabolites have different T2
properties. We typically perform ultrashort (TE 14, TR
1500; STEAM technique), short (TE 35, TR 1500-2000;
PRESS technique), and intermediate (TE 144, TR 1500—
2000; PRESS) or long (TE 288, TR 1500-2000; PRESS)
echo time sequences. Magnetic field strength dictates the
choice of the longest echo time; because lactate detection is
unreliable at 144 ms TE at 3 T field strength, we use a
288 ms TE at 3 T instead (Lange et al. 2006).

The vast majority of inborn errors of metabolism (IEM)
have a nonspecific neuroimaging phenotype. Imaging mani-
festations often overlap among IEMs and more broadly with
other CNS diseases. This is especially true at the extremes of
the disease time course where normal exams may be found
early on and in presymptomatic individuals, and diffuse
chronic brain changes are often present in the end-stage
patient. However, some IEMs tend to be more specific, and
others can be diagnostic using MRI and/or MRS. After a
deviation from the age-expected normal appearance is recog-
nized, the next step in interpretation is to determine the dis-
ease pattern, if present, using images from all available
modalities and time points. Several imaging features raise
concern for the possibility of an IEM: symmetric abnormali-
ties in brain signal/density/echogenicity, disease patterns
atypical for ischemic and infectious insults, mixed aged
lesions, temporal variability inconsistent with the expected
evolution of a static encephalopathy, and unexpected spectro-
scopic abnormalities. Of course, the imaging results should
always be interpreted in the context of the clinical picture.
Metabolic disorders with suggestive or diagnostic neuroim-
aging appearances in the therapeutic naive state are discussed
in the following paragraphs with associated figures.

Intoxication Type Disorders/Acute Metabolic
Encephalopathy

The disorders typically defined as intoxication type share
a similar clinical presentation. Several groups of IEM
including the organic acidemias, urea cycle disorders,
and certain disorders of amino acid metabolism typically
present with acute life-threatening symptoms and a rap-
idly evolving encephalopathy. These symptoms are the
result of a toxic accumulation of metabolites in the
CNS. Symptoms may include seizures, apnea, respira-
tory distress, and lethargy progressing to coma due in
part to ensuing brain edema. While nonspecific in nature
and clinically difficult to differentiate the underlying
diagnosis, several of these diseases have characteristic
imaging patterns, some of which are illustrated below.

Maple Syrup Urine Disease (MSUD)

Neonatal encephalopathy is the most common presentation
of this aminoacidopathy. Marked, extensive brain edema is
typical, comprised of mixed subtypes: vasogenic edema in
unmyelinated white matter and intramyelinic edema in
myelinating white matter (Whitehead and Gropman 2018;
Jan et al. 2003; Sakai et al. 2005; Terek et al. 2013; Ha et al.
2004). White matter reduced diffusion is usually quite pro-
found, especially in the projectional fibers, thalami, globus
pallidus, pontocerebellar fibers, and deep cerebellar nuclei
(Whitehead and Gropman 2018; Jan et al. 2003; Ha et al.
2004; Barkovich and Patay 2019) (Fig. 8.1). Diffusion abnor-
malities may in part reflect spongiotic dysmyelination with
intramyelinic edema rather than demyelination given the
lack of magnetization transfer signal, prolonged persistence
in patients under dietary control, and the presence in pres-
ymptomatic patients (Terek et al. 2013; Ha et al. 2004; Sener
2002; Myers et al. 2012). Diffusion abnormalities in more
maturely myelinated brains may be more widespread (Sakai
et al. 2005). Milder phenotypes may show only hypomyelin-
ation and mild atrophy, T2 prolongation in the globus palli-
dus, and/or deep cerebral white matter hyperintensity
(Ishikawa et al. 1991; Li et al. 1997; Muller et al. 1993). In
adolescent and adults, extensive cerebral cortical restricted
can occur during metabolic decompensation (Jan et al. 2003).
Central spinal cord T2 prolongation has been shown in a sib-
ling pair with MSUD (Bhat et al. 2013).

MRS shows multiple enlarged macromolecular peaks
corresponding to branched chain amino acids (BCAAs),
branched chain ketoacids (BCKAs), lipid, and lactate along
with elevated choline and myoinositol and depressed
N-acetylaspartate (NAA) (Bluml and Panigrahy 2013; Jan
et al. 2003; Terek et al. 2013) (Fig. 8.1). Notably, longer echo
times improve diagnostic specificity in MSUD by eliminat-
ing the normal background macromolecular signal that can
hide BCAA/BCKA peaks (Jan et al. 2003).
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Fig.8.1 Neonatal female with maple syrup urine disease (MSUD). (a)
Parasagittal gray-scale ultrasound image of the brain shows abnormal
hyperechogenicity in the cerebral white matter, lentiform nuclei (thick
arrow), thalamus (thin arrow), and imaged cerebellum representing
edema (curved arrow). (b) Coronal gray-scale ultrasound image of the
brain shows thalamic (thick arrows), brainstem (thin arrow), and cere-
bellar (curved arrow) hyperechogenicity representing edema. (¢) Axial
T2-weighted MR image (TR/TE msec, 2500/65) through the basal gan-
glia depicts abnormal hyperintense signal in parts of the globi pallidi
(thick arrows), thalami (thin arrows), and white matter. Coronal T2WI

(TR/TE msec, 2500/65) (d) and corresponding diffusion weighted
image (TR/TE msec, 8000/84) (e) in a similar plane to (b) show signal
abnormality and reduced diffusion representing intramyelinic edema in
the basal ganglia, thalamus, and brainstem with notable involvement of
projectional fibers representing intramyelinic edema (arrows, e). Single
voxel MRS over the left basal ganglia (TR/TE msec, 1500/35) (f) and
(TR/TE msec, 1500/144) (g) reveal a broadened metabolic peak at 0.9—
1.1 ppm that inverts on the longer echo time MRS (arrows), represent-
ing branch chain amino acids/branch chain keto acids (BCAA)



8 MRIand In Vivo Spectroscopy of the Brain

99

Nonketotic Hyperglycinemia (NKH)

NKH is an amino acidopathy that typically presents in the
neonatal period with encephalopathy, seizures, and hypo-
tonia. Neuroimaging features can be quite specific when
MRI and 1H MRS are obtained and interpreted in parallel.
Namely, intramyelinic edema manifested by reduced
diffusion can be seen in the myelinating fibers of the cere-
brum, cerebellum, and brainstem, with excessive hyperin-
tense signal on T2WI in the unmyelinated white matter
either representing undermyelination and/or vasogenic
edema (Whitehead and Gropman 2018; Whitehead et al.
2015; Stence et al. 2019) (Fig. 8.2). These changes occur
in similar locations as those found in maple syrup urine
disease (MSUD), but are typically much less severe and

extensive. The corpus callosum is often hypogenetic and
the total brain volume small (Whitehead and Gropman
2018; Whitehead et al. 2015; Stence et al. 2019) (Fig. 8.2).
Wei and colleagues reported a case of long tract hyperin-
tensity on T2WI spanning from the dorsal medulla into
the cervical and thoracic dorsomedial spinal cord (Wei
et al. 2011).

1H MRS reveals elevated glycine at 3.55 ppm that corre-
lates more reliably with the clinical status than plasma and
CSF glycine concentrations (Bluml and Panigrahy 2013;
Whitehead and Gropman 2018; Whitehead et al. 2015;
Heindel et al. 1993) (Fig. 8.2). It is necessary to obtain at
least one 1H MRS data point using an intermediate (i.e.,
144 ms) or long (i.e., 288 ms) echo time to remove the spec-
tral contamination of MI around 3.5 ppm.

Fig. 8.2 Neonatal female with nonketotic hyperglycinemia. (a)
Sagittal midline TIWI (TR/TE msec, 7/2) demonstrates multiple struc-
tural midline abnormalities including a thin, shortened hypogenetic cor-
pus callosum (curved arrow), marked hypoplasia of the anterior
commissure (thin arrow), hypoplasia of the septum pellucidum (star),
and mild pontine hypoplasia. (b) Axial T2ZWI (TR/TE msec, 3183/96)
at the level of the basal ganglia shows lack of normal myelination-
related hypointensity of the posterior limb of the internal capsule
(PLIC) (arrows). Axial DWI (TR/TE msec, 80,000/85) through the

basal ganglia (¢) and posterior fossa (d) shows increased signal/reduced
diffusion in the PLIC (arrows, ¢), corticospinal tracts (thick arrows, d),
central tegmental tracts (thin arrows, d), and middle cerebellar pedun-
cles/deep cerebellar white matter (curved arrows, d). Single voxel MRS
over the left basal ganglia (TR/TE msec, 1500/144) (e) and (TR/TE
msec, 1500/35) (f) reveals an abnormal metabolic peak at 3.6 ppm that
overlaps with myoinositol on the short echo MRS consistent with gly-
cine (gly). Creatine (Cr) is elevated, while choline (Cho) is mildly
depressed, altering the normal ratios of NAA, Cr, and Cho
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Methylmalonic Aciduria (MMA)

Typical presentation of metabolic acidosis and coma is not
enough to differentiate this clinically from other intoxication
disorders. In MMA, the basal ganglia are commonly affected
with or without concurrent involvement of the substantia
nigra and dentate nuclei. In particular, the globus pallidi are
involved dominantly or in isolation (Whitehead and Gropman
2018). In decompensation, reduced diffusion is present in the
basal ganglia, and chronic injury leads to regional volume
loss and hyperintense signal on T2WI with facilitated diffu-
sion (Fig. 8.3). Lactic acidosis is often shown on 1H MRS
(Bluml and Panigrahy 2013).

Glutaric Aciduria Typel

This IEM may be differentiated clinically due to movement
disorders that may present acutely and may have associated
macrocrania. On MRI, hyperintense basal ganglia signal on
T2WI with restricted diffusion sparing the thalami may be
found in acute symptomatic patients (Whitehead and
Gropman 2018; Barkovich and Patay 2019; Whitehead et al.
2015) (Fig. 8.4). Cerebral white matter hyperintensity and
cerebellar deep gray nuclear involvement may also be pres-
ent. Important structural features that help distinguish glu-
taric aciduria from other IEMs include underopercularization
and enlarged extra-axial spaces in the middle cranial fossae
(Whitehead and Gropman 2018; Barkovich and Patay 2019;
Whitehead et al. 2015) (Fig. 8.4). Progressive atrophy often
leads to development of nontraumatic subdural hemorrhage.
Glutaric acid has been found using 1H MRS, along with
reduced NAA and creatine, elevated choline, and lactate
(Bluml and Panigrahy 2013; Harting et al. 2015).

L-2-Hydroxyglutaric Aciduria

In this rare IEM, clinical symptoms overlap with those of
other intoxicating disorders. Conversely, neuroimaging fea-
tures are quite suggestive when present, as this is one of the
few disorders that manifests a centropedal cerebral lesion
severity gradient from superficial to central (Barkovich and
Patay 2019; Fourati et al. 2016) (Fig. 8.5). Thus, subcortical
precedes deep white matter involvement, and external and
extreme capsules are affected prior to the deep gray struc-
tures. Cerebellar deep gray nuclei are also quite commonly
affected (Barkovich and Patay 2019; Fourati et al. 2016). In
addition to decreased NAA and choline concentrations,
L-2-hydroxyglutaric acid elevation has been suggested on
MRS at 2.5 ppm (Fourati et al. 2016; Anghileri et al. 2016).

Urea Cycle Disorders (UCD)

Acute metabolic decompensation associated with hyperam-
monemia (HA) and intermediate metabolite toxicity causes
brain swelling, edema, and variable injury, especially in the
neonatal period and more commonly in complete proximal
urea cycle defects (Helman et al. 2014; Pacheco-Colon et al.
2013). Patients may have mild (partial deficiencies, later
onset) to severe HA (infant onset). There is a metabolic alka-
losis that can, for example, help distinguish UCD from
MMA that can have lower levels of HA. Disease patterns
may vary based on the specific enzymatic or transporter
defect, though phenotypic similarities are common among
UCD subtypes (Barkovich and Patay 2019). The most famil-
iar imaging patterns are “diffuse” and “central” with the lat-
ter isolated to the insular/peri-insular, perisylvian,
perirolandic, internal capsular, and/or basal ganglia regions

Fig.8.3 A 15-year-old female with methylmalonic aciduria. (a) Axial
T2WI (TR/TE msec, 4217/101) through the basal ganglia shows hyper-
intense globi pallidi. The corresponding T2/FLAIR sequence (TR/TE/
TI msec, 10,000/136/2200) (b) and diffusion-weighted sequence (TR/

TE msec, 9300/93) (¢) demonstrate mixed globi pallidi signal changes
with central suppression/necrosis and peripherally reduced diffusion,
representing acute on chronic metabolic injury
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Fig. 8.4 A 9-month-old female with glutaric aciduria type L. (a) Axial
T2WI (TR/TE msec, 3200/90) through the basal ganglia reveals hyper-
intense signal in the globi pallidi (arrows) and underopercularization
(brackets). (b) The corresponding axial diffusion-weighted image (TR/
TE msec, 10,000/91) shows hyperintense signal in the globi pallidi

Fig. 8.5 A 2-year-old female with L-2-hydroxyglutaric aciduria. (a)
Axial T2WI (TR/TE msec, 5347/101) at level of the basal ganglia
shows a centropedal pattern of white matter hyperintensity affecting the
superficial more than deep white matter with relative sparing of the cor-

(Barkovich and Patay 2019; Gunz et al. 2013; Takanashi
et al. 2003; Bireley et al. 2012) (Fig. 8.6). An unsolicited
imaging diagnosis can be tricky as UCD disease patterns
overlap considerably with that of the far more common
hypoxic ischemic encephalopathy (HIE) (Whitehead and
Gropman 2018; Pacheco-Colon et al. 2013).

UCD brain edema is often mixed; vasogenic (facilitated
diffusion), cytotoxic (gray matter, restricted diffusion), and/
or intramyelinic (white matter, restricted diffusion) edema
may be present depending on the imaging timing and disease
activity. Diffusion abnormalities evolve quickly toward

(small straight arrows), frontal subcortical white matter (large straight
arrows), sagittal stratum (large curved arrows), and hippocampal tails
(small curved arrows) representing reduced diffusion/white matter
intramyelinic edema and seizure-related changes in the hippocampi

pus callosum. (b) Coronal T2WI (TR/TE msec, 5347/101) redemon-
strates the centropedal pattern of white matter hyperintensity and shows
abnormal hyperintensity of the cerebral deep gray nuclei (arrows).
Ventriculomegaly reflects white matter volume loss

hyperintense signal on T1WI, representing laminar, deep
gray, and white matter necrosis with associated volume loss.
In all but the most severe cases, the thalami and brainstem
are spared, which may help distinguish it from HIE
(Whitehead and Gropman 2018; Barkovich and Patay 2019;
Pacheco-Colon et al. 2013; Bireley et al. 2012). Also, a peri-
insular and cingulate predilection can be a clue, but these
structures may also be involved in HIE as well (Whitehead
and Gropman 2018; Barkovich and Patay 2019). In distal
UCD subtypes, later onset cases, and/or milder phenotypes,
brain lesions and volume deficits tend to be less severe and
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Fig.8.6 A 10-day-old male with citrullinemia (argininosuccinate syn-
thetase deficiency). (a) Axial T2WI (TR/TE msec, 5725/78) at the level
of the basal ganglia shows cortical/subcortical temporo-insular/perisyl-
vian predominant and striatal hyperintensity consistent with edema;
note thalamic sparing. The corresponding DWI (TR/TE msec,
10,000/95) (b) shows reduced diffusion in the same regions represent-

less extensive. In these cases, DTI can reveal decreased
microstructural integrity in otherwise normal appearing
white matter (Pacheco-Colon et al. 2013; Gropman et al.
2008a, b).

1H MRS can reveal elevated brain glutamine and gluta-
mate in presymptomatic, symptomatic, convalescent, and
asymptomatic phases (Pacheco-Colon et al. 2013; Gropman
et al. 2008a, b) (Fig. 8.6). Myoinositol, an osmotic buffer, is
typically depressed prior to and is inversely correlated with
glutamine concentration (Pacheco-Colon et al. 2013;
Gropman et al. 2008a, b). Accumulated guanidinoacetate has
been shown in arginosuccinate lyase deficiency (Sijens et al.
2006). Arginine elevation has been described in arginase
deficiency (Gungor et al. 2008).

Molybdenum Cofactor Deficiency

A devastating neonatal IEM, molybdenum cofactor defi-
ciency results in massive destructive changes throughout the
cerebral white matter and deep gray structures with progres-
sion to cystic necrosis and marked volume loss (Whitehead
and Gropman 2018; Barkovich and Patay 2019; Schuierer
et al. 1995; Stence et al. 2013) (Fig. 8.7). Lesional hemor-
rhages and deep gray nuclear and/or cerebral white matter
calcifications may also be present. Widespread cortical
restricted diffusion has also been described, especially
affecting sulcal depths and leading to ulegyria (Stence et al.
2013). Changes can mimic HIE, but the pattern is less typi-
cal, often sparing the thalami, and destruction more severe in
the majority of cases. Mixed aged lesions, pontocerebellar
hypoplasia, and enlarged cisterna magna are additional fea-

ing cytotoxic and intramyelinic edema. Short echo single voxel MRS
over the left basal ganglia (TR/TE msec, 1500/35) (c) shows elevated
glutamine (Gln), glutamate (Glu), lipids (Lip), and lactate (Lac) with
reduced myoinositol (MI). Elevated alpha proton-associated metabolic
peak at 1.8 ppm confirms glutamine and glutamate elevation (Glx)

tures that favor molybdenum cofactor deficiency over
HIE. Disease onset can be either pre- or postnatal; cystic
necrosis encountered in the first week of life is most indica-
tive of a prenatal onset. MRS may show elevated lipid and
lactate in the active phase of disease (Salvan et al. 1999).

Chronic Metabolic Encephalopathies

Several of the IEMs do not typically present initially with
an acute decompensation, but rather with ongoing brain
injury in recognizable patterns. These are discussed
below.

Phenylketonuria (PKU)

Phenylketonuria, an autosomal recessive condition, is char-
acterized by deficiency in phenylalanine hydroxylase, an
essential precursor to an array of neurotransmitters, notably
dopamine which is critically involved in higher order cog-
nition. The majority of patients have extensive white matter
damage, in both untreated and early treated PKU cases.
Classic MR imaging features include posterior predomi-
nant cerebral periventricular hyperintensity on T2WI with
or without reduced diffusion, usually sparing the juxtacor-
tical white matter, cortex, brainstem, and cerebellum
(Whitehead and Gropman 2018; Anderson and Leuzzi
2010; Kono et al. 2005) (Fig. 8.8). White matter diffusion
restriction reflecting intramyelinic edema tends to occur
when plasma phenylalanine levels exceed 8.5 mg/dL (Kono
et al. 2005).
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Fig.8.7 A 3-day-old female with molybdenum cofactor deficiency. (a)
Axial T2WI (TR/TE msec, 3500/126) at the level of the basal ganglia
demonstrates frontal volume loss and heterogenous, mixed hyperin-
tense and hypointense signal in the basal ganglia and frontal white mat-
ter, right more than left, consistent with chronic sequela of prior

Fig. 8.8 A 9-year-old male with phenylketonuria (PKU). Axial T2WI
(TR/TE msec, 3350/102) (a) and corresponding DWI (TR/TE msec,
10,000/82) (b) at the level of the basal ganglia show hyperintense signal
in the paraventricular frontal and temporo-occipital tissues; in correla-

IH MRS in isolation or in combination with MRI is spe-
cific to the diagnosis when correctly performed using a spe-
cialized short-echo sequence and postprocessing to identify
the generally small phenylalanine peak at 7.3-7.4 ppm
downstream beyond the suppressed water peak (Bluml and
Panigrahy 2013). The alpha proton associated with elevated
phenylalanine can be seen at 3.8 ppm; however, there is con-
siderable overlap with other metabolites at this same location
(Sener 2003). NAA, creatine, choline, and other conven-
tional metabolites tend to be normal.

hemorrhages and infarctions with resultant cystic/necrotic encephalo-
malacia. (b) Sagittal midline T2WI (TR/TE msec, 3500/126) shows
marked thinning of the corpus callosum most pronounced anteriorly
reflecting the cerebral white matter volume loss

tion with the directionally encoded DTI color map (c), the signal
changes correspond to myelin edema in the frontal subependymal white
matter fibers (small arrows) and temporo-occipital tapetum (large
arrows), typical sites of PKU-associated intramyelinic edema

Pantothenate Kinase-Associated
Neurodegeneration (PKAN)

A form of neurodegeneration with brain iron accumulation
(NBAI), PKAN is classically known for its “eye of the tiger
sign” on MRI (Fig. 8.9). Dark iron deposition in the globus
pallidus and bright central necrosis contribute to this appear-
ance. Accelerated iron deposition is also common in the sub-
stantia nigra, while the dentate nucleus is rarely affected
(Hayflick et al. 2018). These features help distinguish PKAN
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Fig. 8.9 A 5-year-old male
with pantothenate kinase-
associated neurodegeneration
(PKAN). Axial T2WI (TR/TE
msec, 6350/97) (a) through
the basal ganglia shows globi
pallidi signal abnormality
with peripheral hypointensity
and central hyperintensity
representing accelerated iron
deposition and central
necrosis, the “eye of the tiger”
sign of PKAN (arrows). The
corresponding axial gradient
echo sequence (b) confirms
increased iron deposits with
dark susceptibility effect
(arrows)

Fig.8.10 Menkes disease in a male child performed at 3 months (a, b)
and 12 years (c) of age. (a) Axial susceptibility weighted angiography
(SWAN; TR/TE msec, 68/24) at the level of the circle of Willis shows
multiple tortuous, elongated intracranial arteries. (b) Axial T2WI (TR/

from other forms of NBAI, such as infantile neuroaxonal
dystrophy that lacks “eye of the tiger sign,” beta-propellar
protein-associated neurodegeneration (BPAN) with domi-
nant subtantia nigra involvement showing a hyperintense
“halo”, and neuroferritonopathy and aceruloplasminemia
where iron deposition is more widespread to name a few
(Hayflick et al. 2018).

TE msec, 5900/91) of the cerebrum at the level of the basal ganglia is
normal for age. (¢) Follow-up head CT at age 12 years reveals interval
development of bilateral subdural hemorrhages of varying age, marked
parenchymal atrophy, and bilateral cerebral encephalomalacia

tumefactive temporal lobe vasogenic edema is reasonably
common in the infantile period (Whitehead et al. 2015).
Progressive volume loss and subdural hemorrhages are fre-
quent features in the chronic disease stage (Manara et al.
2017a, b) (Fig. 8.10). MRS reveals lactate, reduced NAA,
and/or increased choline in some cases (Ito et al. 2011;
Munakata et al. 2005).

Menkes Disease

Deficient tissue copper results in various vascular and brain
abnormalities. Elongated, tortuous intracranial arteries have
a disorganized, spaghetti-like appearance (Whitehead et al.
2015; Manara et al. 2017a, b) (Fig. 8.10). Cerebral white
matter disease with delayed myelination and basal ganglia
lesions are characteristic (Manara et al. 2017a, b). Transient

Congenital Disorders of Glycosylation (CDG)

Reduced brain volume and variable signal changes are
common in CDG. There are now over 30 subtypes of
CDG. The prototypical subtype, CDG Type Ia, commonly
shows pontocerebellar hypoplasia and superimposed cere-
bellar volume loss with cortical hyperintensity, referred to
as the “shrunken, bright cerebellar sign” (Whitehead et al.
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Fig.8.11 A 3-year-old male with congenital disorder of glycosylation
type Ia. (a) Sagittal midline TIWI (TR/TE msec, 11/5) shows a mark-
edly small cerebellum that is shortened with widened fissures repre-
senting combined volume loss and hypoplasia. Mild pontine hypoplasia
is also present. The fourth ventricle and posterior fossa cisterna spaces

Fig.8.12 A 5-year-old
female with neuronal ceroid
lipofuscinosis. (a) Sagittal
midline TIWI (TR/TE msec,
11/5) demonstrates diffuse
moderate cerebral and
cerebellar cortical volume
loss with enlarged sulci,
cerebellar fissures, and
cisternal spaces. (b) Axial
T2WI (TR/TE msec, 4250/97)
also shows the moderate
diffuse gray matter
predominate cerebral volume
loss and relative hypointensity
of the thalami (arrows)

2015; Feraco et al. 2012) (Fig. 8.11). Vasculopathy and/or
hemorrhages may occur at some point in the disease course,
occasionally as the presenting symptom (Stefanits et al.
2014; Cohn et al. 2006). MRS shows decreased NAA,
decreased choline, increased myoinositol, and/or increased
glutamine and glutamate (Takeuchi et al. 2003; Holzbach
et al. 1995).

Neuronal Ceroid Lipofuscinosis (NCL)

This group of neurodegenerative disorders causes progres-
sive cerebral and cerebellar cortical gray matter brain vol-
ume loss and white matter signal alteration (Whitehead and
Gropman 2018) (Fig. 8.12). As with other lysosomal storage

are enlarged secondary to the rhombencephalic volume deficit. (b)
Axial T2 FLAIR image (TR/TE/TI msec, 10,000/126/2250) through
the cerebellum shows volume loss and cortical hyperintensity, the
“shrunken, bright cerebellar sign” consistent with CDGla (arrows)

disorders, thalamic hypointensity is also common, but an
often overlooked feature (Autti et al. 2007). NAA may be
decreased in keeping with neuronal loss (Bluml and
Panigrahy 2013; Whitehead and Gropman 2018).

Mucopolysacharidoses (MPS)

Concurrent brain and bone abnormalities are key diagnostic
features in MPS. Leukoencephalopathy with enlarged peri-
vascular spaces is the most common brain manifestations
(Barkovich and Patay 2019; Whitehead et al. 2015; Zafeiriou
and Batzios 2013) (Fig. 8.13). Hydrocephalus is another fre-
quent disease attribute. Dysostosis multiplex is found in the
spine, commonly with craniocervical junction abnormalities
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Fig. 8.13 A 19-year-old male with mucopolysacharidosis (Hunter
syndrome). (a) Sagittal midline TIWI (TR/TE msec, 15/7) demon-
strates skullbase and spinal hypopoplasia/dysplasia with underdevelop-
ment of the clivus, dysmorphic cervical vertebrae, and spinal/foramen
magnum stenosis. The callosal genu and body are thin with small foci
of hypointensity representing perivascular space enlargement (arrows).

and skull base dysplasia (Whitehead et al. 2015; Zafeiriou
and Batzios 2013) (Fig. 8.13). MRS may demonstrate ele-
vated myoinositol, increased glutamate, increased or
decreased choline, decreased NAA, and/or abnormal lactate
(Zafeiriou and Batzios 2013).

Mitochondprial Disorders

The mitochondrial respiratory chain disorders have a
multisystem presentation and genetic origin. The combi-
nation of any symptom, organ or tissues, compounded
with any age of presentation accounts for the challenge in
diagnosing these conditions. From a neuroimaging stand-
point, there are several hallmark features that when
taken together with the clinical history should alert one
to the possibility of these conditions. The more common
disorders with characteristic imaging features are dis-
cussed below.

Leigh Disease

Leigh disease may be caused by a mitochondrial defect in a
nuclear or mitochondrial gene and may have multiple organ
system involvement. The most common presentation is the
early infancy onset associated with severe neurodegenera-
tion with encephalopathy, seizures, blindness, and progres-
sive psychomotor regression typically resulting in death
within 2-3 years, usually due to respiratory failure (Thorburn
et al. 2003). MRI results in a distinctive brain disease charac-
terized by variable signal changes in the basal ganglia, thal-
ami, brainstem, and/or cerebellum with restricted diffusion
ultimately evolving to combination of gliosis and necrosis

Hazy hypointense signal in the brainstem represents enlarged perivas-
cular spaces. Axial T2WI (TR/TE msec, 3500/120) (b) and T2/FLAIR
sequence (TR/TE/TI msec, 8000/82/2200) (c¢) reveal multiple promi-
nent perivascular spaces in the white and deep gray matter (T2 hyperin-
tense, FLAIR hypointense) on the background of FLAIR hyperintense
white matter signal

(Whitehead and Gropman 2018; Whitehead et al. 2016)
(Fig. 8.14). Arterial spin-labeling (ASL) perfusion sequence
can show hyperperfusion in regions of active brain disease
that may correspond to small vessel proliferation described
on pathology (Whitehead et al. 2016) (Fig. 8.14). 1H MRS
demonstrates elevated lactate in many cases; however, its
absence does not exclude the disease.

MELAS Syndrome

Mitochondrial encephalopathy with lactate acidosis and
stroke-like episodes (MELAS) syndrome is typically of
childhood onset characterized by stroke-like episodes,
migraine, hearing loss, diabetes, and seizures. In those
patients that survive into the late teens and early twenties, a
severe gastroparesis is seen (Gagliardi et al. 2019).
Characteristic brain lesions involve overlapping large vascu-
lar territories that help distinguish it from a non-metabolic
thromboembolic infarction (Whitehead and Gropman 2018)
(Fig. 8.15). Posterior predominant cortical and subcortical
disease is typical, with progressive atrophy. The “black toe-
nail sign” corresponding to gyral necrosis is a common neu-
roimaging finding associated with cerebral lesions of
sufficient severity and chronicity (Whitehead et al. 2017a)
(Fig. 8.15). Abnormal T2 FLAIR hyperintensity in and along
cortical veins may predict disease severity and future devel-
opment of brain lesions (Whitehead et al. 2017b) (Fig. 8.15).
Deep gray nuclear mineralization is often present, though
these structures may be spared of significant volume loss and
focal lesions unlike in other mitochondrial diseases. MR
spectroscopy shows elevated lactate most commonly at times
of metabolic decompensation and may show reduced NAA
in the setting of neuronal loss.
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Fig. 8.14 A 2-month-old female with Leigh disease due to a TRMU
gene defect. (a) Axial T2ZWI (TR/TE msec, 3500/120) and (b) diffusion
weighted image (TR/TE msec, 8000/85) at the level of the basal ganglia
demonstrate T2 prolongation and reduced diffusion in the thalami
(arrows). (¢) The corresponding arterial spin labeling (ASL) perfusion
sequence shows thalamic hyperperfusion (arrows). (d) Sagittal midline

T2WI (TR/TE msec, 3500/156) shows hyperintense lesions in the cal-
losal body (long curved arrow), midbrain tegmentum (short curved
arrow) pontine tegmentum (long straight arrow), and central vermis
(short straight arrow). There is mild pontine hypoplasia and thinning of
the corpus callosum
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Fig. 8.15 A 19-year-old male with MELAS. Axial T2WI (TR/TE
msec, 3543/98) (a), T2 FLAIR (TR/TE/TI msec, 10,000/124/2200) (b),
and apparent diffusion coefficient map (TR/TE msec, 10,000/95) (c) at
the level of the lateral ventricles show bilateral parieto-occipital corti-
cal/subcortical hyperintensity not confined to large arterial territories

White Matter Disorders/Leukodystrophies

Leukodystrophy is one of a group of disorders character-
ized by degeneration of the white matter in the brain.
Many are of genetic etiology due to IEMs (van der Knaap
and Bugiani 2017). Leukodystrophies are often degener-
ative in nature, but some only impair white matter func-
tion. The clinical course may be static or progressive, but
may also improve with time. Progressive leukodystro-
phies are often fatal. There has been a large increase in
the number of genetically defined leukodystrophies in
recent years due to recognition of magnetic resonance
imaging patterns coupled with next-generation and
whole exome sequencing (van der Knaap and Bugiani
2017).

X-linked Adrenoleukodystrophy (X-ALD)

The prototypical leukodystrophy for which there is signifi-
cant MRI literature is X-ALD. The three recognizable clini-
cal phenotypes are childhood cerebral disease,
adrenomyeloneuropathy (AMN), and Addison disease. AMN
manifests most commonly in an individual in his twenties or
middle age with progressive lower extremity spastic weak-
ness, sphincter disturbances, sexual dysfunction, and, often,
impaired adrenocortical function. Addison disease only pres-
ents with primary adrenocortical insufficiency between age
2 years and adulthood and most commonly by age 7.5 years,
usually without neurologic abnormality (Raymond et al.
1999). All are associated with elevation of very long chain
fatty acids due to a mutation in the ABCD1 gene, which
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with partial signal suppression superficially consistent with necrosis
and the “black toenail” sign compatible with chronic MELAS-related
brain injury (curved arrows, b). Note several cortical veins show FLAIR
hyperintensity that may represent venopathy (straight arrows, b)

encodes for a peroxisomal very long chain fatty acid
transporter.

The callosal splenium is usually the earliest and most
commonly affected part of the brain in X-ALD (Barkovich
and Patay 2019) (Fig. 8.16). Lesions quickly spread to the
forceps major and, in worse cases, involve the projectional
white matter fibers extending into the brainstem along with
other brain white matter (Whitehead and Gropman 2018;
Barkovich and Patay 2019; Loes et al. 1994). Laminated
signal changes in the corpus callosum and adjacent commis-
sural fibers are common in the subacute and chronic phases,
reflecting multiple bouts of active brain disease and repre-
senting combined edema, inflammatory changes, and
destructive changes (demyelination and necrosis). Therefore,
the signal intensity is heterogenous and variable, often with
mixed restricted diffusion and facilitated diffusion and vari-
able contrast enhancement in the areas of active inflamma-
tion. Corticospinal tracts, visual, and auditory pathways are
often involved. Loes score associated with lesion location
and extent has been validated to determine brain disease
severity and transplant candidacy (Loes et al. 1994). MRS is
nonspecific, often depicting lactate, increased lipids,
decreased NAA, and elevated choline (Bluml and Panigrahy
2013). However, an NAA:Cho less than 5 has been shown to
predict clinical decline (Barkovich and Patay 2019).

Zellweger Syndrome

Another peroxisomal-based disorder, Zellweger syndrome is
a severe IEM with multisystemic manifestations. From a
neurological standpoint, there is both gray and white matter
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Fig.8.16 A 16-year-old male
with X-linked
adrenoleukodystrophy. (a)
Sagittal midline TIWI (TR/
TE msec, 8/3) demonstrates
marked hypointensity within a
mildly thinned callosal
splenium (arrow). (b) Axial
T2/FLAIR (TR/TE/TI msec,
10,000/144/2250) shows
signal abnormality in the
callosal splenium and forceps
major with partial signal
suppression in the splenium
representing chronic
demyelination/gliosis and
necrosis

involvement. Neuroimaging findings are typified by cerebral
polymicrogyria, often perisylvian predominant, caudotha-
lamic groove germinolytic cysts, and white matter hyperin-
tensity on T2WI (Whitehead et al. 2015) (Fig. 8.17).
Germinolytic cysts carry a differential diagnosis of prior ger-
minal matrix hemorrhage, TORCH infection, genetic, and
toxic/metabolic disturbances (Herini et al. 2003). Significant
hydrocephalus is unusual, unlike in the dystroglycanopa-
thies. MRS can show elevated lipids associated with hepatic
disease and decreased NAA (Bluml and Panigrahy 2013).

Aicardi-Goutieres Syndrome (AGS)

Imaging manifestations in AGS are typified by leukoencepha-
lopathy (diffuse or displaying an anteroposterior severity gra-
dient), frontotemporal white matter rarefaction, reduced brain
volume, and, importantly, parenchymal calcifications collec-
tively overlapping with the appearance of some TORCH
infections (La Piana et al. 2016; Vanderver et al. 2015)
(Fig. 8.18). Brain malformations may include dysgenesis of
the corpus callosum and/or cerebellar hypoplasia; however,
malformations of cortical development are typically absent
unlike in many cases of congenital CMV. Calcifications, a
cornerstone feature, are generally detectable using certain
gradient echo sequences; however, CT is more sensitive and
may be required if the diagnosis is suspected, but no calcifica-
tions are found using MRI (La Piana et al. 2016). Central spi-
nal cord signal hyperintensity has been described (Samanta
and Ramakrishnaiah 2019). 1H MRS demonstrates reduced
NAA and elevated MI (Robertson et al. 2004).

Krabbe Disease

There are two main age-specific neuroimaging manifesta-
tions of Krabbe disease. In the infantile period, dentate hilar
and basal ganglia signal abnormalities are present, whereas
in later onset forms, a cerebral leukodystrophy with a pos-
teroanterior (PA) and centrifugal gradient predominates
often manifesting a “tigroid” pattern of signal alteration
(Whitehead and Gropman 2018; Whitehead et al. 2015)
(Fig. 8.19). The cerebral corticospinal tracts are often
affected from the corona radiata to the cerebral peduncles.
Cauda equina and cranial nerves (especially the optic path-
way) may be thickened and show abnormal contrast
enhancement. Deep cerebral white and gray matter mineral-
ization is common; CT is useful for confirmation (Whitehead
and Gropman 2018; Whitehead et al. 2015). MRS shows
variable metabolic changes that may include elevated myo-
inositol and/or glutamate, increased or decreased choline,
decreased NAA, and/or abnormal lactate (Bluml and
Panigrahy 2013; Whitehead and Gropman 2018; Whitehead
et al. 2015).

Metachromatic Leukodystrophy (MLD)

Metachromatic leukodystrophy is an inherited disorder
characterized by the accumulation of sulfatides. Sulfatide
accumulation in myelin-producing cells causes progres-
sive destruction of white matter throughout the nervous
system, including the brain, spinal cord, and peripheral
nerves. Imaging features of MLD are similar to Krabbe in
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Fig. 8.17 Neonatal female with Zellweger syndrome. (a) Coronal
gray-scale head ultrasound shows bilateral caudothalamic groove ger-
minolytic cysts (arrows). (b) Sagittal midline T2WI (TR/TE msec,
3500/158) shows mild thinning/dysmorphia of the corpus callosum
consistent with hypogenesis/dysgenesis (arrow) and pontine hypopla-
sia. (c¢) Axial T2WI (TR/TE msec, 3500/120) through the lateral

ventricles depicts perisylvian predominant polymicrogyria (arrows).
Short echo single voxel MRS over the left basal ganglia (TR/TE msce,
1500/35) (d) shows elevated lipids (Lip) and lactate (Lac), increased
glutamine (Gln; Glx), and glutamate (Glu; Glx). NAA, Cr, and Cho
ratios are borderline but within normal range
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Fig.8.18 A 12-year-old
female with Aicardi-Goutieres
syndrome. (a) Axial T2
FLAIR (TR/TE/TI msec,
10,000/149/2200) MR image
through the lateral ventricles
shows anterior predominant
white matter signal
hyperintensity and
ventriculomegaly reflecting
cerebral volume loss. (b) The
corresponding phase map
from a susceptibility weighted
sequence (SWAN; TR/TE
msec, 38/23) shows bright
dystrophic calcifications in
the frontal subcortical white
matter (arrows)

many ways including the tigroid cerebral white matter pat-
tern, a PA and centrifugal gradient (in children), cranial
nerve and cauda equina involvement, and elevated myo-
inositol (Whitehead and Gropman 2018) (Fig. 8.20).
Dentate nuclei tend to be spared and calcifications are
absent, however.

Canavan Disease

Aspartoacylase deficiency induced dysmyelination in
Canavan disease causes diffuse spongiform thickening
of the cerebral, cerebellar, and brainstem white matter
with resultant macrocephaly in the infant brain
(McAdams et al. 1990; Brismar et al. 1990).
Neuroimaging shows swelling and widespread hyperin-
tense white matter signal on T2WI often involving the
thalami, globus pallidus, and cerebellar deep gray nuclei
with relative sparing of the striatum (McAdams et al.
1990; Brismar et al. 1990) (Fig. 8.21). Sometimes the
capsules, corpus callosum, and deep cerebellar white
matter are also spared with more pronounced subcortical
white matter involvement unlike in Krabbe and
MLD. The absence of contrast enhancement and pres-
ence of restricted diffusion thought to represent water
trapping associated with vacuolization helps distinguish
Canavan from Alexander disease (Brismar et al. 1990;
Sener 2004). Parenchymal volume loss may be present at
diagnosis or develop over time; therefore macrocephaly
is not universal (Brismar et al. 1990). MRS shows abnor-
mally accumulated/elevated NAA, characteristic to the
disease (Bluml and Panigrahy 2013) (Fig. 8.21). Milder
juvenile forms of the disease have differing imaging
changes including mild or absent leukodystrophy, stria-
tum signal changes, and lack of NAA elevation (Toft
et al. 1993; Nguyen and Ishak 2015).

tRNA Synthetase Disorders

Brain disease in tRNA synthetase disorders includes leuko-
dystrophy, hypomyelination, Leigh-like, and/or MELAS-
like patterns with metabolic strokes; lactate may be present
on MRS. AARS2, DARS2, and EARS?2 are three of the most
well-described gene defects with fairly specific imaging
manifestations. In AARS2, a deep anterior frontal and poste-
rior parietal leukodystrophy develops, relatively sparing
frontoparietal junctional tissue but involving the corticospi-
nal tracts, frontopontine, and parietooccipital pontine fibers
(Dallabona et al. 2014). DARS?2 genetic abnormalities cause
leukoencephalopathy with brainstem and spinal cord involve-
ment and lactate elevation (LBSL); the deep cerebral white
matter is involved with or without a PA severity gradient,
multiple brainstem white matter tracts are affected (cortico-
spinal, spinocerebellar, medial lemniscus, cerebellar pedun-
cles, and intraparenchymal trigeminal nerve fibers), and
spinal cord signal changes are present (Kassem et al. 2014).
In EARS2, neuroimaging patterns may include hypomyelin-
ation, deep cerebral leukodystrophy with relative periven-
tricular sparing, and Leigh-like involvement of the thalamus,
dentate nucleus, and dorsal brainstem (Steenweg et al. 2012).

Substrate Depletion Disorders

The more common disorders with substrate depletion are
discussed below.

Creatine Deficiency Syndromes

The cerebral creatine deficiency syndromes are inborn errors
of creatine metabolism that include the creatine biosynthesis
disorders, guanidinoacetate methyltransferase (GAMT) defi-
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Fig. 8.19 A 4-month-old male with Krabbe disease. (a) Sagittal mid-
line TIWI (TR/TE msec, 8/3) shows thickening of the optic chiasm
(large arrow), thickening of the medulla oblongata and hypointensity of
the pyramidal tracts (small arrow), and thickening of the upper cervical
spinal cord with abnormal hypointense signal (curved arrow). (b) Axial
T2WI (TR/TE msec, 3500/90) at the level of the corona radiata depicts
striated/tigroid deep frontoparietal white matter signal (arrows). (c)

ciency, and L-arginine:glycine amidinotransferase (AGAT or
GATM) deficiency, as well as the creatine transporter
(SLCO6AR) deficiency. All three are characterized by clinical
presentation including seizures and intellectual disability,
although behavioral difficulties such as autism spectrum and

DTI image (TR/TE msec, 10,000/92) at a slightly lower section of the
cerebrum demonstrates a posterior to anterior gradient of diffused
anisotropy with hypointense white matter. (d) Coronal T2WI (TR/TE
msec, 3500/90) through the cerebellum shows abnormally increased
signal in the dentate hila (straight arrows) and cerebellar white matter
(curved arrows)

an extrapyramidal movement disorder may be seen. Onset is
between ages 3 months and 3 years. The phenotype of
SLC6AS deficiency in affected males ranges from mild intel-
lectual disability and speech delay to significant intellectual
disability, seizures, and behavioral disorder. GAMT and
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AGAT deficiency are autosomal recessive conditions,
whereas the transport defect is an X-linked disorder (Gropman
2012). Apart from occasional periventricular white matter
signal hyperintensity, structural imaging fails to disclose sig-

nificant abnormalities. MR spectroscopy is critical for the
diagnosis and useful in follow-up by demonstrating reduced
concentration of creatine compounds at 3 and 3.9 ppm
(Whitehead and Gropman 2018) (Fig. 8.22) (Table 8.1).

Fig. 8.20 A 6-year-old female with metachromatic leukodystrophy.
(a) Sagittal midline TIWI (TR/TE msec, 8/3) demonstrates extensive
hypointense signal throughout most of the corpus callosum, sparing
peripheral most fibers and some central fibers with a stippled appear-
ance; the posterior fossa structures are normal. (b) Axial T2WI (TR/TE
msec, 3205/102) at the level of the corona radiata depicts striated/

Fig. 8.21 A 2-month-old female with Canavan disease. Axial T2WI
(TR/TE msec, 3500/10) through the basal ganglia (a) and cerebellum
(b) reveals generalized mild cerebral, cerebellar, and brainstem white
matter hyperintensity for age and subtle increased signal in the thalami
(arrows, a). (¢) Axial diffusion weighted image (TR/TE msec, 7500/61)

tigroid deep frontoparietal white matter signal. (¢) Axial diffusion
weighted image (TR/TE msec, 10,000/70) at a slightly lower section of
the cerebrum demonstrates striated and confluent deep and periventric-
ular white matter reduced diffusion consistent with intramyelinic edema

through the basal ganglia hyperintense signal of the cerebral white mat-
ter and thalami representing reduced diffusion/intramyelinic edema;
note sparing of the striatum. (d) Single voxel MRS over the left basal
ganglia (TR/TE msec, 1500/35) shows abnormal NAA elevation
(NAA), diagnostic of Canavan disease
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Fig.8.21 (continued)
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Fig.8.22 An 11-year-old male with X-linked creatine transporter defi- ~ voxel MRS over the left basal ganglia (TR/TE msec, 1500/35) shows
ciency secondary to a SLC6A8 gene defect. (a) Sagittal midline TIWI ~ marked reduction of creatine compounds (Cr) at 3 and 3.9 ppm; other
(TR/TE msec, 11/5) shows thinning of the body, isthmus, and genu of =~ metabolites including N-acetylaspartate (NAA), glutamine and gluta-
the corpus callosum representing mild posterior predominant cerebral ~ mate (GIx), choline (Cho), and myoinositol (MI) are normal

white matter volume loss without signal alterations (bracket). (b) Single
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